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The wellness and sustainability mega-trends will have a decisive influence on the future and,

because of this, on the behaviour of consumers. Manufacturers will have to be prepared for the

changes that will take place early enough so as not to miss the boat. One of the major goals of

sustainability is to maintain an optimal balance between increases in manufacturing output, and a

clean and safe environment.

Sustainability will be one of the main drivers for innovation in order to allow the technical

industries to care for the well-being of consumers in a safe and healthy environment.

Thus, one area in which significant efforts and progress have been made is in the development of

‘‘green’’ or sustainable chemistry.

1. The history of sustainability

The 20th century has seen a phenomenal growth of the global

economy and a continuous improvement of the standard of

living in the industrialized countries.

However, since the middle of the last century global

consumption of water has tripled. Demand for wood as a

construction material has doubled. Demand for wood for heat

generation has tripled. Demand for wood as pulp and paper

raw material has increased six fold. Consumption of sea fish

has increased by five times over the last 50 years. Farmland

quality due to intensive live stock farming has seen a steady

decrease. Annually more than 1000 animals or plants are close

to extermination. Since the beginning of the industrial age the

concentration of carbon dioxide in the atmosphere has steadily

increased (the greenhouse effect). In other words, growth of

the economies and increase of living standards, have had their

price: exploitation of natural resources to their limits and an

ever increasing contamination of the environment1—an

opinion largely shared by politicians, administrations and the

wider public.

To a large extent, the history of mankind does mean the

history of the relations between human beings and the

surrounding nature.2

While the evolution of the human species in prehistoric

times was driven by nature, by genetic selection and by

geological and climatic changes, since biblical times the

western hemisphere, at least, has followed the divine message

to ‘‘fill the earth and subdue it’’. As a result, exploitation of

natural resources is nothing new. The Roman Empire

developed an extensive agriculture, and in the 2nd century

BC the first compendium about agronomics appeared—‘‘De

Agricultura’’—written by Cato the Censor.3 The intensive

agriculture of the Roman Empire, together with the high

energy demand of the Roman society for their popular steam

baths, for metal working and production of weapons and the

high demand of wood for housing and shipbuilding, are

claimed to be at the origin of the first historically known

ecological disaster: the complete deforestation, first of Italy

(more particularly the Apennine hillside) and later of all areas

around the Mediterranean Sea, resulting in enormous ero-

sions, loss of humus soil in the mountains, temporary

desiccation of rivers, flash flood after thunderstorms further

increasing erosion, formation of karst landscape in the plains

followed by climatic changes4 in the region which last until our

modern times.

An ecological disaster of similar dimensions happened in

North America, when squatters and ranchers took the land,

transformed it into farmland for pigs and cattle, corn and

cotton, clear-cutting broad-leaved and coniferous woods,

exterminating great number of wildlife—and aborigines.5

And not only wood was exploited beyond limits, but also

water—resulting in a drawdown, a lowering of the ground-

water. The green plains of former times, in Arizona for

example, turned into desert. Out of 70 grass species said to

have been known by the Indians less than half a dozen

remain—plus bushes and cacti.

More recently, since the Iron Curtain disappeared at the

beginning of the 1990s mankind became aware that the Earth

is not ‘‘endless’’, that there are no longer insuperable borders

setting limits to migration, that there is no unknown territory

left to be discovered, conquered, cultivated or exploited.

Maybe this cognition was made public for the first time when,

at the beginning of the 1970s, the Club of Rome’s report about

‘‘Limits to Growth’’6 appeared, and together with Rachel

Carson’s book ‘‘Silent Spring’’7 and the 1st oil crisis, had an

aCognis Deutschland GmbH & Co KG, Monheim, Geermany
bCognis Iberia, Castellbisbal, Spain
{ Paper presented at the ‘‘36 Jornadas Anuales del CED’’, Barcelona,
2006
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enormous impact on public opinion worldwide, and started a

political debate and thinking process.

The principle of ‘‘Responsible Care’’ became a mission

statement for action of companies, and for the thinking of

political, religious and social movements and non-govern-

mental organizations (NGOs), leading to the foundation of the

‘‘green’’ movement, and the ‘‘Green’’ political parties.

Emanating into the industrial world, ‘‘green chemistry’’

became a concept for economy in chemical synthesis, waste

prevention, design and utilization of less hazardous, safer

chemicals and chemical auxiliaries, energy efficiency, and use

of renewable resources; in other words: for sustainable

solutions in the chemical industry.

But ‘‘green chemistry’’ is not really an advancement of

‘‘green’’ political principles into chemistry—on the contrary:

the roots of green chemistry go back to the 1950s, when

Henkel,8 a chemical company, started monitoring surfactant

concentrations in the Rhine River and developed the closed

bottle test in order to study the biodegradability of surfactants,

and since then has strategically steered research and develop-

ment according to environmental principles, resulting in, for

example, the development of zeolithe A as an alternative to

phosphates in detergents (in order to avoid eutrophication of

sweet water lakes in Germany due to over-fertilization).

The definition and principle of ‘‘sustainable development’’

even goes back to the 18th century, when Hanns Carl Edler

von Carlowitz (an official of the Kingdom of Saxony Mining

Authority) declared that forestry had to be ‘‘sustainable’’,

which meant that harvesting and seeding had to be in balance.9

This was in order to preserve wood supply for the important

silver mines in the Erzgebirge.

The far-seeing 18th century principle of sustainability in the

final quarter of the 20th century and on the eve of the 3rd

millennium entered the scene of world politics when, in 1983,

the Assembly of the United Nations asked the Secretary

General to appoint a ‘World Commission on Environment and

Development’. The idea was to forecast, on a global scale, how

man-made activities would affect the environment of the

Earth, encompassing the industrial as well as the social and

economic aspects. The Secretary General of the UN entrusted

the chair of this committee to Mrs Gro Harlem Brundtland,

who was then Prime Minister of Norway. Work on it was

completed in March 1987 and it was published later that year

under the title Our Common Future.10 Working on that subject,

the commission faced a double problem: on the one hand it

was obviously human activities which lay behind the deteriora-

tion of the environment, especially in the developed nations.

On the other hand, it was inconceivable for the UN to create

difficulties for the developing nations, for people who had no

access to decent living conditions but who, by catching up en

masse, would significantly add to the deleterious effects of

pollution and degradation of the environment. One of the

ways by which the Brundtland commission sought to over-

come this dilemma, consisted in the creation of the ‘sustainable

development’ concept. This concept was meant to provide a

long-term balance between the environment, the economy and

the social well being of humanity.

Whereas in prehistoric times of evolution human race was

driven by nature, whereas since biblical times humans were

filling and subduing the Earth, now, at the doorstep of the 3rd

millennium, the concept of balance was born—the conclusion

was made that nature and action of humans, among

themselves and towards nature, need to be in balance.

Finally, the Nobel Prize for Peace 2004, awarded to

Wangari Maathai ‘‘for her contribution to sustainable devel-

opment, democracy and peace’’, thus honouring her ‘‘Green

Belt’’ initiative and her efforts to promote ecologically viable

social, economical and cultural developments in Africa,11 was

certainly another step towards sustainable development,

particularly as the Norwegian Nobel Committee, through the

2004 award, also found a new, enlarged definition for peace,

when stating that ‘‘peace on earth depends on our ability to

secure our living environment’’.

In 1999 sustainability additionally got a financial aspect,

when Dow Jones created the DJSI, the Dow Jones

Sustainability Index.

2. The sustainability concept in industrial
applications

Starch, glucose, cellulose, lignin, tall oil, and natural fats and

oils are key base stocks for modern industry relying on

renewable resources.12

More particularly the production of natural fats and oils

starting from 30 million tons in 1960 has reached a fourfold

Fig. 1 Responsible Care.

Fig. 2 World Production of oils and fats.

204 | Green Chem., 2007, 9, 203–212 This journal is � The Royal Society of Chemistry 2007
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production volume of 120 million tons in 2002,13,14 with a

tremendous shift from animal to vegetable base stock; and

whereas natural fats and oils have been processed mainly in

Europe and in the USA up to now, the years to come will bring

a shift to the countries of origin: Asian production of fatty

acids will grow by 50% from 2 million tons to 3 million tons,

and fatty alcohol production from 800 000 tons to 1.3 million

tons, even further shifting the balance between synthetic and

natural fatty alcohols to the renewable resources side (see

Fig. 5).

At the same time the European Biofuel Directive 2003/30/

EC will further change the European landscape, obliging the

member states of the EC to ensure that a minimum proportion

of biofuels and other renewable fuels are placed on their

markets as part of the package of measures needed to comply

with the Kyoto Protocol. A reference value for these targets

will be 2% of all petrol and diesel for transport purposes from

December 31st, 2005, and 5.75% by December 31st, 2010, and

projects to make the necessary volumes of biodiesel available

are already under construction.

Additionally, fueled by regulatory efforts in other countries,

the biodiesel industry has demonstrated one of the highest

growth rates ever seen in the chemical industry; average annual

growth rate during the period 2000–2005 has been in the order

of 32%, and world biodiesel demand is forecast to grow from

6.9 million tons in 2006 to 45 million tons in 2010.14a This

development will create a third segment of vegetable oil

applications, besides food, feed and industrial use, i. e. usage as

fuel in Europe and other parts of the world.

The increasing production of biodiesel will, however, create

an over-supply of glycerol. This has initiated research projects,

such as Solvsafe as part of the 6th European Framework

Program, in order to find new applications for glycerol as a by-

product of biodiesel manufacturing.15 Some changes have

already happened: inverting the production of synthetic

glycerol from epichlorohydrine, Solvay recently has published

that a new 10 000 tons capacity in Tavaux, France will start,

designed to produce epichlorohydrine using biodiesel derived

glycerine (rather than propylene) as feedstock via a catalytic

process called ‘‘Epicerol’’.16

Green solvents

According to a recent study of the Freedonia Group, the

overall world demand for solvents, including hydrocarbon and

chlorinated types, is forecast to grow at a 2.3% per year

through 2007, and approach 20 million metric tons annually,

the lion’s share of 58% being used in the coatings, inks, and

adhesives industries. Demand for hydrocarbon and chlori-

nated solvents, though, will continue its downward trend as a

result of environmental regulations, with oxygenated and

Fig. 5 Change in market share, natural vs. synthetic fatty alcohols.

Fig. 3 Fatty acid capacities in Asia.

Fig. 4 Oleochemical capacities in Asia.

Fig. 6 European Biodiesel capacities.
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green solvents replacing them, and growing at an average

of 6–7%.

In coatings, by definition a solvent plays only a temporary

role: the solvent is in many cases the reaction medium for the

synthesis of the binder. After polymerisation, the solvent may

remain or it is added to transport the dissolved binder, help to

bring it into place, allow and facilitate the formation of a

coating or adhesive film or of inks dots—and then should

disappear. Volatility is a must for a solvent in coatings.

If transport is the only purpose we also call a solvent

‘‘carrier oil’’. If a solvent is intended to ‘‘stay’’ in order to

facilitate film formation in water-based coatings it is called a

‘‘coalescent’’, if it is due to solvate macromolecules in order to

reduce the glass transition temperature of a plastic material or

a film or in order to form a plastisol, it is called ‘‘plasticizer’’.

A ‘‘solvent that allows completion of the task, but in an

environmentally conscious manner’’, by definition constitutes

a ‘‘green’’ solvent.17

Ester solvents are actually the largest group of green

solvents. Speciality solvents, such as glycerol carbonate can

be used as non-reactive diluents in epoxy or polyurethane

systems. Ethyl lactate has been reported as a photo-resist

carrier solvent and a clean-up solvent in microelectronics and

semiconductor manufacturing, and 2-ethylhexyl lactate can be

used as degreaser and as a green solvent in agrochemical

formulations, for example for the protection of paddy rice

crops.18

Supercritical carbon dioxide is recommended for spray paint

applications because it has high solvation power for many

polymers, is non-toxic, and inexpensive. Since CO2 is so

volatile, it is mixed with the coating resin immediately prior to

application and the resulting mixture is sprayed onto the

substrate.19

A very peculiar class of solvents are ionic liquids,20 i. e., by

definition, salts that are liquid over a wide range of

temperature and melt below about 100 uC. Ionic liquids define

a class of fluids rather than a small group of individual

examples. The most commonly studied systems contain

phosphonium, imidazolinium or tricaprylmethyl ammonium

cations, with varying heteroatom functionality. One regularly

suggested advantage of ionic liquids, which positions them as

solvents for green chemistry, is the intrinsic lack of vapour

pressure. Ionic liquids have created particular scientific interest

for extraction or separation technologies, and phase transfer

catalysis.

Besides low molecular weight ester solvents, such as methyl

acetate or n-butyl propionate, higher molecular weight fatty

acid esters have already found a broad acceptance as

phthalate-free plasticizers21 and as biodegradable carrier oils

for green inks.22

ADM and Cognis recently launched a vegetable fatty acid

propylene glycol monoester (Archer RC1, Edenol1 EFC 100)

as a coalescent for decorative paint systems.23

And Cognis has just started a new plant for the manufactur-

ing of fatty acid dimethylamides, the first plant in Spain (and

maybe in Europe) fully dedicated to the production of a green

solvent.

In the agrochemical industry, pesticide formulations need

solvents in order to dissolve solid actives, or to act as diluents

and carriers. More than 25% of all pesticides are formulated as

so-called emulsifiable concentrates (ECs). Such concentrates

contain 20–80% active ingredient, 20–75% solvent, 5–10%

emulsifier, are easy to handle, can be measured volumetrically,

and can easily be diluted in place just before application.

However, ECs contain high concentrations of organic solvents,

which not only represent a fire hazard, but may be toxic and

contribute to atmospheric volatile organic compound (VOC)

emissions. They may also be phytotoxic to the crop. The most

commonly used solvents are the aromatic hydrocarbons, such

as C10-alkylbenzene (Solvesso 150, Aromatic 150 Fluid, heavy

aromatic solvent, ExxonMobile), primarily utilized as solvents

because of their stable physical properties and cost effective-

ness. Green solvents for agrosolutions need to perform likeFig. 7 Green solvents.17a

Table 1 Basic formulae for green offset inksa—varnish

Varnish Sheet offset ink
Web
offset ink

Albertol1 KP 700 (Vianova Resins) 38% 35%
Albertol1 KP 854 (Vianova Resins) — 10%
Alftalat1 AL (Vianova Resins) 9% —
Texaprint1 SKEH (Cognis) 53% —
Texaprint1 SLIP (Cognis) — 55%
Viscosity at 23 uC 480 dPa s at 10/s 80 dPa s

at 50/s
320 dPa s at 50/s

Tack 400 m min21 at 23 uC 9 9
a L. Bothe, Albertol KP 700 – a new resin for monoester based
lithographic inks, Technical Information, Vianova Resins (1997)

Table 2 Basic formulae for green offset inksa—printing ink

Varnish Sheet offset ink Web offset ink

Permanent Gelb1 GRX 82
(Clariant)

12% 12%

Varnish 77% 88%
Texaprint1 SKEH (Cognis) 11% —
Viscosity at 23 uC 480 dPa s at 10/s 665 dPa s at 10/s

320 dPa s at 300/s 275 dPa s at 200/s
Tack 400 m min21 at 23 uC 9 11
Gloss at 60 uC and 1.5 g m22 79 70
tan d 2.3 2.1
a L. Bothe, Albertol KP 700 – a new resin for monoester based
lithographic inks, Technical Information, Vianova Resins (1997)
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classical solvents, allow ease of handling, simple blending

operations and pose no health risk to farm workers. In some

pesticide formulations fatty acid methyl esters can directly

substitute Aromatic 150 Fluid. The use of lower molecular

weight methyl ester can even improve cold stability and reduce

the growth of crystals.24

Green lubes and fuels

Lubricants and functional fluids are omnipresent. Because of

their widespread use in industrial machinery, in mining, metal

working, fibre and textile manufacturing, agriculture, forestry,

in construction, road construction and automation, they

pollute the environment in small, widely-spread quantities

and rarely in large, locally fixed amounts.25 Lubricants are

materials used to reduce friction between machinery parts in

motion and minimize wear between interacting surfaces.26

Most lubricants are non-aqueous liquids. In the past mineral

oil based products were used nearly exclusively, causing the

major part of environmental damage by non-proper disposal.

Waxes, which are solids at room temperature, are largely

used as lubricants in plastics processing,13 where they are used

to reduce friction between polymer molecules (internal

lubrification) and between the molten polymer and the

surrounding machinery parts (external lubrification).

High performance, longer product life and better environ-

mental compatibility will be the driving forces behind foresee-

able changes in the worldwide lubricant industry, and, at least

in Western Europe, synthetic and quasi-synthetic oils, together

with biolubes, will break the dominance of traditional mineral

base oils, which tripled in price during the last year’s raw

material crisis, in a foreseeable future. The selection of rapidly

biodegradable lubricants, especially those classified as ‘‘not

water pollutant’’ will reduce the expenses of oil spillage or

disposal. The majority of rapidly biodegradable lubricants are

based on saturated or unsaturated ester oils. They are divided

into five groups: monocarboxylic acid esters (monoesters),

dicarboxylic acid esters (diesters), glycerol esters, polyol esters

and complex esters.27

Application areas where green lubes have already proved

themselves are, for example:

+ environmentally friendly two-stroke oils, especially for

outboard engines

+ lubricating chain saw oils

+ latest generation of tractor oils offering higher perfor-

mance combined with better environmental compatibility

+ readily biodegradable water turbine oils for hydroelectric

power stations

+ sustainable synthetic wind turbine oils with a 10 times

longer lifetime of lube and turbine gearboxes than with

petrolubes or other synthetics. Synthetic wind turbine oils

aid and improve the viability of clean, sustainable energy

without greenhouse gas emissions, particularly for offshore

wind farms where gearbox repair is difficult and expensive.

Drilling fluids for crude oil production are another example

where specially designed fatty acid esters demonstrate their

character as biolubes and outperform conventional products.

In coastal drillings, the demands placed on the lubricants are

particularly high. The drilling fluid is pumped to the surface

together with the drill cuttings and, after coarse separation,

disposed of directly into the sea. A specially developed fatty

acid ester (Petrofree1) fulfils not only the requirements

regarding rapid biodegradability, but also has a better

lubricating effect when compared with products based on

mineral oil.

Green surfactants

The impact of sustainability on innovation in industrial

applications and markets can be demonstrated by taking as

an example the coating industry, which has probably under-

gone the most fundamental changes regarding raw materials,

applications, and application technologies related to safety,

health, and ecology.

Natural raw materials have been employed for paintings

since prehistoric times, when the Chinese people, using the sap

of the indigenous lacquer tree, introduced the art of lacquer-

ing.28 Gutenberg’s inks were based on carbon black and

linseed oil. But the coatings and inks industries were born at

the beginning of the 19th century, when natural resins, such as

Table 3 Specifications for oleo-based solvents

Titer (pour
point)/uC

Flash
Point/uC

Boiling
Point/uC

Visc. at
25 uC/MPa s

Kauri butanol
value

Anilin
point

Iodine
value/Wijs

Short chain fatty acid methylester 228 75 204–244 2.7 107 ,220 ,1
Rapseed fatty acid methylester 23 155 335–365 6 66 21.7 90–110
Soybean fatty acid methylester 26 170 335–365 10 67 3.69 115–135
n-Butylstearate 22 190 344–384 8.7 42 10 ,1
Isobutylstearate 19 .170 341–381 8.4 41 10 2
Soybean fatty acid-2-methylester 213 180 369–389 9.9 46 27 85–95
Epoxy stearic acid methylester — — 348–386 13.5 .150 219 —
Di-n-octylether 27 139 298 3.5 41 27 ,1
Capryldimethylamide — — 298 6.6 .150 ,220 —

Fig. 8 Relative biodegradability of lubricant base stocks.
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shellac, rosin and amber, were largely substituted by synthetic

resins,29 and when well performing and cost efficient solvents

like benzene, toluene, nitrobenzene, o-dichlorobenzene,

dichloroethane, Tetralin1 and Dekalin1, based on crude

and naphtha, and acetylene-, chloro- and nitro-chemistry

became available.30 The volatility and flammability of

solvents, however, were a steady risk, which has accompanied

the coating industry since these early days, and the volatility of

solvents, the health risks they create by inhalation, their

contribution to air pollution and the green house effect made

the coatings, inks and adhesives industries to one of the main

targets when environmental and VOC-regulations came into

place.

The enormous move of the coating industry towards

responsible care by finding water as the major alternative to

solvents would not have been possible without the discovery of

emulsion polymerisation technology.

Key for emulsion polymerisation31 is the emulsifier. By

forming micelles the emulsifier can solubilize water-insoluble

reactive monomer molecules. A water-soluble initiator starts

the polymerisation reaction, which takes place in the micelles.

Thus the micelles can be regarded as some kind of living micro-

reactors, which grow and form latex particles at the end of the

polymerisation process.

The resulting polymer dispersions are largely used in interior

and exterior house paints, in textile and paper coating, in

leather finishes, floor tile adhesives, and resin re-enforced

cements and mortars.

Whereas the world of surfactants for emulsion polymerisa-

tion 20 years ago mainly consisted of petrochemical species,

the growth of renewable raw materials in general, and the

growing importance of vegetable oils in particular, hand in

hand with a growing sensitivity for sustainability, initiated a

move away from petrochemical emulsifiers towards surfac-

tants derived from natural fats and vegetable oils. In the

meantime, green surfactants clearly dominate the emulsion

polymerisation technology,32 and this more particularly since

natural fatty alcohols are more available and have a bigger

market share compared to synthetic fatty alcohols,14 which—

by the way—are not a cheaper alternative anymore.

The breakthrough of green surfactants for emulsion poly-

merisation happened when equally performing alternatives to

alkylphenolethoxylates (APE) and alkyl phenol ether sul-

fates—until then the workhorses in emulsion polymerisation

technology33—became available and achieved FDA

registration.

Disponil1 A- and Disponil1 AFX-types (Cognis) are a new

range of such innovative non-ionic ‘‘green’’ emulsifiers33a

originally designed for application in emulsion polymerisation,

which can also provide innovative solutions in other applica-

tions where APEs have been used, such as emulsification of

hydrophobic liquids or for dispersing of hydrophophic

particles like pigments, resins or fats in water.

APE replacement has been an issue for many years. The EU

Risk Reduction Strategy34 proposes to apply marketing and

use restrictions to nearly all uses of nonylphenolethoxylates

(NPE)s in the following use categories:35

Household detergents36 and cleansers

Personal care and cosmetics (except spermicides)

Industrial and institutional cleaning

Textile industry

Leather industry

Metal working (degreasing, cutting, forming)

Pulp and paper manufacturing

Pesticide and biocide formulations

Veterinary medicine (mandatory zones in the agro industry).

Besides other concerns, the biodegradation of NPE forms

NP(EO)1–3, a recalcitrant and very fish toxic metabolite,

whereas biodegradation of green alternatives like alkylpoly-

glycosides or fatty alcohol ethoxylates follow a rapid and

complete degradation mechanism leading to the conclusion

that polyglycosides and polyglycolethers of short, medium and

long chain fatty alcohols and their sulfates, phosphates or

sulfosucinates form a complete base set of green surfactants.

Fig. 9 Emulsion polymerization process.

Fig. 10 (a) Ecological properties and (b) biodegradation of non-ionic

surfactants.
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Green dispersants

Dispersants are used in many technical applications ranging

from engine lubricants to fabric washing, from dispersing

spilled oil while it is floating on the water surface to solvent

borne and water based paint applications.

Incorporation of detergent and dispersant additives into a

lubricant helps to control rheology and maintain proper oil

fluidity by minimizing thickening and by containing formation

of carbon sludge deposits, which occur due to degradation of

lubricating oils by oxidation.37 Ashless dispersants are also

used in gasoline and diesel fuels to provide fuel injector,

carburettor, and valve cleanliness, increasing engine life, and

minimizing harmful engine exhaust emissions. The terms

detergents and dispersant are often used interchangeably in

synthetic lubricants and fuels because the task of both additive

types is keeping insoluble combustion debris and oil oxidation

products dispersed within the oil.38

Dispersant chemicals are also used in order to respond to

marine oil spills at sea, which may be the only means of

removing oil from the sea surface, thus minimizing the damage

caused by floating oil, for example to birds or sensitive

shorelines, particularly when mechanical recovery is not

possible.39 In this application dispersants have two main

components, a surfactant and a solvent. The solvent acts as a

carrier for the surfactant and supports the penetration into the

slick. When a dispersant is sprayed onto an oil slick, the

interfacial tension between the oil and the water is reduced,

breaking up the oil slick, and promoting the formation of

finely dispersed oil droplets. There is evidence that dispersed

oil degrades more quickly than un-dispersed oil, perhaps

because the total surface area of an oil slick increases as

dispersants break up the slick into small droplets.

In paints and coatings, dispersants again fulfil another task:

here dispersants keep insoluble pigment particles suspended in

the binder.

Modern pigments are produced to be primary particles.

Commercial pigments viewed through a microscope, show a

microstructure with very small, spherical or plate-like primary

particles stuck together at their edges and/or planes to form

internally hollow secondary structures known as agglomerates.

The small size of the primary particles, their surface structure,

and their surface energy, result in very high cohesive and

adhesive properties, making these agglomerates mechanically

very stable. Simply adding these dry pigments as they are

delivered to a varnish (i.e. a non-pigmented binder in a

solvent) would not disturb these secondary structures. A

gravely paint would result, and the dry film would have a matt,

inhomogeneous aspect, no colour development, poor hiding

power, and would suffer from brilliance and gloss.40 In paint

making, the dispersion stage consists in grinding, which is the

mechanical opening of these secondary structures, the agglom-

erates, and the addition of a pigment dispersant. This latter is

intended to wet the surface of the primary particles, keep them

suspended, and stabilize them against re-agglomeration or,

even worse, aggregation and settling.

The basic principles for understanding the stabilizing

mechanism of dispersants were first investigated 1938 by

Verwey and de Boer, who studied the stabilization of various

powders in non-aqueous media using oleic acid as the

stabilizing agent,41 and gave one of the first diagrammatic

interpretations of the steric stabilization mechanism. The first

efficient synthetic dispersing and antisettling agents for

inorganic pigments in solvent borne coatings were introduced

in the 1950s by Dehydag42 (at that time a subsidiary of Henkel,

now part of Cognis) under the trademark Texaphor1. With

the introduction of modern binder systems, such as the durable

but poorly wetting solvent-borne polyacrylates or 2 pack

polyurethanes in OEM, general industrial, and auto refinish

applications, as well as with the growing importance of organic

pigments, including the highly hydrophobic carbon black,

arose the need for the development of oligomeric or polymeric

dispersing agents having a plurality of anchoring groups.43

For the development of dispersing agents for modern

aqueous coatings, concepts used in solvent-based coatings

were initially transferred to the waterborne field. But there are

indeed major differences between aqueous polymer dispersions

on one side, and solvent borne and water dilutable systems on

the other, with regard to colloidal stabilization, as well as with

regard to film formation.44 Polymer dispersions (Fig. 9 and 12)

contain discrete latex particles stabilized by anionic and/or

non-ionic emulsifiers in a continuous water phase. In such

ionic surroundings, electrostatic stabilization is the best choice

for inorganic pigments and fillers. Thus, organic polyelec-

trolytes like sodium or ammonium polyacrylate having aFig. 11 Breaking of oil slick by action of dispersants.

Fig. 12 Pigment dispersions in latex paints vs. solvent-borne and

water-reducible coatings.
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molecular weight range of 3 000 to 10 000 are mainly used as

dispersants in latex paints.

The main difference between solvent borne coatings and

water dilutable systems (where water is the solvent) is high

surface tension at the water/pigment particle interface.

Whereas classical solvents by their low surface tension already

contribute to wet the pigments, pigment wetting is the major

task of a pigment dispersant in aqueous and water dilutable

coatings.

So, the function of a dispersant in water dilutable coatings

can be compared, to a certain degree, with the task of a

detergent in the textile washing process, where the task of the

surface active detergent consists in releasing dirt from the

fabric and stabilization of the dirt particles in the water phase

to prevent their re-deposition.45 In clear analogy to the

washing process, non-ionic surfactants like certain alkyl

phenol ethoxylates already show acceptable dispersant proper-

ties, but create the same concerns regarding their eco/

toxicological profile as in emulsion polymerization.

In the particular case of coating dispersants, new alkylphe-

nol-free non-ionic alkylene oxide block copolymers46 show

even better results. These ‘‘green’’ pigment stabilizing agents

derive from vegetable sources, are offered under the trademark

Hydropalat1 and contain at least one if not several hydro-

philic moieties, which provide steric stabilization, and are

compatible with the surrounding continuous water phase.

They also have hydrophobic hydrocarbon chains easily

anchoring on the hydrophobic organic pigment surfaces.

These new block copolymers are useful for aqueous coatings

as well as for modern tinting pastes, and aqueous inks.

3. Sustainability—challenge and driver to innovation

The broad spectrum of technologies employed in chemical

industries and the diversity of applications and end user

markets makes it clear that ‘‘green’’ can only be used

contextually, and the use of a single sustainability metric is

not likely to provide a complete picture.47 Nonetheless,

principles for green chemistry have been established,48 and

efforts have been made to also develop and employ metrics.

For example assessing environmental, health, and safety

hazards (EHS) in different effect categories. Assessing the

exposure potential by Persistence and Spatial Range (PSR)

indicators. Studying the environmental impacts from ‘‘cradle

to factory’’ throughout a product’s life using Life-Cycle

Inventory (LCI) and from ‘‘cradle to grave’’ throughout

Life-Cycle Assessment (LCA, also called Life-Cycle Analysis).

Using Cost-Benefit Analysis (CBA) to allow quantification of

the socio-economic impacts.49,50 Life-Cycle Impact assessment

(LCIA) provides additional information to help assess a

product system’s LCI results so as to better understand their

environmental significance. For the environmental assessment

of solvents the ECOSOLVENT tool has been developed.51

Requirements and guidelines for environmental manage-

ment and LCA have recently become standardised.52 LCI,

LCA and CBA have been applied for in-depth studies and

discussion of oleochemical vs. petrochemical surfactants in

household detergents,53 in comparing vegetable oils and

mineral oils in lubricant applications, such as hydraulic fluids

Fig. 13 Stabilization of dirt particles during fabric washing.

Fig. 14 Green dispersants.

Fig. 15 Life-cycle of chainsaw bar oils made from mineral or

vegetable oil.50
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or chain saw bar oils,50 and in comparing vegetable oil vs.

petrochemical-based radiation curing coating systems.54 In the

energy sector, it has been demonstrated that biodiesel reduces

the health risks associated with petroleum diesel emissions and

delivers significant benefits for the environment and human

health. LCI has identified and quantified the advantages of

biodiesel as a substitute for petroleum diesel. These advantages

are substantial, especially in the area of energy security and

control of greenhouse gases.55

For comparison of the ‘‘green’’ route vs. the petrochemical

route, all process steps from agricultural production, crude oil

exploration (‘‘cradle’’) and processing leading up to chemical

production (‘‘factory gate’’) are taken into account. The

elementary flow in LCA considers material or energy entering

the system being studied that has been drawn from the

environment without previous human transformation, or mate-

rial or energy leaving the system being studied that is released

into the environment without subsequent human transforma-

tion.52 So far, LCA elementary flow for petrochemicals starts

with exploration but does not include the geological processes

for crude oil formation.

What lies ahead ?

Resource economy in crude extraction and crop production,

fuel and energy savings in transportation and manufacturing

will demand improved lubricants; emission control will

continue to target the coating and printing industries to

develop emission-free solvent recovery and incineration

technologies, and/or emission-free water-based, full solids,

radiation curing or powder coating systems. The agro industry

will be challenged to continuously develop eco-safe plant and

crop protection formulations based on ecologically benign

green solvents and adjuvants. Governments and NGOs will

continue to challenge the chemical industry to develop

innovative and efficient mechanisms to find appropriate

substitutes to substances perceived as dangerous or ecologi-

cally or hygienically questionable, like some phthalate-based

plasticizers in certain applications, for example plastic toys and

childcare articles. Alkylphenol ethoxylates or perfluorinated

tensides are other examples.

Nicholas Stern’s recently published report on global

warming and the economics of climate change56 has again

demonstrated the need for concerted action which produces a

reduction in greenhouse gas emissions.

Marrying the principles of the sustainability concept with

established cost, quality and performance standards will be the

challenge for economies in general and for the chemical

industry in particular. Steering research and development in

such a direction will be a powerful concept for innovation.

Aliquat1, Dekalin1, Disponil1 Edenol1, Hydropalat1,

Petrofree1, Tetralin1, Texaphor1, Texaprint1 are trade-

marks of Cognis
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und Wirtschaftsforschung, Metropolis, Marburg, 1994.

3 Marcus Portius Cato, Origenes – De Agricultura.

4 H. J. Rieseberg, Arbeit bis zum Untergang: die Geschichte der
Naturzerstörung durch Arbeit, Raben Verl. von Wittern, München,
1992; H. Metz, R. Pietsch, T. Polgár, F. Vacca and H. Weber, Die
Entwicklung des Waldes in Mitteleuropa, Papiermacherschule
Gernsbach, 2001, http://www.computus.de/wald/wald.htm.

5 H. J. Rieseberg, Die verbrauchte Welt: Die Geschichte der
Naturzerstörung und Thesen zur Befreiung vom Fortschritt, Orig.-
Ausg. FINIS., Frankfurt/M, Berlin, 1991; J. Diamond, Collapse,
Penguin Books, London, 2006.

6 D. H. Meadows, D. L. Meadows, J. Randers and W. W. Behrens
III, The Limits to Growth, Universe Books, New York, 1972.

7 R. L. Carson, Silent Spring, 40th anniversary edn, Houghton
Mifflin, Boston, 2002.

8 W. Feldkirchen and S. Hilger, Menschen und Marken, ed.
E. Primosch and W. Zengerling, Auftrag der Henkel KGaA,
Düsseldorf, 2001.

9 H. C. von Carlowitz, Sylvicultura oeconomica, Reprint der Ausg.
Leipzig, Braun, 1713/bearb. von K. Irmer, A. Kießling, TU
Bergakad. Freiberg, Akad. Buchh, 2000.

10 Our Common Future, The World Commission on Environment and
Development, ed. G. Brundtland, Oxford University Press, Oxford,
1987.

11 http://nobelprize.org/peace/laureates/2004/press.html.
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UV-härtenden Lacken auf Leinölbasis, Fabre + Lack, 2000, 106,
101.

55 World Energy, http://www.worldenergy.net/product/emissions.asp,
Biodiesel Emissions – Life Cycle Inventory of Biodiesel and
Petroleum Diesel for Use in an Urban Bus.

56 N. Stern, Stern Review on the economics of climate change,
HM Treasury,London, UK, http://www.hm-treasury.gov.uk/
independent_reviews/stern_review_economics_climate_change/
stern_review_report.cfm.

212 | Green Chem., 2007, 9, 203–212 This journal is � The Royal Society of Chemistry 2007

D
ow

nl
oa

de
d 

on
 1

0 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 1
0 

Ja
nu

ar
y 

20
07

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

60
63

77
B

View Online

http://dx.doi.org/10.1039/B606377B


Conversion of carbon dioxide and olefins into cyclic carbonates in water

Nicolas Eghbali and Chao-Jun Li*

Received 27th October 2006, Accepted 12th December 2006

First published as an Advance Article on the web 21st December 2006

DOI: 10.1039/b615612f

In this manuscript, we have developed a highly efficient method

to convert alkenes and CO2 into cyclic carbonates directly in

water by using N-bromosuccinimide (NBS) together with 1,8-

diazabicyclo[5.4.0]undecenc-7-ene (DBU) in water, or by using

a catalytic amount of bromide ion together with aqueous H2O2.

The increased environmental concern of the elevated CO2 level in

the atmosphere calls for innovative means to sequester CO2 and to

utilize it as a raw material to generate chemicals and materials.1

For the latter, a number of chemical processes have been

developed to incorporate CO2 into organic chemicals and

materials2 such as carbonates,3 polycarbonates,4 and lactones or

carboxylic acids.5 In this context, the reaction of carbon dioxide

with epoxides to form cyclic carbonates6 and polycarbonates has

seen important development due to their many applications and

properties.3,7 Polycarbonates are, for example, versatile biodegrad-

able polymers, which can be produced readily from cyclic

carbonates.7 Although quite efficient, such a reaction usually

requires the initial synthesis of an epoxide; an additional step that

sometimes involves expensive or toxic reagents and requires

chemical separations.8 A simpler and even cheaper approach

would be the direct synthesis of cyclic carbonates starting from

olefins instead of the epoxides. Although such a three-component

coupling, also called oxidative-carboxylation of olefins, has been

known at least since 1962,9 it has not, however, received much

attention and only a few reports are available in the literature.10

Furthermore, low yield, expensive heavy metal oxidizing reagents,

and numerous oxidation by-products were often the major

problems.11 Herein, we report an efficient direct conversion of

alkenes and CO2 into cyclic carbonates with hydrogen peroxide

catalyzed by Br2 in water (eqn (1))

ð1Þ

The concerns of air-pollution due to the extensive use of volatile

organic solvents has led to great interest in searching for novel

chemical processes in environmentally friendly solvents12 such as

water,13 supercritical CO2,
14 ionic liquids,15 and ‘‘switchable’’

solvents’’.16 In an attempt to overcome all the shortcomings

associated with the previous methods for converting alkenes and

CO2 into cyclic carbonates, we envisioned the utilization of

bromohydrin intermediates coupled with a ‘‘CO2 activator’’ such

as an organic base, 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), in

water as a simple, cheap, efficient, and metal-free method. As a

preliminary testing of the concept, the stoichiometric conversion of

terminal alkenes into alkene carbonates was examined using

N-bromosuccinimide (NBS) together with DBU in water. Results

are presented in Table 1. With styrene 1a, the reaction proceeded

excellently, affording a mixture of styrene carbonate 1b (y89%)

and the corresponding bromohydrin 1c (y10%) after 3 h at 60 uC.

No starting material was detected at the end of the reaction. The

use of excess DBU was necessary to deprotonate the weakly acidic

alcohol and to neutralize hydrobromic acid generated during the

reaction. When simple aliphatic olefins such as 1-hexene 6a and

1-octene 7a were used, the reaction also proceeded smoothly and

efficiently to afford the corresponding cyclic carbonates 6b and 7b

(Table 1, entries 6, 7).

Following the success of the stoichiometric reaction, a

transition-metal free catalytic system was investigated in water.

We reasoned that the bromide ion could be readily oxidized to

bromine or hypobromous acid, a reagent known to react with

olefins in water to form the bromohydrin.17 Thus, only a catalytic

amount of NBS will be needed for the reaction. After the

formation of the bromohydrin intermediate, and its subsequent

reaction with carbon dioxide, the bromide ions are regenerated

and water becomes the only byproduct of the reaction. Inexpensive

oxidants, such as 30% aqueous solution of hydrogen peroxide and

sodium persulfate, were then examined.

Subsequently, styrene (1a) was reacted with 10 mol% of NBS in

aqueous hydrogen peroxide. Although the reaction was successful,

the yield remained low, most likely due to the high reactivity of

NBS towards H2O2. Other sources of bromide ion were therefore

tested for this transformation. Tetrabutylammonium bromide

Department of Chemistry, McGill University, 801 Sherbrooke Street
West, Montreal, Quebec, H3A 2K6, Canada. E-mail: cj.li@mcgill.ca

Table 1 Conversion of terminal alkenes to alkenecarbonate

Entry Olefin(R)
Reaction
time/h

NMR
yield (%)a Product

1b Ph 1a 3 89 (98) 1b
2b 4-MePh 2a 3 91 (98) 2b
3b 4-SO3Ph 3a 6 95 (100) 3b
4b PhCH2 4a 4 61 (98) 4b
5b 3-MeOPhCH2 5a 4 45 (80) 5b
6c CH3(CH2)3 6a 5 85 (100) 6b
7c CH3(CH2)5 7a 5 63 (78) 7b
8d H 8a 4 30 8b
a Based on the olefin; the number in brackets refers to the
conversion. b Reaction conditions: 1.5 mmol of olefin, 1.5 mmol of
NBS, 3 mmol of DBU, 1 mL of water, under a CO2 pressure of
250–300 psi, 60 uC. c 1 mmol of olefin was used and the temperature
was kept at 42 uC. d Reaction conditions: 40 psi of ethylene,
2.5 mmol of NBS, 5 mmol of KHCO3, 2 mL of water, under a CO2

pressure of 350 psi, 60 uC. Yield based on the amount of NBS used.

COMMUNICATION www.rsc.org/greenchem | Green Chemistry

This journal is � The Royal Society of Chemistry 2007 Green Chem., 2007, 9, 213–215 | 213

D
ow

nl
oa

de
d 

on
 1

0 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 2
1 

D
ec

em
be

r 
20

06
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
61

56
12

F
View Online

http://dx.doi.org/10.1039/B615612F


(TBAB) and sodium bromide were both found to be effective. A

clean conversion was achieved, leading (in the case of styrene 1a)

to a mixture of 1a (12%), styrene bromohydrin 1c (8%) and the

desired styrene carbonate 1b (70%).

To determine the effect of the organic base, other amines were

tested. A quick screening of various bases was carried out by

reacting for only 2h. Results are presented in Table 2. DBU,

DMAP and Hünig’s base were found to be the most effective for

the catalytic reaction.

Other alkenes were then reacted with CO2 under the optimized

conditions (Table 3) (Scheme 1). The water soluble sodium salt of

4-styrene sulfonic acid 3a gave an even better yield of the desired

cyclic carbonates (Table 3, entry 5), although the separation

proved to be challenging due to the solubility of the product.

Simple alkenes such as 1-hexene 6a and 1-octene 7a were also

effective under the catalytic conditions (Table 3, entries 6, 7). The

ratio of reagents, particularly Br2/H2O2, was found to be

important for the reaction because bromide ion can catalyze the

unwanted and non-productive decomposition of hydrogen per-

oxide to generate O2 and water.18 An aqueous solution of sodium

persulfate was also effective as the oxidant; however, a lower

conversion (ca. 14%) from styrene 1a to styrene carbonate 1b was

observed with a large amount of unreacted starting material being

recovered.

In summary, a simple, direct, and metal-free method was

developed to convert CO2 into cyclic carbonates with alkenes in

water.19 Using N-bromosuccinimide (NBS) together with DBU in

water, alkenes were converted into cyclic carbonates nearly

quantitatively. Cyclic carbonates were also formed efficiently by

using a catalytic amount of bromide ion together with aqueous

H2O2. The scope and applications of this method are under

investigation.

Experimental

1H NMR spectra were recorded at 300 MHz and 13C NMR

spectra were recorded at 75 MHz. Flash chromatography was

performed using SILICYCLE 40–63 mm silica gel, and the column

was usually eluted with a 1 : 5 ethyl acetate–hexane mixture (25 to

50%). All the reagents were purchased from Aldrich Chemical Co.

and were used without further purification.

Typical procedure for the stoichiometric conversion of alkenes to

alkene carbonates using NBS and DBU

In a vial containing a stir bar, NBS (266 mg, 1.5 mmol) was mixed

with 1 mL of water. The olefin (1.5 mmol) was added to the

mixture followed immediately by the addition of DBU (0.35 mL,

2.4 mmol). The reaction mixture was stirred and the vial placed in

a stainless steal autoclave (Parr reactor). The reactor was

pressurized with CO2 gas at an overall pressure of 300/350 psi.

The temperature was maintained at 45 or 60 uC (according to the

olefin) using a Parr temperature controller. After 3–6 h reaction

time, the reactor was cooled down to room temperature and

depressurized. Ethyl acetate (1 mL) was used to extract any

organic material. After purification by flash chromatography

(eluant 1 : 5 ethyl acetate in hexane), the product was characterized

by 1H, 13C NMR and GCMS.

Styrene carbonate:20

Isolated yield: 81%. 1H NMR (CDCl3, 300 MHz, ppm): d 4.26 (t,

1H, J = 7.26 Hz), 4.71 (t, 1H, J = 8.42 Hz), 5.59 (t, 1H, J = 8.07),

7.34 (m, 5H); 13C NMR (CDCl3, 75 MHz, ppm): d 71.1, 77.9,

125.8, 129.1, 129.6, 135.7, 154.8.

4-Methyl styrene carbonate:21

Purification was achieved by preparative TLC using toluene as

eluant. Isolated yield: 83%. 1H NMR (CDCl3, 300 MHz, ppm): d

2.36 (s, 3H), 4.32 (t, 1H, J = 8.1 Hz), 4.75 (t, 1H, J = 8.4 Hz), 5.62

(t, 1H, J = 7.95 Hz), 7.23 (s, 4H). 13C NMR (CDCl3, 75 MHz,

ppm): d 29.4, 71.4, 78.3, 126.2, 130.1, 132.9, 140.1, 155.1.

Table 2 Effect of the organic base on the yield of the reaction

Entrya Amine base NMR yield (%)

1 DBU 17 (20)
2 DMAP 9 (10)
3 Hunig’s base 7.5 (10)
4 Triethylamine .1 (5)
5 1-Methylimidazole .1 (5)
6 Pyridine NR
7 N,N,N9,N9,N0-Pentamethyl-diethylene

triamine
NR

8 N-Methyl diphenylamine NR
9 DABCO NR
10 N,N-Dimethylaniline NR
11 N,N,N9,N9-Tetramethyldiamine methane NR
a All reactions were performed with 3 mmol of styrene (0.2 mL,
1 equiv.), 9 mmol of H2O2 (1 mL, 3 equiv.), 0.7 mmol of Bu4NBr
(250 mg, 0.25 equiv.) and 1 mmol of organic base (0.3 equiv.), under
a CO2 pressure of 250–300 psi. 2 h reaction time. The temperature
controller was set at 42 uC.

Table 3 Conversion of terminal alkenes to alkenecarbonate

Entry Olefin (R)

Bromide
catalyst
(equivalent)

Reaction
time/h

NMR
yield (%)a

1b Ph 1a NBS 15 26 (36) 1b
2b Ph 1a NaBr 15 65 (80) 1b
3b Ph 1a TBAB 15 70 (89) 1b
4b 4-MePh 2a TBAB 15 72 (90) 2b
5b 4-SO3Ph 3a TBAB 15 89 (98) 3b
6c CH3(CH2)3 6a TBAB 20 47 (72) 6b
7c CH3(CH2)5 7a TBAB 20 27 (78) 7b
a Based on the olefin; the number in brackets refers to the
conversion. b Reactions conditions: 1.5 mmol of olefin, 0.15 mmol of
NBS, 0.2 mmol of DBU, 1 mL of H2O2, under a CO2 pressure of
250–300 psi, 45–55 uC. c 1 mmol of olefin was used and the
temperature was kept at 40 uC.

Scheme 1 Bromine-catalyzed direct conversion of alkenes to cyclic

carbonate with H2O2 in water.
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4-Styrene carbonate sulfonic acid sodium salt

Although the reaction proceeded well with DBU, the use of

KHCO3 or even NaHCO3 was preferable. Isolated as a white solid

in 68% yield. 1H NMR (D2O, 400 MHz, ppm): d 4.39 (t, 1H, J =

8.4 Hz), 4.86 (t, 1H, J = 8.6 Hz), 5.86 (t, 1H, J = 8.2 Hz), 7.61 (q,

4H, J = 8 Hz). 13C NMR (D2O, 100 MHz, ppm): d 71.6, 78.2,

126.2, 127.0, 138.8, 144.3, 156.9. HRMS (FTMS) C9H7O6S

calculated: 242.9963; found: 242.9966.

Allyl benzene carbonate

Purification was achieved by flash chromatography using first 1 : 5

ethyl acetate in hexane, then THF or 1 : 1 ethyl acetate–hexane

mixture. Isolated yield: 52%. 1H NMR (CDCl3, 300 MHz, ppm): d

3.07 (dd, 2H, J = 14.1, 13.8 Hz), 4.168, (t, 1H, J = 6.8 Hz), 4.44 (t,

1H, J = 8.1 Hz), 4.93 (m, 1H), 7.30 (m, 5H). 13C NMR (CDCl3,

75 MHz, ppm): d 39.8, 68.7, 77.0, 127.8, 129.2, 129.5, 134.1, 154.9.

Allyl anisole carbonate

Isolated yield: 41%. 1H NMR (CDCl3, 300 MHz, ppm): d 3.01 (m,

2H), 3.79 (s, 3H), 4.15 (t, 1H, J = 7.8 Hz), 4.42 (t, 1H, J = 8 Hz),

4.89 (t, 1H, J = 6.8 Hz), 7.00 (dd, 4H). 13C NMR (CDCl3, 75 MHz,

ppm): d 27.9, 55.4, 71.1, 78.1, 114.6, 127.8, 129.5, 154.9, 160.7.

HRMS C11H12O4 calculated: 208.0736 ; found 208.0737.

1-Hexene carbonate:20

Isolated yield: 79%. 1H NMR (CDCl3, 300 MHz, ppm): d 0.89 (t,

3H, J = 6.6 Hz), 1.31 (m, 4H), 1.67 (m, 2H), 4.01 (t,1H, J = 7.1),

4.49 (t, 1H, J = 7.7), 4.65 (m, 1H); 13C NMR (CDCl3, 75 MHz,

ppm): d 13.7, 22.15, 26.3, 33.4, 69.3, 77.0, 155.0.

1-Octene carbonate

Purification was achieved by flash chromatography using 1 : 1

ethyl acetate in hexane. Isolated yield: 53%. 1H NMR (CDCl3,

300 MHz, ppm): d 0.88 (t, 3H, J = 6.5 Hz), 1.26 (m, 8H), 1.72 (m,

2H), 4.01 (t, 1H, J = 6.9), 4.50 (t, 1H, J = 7.2), 4.69 (m, 1H); 13C

NMR (CDCl3, 75 MHz, ppm): d 14.0, 22.50, 24.32, 28.80, 31.50,

38.90, 69.40, 77.03, 155.10.

Ethylene carbonate

Isolated yield: 30%. 1H NMR (CDCl3, 300 MHz, ppm): d 4.51 (s,

4H); 13C NMR (CDCl3, 75 MHz, ppm): d 64.7. GCMS (C3H4O3)

found: 88.1.

Typical procedure for the conversion of alkenes to alkene

carbonates with 30% hydrogen peroxide

In a vial containing a stir bar, TBAB (50 mg, 0.15 mmol) was

introduced and dissolved into 1 mL of 30% H2O2 (9 mmol,

6 equiv). The olefin (1.5 mmol) was added to the mixture followed

immediately by DBU (0.03 mL, 0.2 mmol). The vial was placed in

a stainless steal autoclave (Parr reactor) which was pressurized

with CO2 gas at an overall pressure of 350 psi. The reactor was

heated at 42 uC or 50 uC using a Parr temperature controller. After

reacting for an average of 15 h, the reactor was cooled down to

room temperature and depressurized. Ethyl acetate (0.3 mL) was

used to extract any organic material.
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The high resolution magic angle spinning (HRMAS) NMR

technique proved to be an effective tool for the analysis of

organic solutes and for the observation of an organic reaction

in neat ionic liquids.

The growing use of ionic liquids (ILs) as reaction media in organic

chemistry reveals a strong interest in this new class of solvents.1

Notably, they provide a markedly ionic microenvironment for

solutes and co-solvents, often influencing the conformation and

coordination events,2 possibly leading to unpredictable reaction

outcomes.3

The unique properties of ILs urgently call for efficient and

general analytical methods for the characterization of complex

organic molecules dissolved in neat ILs, as well as for the direct

monitoring of reactions in these media. Some successful investiga-

tions employing mass spectrometry and infrared spectroscopy

have already appeared in the literature.4 On the other hand, the use

of NMR for these purposes is still underemployed. Recent papers

describing the use of NMR spectroscopy for the analysis of

organic solutes in neat ILs2b,5 show that various problems are

encountered, such as low resolution of the spectra, due to the high

viscosity of ILs;5a the need for deuterated substrates,6 with the

related influence on chemical shifts;7 the problems in assessing the

matching routine5a and, notably, difficulty in the correct choice of

the chemical shift reference.8 The intensity difference of the peaks

between neat ILs and solutes is an additional problem, and solvent

signal filtering based on the T1 relaxation time values becomes

feasible only when solvent and solute show different T1,5a while

DOSY techniques require analytes with a molecular weight very

different from that of the IL.9

These data suggest that there is a strong demand for a general

method allowing the effective study of solutes in ILs especially in

the case of complex molecules.

We thought that the high resolution magic angle spinning

(HRMAS) NMR technique, used successfully for the character-

isation of gels and semisolid matrices,10 could be a powerful tool to

overcome the aforementioned problems. Although a paper

concerning the use HRMAS spectroscopy for the 1H–13C analysis

of ILs immobilized on silica gel has very recently appeared in the

literature,5c the direct investigation of molecules displaying

complex spectra and dissolved in neat ILs is still unprecedented.

In this work we set up a routine use of HRMAS NMR as a

powerful tool for the characterization of complex organic analytes

dissolved in neat ILs through the systematic study of the resolution

of their spectra. Even more interestingly, we have shown that this

method is easily applied to the direct observation of an organic

reaction performed in neat IL.

For this study, three imidazolium-based ILs differing in their

side-chain length were chosen, namely 1-butyl-3-methylimidazo-

lium hexafluorophospate 1, 1-hexyl-3-methylimidazolium hexa-

fluorophospate 2 and 1-octyl-3-methylimidazolium

hexafluorophospate 3. These solvents are analogues in their

chemical structure but differ in their viscosity,11 a property strictly

related to the resolution of NMR spectra.

A preliminary investigation of the spectra of neat ILs 1–3

revealed that spectra recorded in a 5 mm NMR tube with a coaxial

capillary for the external lock (d6 acetone) exhibit low resolution

and require further adjustment in chemical shift referencing against

the standard,8 in order to compensate for the high magnetic

susceptibility of ILs.12 The signals of 1H HRMAS spectra,

however, show chemical shifts which are highly consistent with

the spectra of 1–3 dissolved in d6-acetone and a gain in resolution

that can be appreciably evidenced with more viscous ILs (see

ESI{).

We subsequently performed the same experiments with two

organic molecules (compounds 4 and 5, Fig. 1) dissolved in neat

ILs 1–3.

p-Methoxy benzyl acetate 4 exhibited the resolution data listed

in Table 1, reported in terms of full width at half maximum height

(FWHM).

The signals of compound 4 observed through 1H HRMAS

NMR showed a remarkable gain in resolution (entries 4–6) as their

FWHM was from 25% to 40% lower than that observed for the

spectra recorded in a 5 mm tube (entries 1–3) and FWHM values

of entries 4–5 were close to that measured in CDCl3.

We chose methyl 2,3,4,6-tetra-O-benzyl-a-D-glucopyranoside 5

(Fig. 1) as the second compound, due to its complex pattern of

signals and our interest in the direct observation of carbohydrates

dissolved in ILs.13 The reference signal was the doublet at
aDepartment of Organic and Industrial Chemistry, University of Milano,
Via Venezian, 21 - 20133, Milano, Italy. E-mail: laura.poletti@unimi.it
bC.N.R., Istituto di Scienze e Tecnologie Molecolari, via Golgi,
19-20133, Milano, Italy
cCentro Interdipartimentale Grandi Apparecchiature (C.I.G.A.), Via
Golgi, 19-20133, Milano, Italy. E-mail: enrico.caneva@unimi.it
{ Electronic supplementary information (ESI) available: Structures of ILs
1–3, experimental details, HRMAS spectra and spectra recorded in a
conventional probe. See DOI: 10.1039/b615392e Fig. 1 Chemical structure of compounds 4 and 5.
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d = 4.97 ppm, J = 11.0 Hz in CDCl3 (benzylic signal), since its

position far from the other glucose peaks makes it optimal to

monitor the resolution variation of the spectra.

Fig. 2 and entries 4–6 of Table 1 show the significant

enhancement of the resolution obtained by the HRMAS technique

for compound 5, including the evaluation of the 11.0 Hz benzylic

coupling constant even with the high viscosity of IL 3. Fig. 2 also

shows evidence for the effects on the chemical shifts caused by the

magnetic susceptibility of ILs.8,12

An additional experiment showed further evidence of the

efficiency of 1H HRMAS NMR spectroscopy applied to neat

ILs. We recorded the spectra of 5 in neat IL 2 in a 5 mm tube

provided with an external d6 DMSO lock at increasing

temperatures and compared them with the HRMAS spectrum

recorded at 30 uC. A resolution of the spectrum equivalent to that

obtained by the HRMAS NMR technique was achieved only at

Table 1 FWHM of the 1H NMR spectra of compounds 4 and 5

Entry IL

FWHM of
compound 4
(CH2 signal)/Hz

FWHM of
compound 5
(benzylic H signal)/Hz

1a (a) 1 3.7 .11
2a 2 4.1 &11
3a 3 6.1 &11
4b (b) 1 2.8c 4.7d

5b 2 2.5c 8.5d

6b 3 4.0c 9.0d

7e (c) 1.6 2.3
a Compounds 4 and 5 dissolved in neat ILs 1–3 (c = 0.2 M) in a
5 mm tube provided with a coaxial capillary filled with d6 acetone.
b Compounds 4 and 5 dissolved in neat ILs 1–3 (c = 0.2 M) in the
HRMAS NMR probe. c 5 KHz MAS rotation of the HRMAS
rotor. d 15 KHz MAS rotation of the HRMAS rotor. e Compounds
4 and 5 dissolved in CDCl3.

Fig. 2 Resolution behaviour of 5, dissolved in neat ILs 1–3, evaluated on benzylic H signal (asterisk). (a) Spectrum in a 5 mm NMR tube with an external

lock; (b) spectrum with the HRMAS NMR technique.

Fig. 3 Time-dependent 1H HRMAS spectra of the acetylation of 6.
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temperatures over 60 uC, too high for heat-labile organic

compounds (see ESI{).

A further challenge in the application of HRMAS spectroscopy

to neat ILs was its use in the direct monitoring of a standard

organic reaction. To investigate this aspect, we directly performed

the acetylation of p-methoxybenzyl alcohol 6 in the HRMAS rotor

and recorded 1H HRMAS spectra at regular intervals of time.

The time-dependent intensity of the benzylic signals of

compounds 6 and 4 (d = 4.57 and 5.02 ppm, respectively) can

be clearly observed in Fig. 3, together with the concomitant

progressive switch of the methyl ether signals (d = 3.76 ppm for

compound 6 and 3.77 ppm for compound 4) and the appearance

of the acetyl signal of 4 (d = 2.03 ppm) and of acetic acid (d =

2.02 ppm) as the by-product of the reaction.

It should be noted that the spectra recorded within the first

10 min clearly revealed an initially heterogeneous solution,

evidenced by the low resolution of the peaks. However, the

rotation of the HRMAS rotor led to a completely homogeneous

solution in a few minutes, and the reaction could be followed with

optimal resolution until completion.

In conclusion, we have reported an unprecedented successful

application of HRMAS NMR spectroscopy to observe complex

organic compounds dissolved in neat ILs of different viscosity.

Notably the HRMAS technique does not need high solute

concentrations (0.2 M, equivalent to that used in common organic

reactions) and does not require different molecular weight or

relaxation time between the solute and the IL. It involves minimal

use of deuterated solvents, leads to reliable chemical shift

referencing and to high resolution even with highly viscous ILs.

More interestingly, HRMAS NMR proved to be an excellent

tool for the direct observation of a standard organic reaction in

neat ILs. This result has important potential applications in the

study of reaction intermediates and of the interaction between

solutes and solvents in ILs.
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The synthesis of the benzofuroindole skeleton using a recyclable

copper-catalytic system in water solution is presented.

In recent years, molecules comprising the benzofuroindole frame-

work of compound 1 as their basic skeleton (Scheme 1) have

shown increasing utility as pharmaceuticals. As such, they have

proved highly efficient in the treatment of sexual hormone

disorders,1 degenerative brain diseases1 and different types of

cancer due to their extensive antitumour activity.2 In addition, they

have also demonstrated their relevant role in the modulation of the

potassium channels responsible for smooth muscle contraction.

This ability renders this type of compounds highly useful for the

treatment of irritable bowel syndrome, asthma, congestive heart

failure and cerebral vascular diseases, among others.3

Frequently, the synthesis of such valuable compounds implies

modifications performed on the non-substituted benzo[4,5]furo-

[3,2,b]indole core by introduction of different functionalities.2

However, the access to the tetracyclic skeleton, depicted in

Scheme 1, is not always easily accomplished and it often requires

the use of highly elaborated and non-commercial starting

materials.1,3

Given the aforementioned valuable properties of this family of

compounds as pharmaceuticals, a simple, low cost and environ-

mentally friendly route leading to this benzofuroindole framework

would be of great interest for its application to industrial processes.

In this context, the use of water as the most benign solvent to

perform organic transformations is considered highly advanta-

geous, not only due to its non-toxicity, non-flammability and low

cost, but also because of the remarkable increase in chemoselec-

tivity observed when using aqueous media compared to organic

solvents.4

Thus, we envisaged a novel and highly appealing strategy for the

construction of the benzofuroindole structure following the

sequence depicted in Scheme 1, which consists of the initial

formation of benzofuran derivative 2 from diarylethanone 3,

followed by a final intramolecular N-arylation step to render the

benzofuran-fused indole ring in compound 1, and employing water

as the solvent for the key transformations. Furthermore, the

proposed route notably differs from the previously reported ones

in that it implies the synthesis of the benzofuran moiety, instead of

introducing that heteroaromatic ring already formed as part of one

of the starting materials.1,3

First of all, we chose diarylethanone 3 as a precursor mainly

because this compound already contains the heteroatoms present

in the target molecule 1, placed in the required positions

(Scheme 1). In addition, compound 3 is easily accessible through

a palladium-catalysed a-arylation of the acetophenone derivative 4

with 1,2-dibromobenzene, using a partially-aqueous protocol

designed by our research group (Scheme 2).5

Subsequently, for the construction of the benzofuran ring from

diarylethanone 3, we decided to test our recently developed

strategy for the synthesis of benzo[b]furans, based on a copper-

catalysed intramolecular O-arylation performed in neat water

solution.6 Thus, deoxybenzoin 3 was stirred in the presence of

8.5 mol% of CuI, 3.5 eq. of TMEDA, acting both as the ligand

and as the base, and water at 120 uC, delivering the desired

heterocycle in good yield (Scheme 2).7

Following with the projected route (Scheme 1), prior to the final

intramolecular N-arylation process, the introduction of a bromine

atom at the C-3 position of the benzofuran ring was required.

Therefore, benzofuran 5 was treated with NBS, successfully

furnishing brominated compound 2 in 71% yield (Scheme 2). The

amount of NBS employed (1.05 eq.) and the temperature (0 uC)

were critical for the selective monobromination of compound 5.8

The last step of our synthetic proposal involved an intramole-

cular Goldberg-type reaction between sulfonamide and heteroaryl

Kimika Organikoa II Saila, Zientzia eta Teknologia Fakultatea, Euskal
Herriko Unibertsitatea, P.O. Box 644, Bilbao, 48080, Spain.
E-mail: raul.sanmartin@ehu.es; Fax: +34 946012748;
Tel: +34 946015435
{ Electronic supplementary information (ESI) available: Experimental
procedures and NMR spectra for new compounds. See DOI: 10.1039/
b614218d
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Scheme 2
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halide moieties. This kind of transformation has traditionally been

accomplished employing mainly copper-catalysis,9 although some

examples of palladium-catalysed N-arylation of amides have also

been reported.10 Nevertheless, such protocols require organic

solvents to effect the reaction and, therefore, were not suitable for

our purpose, i.e., the design of a more sustainable process to access

the valuable benzofuroindole framework.

In this context, we envisaged the extension of the ‘‘on-water’’

chemistry protocol to effect the final N-arylation reaction. Such a

protocol involves stirring of the substrate with a neat water

solution containing 8.5 mol% of CuI and a 1,2-diamine derivative,

which not only coordinates to the copper, delivering so the active

catalyst, but also acts as the required base for the process. If

successful, it would prove that a scheduled use of such an

environmentally friendly procedure can accomplish two different

key steps of a sequence involving disparing functionalities and

reacting centers. Fortunately, as shown in Scheme 3, when

substrate 2 was submitted to the aforementioned reaction

conditions, the intramolecular N-arylation reaction to render the

target tetracyclic compound 1 was achieved in good yield.

Interestingly, although DMEDA proved slightly superior, the

use of different 1,2-diamine derivatives resulted in hardly any

variation in the obtained yields (Scheme 3). Indeed, the presented

N-arylation reaction proceeded smoothly under identical reaction

conditions as those employed for the synthesis of benzofuran 5.

Therefore, we decided to explore the reutilisation of the aqueous

solution containing the CuI/TMEDA complex, initially used for

the preparation of 5, to effect the final N-arylation. Remarkably,

such reutilisation was successfully achieved, and target compound

1 was delivered in 85% yield, thereby employing not only an

identical protocol, but also the same aqueous medium (with the

catalyst dissolved in it) to accomplish two different copper-

catalysed transformations.

Furthermore, at this stage, we decided to compare the efficacy

of our newly designed protocol for copper-catalysed N-arylation

with other copper and palladium-catalysed protocols reported thus

far to effect similar transformations in organic solvents. For that

purpose, we treated compound 2 under previously described non-

aqueous experimental conditions and the results obtained are

summarised in Scheme 3. It was observed that the palladium-

catalysed reaction conditions10 tested were inadequate, unreacted

substrate 2 was recovered. In contrast, the water-free copper-

catalysed protocol,11 furnished the target compound 1 in lower but

comparable yield to that obtained when using our aqueous

protocol. However, the non-aqueous method required twice the

time of the aqueous one (24 h vs. 12 h).

It can be concluded that we have designed a novel and highly

practical methodology for access to the very valuable benzofur-

oindole framework. Such a structure, not easily attainable by

existing methods, is present in a family of relevant pharmaceuticals

accessible by means of known modifications performed on the

skeleton of compound 1. The methodology presented herein

involves four high yielding steps, three of which imply the use of

water, either as an additive or as the solvent, providing a

remarkably simple and more sustainable access to the target

tetracyclic skeleton. Furthermore, we have demonstrated that the

final intramolecular copper-catalysed N-arylation reaction can be

successfully performed in exclusively aqueous medium, affording

the desired benzofuroindole in better yields than those obtained

when using non-aqueous conditions. In addition, the use of simple

commercially-available starting materials and the recycling of the

same water solution containing the copper-catalyst to perform two

different arylation reactions render the methodology described

herein highly advantageous for its industrial application in terms

of low-toxicity, safety and cost.
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This work reports on a theoretical and experimental study on the ionic liquid 1-butyl-3-

methylimidazolium octylsulfate ([BMIM]OS). The halogen-free ionic liquid [BMIM]OS is a stable

solvent regarding hydrolysis, whose availability, toxicologically favourable features and well

documented biodegradability turns it into a suitable candidate for different multiton-scale

industrial applications. The pressure–volume–temperature behaviour of this fluid has been

evaluated accurately over wide ranges of temperature and pressure, and correlated successfully

with the empirical TRIDEN equation. From the measured data the relevant derived coefficients,

isothermal compressibility, isobaric expansibility and internal pressure have been calculated.

Other valuable properties such as isobaric heat capacity, speed of sound and refractive index were

measured at several temperatures and atmospheric pressure. The molecular structure was looked

into by quantum computations at the B3LYP/6-31 + g(d) level and classical molecular dynamics

simulations in the NPT ensemble with the OPLS–AA forcefield. Both macroscopic and

microscopic studies concur in a complex structure involving microheterogenous polar and non-

polar domains, brought about by the aggregation of the non-polar anionic chains.

Introduction

Over the last few years, ionic liquids (ILs) have attracted

worldwide scientific interest in academia and industry. On

account of their negligible vapour pressure and favourable and

easily tunable physical and chemical properties, this class of

compounds have found a place as suitable alternatives to

volatile organic solvents in synthesis, separation and other

applications.1 ILs constitute quite a promising field; to gain

advantage of their novel applications, a detailed and systema-

tic research should be conducted. Although the term green

solvent has been used to stand for this class of compounds, so

far there is a dearth of reliable information on their toxicology,

degradability and environmental effects.2 Therefore, prior to

its use on a massive scale, the utmost caution must be exercised

when handling ILs with either only a limited expertise or

absence of a thorough toxicological and environmental study

through the whole life cycle.

A detailed survey of recent literature gives away the scarce

number of systematic studies on ILs; in fact, most contribu-

tions focus too narrowly on halogen-containing ionic liquids.

Halogen atoms might occasion major concerns if the anion is

insufficiently stable regarding hydrolysis,3 or if costly thermal

treatments are needed to leave out release of corrosive HF or

HCl; in a green chemistry context, such ILs would be inappro-

priate for industrial use. Alkylsulfate-based ILs are cheaper

and more adequate than halogen-based.4a,5 To successfully

cope with this challenge, among the several non-halogenated

ILs designed so far [BMIM]OS, derived from inexpensive

chemicals, stands out (Fig. 1).4 The [BMIM]+ cation, based on

the imidazole moiety, is prone to microbial degradation,6 and

the well documented low toxicity and satisfactory biodegrada-

tion of the anion part,4a show that this IL has a great deal of

promise in a number of multi-ton scale processes.

A major difficulty when dealing with industrial applications

of ILs is the scarce number of reliably accurate data on their

chemical and physical properties.7 The modelling of processes

is critically dependent on an accurate knowledge of the

thermodynamic behaviour of each component; hence, over-

sized designs, brought about by absence of reliable data, may

result in unnecessary costs or failure in production targets.8 To

date, the data on the pressure–volume–temperature (PVT)

Universidad de Burgos. Departamento de Quı́mica, 09001, Burgos,
Spain. E-mail: jmleal@ubu.es; Fax: +34 947 258831;
Tel: +34 947 258062
{ Electronic supplementary information (ESI) available: Experimental
properties of [BMIM]OS at atmospheric pressure in the 298.15–
343.15 K range (Table S1) and experimental and calculated thermo-
physical properties in the 0.1–60 MPa, 318.15–428.15 K ranges
(Table S2). See DOI: 10.1039/b612177b

Fig. 1 Structure of [BMIM]OS ion-pair with minimum energy

optimized at B3LYP/6-31 + g(d) theoretical level.
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behaviour of ILs is pretty scarce; most data have been reported

with very low accuracy for only quite a narrow ILs group

(mainly PF6
2 and BF4

2 containing ILs) usually at 25 uC, and

pushing aside the pressure effect.9 In practice, application of

ILs runs into difficulties due to the lack of data obtained with

well-defined procedures for samples with well-established

purity.9d,10

In this work, the thermophysical behaviour of the non-

halogenated [BMIM]OS IL was looked into over wide ranges

of pressure and temperature. The PVT behaviour was

evaluated over the 318.15–428.15 K and 0.1–60 MPa ranges.

From these readings, the isobaric thermal expansibility,

isothermal compressibility and internal pressure have been

calculated; these properties are important both for thermo-

dynamic calculations and design of operations such as phase

separation, mass transfer or pumping,7b and may provide

substantial information on the fluid structure and molecular

interactions.9d Likewise, the isobaric heat capacity, speed of

sound and refractive index have also been measured at

atmospheric pressure over the 298.15–343.15 K temperature

range. From isobaric heat capacity and PVT data at ambient

pressure, isobaric and isochoric heat capacity have been

evaluated over a wide pressure range.

Systematic measurement of thermophysical properties

enables us to settle useful relationships between the liquid’s

structure and property values, stressing the cation, anion

and substituent effects. In view of the large number of

potential ILs,11 economical and time-consuming reasons

prevents one from measuring properties for all of them, either

pure or mixed; instead, development of semiempirical correla-

tions and predictive models prone to be regularly tested

against experimental data is highly recommended.12 Molecular

modelling is a powerful tool that lends insight to the structure

of condensed phases; in conjunction with macroscopic studies,

it provides a good link between physicochemical properties

and molecular structure, thus extending the spectra of possible

applications. So far, the number and scope of the molecular

modelling studies reported is rather limited. The modelling of

ILs requires a good expertise on the fluid structure at

microscopic level that often is unavailable.13 Moreover, the

lack of systematic and accurate data needed also restrains

the development of theoretical approaches. In this work, the

molecular structure of the non-halogenated [BMIM]OS IL was

inferred from the modelling developed on the basis of single

ion-pair quantum calculations and condensed phase classical

molecular dynamics simulation.

Experimental

Materials and sample preparation

[BMIM]OS, purchased from Fluka (stated purity .95%), is a

yellow viscous oil; although its melting point is 34–35 uC,4a at

ambient temperatures it remains as an undercooled melt up to

5 uC, where crystallisation begins. Although the yellow colour

is indicative of organic impurities arising from the synthesis

process, the impurities are in such a low concentration that the

physical properties of the IL are almost unaffected within the

quoted accuracy limits; in any event, the characteristics and

thermophysical properties of the sample used in this work are

in reasonable agreement with those previously reported by

Wasserscheid et al.4a The two main sources of possible

contaminants that could affect remarkably the IL physical

properties are chloride, from the synthesis process, and

water, on account of its high hygroscopic character. The

chloride content, measured by ICP-MS, was ,0.1%. To

diminish the water content, the IL was heated at 80 uC under

vacuum and the water content measured by Karl Fischer

titration just prior to measurements. To leave out water

contamination, the samples were kept under nitrogen atmo-

sphere after drying, the water content of all samples being

,0.05%.

Atmospheric pressure measurements

The isobaric molar heat capacities were measured with a

Setaram micro DSC III calorimeter previously described.14

The measurements were carried out according to the

continuous scanning method;15 toluene (Fluka, .99.8%) was

used as the reference material and butan-1-ol (Aldrich,

.99.5%) as the calibration liquid. The heat capacities of

toluene and butan-1-ol were obtained from Zabransky et al.16

The calorimetric signal is proportional to the volume heat

capacity, and the measured density was used to obtain

the molar heat capacity with a stated accuracy of ¡1 6
1022 J mol21 K21, with the temperature controlled to ¡1 6
1022 K by a peltier.

Speeds of sound were evaluated with an Anton Paar DSA

5000 apparatus by measuring the travelling time through the

sample of an impulse emitted by a piezoelectric emitter

(¡0.5 m s21), the cell temperature being controlled by a

built-in solid state thermostat (¡1 6 1022 K). The apparatus

was calibrated using water (Milli-Q, resistivity 18.2 mV cm)

and n-nonane (Fluka, .99.5%) as standards.

Refractive index (¡5 6 1025) was measured with an

automated Leica AR600 refractometer whose temperature was

controlled by a Julabo F32 external circulator (¡1 6 1022 K).

The proper calibration was attained using water and a

standard supplied by the manufacturer (nD = 1.51416).

PVT behaviour. Apparatus and calibration procedure

The apparatus used in the PVT measurements has been

described in detail.17 The system is installed around a high-

pressure vibrating tube densimeter. The central element of the

system is the Anton Paar DMA 512P high pressure cell, which

contains the stainless steel vibrating U-shaped tube and the

electronics needed to excite the tube and measure the

oscillating period. The cell temperature was controlled to

¡1 6 1022 K by a Julabo F32 circulating bath, fitted out with

a calibrating Pt100 sensor placed in the measuring cell

connected to a ASDF250 unit. The circuit pressure was

controlled within ¡5 6 1023 MPa by a Ruska 7615 Digital

Pressure controller and measured to ¡1 6 1022 MPa by a

pressure sensor. The pressurising fluid was separated from the

sample by a high-pressure liquid-to-liquid separator

(Pressurements T3600E) containing a Teflon diaphragm to

automatically send out the pressure. The pressure controller

and the thermometer were previously calibrated through well

defined and traceable procedures. The operation of the whole
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system was computer controlled using specially developed

software that makes the automatic handling of massive

amounts of accurate data feasible. The calibration procedure

linking the densimeter oscillation period with the density

value has been described.17 A 14-parameter equation was

used, whose values were obtained with toluene (Fluka,

.99.8%) and n-decane (Aldrich, .99%) as references; the

density values of the reference materials were taken from the

literature.18

To prevent the uncertainty in the density readings from

being affected by the sample viscosity, a number of corrections

are needed.19 Such corrections rely on both the availability of

experimental viscosity data over the pressure and temperature

ranges considered and the use of properly defined and

evaluated damping equations. The mathematical form of

the viscosity corrections for pressures different from

atmospheric pressure is still under debate, and different

corrections have been suggested which basically depend on

the instrument features and the sample viscosity.19 To properly

calculate the correction factor to density, eqn (1) has been put

forward:19a,b

Dr

r
~ {0:5z0:45

ffiffiffi

g
p� �

10{4 (1)

where r, the raw density reading preceding the viscosity

correction, was obtained according to the above procedure, Dr

is the difference between the raw and the corrected densities,

and g is the sample viscosity in mPa s. To date, only

atmospheric pressure viscosity data for [BMIM]OS are

available; therefore, to test the viscosity effect on the reported

density values, the corrected and non-corrected density data

are compared at that pressure (Fig. 2). Only for the lower

temperatures, the deviations climbed up to 0.1%, but the main

body of the work was completed at temperatures above

318.15 K, that is, where the error is below 0.05%. Bearing in

mind the lack of high pressure/high temperature viscosity data

for [BMIM]OS and the existence of different corrections,

whose reliability so far is unclear, the values reported in

this work are the raw, non-corrected, density data. Aside

from the P and T uncertainties, the main contribution to

the experimental uncertainty of density comes from the

two reference substances. In light of the full accuracies of

all factors involved in the density readings, an accuracy of

¡1 6 1024 g cm23 for the raw density data can be

assumed.

Quantum calculations

The quantum computations were carried out with the

Gaussian 03 package,20 and the Density Functional Theory

(DFT), employing the Becke gradient corrected exchange

functional21 concomitant with the Lee–Yang–Parr correlation

functional22 with three parameters (B3LYP)23 method. The

B3LYP gradient corrected method includes some of the

electron correlation effects. With only a slightly harder

computational effort, the DFT approach usually gives rise to

greater accuracy than Hartree–Fock for structural, thermo-

chemical and spectroscopic properties;24 this mix of efficiency

and accuracy has turned the method into the most popular

functional in modern DFT. Hence, geometry of the isolated

monomer ion-pair was fully optimized at the B3LYP/6-31 +

g(d) theoretical level.

Molecular dynamics simulations

In the present study, classical molecular dynamics simulations

were carried out using the TINKER molecular modelling

package.25 All simulations were performed in the NPT

ensemble at 318.15 K and 0.1 MPa; the Nosé–Hoover26

method was used to control the temperature and pressure of

the simulation system. The motion equations were solved using

the Verlet Leapfrog integration algorithm.27 The molecular

geometries were constrained according to the shake algo-

rithm.28 Long-range electrostatic interactions were treated

with the smooth particle mesh Ewald method.29 The simulated

system involves application of periodic boundary conditions in

all three directions to a cubic box with 360 ions (9900 atoms).

Simulations were performed using a L/2 Å cut-off radius for

the non-bonded interactions, L being the cubic box side.

Imidazolium ILs show only slow microscopic dynamics;

therefore, the equilibration simulation time acts out a critical

role to ensure statistically significant results. Hence, an initial

box was generated using the PACKMOL program.30 This

initial configuration was minimized according to the

MINIMIZE program in the TINKER package to an rms

gradient of 0.1 kcal mol21 Å21; then a 100 ps NVT molecular

dynamics simulation was run starting from the output

configuration of the MINIMIZE program. Finally, from the

output NVT simulation configuration, a production run of

200 ps, in 1 fs steps, was run in the NPT ensemble at 318.15 K

and 0.1 MPa, from which all the reported data are collected.

The forcefield developed by Canongia et al.,13c based on the

OPLS–AA approach, has been successfully applied to analyse

alkylimidazolium-containing ILs,13a,c and it was used for

molecular dynamics simulations of [BMIM]OS. The forcefield

parameters for [BMIM]+ were obtained from Canongia et al.13c

and those for OS2 from Schweighofer et al.31

Fig. 2 Experimental raw density data ($), and values after viscosity

correction according to eqn (1) and experimental viscosity data from

Wasserscheid et al.,4a (#). Dashed line: percentage deviation between

corrected and non-corrected density data.
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Results and discussion

Atmospheric pressure measurements

Experimental thermophysical properties at atmospheric pres-

sure are reported in Table S1 (ESI){ and plotted in Fig. 3.

Despite the 34–35 uC4a melting point reported for [BMIM]OS,

this fluid should remain as a subcooled melt for a long time

well below this temperature; hence, measurement of the

thermophysical properties of this melt are perfectly feasible.

The experimental density is slightly higher than the

pycnometric value (1.0601 g cm23, difference 0.63%) at

25 uC.4a The long alkyl anion chain gives rise to a less

dense IL compared to other ILs containing the [BMIM]+

cation and different anions; ILs with more symmetric anions,

like PF6
2 or BF4

2 (spherical in shape), show higher densities7b

than this OS2 containing IL, whose almost linear shape

produces a less dense packaging. Therefore, strongly asym-

metric anions like OS2 bring about a density fall-off, a well

known feature of the cation effect.32 Nevertheless, the density

of [BMIM]OS is very low compared to most ILs, in particular

those containing [BMIM]+, and is comparable to common

organic solvents.

Among the properties of [BMIM]OS, the remarkably high

isobaric heat capacity and the wide liquid temperature range

(y300 K),4a turn this fluid into a suitable candidate for a

thermal energy storage solvent.33a,b The thermal storage

density, E, may be calculated according to eqn (2):33b

E = rCP(Tout 2 Tin) (2)

where Tin and Tout are the input an output temperatures to the

storage media. Combination of the properties of Table S1 with

Tin = 308.15 K (close to the melting point) and Tout = 614.15 K

(close to the decomposition temperature), yields the value E =

662 MJ m23, much higher than those for common storage oils

used in industry (around 59 MJ m23).33c

The refractive indices plotted in Fig. 3b show a complex

non-linear behaviour. Although the fall with temperature is

very mild, the behaviour contrasts with those for the other

properties reported in Fig. 3, which is almost linear. The

literature available on refractive indices of ILs is very scant,34

and only few studies on the temperature effect are available;35

most studies claim that the temperature effect on the refractive

index is almost negligible, reporting even linear fits with

temperature35a in opposition to the trend shown in Fig. 3b.

Nevertheless, a more detailed analysis of the literature values

shows the same trend for different ILs (Fig. 4); although this

trend is somehow hidden by the mild variation of the refractive

index, Fig. 4 makes clear that, within the range of uncertainty

reported in the literature for the experimental data, a non-

linear trend is obtained for other [BMIM]+ containing ILs.

The dnD/dT function for [BMIM]OS, calculated from a fit of

the experimental data and plotted as an insert of Fig. 3b,

shows a well defined maximum close to the melting tem-

perature (maximum at 311.40 K, literature value 307–308 K).4a

It is well known that fluids with high density normally show

higher refractive index than fluids with low density. However,

comparison of the refractive index of [BMIM]OS with more

dense ILs indicates that this rule is not true for this fluid,

for instance, comparing [BMIM]OS (r = 1.0668 g cm23,

Fig. 3 Experimental thermophysical properties of [BMIM]OS at

atmospheric pressure as a function of temperature. Density, r, speed

of sound, u, refractive index, nD. and isobaric heat capacity, CP.

Symbols: experimental data, Table S1 (ESI){; lines: guide lines.

Fig. 4 Literature35b experimental refractive indices for two ILs. Error

bars for temperature and refractive indices are also plotted for each

point.
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nD = 1.46540, at 298.15 K) with [BMIM]PF6 (r = 1.36 g cm23,

nD = 1.409, at 298.15 K).7b Nevertheless, the refractive indices

for [BMIM]OS are in line with those of most common organic

solvents.

PVT behaviour

Experimental and calculated thermophysical properties of

[BMIM]OS in the 318.15–428.15 K and 0.1–60 MPa ranges, in

10 K and 5 MPa steps, respectively, are reported in Table S2

(ESI){ and plotted in Figs. 5, 6 and 9. To rule out the

appearance of a solid phase during measurements, the PVT

study was carried out from the initial 318.15 K temperature,

well above the melting point. The experimental compressed

liquid densities were correlated with temperature and pressure

according to the 10-parameter TRIDEN equation developed

by Ihmehls and Gmehling.36 This approach combines a

modified version of the Rackett equation for saturation

densities (eqn (3)) with the Tait equation for isothermal

compressed densities (eqns (3)–(5)).

r0~
AR

B
1z 1{T=CRð ÞDR½ �

R

(3)

r~
r0

1{CT ln
BTzP

BTzP0

(4)

BT~b0zb1
T

ET

zb2
T

ET

� �2

zb3
T

ET

� �3

(5)

The reference pressure P0 = 0.1 MPa was used at all

temperatures, and the corresponding reference densities, r0,

were correlated with eqn (3), the CT Tait parameter being

treated as temperature independent. The correlation para-

meters were deduced using a Levenberg–Marquardt least

squares algorithm, and the optimal fitting was assessed by the

absolute average percentage deviation (AAD), eqn (6):

AAD~
100

N

X

N

j~1

ri,EXP{ri,CAL

ri,EXP

�

�

�

�

�

�

�

�

(6)

where N is the number of data pairs. Table 1 summarises the

calculated parameters and AAD values for [BMIM]OS.

The three-dimensional density plot reported in Fig. 5a

enables concurrent analyses of the pressure and temperature

effects. No literature data for [BMIM]OS was available in the

Fig. 5 Experimental density, r, percentage deviation between experi-

mental and TRIDEN calculated density, 100(r 2 rCAL)/r, and

calculated isobaric thermal expansivity, aP, for [BMIM]OS as a

function of pressure and temperature. In part (b) the contour plots of

constant percentage deviation are plotted at the bottom of the Figure.

Fig. 6 Calculated isothermal compressibility, kT, and internal pres-

sure, Pi, for [BMIM]OS as a function of pressure and temperature.
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pressure/temperature ranges of this study. Hence, comparison

with our data is not possible. Nevertheless, the density of

[BMIM]OS, as expected, falls when the temperature is raised

along isobars and increases with rising pressure along

isotherms. It is clear that the cation alkyl chain, and mainly

the bulky anion octyl chain, give rise to not very efficient

packaging, which is the reason for the low density of the fluid

compared with other ILs. This effect is reinforced with

increasing temperature, which enables more efficient ion

mobility in this inefficient packaging, and thus a lower density,

and becomes weakened by increasing pressure, which forces

the fluid to a more compact packaging. The presence of bulky,

non-symmetrical, non-spherical anions such as OS2 gives rise

to low densities over wide T and P ranges. Conversely, pseudo-

spherical, highly symmetrical anions, such as BF4
2 or PF6

2,

bring about other effects on [BMIM]+-containing ILs; the

larger (PF6
2) anion has the greater density irrespective of

pressure and temperature.9a,d Therefore, increasing the anion

size does not necessarily hamper the packaging, but rather it

increases the density (on account of the higher molecular

mass), in contrast with alkylsulfate anions, for which the

longer the chain, the more difficult the packaging, and the

lower the density.

Fig. 5b plots the percentage deviation between experimental

and fitted densities according to the TRIDEN model, the

absolute deviations being lower than 0.1%. The very low

average deviations, close to the uncertainty of the experimental

densities (Table S2, ESI{), and the high fitting quality achieved

enable use of this equation, along with the parameters of

Table 1, to calculate derived thermophysical properties of

[BMIM]OS. The PVT behavior of [BMIM]OS enables

calculation of the derived properties isobaric thermal expan-

sivity, aP (eqn (7)), isothermal compressibility, kT (eqn (8)),

and internal pressure, Pi (eqn (9)):

aP~{
1

r

Lr

LT

� �

P

(7)

kT~
1

r

Lr

LP

� �

T

(8)

Pi~
LU

LV

� �

T

~T
aP

kT

{P (9)

the derivatives needed being evaluated with the TRIDEN

equation and the parameters in Table 1. These properties are

shown in Table S2 (ESI){ and plotted in Fig. 5 and 6.

The value deduced for aP is particularly sensitive to the type

of mathematical function used to fit the density data. The

temperature effect, along the isobars scale, shows fairly mild

deviations from linearity in most cases. To sharply get out of

ambiguities,9a,b many authors put forward a linear function;

this, however, entails hiding the rather subtle effects that stem

from the non-linear behaviour of most fluids, and therefore a

piece of information may be lost. In view that the high quality

TRIDEN fitting describes accurately the PVT behaviour of

[BMIM]OS, the function does not show any pitfall in the P/T

ranges considered; therefore, the aP values deduced describe

the real aP trend for [BMIM]OS. Fig. 5c and Table S2 (ESI){
show that aP falls with rising pressure along isotherms and,

surprisingly, decreases with increasing temperature along

isobars over the working pressure range. The decreasing

profile of aP with rising temperature is quite a rare and

interesting anomaly which contrasts with the regular beha-

viour of most fluids, for which aP increases with increasing

temperature. This behaviour has been reported previously for

some alkanols at low temperatures,37 lubricants,19a ILs, such

as [BMIM]BF4
19a and [BMIM]PF6,19d and confirmed through

molecular simulation studies for several ILs.38 Some authors

put down this striking feature to the high ordering of the IL in

the liquid phase, with a solid-like structure;39a others, however,

consider the anharmonicity effect of intermolecular vibrations

together with the P and T effects on the intermolecular

potential.39b We shall analyse these features with a molecular

dynamics simulation. Nevertheless, aP was some 2 times

smaller for [BMIM]OS compared to conventional organic

solvents (but close to water), and most of the studied ILs,9d

showing again that the temperature effect on density, and the

structural effects beneath, are still more subtle than for

common organic fluids.

The isothermal compressibilities (Fig. 6a) show a marked

tendency to decrease with P along the isotherms, and to

increase with T along the isobars (in contrast with aP); in view

of the diminution of the free intermolecular space this, in fact,

should be the regular liquids behaviour. The fluid becomes less

compressible as the pressure rises and, at high enough

pressure, the system approaches the value corresponding to a

closer packed volume. This feature cannot be assessed directly

because the highest pressure attained in this work was not high

enough to reach that point; however, it has been reported for

other ILs,9d and it can be inferred indirectly because it is clear

that, for a fixed pressure, the temperature effect on kT

decreases as the pressure rises (Fig. 6a). For instance at

0.1 MPa, going from 318.15 to 428.15 K gives rise to a 36.62%

increase in kT; however at 60 MPa the same temperature rise

brings about only 26.14% kT. Similar to aP, the kT values for

[BMIM]OS are small compared to common organic fluids

(and similar to those of water).9d In view that ILs consist

purely of ions, the strong Coulomb interactions between them

give rise to less compressible fluids than pure organic solvents.

Nevertheless, [BMIM]OS is more compressible than other ILs

containing the [BMIM]+ cation;9a,d this feature can be put

down not only to the greater molar volume9d of [BMIM]OS,

but also to the non-spherical shape of the OS2 anion that gives

rise to a less efficient packaging, a greater free volume, and

Table 1 Fitting parameters of TRIDEN correlation of density, g cm23, with pressure and temperature, eqn (3)–(5) , and average absolute
percentage deviation, AAD, eqn (6), for [BMIM]OS. The parameters are valid within 318.15 K–428.15 K and 0.1 MPa 260 MPa temperature and
pressure ranges

CT b0/MPa b1/MPa b2/MPa b3/MPa ET/K AR/g cm23 BR CR/K DR AAD

0.088004 286.4411 21.6737 218.0543 2.2061 106.14 45.9444 4.242588 21.380552 0.087606 0.0286
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thus a more compressible fluid. For comparison, plots of the

kT values for [BMIM]OS and [BMIM]PF6
9a (Fig. 7), together

with the molar volumes for both ILs, bear out the above

effects; for instance, at 318.15 K the molar volume of

[BMIM]OS is 56.89% larger than that of [BMIM]PF6, but kT

for [BMIM]OS was only 9.59% greater; therefore, the

difference in free volume between both fluids is the main

controlling factor that determines the difference in isothermal

compressibility.

Internal pressure (Fig. 6b and Table S2, ESI{) is quite a

useful property to analyse liquid structures because it is

directly related to the fluid cohesive forces. This property,

defined according to eqn (9), indicates that a liquid undergoing

an isothermal expansion exerts work against the cohesive

forces, entailing internal energy changes.40 Another quite

valuable property is the so called cohesive energy density, c,

defined according to eqn (10):

c~
DU

Vm
~

DHvap{RT

Vm
(10)

where DU is the molar internal energy, Vm stands for the molar

volume, and DHvap for the molar vaporization enthalpy. The

Hildebrand solubility parameter, dH, defined as the square

root of c, often is used to characterise solubility phenomena. A

deal of confusion has emerged between the physical meanings

of c and Pi;
40 although the two properties bear certain relation,

they do not reflect the same structural fluid effects, and only

for non-polar/non-associating fluids do they become equiva-

lent. Hence, in order for such solubility phenomena to be

unambiguously characterised, knowledge of the dH parameters

for ILs would be useful from both theoretical and industrial

viewpoints.13f,41 Evaluation of the dH parameters requires

knowledge of DHvap data; however, the volatility of ILs is

almost null (one of the main green advantages against volatile

organic solvents), and thus measuring DHvap is not feasible.

Although indirect methods for the determination of dH have

been advocated,41 it would be useful to generate efficient tools

to procure this parameter from experimental PVT data. A

number of methods have been put forward for the calculation

of dH values from equations of state,42 but so far they are not

convincing because of the strong difference between c and Pi

for ILs. Therefore, we tried to find out a relation between Pi

and dH using available literature data; experimental dH and

PVT data for ILs are extremely scarce and thus comparison

between both properties is quite limited.

The experimental dH values are plotted (Fig. 8) as a function

of the Pi values calculated from PVT data for all the ILs

available, thus providing a relation between both properties

for the fluids considered. Although a more detailed study is to

be carried out, as a preliminary result and in view of the scarce

literature data and the large errors inherent to dH by indirect

methods, a second degree polynomial fitting linking both

properties is put forward here. The relation between both

properties may enable the evaluation of dH from the Pi,

calculated from PVT data, not only at atmospheric pressure

but also at different and more extreme conditions. This would

enable the characterisation of the solubility of different

substances in ILs over wide T and P ranges. Hence, using

the fitting equation reported in Fig. 8 for [BMIM]OS we

obtained dH = 28.2 MPa0.5 at 298.15 K and 0.1 MPa;

moreover, the value DU = 263 kJ mol21 obtained (eqn (10))

was 10 times larger than those of common organic solvents

and other ILs.41a,b The remarkably high DU value, which

accounts for the almost null vapour pressure, can be put down

to the solvent’s ionic nature and the inherent strong electro-

static interactions.

LCp

LP

� �

T

~{
T

r
a2

Pz
LaP

LT

� �

P

� �

(11)

Fig. 7 Molar volume, Vm, and isothermal compressibility, kT, of

[BMIM]OS, this work, and [BMIM]PF6, Ref. 9a. Continuous lines:

molar volume, dashed lines: isothermal compressibility.

($)[BMIM]OS, (&)[BMIM]PF6.

Fig. 8 Relation between the Hildebrand parameter, dH, and internal

pressure, Pi, for selected ILs. Experimental dH from ($) Swiderki

et al.41b and (#) Lee et al.;41a vertical error bars: experimental error.

(—) Degree 2 polynomial fitting. (1) [BMIM]BF4; (2) [BMIM]PF6; (3)

[OMIM]PF6; (4) [HMIM]NTf2; (5) [BMIM]NTf2. aP and kT data for

calculation of Pi according to eqn (9) obtained from Gomes de

Azevedo et al.9a (1,2), Gomes de Azevedo et al.9b (4,5) and Gu et al.9d

(3).
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Eqn (11) was numerically integrated using the experimental CP

data at 0.1 MPa reported in Table S1 (ESI){. The anomaly

reported for aP (decrease in aP as T is raised) results in another

anomaly in CP: an increase in CP as P is raised. The observed

rise in CP with P, although somewhat mild, bears out the high

structural ordering of this fluid; for instance, at 318.15 K, a

60 MPa increase in pressure is accompanied by 1.50% increase

in CP (0.17 J mol21 K21 MPa21), and thus it will be very

sensitive to experimental and calculation errors. The main

source of uncertainty to evaluate the pressure effect on CP

(eqn (11)) stems from the experimental calorimetric data at

0.1 MPa used in the integration process; the high accuracy of

these data is passed on to the CP values calculated at other

pressures, and thus the CP anomaly becomes evident. In any

event, the pressure effect on CP for [BMIM]OS is greater than

for other ILs such as [BMIM]PF6 (without anomalous aP) or

[BMIM]BF4 (with anomalous aP) for which CP is almost

constant over wide temperature ranges;9a this can be explained

by the pronounced temperature dependence of aP in

[BMIM]OS. Furthermore, the CP values for [BMIM]OS

are greater than those for other common ILs containing

the [BMIM]+ cation; for instance, the difference with BF4
2,

PF6
2 and NTf2

2 containing ILs are 297.5, 253.4 and

76.4 J mol21 K21, respectively,9a,b which makes [BMIM]OS

a more suitable fluid for energy storage purposes over wide T

and P ranges. The increase of CP with the structural

complexity of the anion, and also of the cation,9b is the

outcome of the increase of higher vibrational degrees of

freedom that improves the fluid energy storage ability.

The isochoric heat capacity, CV, was calculated according to

eqn (12):

CP{CV~
TVa2

P

kT

(12)

The behaviour of CV is quite similar to that of CP; although

the pressure dependence of CV is slightly lower, 0.10 J mol21

K21 MPa21, the same anomaly appears. The difference

between both heat capacities is plotted in Fig. 9b, it increases

as temperature and pressure rise, mainly because of the aP

anomaly.

Quantum calculations

The optimised structure of the [BMIM]+/OS2 ion-pair is

shown in Fig. 1. The interaction among both ions could be

envisaged through two different locations of the imidazolium

ring: (i) through the hydrogen at the Cr site (carbon placed

among the two ring nitrogens), or (ii) through the Cw

hydrogen, placed in the opposite ring site. The interaction

energy DE calculated through both sites is shown in Fig. 10.

The DE values calculated for both positions are remarkably

large. Values previously reported for ILs with the same cation

but with smaller anions,13d such as PF6
2, show interaction

energies around 2325 kJ mol21, whereas the values for the

pair containing OS2 are higher than double. Thus, compared

to other anions the OS2 anion stabilizes remarkably the ion-

pair. Interaction through the Cr site is preferred, as the larger

(in absolute value) interaction energy reveals. In any event, the

energy difference between the two positions is smaller

compared to ion-pairs with smaller anions such as PF6
2;13d,f

hence, although the Cr site is preferred, interactions through

the Cw site, with energies only slightly lower, should not be

ruled out.

The interaction distance between pairs is also reported in

Fig. 10. If the distance between the cation H (at the Cr or Cw

sites) and the anion O is lower than 2.7 Å, then it can be

regarded as an H-bond. The interaction between both

positions gives rise to H bonding through one of the anion

oxygens. The shortest anion–cation distance falls well below

Fig. 10 Structure of [BMIM]OS ion-pair at two different interaction

sites with minimum energy optimized at B3LYP/6-31 + g(d) theoretical

level. DE = interaction energy; figures indicate interatomic distance

in Å.

Fig. 9 Experimental (0.1 MPa data) and calculated (other pressures)

isobaric heat capacity, CP, and difference between isobaric and

isochoric heat capacity, CP 2 CV, for [BMIM]OS as a function of

pressure and temperature.

228 | Green Chem., 2007, 9, 221–232 This journal is � The Royal Society of Chemistry 2007
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the above limit, and thus strong H bonding should emerge in

the fluid for any of the two possible interaction sites. The

distance calculated for the [BMIM]+–OS2 ion-pair are

remarkably lower than those reported for other ILs with

smaller anions such as PF6
2 and the same cation (2.20 Å),13d a

feature borne out by the larger interaction energies obtained

for this IL. Thus, the quantum calculations for the [BMIM]+–

OS2 ion-pair show strong H-bonding and stable ion-pair

effects, with the added effect of a strong fluid structure. The

OS2 anion improves the H-bonding effect on the fluid

structure compared to other anions.

Molecular dynamics simulations

The results obtained through classical molecular dynamics

simulations enable a detailed analysis of the microstructural

features in [BMIM]OS. Various site–site radial distribution

functions, (RDF or g(r)), were calculated to get a better

understanding of the fluid structure. The RDFs are plotted

(Fig. 11) for the S atom of the OS2 anion and different C

atoms of the cation in the imidazolium ring (atoms labelling

Fig. 1). As reported for other imidazolium containing ILs,13d,f

in this case the anion–cation interaction comes about

preferentially through the Cr site of the imidazolium ring; this

feature, sustained because the Cr–Ha bond concentrates the

majority of the cation charge, justifies the preferred interaction

site with the anion. The location of the first peak (Fig. 11) is

consistent with the optimised geometry obtained in this work

by ab initio calculations. However, some significant differences

appear when the results (Fig. 11) are compared with those

reported for other [BMIM]+ containing ILs. The first peak for

the Cr–S RDF at r = 4 Å coincides with the value obtained for

[BMIM]PF6
2,13f but peak intensity is lower for [BMIM]OS

(slightly greater than 5 for [BMIM]PF6
2).13f The Cw–S RDF

structures are also slightly different; for [BMIM]OS a more

structured first peak appears, whereas for [BMIM]PF6
2 a

flatter peak is reported.13f Thus, although for [BMIM]PF6
2

the anion–cation interaction comes about preferentially

through the Cr–Ha imidazolium site, this preference is less

pronounced than for other imidazolium containing ILs.

Because of the ionic character of the species involved in the

fluid, the RDFs extend to long distances, showing a long-range

interactional ordering.

The presence of alkyl apolar chains both in the cation and in

the anion poses the question of whether polar/non-polar

domains appear in this fluid, as reported by Canongia and

Padua for imidazolium-containing ILs with symmetrical,

almost spherical anions like PF6
2.13a These authors have

shown that increasing the chain length of the alkyl substituent

in the imidazolium ring modifies the polar domains, even

though these keep on for large substituents. Therefore, we also

studied the effect of long alkyl chains in the anion, OS2, in this

nanostructural fluid ordering. Fig. 12 plots site–site RDFs

between Ct–Ct tail carbons of imidazolium ring (to verify the

cation–cation apolar chain interactions), between Cs–Cs anion

carbons in the apolar chain (to study the interaction between

apolar regions of anion), and Ct–Cs anion–cation apolar

interactions. The RDFs reported in Fig. 11 show a well defined

first peak at 4 Å for Ct–Ct interaction, a less intense first peak

at 5 Å for Cs–Cs, and a first peak with complex shape (two

small maxima at 4 and 5 Å) followed by a second well defined

peak for Ct–Cs. The intensity and location of these peaks show

that clustering of non-polar chains appears in [BMIM]OS; the

RDF for Ct–Cs denote that non-polar clusters are made up of

alkyl chains both in the anion and cation, although the intense

and sharp first Ct–Ct peak compared with the less intense

Cs–Cs shows that cation alkyl chains are closer within these

non-polar domains. The long apolar OS2 chain, together with

the preferred interaction with the Cr site of the imidazolium

ring, restricts the anion–anion non-polar chains clustering;

that is, non-polar domains are structured through cation

chains to which alkyl anion chains gather, as shown in Fig. 12

for Ct–Cs RDF. In any event, the presence of non-polar

domains in this fluid, whose structure is dominated by

electrostatic interactions, is clear, as for other [BMIM]+

containing ILs.13a

A more detailed analysis of the fluid structure can be

achieved through identification of polar/non-polar domains in

the fluid microstructure.13a The splitting between both

domains for [BMIM]OS is based on the charge distribution

analysis obtained from the above quantum mechanical

Fig. 11 Site-site radial distribution functions for [BMIM]OS at

318.15 K and 0.1 MPa. (—) Cr–S; (---) Cw–S.

Fig. 12 Site–site radial distribution functions for [BMIM]OS at

318.15 K and 0.1 MPa. (—, grey) Ct–Ct, (—) Cs–Cs and (---) Ct–Cs.

This journal is � The Royal Society of Chemistry 2007 Green Chem., 2007, 9, 221–232 | 229

D
ow

nl
oa

de
d 

on
 1

0 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 0
2 

Ja
nu

ar
y 

20
07

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

61
21

77
B

View Online

http://dx.doi.org/10.1039/B612177B


calculations, and is shown in Fig. 13a. For [BMIM]+ the polar

region is formed by the imidazolium ring together with the two

methyl groups joined directly to the ring, whereas the non-

polar region is formed by the three last carbons of the butyl

chain. For OS2, the polar region comes from the sulfate group

and the first carbon directly linked, whereas the non-polar

region arises from the rest of the alkyl chain. Thus, inspection

of the [BMIM]OS shows important non-polar regions that

should have a noticeable effect on the fluid structure.

In Fig. 13b the final simulation box is plotted according to

the coloring procedure for polar/non-polar domains. An

analysis of Fig. 13b reveals that the fluid structure is

dominated by non-polar domains that permeate the polar

network. In spite of this, the polar regions seem to have a

certain degree of continuity. Comparison of the literature

results for [BMIM]PF6
2 with those reported for [BMIM]OS

also reveal that for a small and almost spherical anion, such as

PF6
2, the fluid structure is dominated by the polar domains.13a

However, for ILs with longer, non-spherical anions such as

OS2, the non-polar domains disrupt the polar structure,

because in this way the longer non-polar alkyl chains

accommodate more efficiently. Thus, connectivity between

non-polar fluid regions, structured through the cation alkyl

chains but made up of anion and cation chains, is ubiquitous

in [BMIM]OS together with a certain connection between

polar domains, although strongly permeated by non-polar

domains. In summary, the effect of alkyl chain length on

perturbation of polar domains is greater for the anion than for

the cation; this conclusion can also be drawn when comparing

the results for 1-octyl-3-methyl imidazolium ILs with those for

OS2 (with the same non-polar chain length).13a

In the above analyses it is important to describe more in

detail the polar domains structure. It has been reported that

there is stronger spatial correlation between the tail groups of

non-polar chains than with other groups in the same chains,

but closer to the polar head of the corresponding ion.13a,43 In

Fig. 14 the RDFs for different groups in the non-polar chain of

the [BMIM]+ ion (around which the non-polar domains

develop) are reported. It is clear that, as reported for other

ILs,13a,43 the spatial correlation diminishes as one moves in the

non-polar chain toward the polar head, with headgroups (C2)

distributed relatively homogeneously. This structuring effect,

termed liquid crystal-like structure,43 is reinforced by longer

anions such as OS2.

The self-diffusion coefficient, D, is calculated from the

Einstein relation:

D~
1

6
lim
t??

SDr tð Þ2T (13)

where the quantity in brackets is the mean square displace-

ment, (msd). In Fig. 15 the msd for the cation and anion,

calculated from the molecular dynamics simulation, are

reported for the first 80 ps simulation. The diffusive behaviour

of [BMIM]OS is very similar to those previously reported for

other imidazolium ILs.13d,f,44 A linear behaviour of msd for

t . 40 ps is observed in Fig. 15, providing the D coefficients

from the slope of the linear fittings D[BMIM] = 5.3 6 10212 and

DOS = 4.8 6 10212 m2 s21; hence, the self-diffusion coefficient

of the fluid (calculated as 0.5(D[BMIM] + DOS)) is D[BMIM]OS =

5.1 6 10212 m2 s21 at 318.15 K and 0.1 MPa This value is

consistent with that reported for other [BMIM]+ containing

ILs,13d,f and is two orders of magnitude lower than those

for common fluids such as water (Dwater,318.15K = 3.601 6
1029 m2 s21).45 This diffusion constant is reasonable in view of

the large viscosity of [BMIM]OS. Viscosity, g, of [BMIM]OS

at 318.15 K and 0.1 MPa is 197.0 mPa s (obtained from a

polynomial fit of data reported by Wasserscheid et al.4a) and

for water g = 0.596 mPa s.18 If the Stokes–Einstein relation

applies to this system (eqn (14)) then the estimated value of the

Fig. 13 (a) Coloring code to distinguish polar (red) and apolar

(green) regions13a in [BMIM]+ and OS2 ions; (b) snapshot of a

simulation box containing 360 ions of [BMIM]OS after 200 ps of

molecular dynamics simulation.

Fig. 14 Site-site radial distribution functions for [BMIM]OS at

318.15 K and 0.1 MPa. (—, grey) Ct–Ct; (---) C3–C3 and (—) C2–C2.
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self-diffusion coefficient for [BMIM]OS is 1.09 6 10211 m2 s21,

which is very close to that computed through molecular

dynamics simulations in spite of the simplifications beneath

the Stokes–Einstein relation.

D BMIM½ �OS~Dwater
gwater

g BMIM½ �OS

(14)

Anyhow, the diffusion constant of [BMIM]OS is lower

compared to other [BMIM]+ containing ILs; for instance, for

[BMIM]PF6, a value of 1.9 6 10211 m s21 for the cation at

313 K reported in the literature,13f is almost four times greater

than the value for the same cation in [BMIM]OS, in agreement

with the larger viscosity of this IL.32 As for other ILs, for

[BMIM]OS the diffusion constant of the cation is greater than

that of the anion.13d,f

Conclusions

In this paper, a combined experimental and theoretical study

on the structure and properties of the halogen-free [BMIM]OS

ionic liquid is reported. The measured PVT surface contributes

both to a better understanding of ILs structure and to the

setting of structure–property relationships, providing a fair set

of thermophysical properties needed for industrial applica-

tions. The fluid behaviour shows a number of anomalies, such

as the decrease of the aP values with increasing temperature

along isobars, or the increase in CP as pressure is raised along

isotherms, that can be related to the structural fluid complex-

ity. The properties of the [BMIM]OS IL make it a suitable

candidate for a number of possible applications. The

theoretical study shows the preferred interaction of the anion

and cation through the Cr site of the imidazolium ring; also it

presents a fluid structure dominated by the apolar domains

formed by alkyl chains of cation and anion, which permeate

the polar domains that are more reduced than in other

imidazolium containing ILs with smaller, spherical anions. The

structure and properties of the fluid are strongly conditioned

by the long anion alkyl chain that hampers the packaging,

decreasing the density, and also slows down the ionic motion,

as the low self-diffusion constants reveal.
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In this article a systematic and detailed study on the synthesis and the properties of

dialkylphosphate ionic liquids is presented. This class of halogen-free ionic liquids is easily

available in high quality and great variability by direct alkylation of nucleophiles, such as

1-methylimidazole, 1-ethylimidazole, 1-butylimidazole and 1-(2-methoxyethyl)-imidazole with

different trialkylphosphates, such as trimethylphosphate, triethylphosphate or tributylphosphate.

In general, these dialkylphosphate ionic liquids were found to display very attractive physico-

chemical properties with great technical potential, especially in low temperature (,200 uC)

applications with water present. For this specific application area, the materials described here

clearly show superior properties compared with alkylsulfate ionic liquids due to their obviously

much higher hydrolytic stability.

Introduction

Ionic liquids (ILs) have attracted a great deal of scientific

attention during the last decade due to their often unique

combination of physico-chemical properties. In particular,

their exceptionally low vapour pressure at ambient tempera-

tures makes them interesting substitutes for many applications

for which the volatility of traditional organic solvents causes

problems. Today, the areas of ionic liquid use range from

electrochemistry1,2 and analytical3–5 to synthesis,6,7 transition

metal catalysis8 and biocatalysis.9 Of particular interest, for

short term industrial applications, is the use of ionic liquids as

engineering or process fluids. Examples of this rapidly

expanding area include their use in separation technologies

(extractive distillation10,11 and extraction11), as heat transfer

agents,12 as liquid pistons in gas compressors13 or as

performance additives in paints.14 In all these applications

the unique properties of the ionic liquids improve product

performance or process efficiency (in particular with respect to

energy consumption). However, for all these applications it is

of critical importance that the ionic liquid does not decompose

under the operating conditions. For most of the above-

mentioned applications these conditions include a certain

amount of water present in the operating system which makes

the hydrolytic stability of the applied ionic liquid an issue of

the greatest practical relevance. Apart from this, the viscosity

of the ionic liquid is an important selection criterion, as the

latter determines the rate of all heat and mass transport

processes and heavily affects stirring, mixing and pumping

operations.

Owing to their hydrolytic instability,15 the application of

hexafluorophosphate and tetrafluoroborate ionic liquids is

limited to strictly anhydrous conditions. Water-stable fluori-

nated ionic liquids, such as bis(trifluoromethylsulfonyl)

imides,16 nonafluorobutane sulfonates17 or tris(pentafluo-

roethyl)trifluorophosphates,18 may be used regularly in many

academic laboratories nowadays but their technical applica-

tion is seriously limited by the high price of the respective

anions.

In this context, the intense quest for low-viscosity, halogen-

free ionic liquids that has been seen over the last three years is

understandable. Published examples include alkyl- and aryl-

sulfonates,19 alkyl- and oligoethersulfates20 and organoborate-

based anions.21 In particular, the hydrophilic ionic liquid

[EMIM][EtSO4] received great attention, becoming one of the

first commercial ‘‘bulk’’ ionic liquids (available on a ton-scale)

with a complete set of registration data available saying that it

is a non-toxic chemical with no labelling required.22 Another

class of intrinsically halogen- and halide-free ionic liquids that

has attracted our special interest in recent times is based on

dialkylphosphate ions. Ammonium dialkylphosphates were

first described in 1952.23 The alkylation products of pyridine

and trialkylphosphates were described to be salts with very low

melting points in 1989.24 Recently Cytec filed patents on the

synthesis of imidazolium-based dialkylphosphate ionic

liquids.25

In this paper we aim to present for the first time a detailed

study on this new class of ionic liquids. A great variety of these

ionic liquids have been synthesized and characterized, paying

particular attention to those properties of practical relevance.

Results and discussion

Synthesis of phosphate based ILs

To develop an optimized synthetic protocol for the alkylation

of 1-alkylimidazole compounds with trimethylphosphate,

the kinetics of the synthesis of 1,3-dimethylimidazolium

Lehrstuhl für Chemische Reaktionstechnik der Friedrich-Alexander-
Universität Erlangen-Nürnberg, Egerlandstrasse 3, Erlangen D-91058,
Germany. E-mail: wasserscheid@crt.cbi.uni-erlangen.de;
Fax: +499131-8527421; Tel: +499131-8527420
{ Electronic supplementary information (ESI) available:
1-Vinylimidazole hydrogenation—additional kinetic information. See
DOI: 10.1039/b611974c.
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dimethylphosphate ([MMIM][Me2PO4]) (see Scheme 1) were

studied in detail.

The synthesis was carried out batch-wise in a round

bottomed flask, in which isothermal conditions were main-

tained. The conversion was monitored by 1H-NMR spectro-

scopy over time. To suppress further reaction after sampling,

all samples were immediately cooled to room temperature (at

this temperature no alkylation reaction is observed). To

investigate the reaction order with respect to each of the two

starting materials, 1-methylimidazole ([MIM]) and trimethyl-

phosphate ([Me3PO4]) individually, two different experiments

were carried out in which the initial concentration of one

reactant was much larger than the concentration of the other

reactant. Thus, the concentration of the reactant in large

excess remained almost constant during the reaction, and the

reaction order with respect to the other, stoichiometrically-

limited compound could be investigated. The rate of depletion

was found to be 1st order with respect to both starting

materials, MIM and Me3PO4. Therefore the overall reaction

order was found to be second order according to the following

equation:

{
d MIM½ �

dt
~k MIM½ �Me3PO4½ �

A comparison of these findings with kinetic studies by Jess

et al., which describe the alkylation of 1-methylimidazole with

butyl chloride, reveals that both alkylation reactions are

similar with respect to reaction order.26

If the initial concentrations of the reactants are chosen to be

equal the former equation can be rewritten as

{
d MIM½ �

dt
~k MIM½ �2

With [MIM] = [MIM]0 at t = 0, the second order integrated rate

equation reads

1

MIM½ �{
1

MIM½ �0
~kt

To determine the activation energy of this quarternation reaction,

experiments at 50 uC, 60 uC, 70 uC and 80 uC were carried out.

Fig. 1 shows the rate constants k for the different temperatures.

The Arrhenius plot, based on the experiments at 50–80 uC, is

shown in Fig. 2.

From the slope of the Arrhenius plot, an activation energy

of 77 kJ mol21 can be deduced, and the collision factor was

calculated to be 4.076 6 107 l mol21 s21. This value is slightly

lower than those given in literature for similar alkylation

reactions, i.e. 87 kJ mol21 for the synthesis of [BMIM]Cl with

a collision factor of 2.131 6 1010 l mol21 s21. The kinetic

investigation showed that the synthesis of the dimethylimida-

zolium dimethylphosphate is slower than the synthesis of

1-butyl-3-methylimidazolium chloride.26

As the alkylation strength of the trialkylphosphates

decreases with increasing length of the alkyl chain, the reaction

rates become significantly slower, in the cases when triethyl-

phosphate and tributylphosphate are used as the alkylation

agent. Therefore the reaction conditions were modified step-

wise to guarantee full conversion, even with these less-reactive

alkylating agents. While full conversion could be achieved in

the alkylation of 1-alkylimidazoles with trimethylphosphates

within 24 h at 80 uC, 120 uC for three days was necessary to

complete the reaction with triethylphosphate. For tributylpho-

sphate as the alkylating agent, the conditions had to be set to

160 uC for three days to obtain full conversion of both

reactants, in a stoichiometric reaction mixture. Further details

concerning the synthesis, as well as the spectroscopic data for

all the ionic liquids synthesized, can be found in the

Experimental.

Scheme 1 Alkylation of 1-N-methylimidazole with trimethylphosphate.

Fig. 1 Rate constant of the [MMIM][Me2PO4] synthesis based on

experiments at different temperatures; (.) reaction at 50 uC, (m)

reaction at 60 uC, ($) reaction at 70 uC, (&) reaction at 80 uC.

Fig. 2 Arrhenius plot of the rate constant k of the [MMIM][Me2PO4]

synthesis.
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Synthesis of [EMIM][Me2PO4]—preparation of the precursor

1-ethylimidazole

In our quest for dialkylphosphate ionic liquids with low

viscosity, we proposed that [EMIM][Me2PO4] would be an

extremely interesting candidate. The [EMIM] cation is known

for producing low-viscosity ionic liquids in combination with

many anions, probably due to the fact that it provides the ideal

combination of low symmetry and weak van der Waals

interactions.27 Since mixed trialkylphosphate alkylation agents

are difficult to obtain synthetically, we opted for the alkylation

of 1-ethylimidazole with trimethylphosphate to synthesize this

liquid. However, 1-ethylimidazole is not currently commer-

cially available. Therefore we decided to synthesize this

compound ourselves by the hydrogenation of 1-N-vinylimida-

zole. The latter is an industrially-important chemical used as

hardener for epoxy resins, in polymer and resin-bound foundry

core production and in the oil industry.28

The catalytic hydrogenation of 1-vinylimidazole was carried

out without solvent. Pd on charcoal proved to be the most

suitable hydrogenation catalyst in our study with a 100%

conversion in a reaction time of less than 4 h (0.375 wt% Pd on

charcoal, 30 bar hydrogen, 25 uC). Interestingly, the hydro-

genation proceeds under these conditions in a highly selective

manner, with no detectable product in the GC analysis after

filtration of the catalyst except 1-ethylimidazole. More details

concerning the vinylimidazole hydrogenation including results

of our kinetic studies are found in the supporting information.

Physico-chemical properties

In this study, our aim was to explore the class of dialkylpho-

sphate ionic liquids in much more detail—mainly with regard

to their physico-chemical properties which are the key

selection criteria for many applications. In particular, viscosity

and density data should be addressed. An overview of the ionic

liquids under investigation is given in Table 1.

Viscosity. All tested dialkylphosphates were found to be

Newtonian liquids. All data given in Table 2 are average

values, determined from 20 different shearing rates between

0.1 s21 and 100 s21 at 20 uC. Since it is known that the water

content in ionic liquids can reduce the ionic liquid’s viscosity

significantly,29 all ionic liquids were dried under reduced

pressure to a defined water content (for details see Table 4 in

the Experimental) before the viscosities were measured.

The viscosity measurements show (see Table 2) that ionic

liquids of the general type [RMIM][Me2PO4] display increas-

ing viscosity as the length of the alkyl chain, R, increases. This

general trend is to be expected as it is consistent with the

observations made for ionic liquids [RMIM]X, with other

anions X.27 We were surprised, however, to observe that

[EMIM][Me2PO4] displayed a slightly higher viscosity then the

highly symmetrical [MMIM][Me2PO4]. Fig. 3 presents an

overview of the temperature-dependent viscosities of these

1-alkyl-3-methylimidazolium dimethylphosphates.

In contrast to the 1-alkyl-3-methylimidazolium dimethyl-

phosphates, increasing chain-length of the N-imidazolium

Table 1 1,3-dialkylimidazolium dialkylphosphate ionic liquids inves-
tigated in this study

Dimethylphosphates Diethylphosphates Dibutylphosphates

[MMIM][Me2PO4] [EMIM][Et2PO4] [BMIM][Bu2PO4]
[EMIM][Me2PO4] [EEIM][Et2PO4] [BEIM][Bu2PO4]
[BMIM][Me2PO4] [BEIM][Et2PO4] [BBIM][Bu2PO4]
[HMIM][Me2PO4] [HEIM][Et2PO4] [BHIM][Bu2PO4]
[OMIM][Me2PO4] [OEIM][Et2PO4] [BOIM][Bu2PO4]
[(MeEG)MIM][Me2PO4]
[(MeEG2)MIM][Me2PO4]
[(MeEG3)MIM][Me2PO4]

Table 2 Experimental viscosities (g) of the dialkylimidazolium dialkylphosphates at 20 uC

Dialkylimidazolium dimethylphosphates Dialkylimidazolium diethylphosphates Dialkylimidazolium dibutylphosphates

g/mPa s g/mPa s g/mPa s

[MMIM][Me2PO4] 363 [EMIM][Et2PO4] 457 [BMIM][Bu2PO4] 1896
[EMIM][Me2PO4] 394 [EEIM][Et2PO4] 518 [BEIM][Bu2PO4] 2377
[BMIM][Me2PO4] 696 [BEIM][Et2PO4] 1115 [BBIM][Bu2PO4] 2691
[HMIM][Me2PO4] 638 [HEIM][Et2PO4] 1068 [BHIM][Bu2PO4] 3413
[OMIM][Me2PO4] 1182 [OEIM][Et2PO4] 1212 [BOIM][Bu2PO4] 3797
[[(MeEG)MIM][Me2PO4] 769
[[(MeEG2)MIM][Me2PO4] 398
[[(MeEG3)MIM][Me2PO4] 324

Fig. 3 Experimental viscosities of the dialkylimidazolium dimethyl-

phosphates as a function of temperature: (&) [MMIM][Me2PO4], (¤)

[EMIM][Me2PO4], ($) [BMIM][Me2PO4], (m) [HMIM][Me2PO4], (.)

[OMIM][Me2PO4].
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substituent leads to decreasing viscosity of the ionic liquid for

N-imidazolium substituents carrying ethylene glycol units!

This surprising and very interesting effect has been demon-

strated for the ionic liquid structures displayed in Fig. 4.

Fig. 5 illustrates this general finding with a comparison of

the temperature-dependent viscosities of these ethylene glycol-

functionalized imidazolium dimethylphosphates.

Furthermore, it is important to note that the ionic liquids

with ethylene glycol-functionalized cations show generally very

low viscosities compared with the imidazolium cations with a

similar length of side chain but no ether groups. For example

[(MeEG3)MIM][Me2PO4] shows only 324 mPa s at 20 uC
compared with 1182 mPa s for [OMIM][Me2PO4], which has

an even shorter side chain on the imidazolium nitrogen.

We assume that this effect is due to the increased flexibility

of the ether side chain. ‘‘Shielding’’ effects of the positively

charged imidazolium core, through interaction with the side

chain’s oxygen atoms, can also not be excluded. In this

context, it might also be of interest that the viscosity-

decreasing effect of the ether-functionalized side chains is

known both for phase transfer catalysts and surfactants,30 as

well as for oligoethersulfate ionic liquids.20

Melting point. All synthesised ionic liquids were liquid at

room temperature. However the exact melting points could not

be determined due to the fact that these ionic liquids are

supercooled melts at the temperature ranges investigated.

Density. The densities of the synthesised ionic liquids were

measured at room temperature (Table 3). The quality of the

ionic liquids under investigation was the same as for the

viscosity measurements.

As known from previous work,31–34 the density of ionic

liquids decreases with increasing chain-length at the imidazo-

lium nitrogen.

Thermal and hydrolytic stability. As already pointed out in

the introduction, our main intention in further developing

dialkylphosphate ionic liquids was to access a class of

hydrophilic ionic liquids, with high thermal and hydrolytic

stability, that could be obtained by direct alkylation from

cheap alkylation agents. It was therefore a key aspect of our

study to investigate the long-term thermal stability (TGA

measurement over 20 h at 120 uC) and hydrolytic stability of

the dialkylphosphate ionic liquids, using the well-established,

bulk ionic liquid [EMIM][EtSO4] as a benchmark.

For the long-term stability measurements, [MMIM]

[Me2PO4] and [OEIM][Et2PO4]) were selected to get some

additional information about the alkyl chain-length on the

thermal stability. While the short-chain ionic liquid

[MMIM][Me2PO4] was found to be stable over the 20 h

TGA experiment (,0.01% weight loss over 20 h),

[OEIM][Et2PO4] showed a slight weight loss (0.018% per h;

0.36% over 20 h) over time. In contrast to the results for the

dialkylphosphates, [EMIM][EtSO4] was found to degrade

Fig. 4 Structures of the synthesized PEG-substituted ionic liquids:

(a) [(MeEG)MIM][Me2PO4], (b) [(MeEG2)MIM][Me2PO4], (c)

[(MeEG3)MIM][Me2PO4].

Fig. 5 Experimental viscosities of the PEG-functionalized dialkyli-

midazolium dimethylphosphates as a function of temperature: (&)

[(MeEG)MIM][Me2PO4], ($) [(MeEG)2MIM][Me2PO4], (m)

[(MeEG)3MIM][Me2PO4].

Table 3 Experimental densities of the dialkylimidazolium dialkylphosphates

Dialkylimidazolium dimethylphosphates Dialkylimidazolium diethylphosphates Dialkylimidazolium dibutylphosphates

r/kg m23 r/kg m23 r/kg m23

[MMIM][Me2PO4] 1.26 [EMIM][Et2PO4] 1.14 [BMIM][Bu2PO4] 1.04
[EMIM][Me2PO4] 1.21 [EEIM][Et2PO4] 1.12 [BEIM][Bu2PO4] 1.03
[BMIM][Me2PO4] 1.18 [BEIM][Et2PO4] 1.08 [BBIM][Bu2PO4] 1.02
[HMIM][Me2PO4] 1.11 [HEIM][Et2PO4] 1.06 [BHIM][Bu2PO4] 1.00
[OMIM][Me2PO4] 1.08 [OEIM][Et2PO4] 1.04 [BOIM][Bu2PO4] 0.98
[(MeEG)MIM][Me2PO4] 1.23
[(MeEG2)MIM][Me2PO4] 1.21
[(MeEG3)MIM][Me2PO4] 1.19
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much faster under identical conditions, with 9% of the ionic

liquid lost after 20 h at 120 uC (0.45% weight loss per h).

The hydrolytic stabilities of the representative

[MMIM][Me2PO4], [OMIM][Me2PO4] and [OEIM][Et2PO4]

were studied in comparison with [EMIM][EtSO4]. For this

study, the alteration of pH values was recorded vs. time for

mixtures of water and [EMIM][EtSO4], [MMIM][Me2PO4],

[OMIM][Me2PO4] and [OEIM][Et2PO4], respectively, with a

molar ratio of ionic liquid:water = 1:1000 at 95 uC (Fig. 6).

These experiments impressively demonstrate the significantly

higher hydrolytic stability of dialkylphospate ionic liquids vs. the

ethylsulfate melt. The quick loss in pH in the first two hours, as

can be seen in Fig. 6, is due to traces of trialkylphosphate, which

is extremely sensitive towards hydrolysis. Among the different

dialkylphosphates, the results suggest a higher stability the for

ionic liquids with hydrophobic cations, [OMIM][Me2PO4] and

[OEIM][Et2PO4]. After the first two hours (pH loss due to traces

of alkylating agent), the pH decreases only slightly (pH shift

y10% within 25 hours). This stability is higher than that of

[MMIM][Me2PO4] (pH shift of 45% within 25 hours). The most

drastic hydrolytic instability was observed for [EMIM][EtSO4]

with a pH shift of .68% over 25 hours.

Experimental

Chemicals

1-Vinylimidazole was received from BASF AG. The catalyst

Pd/C was provided by Degussa AG. All other reagents used

were purchased from Aldrich, Fluka, Riedel-de Haën, Rohm

and Haas Co. and Solvent Innovation GmbH with commercial

grades .99%.

General synthetic procedures

Synthesis of 1-ethylimidazole. The hydrogenation of 1-viny-

limidazole to 1-ethylimidazole was carried out in a 600 ml

autoclave from Parr (autoclave 4843; pressure range 0–

200 bars) with an external cooling bath using a gas intake

stirrer. The stirring speed was kept at 1200 rpm for all

experiments. 400 g of 1-vinylimidazole were mixed with

0.25 wt% or 0.375 wt% of catalyst (Pd/C 5% on activated

charcoal). The autoclave was flushed three times with helium

before hydrogen pressure was applied. The reaction was

carried out at room temperature semi-batchwise with respect

to hydrogen. Therefore the hydrogen pressure was always kept

at 30 bars. The course of reaction was monitored via gas

chromatography. After full conversion was reached the

autoclave was flushed again three times with hydrogen and

the slurry was filtered to remove the catalyst. Afterwards,

1-ethylimidazole was distilled at 85 uC and yielded a clear

colourless liquid with a purity .99.5%.

Synthesis of dimethylphosphate ionic liquids. 1.0 equiv. of an

amine was weighed into a dry Schlenk flask and 1.0 equiv. of

trimethylphosphate was added dropwise to ensure isothermal

reaction conditions. The reaction mixture was stirred for 24 h

at 80 uC under an argon atmosphere.

Yield: [MMIM][Me2PO4] .99%, [EMIM][Me2PO4] .99%,

[BMIM][Me2PO4] .99%, [HMIM][Me2PO4] .99%, [OMIM]

[Me2PO4] 99%, [(MeEG)MIM][Me2PO4] 99%, [(MeEG2)MIM]

[Me2PO4] 99%, [(MeEG3)MIM][Me2PO4] .99%.

Synthesis of diethylphosphate ionic liquids. 1.0 equiv. of an

amine was weighed into a dry Schlenk flask and 1.0 equiv. of

triethylphosphate was added dropwise to ensure isothermal

reaction conditions. The reaction mixture was stirred for 3

days at 120 uC under an argon atmosphere.

Yield: [EMIM][Et2PO4] .99%, [EEIM][Et2PO4] .99%,

[BEIM][Et2PO4] .99%, [EHIM][Et2PO4] .99%, [EOIM]

[Et2PO4] 99%.

Synthesis of dibutylphosphate ionic liquids. 1.0 equiv. of an

amine was weighed into a dry Schlenk flask and 1.0 equiv. of

tributylphosphate was added dropwise to ensure isothermal

reaction conditions. The reaction mixture was stirred for 3 d at

160 uC under an argon atmosphere.

Yield: [BMIM][Bu2PO4] .99%, [BEIM][Bu2PO4] .99%,

[BBIM][Bu2PO4] 99%, [BHIM][Bu2PO4] 99%, [BOIM]

[Bu2PO4] 99%.

Synthesis of PEG-imidazoles. A solution of 2.5 equiv.

sodium hydroxide, dissolved in the same amount of distilled

water, a catalytic amount of hexadecyltrimethylammonium

hydrogensulfate and 1.0 equiv. of a PEG-alcohol was

prepared. 1.1 equiv. of benzenesulfonyl chloride were added

dropwise at 70 uC (if necessary an ice bath was used to keep the

temperature at 70 uC). The reaction mixture was refluxed for

3 h at 70 uC. The precipitate was removed by filtration and the

aqueous solution was extracted four times with dichloro-

methane. The combined organic phases were washed once with

distilled water, concentrated to a small volume and dried under

reduced pressure to yield the PEG–benzenesulfonate. A

solution of 3.0 equiv. sodium hydroxide, dissolved in the same

amount of distilled water, a catalytic amount of hexadecyl-

trimethylammonium hydrogensulfate and 1.0 equiv. of

Fig. 6 pH-value–time-profile for (&) [MMIM][Me2PO4], ($)

[OMIM][Me2PO4], (m) [OEIM][Et2PO4], (.) [EMIM][EtSO4]. The

pH value is given as a percentage of the starting value. Experimental

conditions: molar ratio ionic liquid:water = 1:1000 at 95 uC.
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imidazole was prepared. 1.1 equiv. of PEG–benzenesulfonate

was added dropwise at 70 uC (if necessary an ice bath was used

to keep the temperature at 70 uC). Viscous mixtures were

diluted with small amounts of toluene. The reaction mixture

was stirred overnight at room temperature and then for 2 h at

70 uC. Water was added to the reaction mixture until the

precipitate was dissolved. The aqueous solution was extracted

four times with dichloromethane and the combined organic

phases were concentrated to a small volume and distilled under

reduced pressure to yield the final product.

Yield: (MeEG)IM 64%, (MeEG2)IM 31%, (MeEG3)IM

66%.

Kinetic experiments

For the kinetic investigations the reactions were carried out

batch-wise at standard pressure in an isothermal round bottom

flask using 1.0 equiv. of 1-methylimidazole and 1.0 equiv. of

trimethylphosphate as reactants. Temperatures were varied

from 50 uC to 80 uC in steps of 10 uC. The conversion to

[MMIM][Me2PO4] was analysed by 1H-NMR spectroscopy.

All NMR spectra were recorded on a JEOL ECX 400 MHz

spectrometer in CDCl3.

Gas chromatography

GC-data was recorded on a Varian 8900 gas chromatograph with

a Varian CP 8410 autoinjector and a Factor Four Capillary

Column VF-1 ms 15 m6 0.25 mm id DF-0.25 (CO 8907). The

temperature of injection was 270 uC and the temperature program

was as follows: 1 min Iso 100 uC; 200 uC with 10 uC min21; 1 min

Iso 200 uC. Hydrogen was used as the carrier gas with a volume

flow of 1 ml min21. Acetone was used as the solvent.

NMR spectroscopy

NMR spectra were recorded on a JEOL ECX +400 spectro-

meter (1H: 400 MHz, 13C: 100 MHz, 31P: 162 MHz).

Deuterated solvents (CDCl3 and d6-DMSO) were used as

internal standards. The chemical shifts are noted in parts per

million (ppm), the coupling constants in Hz. The data is stated

in the following way:

1,3-Dimethylimidazolium dimethylphosphate [MMIM]

[Me2PO4]. 1H-NMR (400 MHz, d6-DMSO, [ppm]) d = 3.28

(6H, d, P(OCH3)2, J = 10.4 Hz), 3.87 (6H, s, H3CNCHNCH3),

7.85 (2H, m, NCHCHN), 9.66 (1H, s NCHN).
13C-NMR (100 MHz, d6-DMSO, [ppm]) d = 36.0

(H3CNCHNCH3), 51.8 (P(OCH3)2), 124.0 (NCHCHN),

138.3 (NCHN).

1-Ethyl-3-methylimidazolium dimethylphosphate [EMIM]

[Me2PO4]. 1H-NMR (400 MHz, d6-DMSO, [ppm]) d = 1.22

(3H, t, NCH2CH3), 3.24 (6H, d, P(OCH3)2, J = 10.4 Hz), 3.72

(3H, s, NCH3), 4.05 (2H, q, NCH2CH3, J = 7.3 Hz), 7.35 (2H,

m, NCHCHN), 10.15 (1H, s, NCHN).
13C-NMR (100 MHz, d6-DMSO, [ppm]) d = 15.1

(NCH2CH3), 35.5 (NCH3), 43.9 (NCH2CH3), 51.2

(P(OCH3)2), 121.9 (NCHCHN), 123.5 (NCHCHN), 136.7

(NCHN).

1-n-Butyl-3-methylimidazolium dimethylphosphate

[BMIM][Me2PO4]. 1H-NMR (400 MHz, d6-DMSO, [ppm])

d = 0.86 (3H, t, NCH2CH2CH2CH3, J = 7.4 Hz), 1.23 (2H, sex,

NCH2CH2CH2CH3, J = 7.4 Hz), 1.75 (2H, p,

NCH2CH2CH2CH3, J = 7.4 Hz), 3.28 (6H, d, P(OCH3)2, J =

10.4 Hz), 3.88 (3H, s, NCH3), 4.19 (2H, t, NCH2CH2CH2CH3,

J = 7.2 Hz), 7.85 (1H, s, NCHCHN), 7.94 (1H, s, NCHCHN),

9.77 (1H, s, NCHN).
13C-NMR (100 MHz, d6-DMSO, [ppm]) d = 13.2

(NCH2CH2CH2CH3), 18.7 (NCH2CH2CH2CH3), 31.4

(NCH2CH2CH2CH3), 35.5 (NCH3), 48.3 (NCH2CH2-

CH2CH3), 51.2 (P(OCH3)2), 122.2 (NCHCHN), 123.5

(NCHCHN), 137.2 (NCHN).

1-n-Hexyl-3-methylimidazolium dimethylphosphate

[HMIM][Me2PO4]. 1H-NMR (400 MHz, d6-DMSO, [ppm])

d = 0.83 (3H, t, NCH2CH2CH2CH2CH2CH3, J = 6.7 Hz), 1.23

(6H, m, NCH2CH2CH2CH2CH2CH3), 1.77 (2H, p,

NCH2CH2CH2CH2CH2CH3, J = 7.5 Hz), 3.28 (6H, d,

P(OCH3)2, J = 10.3 Hz), 3.88 (3H, s, NCH3), 4.19 (2H, t,

NCH2CH2CH2CH2CH2CH3, J = 7.2 Hz), 7.84 (1H, s,

NCHCHN), 7.92 (1H, s, NCHCHN), 9.74 (1H, s, NCHN).
13C-NMR (100 MHz, d6-DMSO, [ppm]) d = 13.7

(NCH2CH2CH2CH2CH2CH3), 21.8 (NCH2CH2CH2CH2-

CH2CH3), 25.1 (NCH2CH2CH2CH2CH2CH3), 29.4

(NCH2CH2CH2CH2CH2CH3), 30.5 (NCH2CH2CH2CH2-

CH2CH3), 35.5 (NCH3), 48.6 (NCH2CH2CH2CH2CH2CH3),

51.2 (P(OCH3)2), 122.2 (NCHCHN), 123.5 (NCHCHN), 137.1

(NCHN).

1-Methyl-3-n-octyl imidazolium dimethylphosphate

[OMIM]Me2PO4]. 1H-NMR (400 MHz, d6-DMSO, [ppm])

d = 0.82 (3H, t, NCH2CH2CH2CH2CH2CH2CH2CH3, J =

7.0 Hz), 1.21 (10H, m, NCH2CH2CH2CH2CH2CH2CH2CH3),

1.77 (2H, p, NCH2CH2CH2CH2CH2CH2CH2CH3, J = 7.4 Hz),

3.29 (6H, d, P(OCH3)2, J = 10.3 Hz), 3.88 (3H, s, NCH3), 4.19

(2H, t, NCH2CH2CH2CH2CH2CH2CH2CH3, J = 7.2 Hz), 7.85

(1H, s, NCHCHN), 7.93 (1H, s, NCHCHN), 9.76 (1H, s,

NCHN).
13C-NMR (100 MHz, d6-DMSO, [ppm]) d = 13.8

(NCH2CH2CH2CH2CH2CH2CH2CH3), 22.0 (NCH2CH2CH2-

CH2CH2CH2CH2CH3), 25.4 (NCH2CH2CH2CH2CH2CH2-

CH2–CH3), 25.3 (NCH2CH2CH2CH2CH2CH2CH2CH3), 28.4

(NCH2CH2CH2CH2CH2CH2CH2CH3), 29.3 (NCH2CH2CH2-

CH2CH2CH2CH2CH3), 31.1 (NCH2CH2CH2CH2CH2CH2-

CH2CH3), 35.5 (NCH3), 48.6 (NCH2CH2CH2CH2CH2CH2-

CH2CH3), 51.1 (P(OCH3)2), 122.2 (NCHCHN), 123.5

(NCHCHN), 136.9 (NCHN).

1-Ethyl-3-methylimidazolium diethylphosphate [EMIM]

[Et2PO4]. 1H-NMR (400 MHz, d6-DMSO, [ppm]) d = 1.05

(6H, t, (OCH2CH3)2, J = 7.1 Hz), 1.39 (3H, t, NCH2CH3, J =

7.3 Hz), 3.65 (4H, p, P(OCH2CH3)2, J = 7.1 Hz), 3.90 (3H, s,

NCH3), 4.24 (2H, q, NCH2CH3, J = 7.3 Hz), 7.89 (1H, s,

NCHCHN), 8.01 (1H, s, NCHCHN), 9.91 (1H, s, NCHN).
13C-NMR (100 MHz, d6-DMSO, [ppm]) d = 15.1

(NCH2CH3), 16.6 (P(OCH2CH3)2), 35.5 (NCH3), 43.9

(NCH2CH3), 58.9 (P(OCH2CH3)2), 121.9 (NCHCHN), 123.5

(NCHCHN), 136.9 (NCHN).
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1,3-Diethylimidazolium diethylphosphate [EEIM][Et2PO4].
1H-NMR (400 MHz, d6-DMSO, [ppm]) d = 1.06 (6H, t,

P(OCH2CH3)2, J = 7.2 Hz), 1.42 (6H, t, CH3CH2-

NCHNCH2CH3, J = 7.2 Hz), 3.61 (4H, p, P(OCH2CH3)2,

J = 7.0 Hz), 4.21 (4H, q, CH3CH2NCHNCH2CH3, J = 7.3 Hz),

7.85 (2H, m, NCHCHN), 9.58 (1H, s, NCHN).
13C-NMR (100 MHz, d6-DMSO, [ppm]) d = 15.1

(NCH2CH3), 16.6 (P(OCH2CH3)2), 43.9 (NCH2CH3), 59.0

(P(OCH2CH3)2), 122.0 (NCHCHN), 136.3 (NCHN).

1-n-Butyl-3-ethylimidazolium diethylphosphate [BEIM]

[Et2PO4]. 1H-NMR (400 MHz, d6-DMSO, [ppm]) d = 0.87

(3H, t, NCH2CH2CH2CH3, J = 7.4 Hz), 1.06 (6H, t,

P(OCH2CH3)2, J = 7.1 Hz), 1.23 (2H, sex, NCH2CH2-

CH2CH3, J = 7.5 Hz), 1.41 (3H, t, NCH2CH3), 1.77 (2H, p,

NCH2CH2CH2CH3, J = 7.4 Hz), 3.63 (4H, p, P(OCH2CH3)2,

J = 7.0 Hz), 4.23 (4H, m, CH3CH2NCHNCH2CH2CH2CH3),

7.95 (2H, m, NCHCHN), 9.95 (1H, s, NCHN).
13C-NMR (100 MHz, d6-DMSO, [ppm]) d = 13.2

(NCH2CH2CH2CH3), 15.0 (NCH2CH3), 16.6 (P(OCH2-

CH3)2), 18.7 (NCH2CH2CH2CH3), 31.3 (NCH2CH2-

CH2CH3), 44.0 (NCH2CH3), 48.3 (NCH2CH2CH2CH3), 58.9

(P(OCH2CH3)2), 122.1 (NCHCHN), 122.3 (NCHCHN) 136.5

(NCHN).

1-Ethyl-3-n-hexylimidazolium diethylphosphate [EHIM]

[Et2PO4]. 1H-NMR (400 MHz, d6-DMSO, [ppm]) d = 0.81

(3H, m, NCH2CH2CH2CH2CH2CH3), 1.06 (6H, t, P(OCH2-

CH3)2, J = 7.1 Hz), 1.22 (6H, m, NCH2CH2CH2CH2-

CH2CH3), 1.40 (3H, t, NCH2CH3, J = 7.3 Hz), 1.78 (2H, p,

NCH2CH2CH2CH2CH2CH3, J = 6.9 Hz), 3.65 (4H, p,

P(OCH2CH3)2, J = 7.0 Hz), 4.24 (4H, m, CH3CH2NCHNC-

H2CH2CH2CH2CH2CH3), 7.99 (2H, m, NCHCHN), 10.02

(1H, s, NCHN).
13C-NMR (100 MHz, d6-DMSO, [ppm]) d = 13.7

(NCH2CH2CH2CH2CH2CH3), 15.1 (NCH2CH3), 16.6

(P(OCH2CH3)2), 21.8 (NCH2CH2CH2CH2CH2CH3), 25.1

(NCH2CH2CH2CH2CH2CH3), 29.3 (NCH2CH2CH2CH2-

CH2CH3), 30.5 (NCH2CH2CH2CH2CH2CH3), 44.0

(NCH2CH3), 48.6 (NCH2CH2CH2CH2CH2CH3), 58.9

(P(OCH2CH3)2), 122.0 (NCHCHN), 122.3 (NCHCHN)

136.4 (NCHN).

1-Ethyl-3-n-octylimidazolium diethylphosphate [EOIM]

[Et2PO4]. 1H-NMR (400 MHz, d6-DMSO, [ppm]) d = 0.82

(3H, t, NCH2CH2CH2CH2CH2CH2CH2CH3, J = 6.8 Hz), 1.06

(6H, t, P(OCH2CH3)2, J = 7.1 Hz), 1.22 (10H, m, NCH2-

CH2CH2CH2CH2CH2CH2CH3), 1.41 (3H, t, NCH2CH3, J =

7.3 Hz), 1.78 (2H, p, NCH2CH2CH2CH2CH2CH2CH2CH3, J =

6.8 Hz), 3.65 (4H, p, P(OCH2CH3)2, J = 7.0 Hz), 4.24 (4H, m,

CH3CH2NCHNCH2CH2CH2CH2 CH2CH2CH2CH3), 7.98

(2H, m, NCHCHN), 10.00 (1H, s, NCHN).
13C-NMR (100 MHz, d6-DMSO, [ppm]) d = 13.8

(NCH2CH2CH2CH2CH2CH2CH2CH3), 15.0 (NCH2CH3),

16.6 (P(OCH2CH3)2), 21.9 (NCH2CH2CH2CH2CH2-

CH2CH2CH3), 25.4 (NCH2CH2CH2CH2CH2CH2CH2CH3),

28.3 (NCH2CH2CH2CH2CH2CH2CH2CH3), 28.4 (NCH2CH2-

CH2CH2CH2CH2CH2CH3), 29.3 (NCH2CH2CH2CH2CH2-

CH2CH2CH3), 31.1 (NCH2CH2CH2CH2CH2CH2CH2CH3),

44.0 (NCH2CH3), 48.6 (NCH2CH2CH2CH2CH2CH2CH2-

CH3), 59.0 (P(OCH2CH3)2), 122.0 (NCHCHN), 122.3

(NCHCHN) 136.1 (NCHN).

1-n-Butyl-3-methylimidazolium dibutylphosphate [BMIM]

[Bu2PO4]. 1H-NMR (400 MHz, d6-DMSO, [ppm]) d = 0.86

(9H, m, NCH2CH2CH2CH3, P(OCH2CH2CH2CH3)2), 1.76

(2H, p, NCH2CH2CH2CH3, J = 7.3 Hz), 3.57 (4H, q,

P(OCH2CH2CH2CH3)2, J = 6.5 Hz), 3.88 (3H, s, NCH3),

4.19 (2H, t, CH3CH2CH2CH2N, J = 7.2 Hz), 7.81 (1H, m,

NCHCHN), 7.89 (1H, m, NCHCHN), 9.74 (1H, s, NCHN).
13C-NMR (100 MHz, d6-DMSO, [ppm]) d = 13.2

(NCH2CH2CH2CH3), 13.6 (P(OCH2CH2CH2CH3)2), 18.6

(NCH2CH2CH2CH3), 18.7 (P(OCH2CH2CH2CH3)2), 31.4

(NCH2CH2CH2CH3), 32.6 (P(OCH2CH2CH2CH3)2), 35.5

(NCH3), 48.2 (NCH2CH2CH2CH3), 63.1 (P(OCH2CH2-

CH2CH3)2), 122.2 (NCHCHN), 123.5 (NCHCHN), 137.3

(NCHN).

1-n-Butyl-3-ethylimidazolium dibutylphosphate [BEIM]

[Bu2PO4]. 1H-NMR (400 MHz, CDCl3, [ppm]) d = 0.74 (6H,

t, P(OCH2CH2CH2CH3)2, J = 7.4 Hz), 0.79 (3H, t,

NCH2CH2CH2CH3, J = 7.4 Hz), 1.22 (6H, m, NCH2CH2-

CH2CH3, P(OCH2CH2CH2CH3)2), 1.43 (7H, m, NCH2CH3,

P(OCH2CH2CH2CH3)2), 1.72 (2H, p, NCH2CH2CH2CH3, J =

7.6 Hz), 3.71 (4H, q, P(OCH2CH2CH2CH3)2, J = 6.4 Hz), 4.2

(2H, t, NCH2CH2CH2CH3, J = 7.4 Hz), 4.25 (2H, q,

CH3CH2N, J = 7.5 Hz), 7.29 (1H, m, NCHCHN), 7.45 (1H,

m, NCHCHN), 10.71 (1H, s, NCHN).
13C-NMR (100 MHz, CDCl3, [ppm]) d = 13.2

(NCH2CH2CH2CH3), 13.6 (P(OCH2CH2CH2CH3)2), 15.3

(NCH2CH3), 18.8 (NCH2CH2CH2CH3), 19.2 (P(OCH2CH2-

CH2CH3)2), 31.9 (NCH2CH2CH2CH3), 32.8 (P(OCH2CH2-

CH2CH3)2), 44.6 (NCH2CH3), 49.2 (NCH2CH2CH2CH3), 64.4

(P(OCH2CH2CH2CH3)2), 121.4 (NCHCHN), 121.5

(NCHCHN), 138.8 (NCHN).

1,3-Di-n-butylimidazolium dibutylphosphate [BBIM][Bu2PO4].
1H-NMR (400 MHz, d6-DMSO, [ppm]) d = 0.86 (12H,

m, CH3CH2CH2CH2NCHNCH2CH2CH2CH3, P(OCH2CH2-

CH2CH3)2), 1.26 (8H, m, CH3CH2CH2CH2NCHNCH2-

CH2CH2CH3, P(OCH2CH2CH2CH3)2), 1.44 (4H, p,

P(OCH2CH2CH2CH3)2), J = 7.0 Hz), 1.77 (4H, p,

CH3CH2CH2CH2NCHNCH2CH2CH2CH3, J = 7.3 Hz), 3.63

(4H, q, P(OCH2CH2CH2CH3)2, J = 6.5 Hz), 4.21 (4H, t,

CH3CH2CH2CH2NCHNCH2CH2CH2CH3, J = 7.2 Hz), 7.92

(2H, m, NCHCHN), 9.85 (1H, s, NCHN).
13C-NMR (100 MHz, d6-DMSO, [ppm]) d = 13.1

(NCH2CH2CH2CH3), 13.6 (P(OCH2CH2CH2CH3)2), 18.6

(NCH2CH2CH2CH3), 18.7 (P(OCH2CH2CH2CH3)2), 31.4

(NCH2CH2CH2CH3), 32.7 (P(OCH2CH2CH2CH3)2), 48.3

(NCH2CH2CH2CH3), 63.1 (P(OCH2CH2CH2CH3)2), 122.4

(NCHCHN), 137.0 (NCHN).

1-n-Butyl-3-n-hexylimidazolium dibutylphosphate [BHIM]

[Bu2PO4]. 1H-NMR (400 MHz, d6-DMSO, [ppm]) d = 0.85

(12H, m, CH3CH2CH2CH2NCHNCH2CH2CH2CH2CH2CH3,

P(OCH2CH2CH2CH3)2), 1.25 (12H, m, CH3CH2CH2CH2-

NCHNCH2CH2CH2CH2CH2CH3, P(OCH2CH2CH2CH3)2),
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1.43 (4H, p, P(OCH2CH2CH2CH3)2), J = 6.93 Hz), 1.78 (4H,

m, CH3CH2–CH2CH2NCHNCH2CH2CH2CH2CH2CH3),

3.60 (4H, q, P(OCH2CH2CH2CH3)2, J = 6.4 Hz), 4.23 (4H,

t, CH3CH2CH2CH2NCHNCH2CH2CH2CH2CH2CH3, J = 7.0

Hz), 7.97 (2H, m, NCHCHN), 10.04 (1H, s, NCHN).
13C-NMR (100 MHz, d6-DMSO, [ppm]) d = 13.2 (NCH2–

CH2CH2CH3), 13.7 (NCH2CH2CH2CH2CH2CH3), 13.7

(P(OCH2CH2CH2CH3)2), 18.6 (NCH2CH2CH2CH3), 18.7

(P(OCH2CH2CH2CH3)2), 21.8 (NCH2CH2CH2CH2CH2-

CH3), 25.1 (NCH2CH2CH2CH2CH2CH3), 29.2 (NCH2CH2-

CH2CH2CH2CH3), 30.4 (NCH2CH2CH2CH2CH2CH3), 31.2

(NCH2CH2CH2CH3), 32.7 (P(OCH2CH2CH2CH3)2), 48.4

(NCH2CH2CH2CH3), 48.7 (NCH2CH2CH2CH2CH2CH3),

63.0 (P(OCH2CH2CH2CH3)2), 122.3 (NCHCHN), 136.4

(NCHN).

1-n-Butyl-3-n-octylimidazolium dibutylphosphate [BOIM]

[Bu2PO4]. 1H-NMR (400 MHz, d6-DMSO, [ppm]) d = 0.84

(12H, m, CH3CH2CH2CH2NCHNCH2CH2CH2CH2CH2-

CH2CH2CH3, P(OCH2CH2CH2CH3)2), 1.24 (16H, m,

CH3CH2CH2CH2NCHNCH2CH2CH2CH2CH2CH2CH2CH3,

P(OCH2CH2CH2CH3)2), 1.43 (4H, p, P(OCH2CH2CH2CH3)2,

J = 6.9 Hz), 1.78 (4H, m, CH3CH2CH2CH2NCHNCH2-

CH2CH2CH2CH2CH2CH2CH3), 3.60 (4H, q, P(OCH2CH2-

CH2CH3)2, J = 6.4 Hz), 4.22 (4H, t, CH3CH2CH2CH2-

NCHNCH2CH2CH2CH2CH2CH2CH2CH3, J = 7.0 Hz), 7.96

(2H, m, NCHCHN), 10.02 (1H, s, NCHN).
13C-NMR (100 MHz, d6-DMSO, [ppm]) d = 13.2

(NCH2CH2CH2CH3), 13.6 (NCH2CH2CH2CH2CH2CH2-

CH2CH3), 13.8 (P(OCH2CH2CH2CH3)2), 18.6 (NCH2CH2-

CH2CH3), 18.7 (P(OCH2CH2CH2CH3)2), 22.0

(NCH2CH2CH2CH2CH2CH2CH2CH3), 25.4 (NCH2CH2-

CH2CH2CH2CH2CH2CH3), 28.2 (NCH2CH2CH2CH2-

CH2CH2CH2CH3), 28.4 (NCH2CH2CH2CH2CH2CH2CH2-

CH3), 29.3 (NCH2CH2CH2CH2CH2CH2CH2CH3), 31.0

(NCH2CH2CH2CH2CH2CH2CH2CH3), 31.3 (NCH2CH2-

CH2CH3), 32.7 (P(OCH2CH2CH2CH3)2), 48.4 (NCH2CH2-

CH2CH3), 48.6 (NCH2CH2CH2CH2CH2CH2CH2CH3), 63.1

(P(OCH2CH2CH2CH3)2), 122.3 (NCHCHN), 136.5 (NCHN).

1-(2-Methoxyethyl)-3-methylimidazolium dimethylphosphate

[(MeEG)MIM][Me2PO4]. 1H-NMR (400 MHz, d6-DMSO,

[ppm]) d = 3.24 (1H, s, NCH2CH2OCH3), 3.28 (6H, d,

P(OCH3)2, J = 10.3 Hz), 3.69 (2H, m, NCH2CH2OCH3), 3.89

(3H, s, H3CN), 4.40 (2H, t, NCH2CH2OCH3, J = 5.0 Hz), 7.81

(1H, s, NCHCHN), 7.89 (1H, m, NCHCHN), 9.66 (1H, s,

NCHN).
13C-NMR (100 MHz, d6-DMSO, [ppm]) d = 35.5 (NCH3),

48.4 (NCH2CH2OCH3), 51.2 (P(OCH3)2), 57.9 (NCH2CH2-

OCH3), 69.6 (NCH2CH2OCH3), 122.6 (NCHCHN), 123.4

(NCHCHN), 137.4 (NCHN).

1-(2-(2-Methoxyethoxy)ethyl)-3-methylimidazolium

dimethylphosphate [(MeEG2)MIM][Me2PO4]. 1H-NMR

(400 MHz, d6-DMSO, [ppm]) d = 3.21 (1H, s, NCH2CH2-

OCH2CH2OCH3), 3.29 (6H, d, P(OCH3)2, J = 10.4 Hz), 3.40

(2H, m, NCH2CH2OCH2CH2OCH3), 3.54 (2H, m,

NCH2CH2OCH2CH2OCH3), 3.76 (2H, t, NCH2CH2-

OCH2CH2OCH3, J = 5.0 Hz), 3.88 (3H, s, H3CN), 4.37 (2H,

t, NCH2CH2OCH2CH2OCH3, J = 5.0 Hz), 7.78 (2H, s,

NCHCHN), 9.43 (1H, s, NCHN).
13C-NMR (100 MHz, d6-DMSO, [ppm]) d = 35.5 (NCH3),

48.5 (NCH2CH2OCH2CH2OCH3), 51.2 (P(OCH3)2), 58.0

(NCH2CH2OCH2CH2OCH3), 68.1 (NCH2CH2OCH2CH2-

OCH3), 69.2 (NCH2CH2OCH2CH2OCH3), 71.0 (NCH2CH2-

OCH2CH2OCH3), 122.6 (NCHCHN), 123.3 (NCHCHN),

137.3 (NCHN).

1-(2-(2-(2-Methoxyethoxy)ethoxy)ethyl)-3-methylimidazo-

lium dimethylphosphate [(MeEG3)MIM][Me2PO4]. 1H-NMR

(400 MHz, d6-DMSO, [ppm]) d = 3.23 (3H, s, NCH2CH2-

OCH2CH2OCH2CH2OCH3), 3.27 (6H, d, P(OCH3)2, J =

10.3 Hz), 3.48 (8H, m, NCH2CH2OCH2CH2OCH2CH2-

OCH3), 3.77 (2H, t, NCH2CH2OCH2CH2OCH2CH2OCH3,

J = 5.0 Hz), 3.88 (3H, s, H3CN), 4.38 (2H, t, NCH2CH2OCH2-

CH2OCH2CH2OCH3, J = 5.0 Hz), 7.79 (1H, m, NCHCHN),

7.82 (1H, m, NCHCHN), 9.48 (1H, s, NCHN).
13C-NMR (100 MHz, d6-DMSO, [ppm]) d = 35.5 (NCH3),

48.5 (NCH2CH2OCH2CH2OCH2CH2OCH3), 51.1

(P(OCH3)2), 58.0 (NCH2CH2OCH2CH2OCH2CH2OCH3),

68.1 (NCH2CH2OCH2CH2OCH2CH2OCH3), 69.4 (NCH2-

CH2OCH2CH2OCH2CH2OCH3), 69.7 (NCH2CH2OCH2-

CH2OCH2CH2OCH3), 122.6 (NCHCHN), 123.3

(NCHCHN), 137.2 (NCHN).

Determination of water content

After synthesis, the ionic liquids were dried overnight under

vacuum (,1 mbar) at 70 uC. The water content was deter-

mined by coulometric Karl–Fischer titration using a Metrohm

756 KF Coulometer with a Hydranal1 Coulomat AG reagent.

Viscosity

The viscosities of the novel ionic liquids were measured under

an argon atmosphere using a MCR 100 rheometer from Anton

Paar, Graz. Temperature control was maintained by a peltier

element. Viscosity measurements were always carried out with

samples of defined water content that was determined directly

prior to the measurement by coulometric Karl–Fischer

titration.

Density

Density was measured at room temperature in a Blaubrand

pyknometer with a defined volume of 5.330 ml according to

DIN ISO 3507.

Thermal stability

Thermogravimetric measurements were conducted on a

Netzsch TG 209 with the samples placed in an open Al2O3

pan and heated from room temperature up to 120 uC at a

heating rate of 10 K min21 under a protective gas atmosphere.

The loss of weight was detected over 20 h at 120 uC.

Hydrolytic stability

For the determination of the hydrolytic stability, samples

of ionic liquids with molecularly defined water content
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(1:1000 ratio of ionic liquid:water) were stirred at 95 uC while

the pH values were recorded using a Schott CG 842 pH meter.

Conclusions

The results of our study demonstrate that low-melting

dialkylphosphates indeed form an interesting and versatile

class of halogen-free ionic liquids. The melts are readily

accessible by a single reaction step from trialkylphosphates

and 1-alkylimidazoles, as demonstrated for eighteen different

representatives. However, reaction times to complete nucleo-

phile conversion are significantly longer compared with

N-alkylimidazole alkylation with diethyl sulfate or butyl

chloride, due to the comparatively lower reactivity of the

trialkylphosphates.

A detailed kinetic study of the reaction of 1-methylimidazole

with trimethylphosphate revealed the synthesis to be of second

order in total (first order with respect to each starting

material), the activation energy was determined to be

77 kJ mol21. Furthermore, a way to prepare 1-N-ethylimida-

zole, the precursor needed for [EMIM][Me2PO4] synthesis,

was devised. The compound was synthesised in excellent yield

by hydrogenation of the industrially-available compound

1-vinylimidazole.

Regarding the physico-chemical properties of the new ionic

liquids, the surprisingly low viscosity of dimethylphosphate

ionic liquids with ethylene glycol-functionalized cations is

remarkable. Moreover, our experiments provide evidence for

good thermal and hydrolytic stability of dialkylphosphate

ionic liquids, proving these materials to be significantly

superior to the well-established bulk ionic liquid

[EMIM][EtSO4] at least regarding these specific aspects.

Given the good availability, the known biodegradibility and,

in general, the low-toxicity of esters of phosphoric acid

(except trimethylphosphate resp. tricresylphosphate),35 we

anticipate that dialkylphosphate ionic liquids will indeed

develop as an interesting alternative to other halogen-free

ionic liquids, in particular for technical applications, with a

high degree of stability and sensitivity for a commercially-

competitive price.

Nomenclature

[BBIM] 1,3-di-n-butylimidazolium

[BEIM] 1-n-butyl-3-ethylimidazolium

[BHIM] 1-n-butyl-3-n-hexylimidazolium

[BMIM] 1-n-butyl-3-methylimidazolium

[BOIM] 1-n-butyl-3-n-octylimidazolium

[Bu2PO4] dibutylphosphate

Pd/C Palladium on activated charcoal

EA Arrhenius activation energy/kJ mol21

[EMIM] 1-ethyl-3-methylimidazolium

[EEIM] 1,3-diethylimidazolium

[EHIM] 1-ethyl-3-n-hexylimidazolium

[EOIM] 1-ethyl-3-n-octylimidazolium

[Et2PO4] diethylphosphate

[HMIM] 1-n-hexyl-3-methylimidazolium

k rate constant (for nth order reaction/

(mol L21)12n s21)

k0 collision factor (for nth order reaction/

(mol L21)12n s21)

m reaction order

[(MeEG)MIM] 1-(2-methoxyethyl)-3-methylimidazolium

[(MeEG2)MIM] 1-(2-(2-methoxyethoxy)ethyl)-3-methyli-

midazolium

[(MeEG3)MIM] 1-(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-3-

methylimidazolium

[MMIM] 1,3-dimethylimidazolium

[Me2PO4] dimethylphosphate

NMR nuclear magnetic resonance spectroscopy

[OMIM] 1-methyl-3-n-octylimidazolium

p pressure/bar

r reaction rate/mol L21 s21

T temperature/uC
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Poly(vinylchloride) (chloroethene) resins have been used for the preparation of plastisols for a

number of years. PVC plastisols are dispersions of such resins in liquid plasticisers, the plasticiser

having the dual function of imparting softness and flexibility to the final article and for providing

a liquid medium for the preparation of the plastisol that enables it to be coated, dipped or

sprayed. For many years plastisol viscosity modification has involved the use of various volatile

organic compounds (VOCs), which have an impact on their use in the workplace, and can also

cause emitted VOCs from the end product. Control of the latter is of particular interest in new

developments to combat indoor air quality (IAQ) problems. This paper shows that newly

developed PVC resins are capable of producing the correct plastisol viscosity without the need for

VOC addition to the plastisol. Moreover, new PVC additive technologies are available which

enable end articles to be made from PVC plastisols that show greatly reduced or zero impact on

IAQ when tested with newly developed equipment such as the Field and Laboratory Emission

Cell (FLEC).

1 Introduction

Poly(vinylchloride) (chloroethene) represents one of the

world’s major commodity polymers, with a diverse range of

applications including pipes, window profiles, packaging,

flooring, cable insulation and sheathing and many more. The

majority of the volume of PVC produced in the world is made

using suspension polymerisation technologies: the polymerisa-

tion of droplets of vinyl chloride monomer in water, generally

using monomer soluble initiators. However, a small but

significant range of PVC resins are made using emulsion

polymerisation. This is a term which covers a number of

similar technologies which are intended to produce PVC resins

of a relatively small particle size, typically 0.1 to 2.0 microns

ex-reactor. The reason for this small particle size requirement

is that these resins, unlike their suspension-derived counter-

parts, are required to form stable dispersions in a liquid

plasticiser. The name given to these liquid polymer dispersions

is PVC plastisols.

PVC plastisols have been produced for many years, and they

continue to be used today to produce a number of commer-

cially important end products such as safety flooring, corro-

sion resistant coatings for automobiles and synthetic leather

products for use in car dashboards and fascias. Plastisols are

also used in the manufacture of vinyl coated wallcoverings and

external coated fabrics such as tarpaulins, advertising banners

and stadium roofs. These plastisols have many processing

advantages over resins made using suspension polymerisation

in that they can be coated rather than extruded or calendered,

and since such products have not been subject to shear they do

not possess a thermal history. Moreover, the laying down of

very thin coatings is much easier via the plastisol route.

A simple PVC plastisol consists of an emulsion-type PVC

resin and liquid plasticiser, typically an organic ester such as

di-isononylphthalate. The function of the plasticiser in the

plastisol is two-fold: (i) it provides the liquid medium to allow

the plastisol to be formed and (ii) when the plastisol is fused

and turned into the final article it provides the flexibility and

softness required in that final article. These two requirements

can be opposing: if a plastisol possesses too high a viscosity to

allow it to be coated, addition of more plasticiser may solve

that problem but it is likely that it will make the final product

too soft and flexible. This is the reason why, over time, resin

manufacturers have tailored their products to certain applica-

tions so as to give the optimum plastisol properties for an end

product manufacturer targeting a given softness. However, in

order to develop new products in certain areas, fabricators

some time ago developed plastisols for the production of

articles of relatively hard appearance that required relatively

low levels of plasticiser addition. Since the low level of

plasticiser was insufficient to provide enough liquid for

plastisol formation, the viscosity of the plastisol was reduced

with hydrocarbon solvents. These would flash off in processing

and, since they had no plasticising action, enabled the

processor to make lightly plasticised articles.

This situation continued for many years, although in recent

times such use of volatile diluents has become a concern.

Statutory instruments such as the 1990 Environmental

Protection Act in the United Kingdom has required users of

volatile plastisol diluents to either reduce use or install solvent

recovery systems. Many have done so and the use continues

with the necessary recovery and abatement systems.
Ineos Chlorvinyls, The Heath, Runcorn, Cheshire, UK WA7 4QZ.
E-mail: chris.howick@ineosvinyls
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Although solvent evaporation during the processing opera-

tion does take place, complete removal of solvent at this stage

is not 100% efficient and some solvent remains in the product,

from which it evaporates during the first part of its lifetime.

The emission of hydrocarbon solvents from these systems can

be monitored using classical headspace gas chromatography2

although modern assessment methods for indoor air quality

(IAQ) can detect such evaporation from some products at

exceedingly low levels (see below). Reduction programmes for

this and all sources of volatile organic compound (VOC) in

interior building products are one of the essential requirements

of the EU’s Construction Products Directive.3

Since the demand for plastisol resins remains healthy there

was a need to establish whether the requirement of plastisol

viscosity reduction could be met through changes in the

polymerisation technologies that are used to manufacture

plastisol grade PVC resins, since particle size and particle size

distribution of the resin and other solid plastisol ingredients, as

well as the level and type of the liquid plasticiser phase, will

determine the viscosity of the plastisol. This paper reports

and reviews some recent developments within the plastisol

industry.

2 Emulsion PVC polymerisation technologies

Several historical developments set the scene for the develop-

ment of plastisol-grade PVC resins in the second half of the

20th century. These were adequately reviewed by Bunten,1 and

the key technologies reviewed are still in commercial operation

today. They are all used to produce resins of relatively small

primary particle size which enable the formation of a plastisol

when mixed with the desired level of liquid plasticiser.

The main technologies available are (i) microsuspension

polymerisation (ii) seeded emulsion polymerisation and (iii)

continuous emulsion polymerisation. Microsuspension poly-

merisation resembles suspension polymerisation technology

except that the monomer–water mix is subject to high shear

forces that enable a proportion of it to be homogenised into

small monomer droplets. These droplets are then stabilised

with a surfactant to prevent coalescence. The particle size

distribution of the resulting resin made using this technology

tends to be broad. This favours a good wetting out of the

polymer in the plasticiser which means that plastisol formation

tends to occur at relatively low levels of plasticiser. These

plastisols, however, tend to suffer from high shear dilatancy.

This is an increase in plastisol viscosity with shear which makes

coating at higher speeds difficult, and resolution of this issue

with hydrocarbons solvents is another source of VOC use in

this industry. A solution to this is to use a resin produced via a

seeded emulsion or continuous emulsion technology. Seeded

emulsion polymerisation produces discrete particle size

families by using water-soluble initiators, the monomer being

dispersed into droplets through the use of surfactants and the

polymerisation taking place via the monomer–surfactant–

water micelles. Continuous polymerisation is an extension of

this, and allows the polymerisation to be carried out

continuously through the continuous removal of polymer

and water with the concomitant replenishment of reactants to

produce a broad particle size distribution of a multi-modal

resin. Both of these technologies tend to form pseudoplastic

flow resins, that is resins whose plastisols show a shear

thinning behaviour. This allows the processing of the plastisol

to be made easily at high speeds but these resins tend to require

more plasticiser for initial plastisol formation, thus rendering

them unsuitable for the production of ‘‘hard’’ articles. Typical

electron micrographs from standard microsuspension and

seeded emulsion polymerisations are shown in Fig. 1.

Therefore plastisol formulators were presented with a

dilemma for the production of hard articles at a commercially

acceptable production rate: resins which formed plastisols at

the correct plasticiser level could not be coated at high speeds

without the use of volatile diluents and resins whose plastisols

could be coated at high speeds could not be prepared at low

plasticiser contents without the use of volatile diluents.

3 Indoor air quality

Many articles made from PVC plastisols are used in the indoor

environment and, as a result, legislation requires that their

potential for the emission of VOCs in use be assessed. One

method that has been developed for this evaluation is the Field

and Laboratory Emission Cell (FLEC) (see Fig. 2), which can

be used to produce emission data using methods compliant

with European Standard EN13419.4 The cell blows air of given

humidity across the surface of the sample and collects gases

emitted onto an absorbent. These can then be desorbed and

analysed using Thermal Desorption–Gas Chromatography–

Mass Spectrometry techniques (TD-GC-MS). The cell has

wide reaching fields of application, since, in addition to the

above attributes, it is portable and can therefore be taken to

sites that are thought to be presenting a specific IAQ problem.

4 PVC plastisols

In addition to PVC resin and plasticiser, plastisols can contain

a variety of ingredients, each present for a specific purpose. A

summary is given in Table 1. In terms of the ingredients which

can affect IAQ, studies centre on the plastisol diluents or

rheology modifiers, as described above, and the thermal

stabiliser package. These are used for two main purposes: to

impart improved thermal stability to the resin and, in the case

of foamed articles, to catalyse the decomposition of chemical

Fig. 1 Electron micrographs of standard microsuspension latex (left)

and seeded emulsion latex (right).
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blowing agents. The active ingredients are typically mixed

metal soaps, but the stabiliser package frequently contains

solvents, boosters, phosphite chelators and other ingredients to

aid plastisol dispersion or aid the main ingredients in the

bringing about of the desired effects.

5 VOC reduction

In an attempt to bring about significant reductions in VOC

emission, the following aspects of plastisol formulating need to

be addressed:

Can the need for volatile plastisol diluents be avoided?

Can the desired thermal stability and foam activation be

achieved without species which have an impact on IAQ?

In order to study the first part, a full review of typical

plastisol formulations by market was made. This enabled

detailed knowledge of the typical levels of PVC, plasticiser and

other key plastisol ingredients. The desire was to enable a

flowable plastisol to be formed using the required formulation

without the need for dilution. Moreover this plastisol was also

required to coat at high speeds, i.e. not possess a dilatant

rheology, again without recourse to volatile diluents. Since the

factors controlling the plastisol viscosity and rheology are

primarily related to the particle size and particle size

distribution, the means of deriving new particle size distribu-

tions for the resin were studied. The influence of the

polymerisation technology was studied using experimental

design software,5 which showed the influence of the key

technologies on particle size distribution and therefore on the

plastisol viscosity and rheology. Through an understanding of

these parameters a number of experimental resins were

developed using a pilot plant facility and these were then

studied in detail, and finally a modified microsuspension resin

was produced on a production facility.

6 Results from experimental resins

Fig. 3 shows the effect on typical plastisol viscosity—at low

and high shear—of the resin modifications made as a result of

the study.

Three plastisol formulations were studied: (i) 66.6% PVC,

33.3% plasticiser (ii) 71.4% PVC, 28.6% plasticiser and (iii)

50% PVC, 25% plasticiser and 25% calcium carbonate. In all

cases the plasticiser used was di-2-ethylhexylphthalate

(DEHP). For plastisol (i) the modified microsuspension resins

showed a slightly lower plastisol viscosity. This difference was

significantly larger for formulation (ii), which represented the

known extreme of plastisol formation for the standard

microsuspension resin. For this level of plasticiser the modified

microsuspension resin formed a plastisol with ease and gave a

plastisol viscosity some 30% of that of the standard resin. This

equates to a potential 70% reduction in the use of a

hydrocarbon diluent and in many cases would be sufficient

to eliminate their use from the process. For the third plastisol,

a 60% drop in plastisol viscosity was observed indicating that

this resin had the potential of producing cost effective (i.e.

filled) articles without the need to use volatile diluents to bring

about the viscosity reduction needed.

7 Further experimental resins and the use of new

thermal stabilisers

New resins have also been developed for application areas

using the same methods. One particular area of interest is the

use of thicker clear PVC layers on the top of PVC floorings for

use in contract applications such as schools and hospitals.

PVC is frequently the material of choice in these areas on

account of its high mechanical properties, its ease of cleaning

and compliance to a number of European Standards.6 One

particularly useful aspect is that through PVC plastisol

technology, foamed layers can be produced, and these give

the required compression resistance and compression recovery.

Fig. 2 Field and Laboratory Emission Cell2.

Table 1 Typical plastisol ingredients

INGREDIENT
TYPICAL
LEVEL (%)

POTENTIAL EFFECT ON
CHEMICAL EMISSION

PVC Resin 50–60 None
Fillers 10–30 None
Pigments 1–10 None
Plasticiser 20–40 Low (as SVOC)
Stabiliser 1–2 High (depends on type)
Chemical blowing agent 0–2 Low (gases lost in processing)
Viscosity modifiers 0.5–1 High (depends on type)
Solvents 0–2 High

Fig. 3 Effect of standard and modified microsuspension resins on the

low shear (Brookfield) viscosity of simple PVC plastisols.
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The top coats of these products consist of a thick, clear

plastisol coating. This is generally based on a simple plastisol

consisting of ca. 70% PVC and 30% plasticiser with a small

addition of thermal stabiliser. The key properties of this layer

are clarity and high thermal stability, in addition to the normal

physical requirements as laid down in the relevant European

standards.5 More recently attention has been turned to the

level of VOCs emitted from these products. The use of diluents

can be avoided through use of the appropriate resin, and this

work has also studied a range of new thermal stabilisers that

have been developed so as to give low potential for chemical

emission.

Plastisols were prepared using ‘‘Evipol’’ MP8058 PVC resin

(Ineos Chlorvinyls), di-isononylphthalate (Exxon Mobil) and

the newly developed Akrostab stabiliser (Akcros Chemicals).

Despite the lack of plastisol diluent, plastisol viscosity, both at

low and high shear, was at acceptable levels. The film

produced had clarity and thermal stability which were

acceptable when compared with a control sample. Films of

this polymer and that of a control were then tested for

emission of VOCs in accordance with EN13419. Volatiles

emitted were absorbed onto Tenax 2 and then desorbed using

TD-GC-MS.

The emission profiles are shown in Fig. 4, where the clear

benefits of the new system—significantly reduced VOC

emission—are seen. These products are now on the market

and are enabling industry to bring about significant reductions

in VOC use, and thus reduce the environmental impact of

these products. Further work has shown that the emission

profiles of these products are significantly lower than not only

traditional PVC based systems but also those of other

materials used in this area.

8 Conclusions

This paper has described the recent development of new PVC

resins for the plastisol area that enable plastisol formulations

with significantly reduced volatile organic compound (VOC)

levels to be used, by enabling plastisol formation to be made

through PVC polymer and plasticiser alone at the low

plasticiser levels that traditionally have required VOC use to

aid plastisol formation. These resins can be used in standard

plastisol applications as well as foaming and clear coat

applications. These can be combined with newly developed

thermal stabiliser systems to allow for further significant VOC

reductions in products for indoor applications. These products

are all now commercially available.

Further work is planned on taking these resins into more

diverse plastisol applications.
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This work demonstrates the ability of the ionic liquid 1-ethyl-3-methylimidazolium ethylsulfate

([emim][EtSO4]) to act as an extraction solvent for liquid–liquid extraction and as an azeotrope

breaker for extractive distillation, to separate the azeotropic mixture ethyl tert-butyl ether (ETBE)

+ ethanol, thus purifying the tertiary ether, which is the most used additive to improve the octane

index of gasolines. To assess the suitability of [emim][EtSO4] to perform the mentioned

separation, the liquid–liquid equilibrium (LLE) at 298.1 K and the isobaric vapour–liquid

equilibrium (VLE) at 101.3 kPa have been determined for the ternary system ETBE + ethanol +

[emim][EtSO4]. The separation sequence for the extractive distillation has been obtained from the

residue curve map and checked by simulation. The equilibrium data have been adequately

correlated by means of the NRTL equation, thus facilitating their computerized treatment.

Introduction

The world energy demand is nowadays experiencing a

dramatic increase. In spite of numerous governmental and

institutional policies looking for a more controlled and

rational consumption of energy, forecasts prognosticate a

continuation of the raising trend in the near future, closely

related to the global population growth.1 Linked to this

problem, the growth of concepts such as sustainable develop-

ment in the second half of the 20th century has been a major

impetus, over the last decades, for the exploration and

exploitation of renewable sources for the generation of energy.

Nevertheless, fossil fuels continue to supply much of the

energy used worldwide,2 so the development of energy from

renewable sources must be accompanied in parallel by an

optimized use of traditional sources of energy.

A relevant end-use sector in energy consumption is

transportation. As in the general case, many efforts are

currently being made to promote the penetration of sustain-

able alternatives in this field as fuels. For example, important

research is carried out in trying to develop fuel cells powered

with hydrogen.3 But, to date, the main results and develop-

ments have undoubtedly been reached for biofuels and,

particularly, bioethanol.4 The use of this sort of ethanol,

obtained by fermentation from agricultural products, is being

encouraged by legislators in many places in Europe and the

Americas, to feed engines either alone or as an additive to

gasoline. However, the intensified production of bioethanol is

not exempted of controversy, since issues such as the use of

pesticides and fertilizers, the large demand of soil or the

biodiversity preservation related to its production lead to

important concerns in a considerable part of the scientific and

industrial communities. The most intelligent use of bioethanol

as fuel for the future, as at present, will probably be

conditioned by local circumstances. Thus, in countries like

Brazil and the USA, with a large availability of fertile land for

harvesting sugar cane and corn, bioethanol is an interesting

alternative as direct fuel for vehicles or direct additive to

gasolines; whereas in regions where the space is more limited

or valuable for other uses, mainly in Europe, a preferable

option may be the use of bioethanol for the production of a

tertiary ether, then using the latter as the oxygenating additive

in gasoline blending. Actually, ethyl tert-butyl ether (ETBE)

produced from bioethanol (which means a 47% biofuel

contribution5) is currently a major biofuel contributor in

Europe.

ETBE has come to replace methyl tert-butyl ether (MTBE)

as the most widely used anti-knock additive for gasolines,

basically due to two reasons: the possibility of involving

ethanol from renewable sources in the synthesis, instead of the

more valuable and fossil-originated methanol; and a lower

solubility in water, thus reducing the risk of aquifers

contamination from leaks in underground storage tanks, as

reported for MTBE in the past.6 ETBE is produced by an

etherification reaction between isobutene and ethanol, the

latter possibly having an agricultural origin. In the mentioned

reaction, an excess of the alcohol is used. Consequently, the

outlet stream of the reactor is mainly constituted by a mixture

of ETBE and the unreacted ethanol. A downstream separation

stage is then required to obtain the purified ether and to

recycle the ethanol to the reactor. ETBE and ethanol have

close boiling points and form an azeotropic mixture; therefore

it is hard to separate them by conventional distillation.

Interesting alternatives may be solvent (or liquid–liquid)

extraction at ambient temperature or extractive distillation.

Both techniques require, nonetheless, the introduction of an

auxiliary substance (called a solvent in liquid–liquid extrac-

tion, and an entrainer in extractive distillation) to carry out the

separation; thus, their successful implementation will be

critically dependent on the discovery of a suitable compound

to act either as extracting solvent or as entrainer.

Dpt of Chemical Engineering, University of Santiago de Compostela,
E-15782, Santiago de Compostela, Spain. E-mail: eqaaarce@usc.es;
Fax: +34 981 528050; Tel: +34 981 563100
{ Electronic supplementary information (ESI) available: Tables S.1–3
and equipment for the measurement of the physical properties. See
DOI: 10.1039/b611139d

PAPER www.rsc.org/greenchem | Green Chemistry

This journal is � The Royal Society of Chemistry 2007 Green Chem., 2007, 9, 247–253 | 247

D
ow

nl
oa

de
d 

on
 1

0 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 1
5 

D
ec

em
be

r 
20

06
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
61

11
39

D
View Online

http://dx.doi.org/10.1039/B611139D


The selection of an effective solvent or entrainer for use in

the mentioned processes is controlled by several factors.7 It

must preferably be chemically stable, non-corrosive and cheap,

showing low toxicity and being easily recoverable from the

outlet streams of the unit. In addition, it must exhibit the

thermodynamic ability to carry out the aimed separation. For

liquid–liquid extraction the solvent must have a favourable

selectivity and also a high solvent capacity, whereas for

extractive distillation the entrainer must exalt the relative

volatility in the mixture.

The family of low melting point salts known as ionic liquids

(ILs) has attracted an increasing interest from academia and

industry over the last decade.8 Their use as environmentally

benign solvents, replacing the polluting and hazardous volatile

organic compounds (VOCs), has been one of the major

potential applications pointed out.9 This is mainly due to their

extremely low vapour pressure, particularly at normal opera-

tion conditions in processes,10 thus avoiding loss of the IL by

evaporation to the atmosphere. Their non-volatile nature

would also play a crucial role in facilitating the downstream

recovery and recycling to the unit, as flash distillation could be

used instead of the more expensive and aggressive rectification.

Moreover, the adequate selection of cation and anion may lead

to a stable non-corrosive IL with low toxicity and an

affordable cost, in addition to acceptable values of properties

such as viscosity or melting point in an extracting solvent or an

entrainer. A further requirement, taking into account the list of

characteristics in the previous paragraph, is the suitability

from a thermodynamic point of view. In the literature, a few

works focusing on the analysis of ILs as solvents in extraction

processes can be found, with liquid–liquid equilibrium (LLE)

data being the basis for their evaluation.11 Even more scarcely

available are papers reporting vapour–liquid equilibrium

(VLE) data involving ILs and their potential use as entrainers

for extractive distillation processes.12

Alkylsulfate-based ILs with a cation derived from imidazo-

lium13 are, to date, some of the most promising ILs to be

applied in industrial processes. In general, they can be easily

synthesized in an atom-efficient and halide-free way, at a

reasonable cost. They show chemical and thermal stability, low

melting points and relatively low viscosities. Particularly,

1-ethyl-3-methylimidazolium ethylsulfate ([emim][EtSO4])

combines those features in a suitable way to be used as solvent

in liquid–liquid extraction or as an azeotrope breaker in

extractive distillation. In addition to this and to the general

properties of ILs, recent studies have shown that

[emim][EtSO4] presents an acceptable level of toxicity,14 lying

in the range of many other chemical substances currently used

in the role aimed herein.

From the above, [emim][EtSO4] seems to be a good

candidate to test as an extracting solvent or entrainer in

purifying ETBE from its mixtures with ethanol. To evaluate

such a possibility, an equilibrium thermodynamic study of the

ternary system ETBE + ethanol + [emim][EtSO4] has been

carried out in this work. Its LLE at 298.1 K and its isobaric

VLE at 101.3 kPa have been determined. To the best of our

knowledge, this is the first time that both LLE and VLE are

jointly reported for a ternary system involving an IL, which

may be kindly welcomed by researchers working within

prediction modelling for systems with ILs. The experimental

data have been successfully correlated, thus facilitating their

implementation and use in computerized applications.

Results and discussion

Experimental data

Liquid–liquid equilibrium. The compositions of both phases

in equilibrium were determined at 298.1 K for mixtures with

different global compositions in the heterogeneous region of

the system ETBE + ethanol + [emim][EtSO4]. The results are

reported in Table 1, alongside the corresponding values of

solute distribution ratio (b) and selectivity (S), which are

defined by the following expressions:

b~
xII

2

xI
2

(1)

S~
xI

1

xII
1

xII
2

xI
2

(2)

where x is the molar composition, subscripts 1 and 2 refer to

ETBE (inert) and ethanol (solute), and superscripts I and II

indicate the organic-rich phase (top or less dense phase) and

the solvent rich-phase (bottom or denser phase), respectively.

The solute distribution ratio gives an idea of the solvent

capacity of the IL, being related to the amount of solvent

required for the process. Selectivity provides a measurement of

the separation power of the IL, conditioning the number of

equilibrium stages needed in the unit. Values as high as

possible for both parameters are desired.

A triangular diagram is a common method for the

visualization of the LLE for a ternary system at constant

pressure and temperature. In Fig. 1, such a diagram is drawn

for the system ETBE + ethanol + [emim][EtSO4], with the

vertices of the triangle representing each of the pure

compounds: left for ETBE (the inert in this case, since it is

the compound not dissolved preferentially by the IL); top for

ethanol (the solute, because it mainly goes into the IL-rich

phase); and right for [emim][EtSO4] (the solvent). The LLE is

described in the diagram by plotting the experimental tie-lines,

Table 1 Composition of the experimental tie-line ends, solute
distribution ratio (b) and selectivity (S) for the system ETBE +
ethanol + [emim][EtSO4] at 298.1 K. The mole fractions of ETBE,
ethanol and ionic liquid are represented by x1, x2 and x3, respectively

Organic phase Ionic liquid phase

b Sx1 x2 x3 x1 x2 x3

1.000 0.000 0.000 0.031 0.000 0.969 — —
0.991 0.009 0.000 0.028 0.064 0.908 7.11 251.7
0.976 0.024 0.000 0.046 0.141 0.813 5.88 124.7
0.960 0.040 0.000 0.052 0.224 0.724 5.60 103.4
0.916 0.084 0.000 0.059 0.358 0.583 4.26 66.2
0.875 0.125 0.000 0.060 0.458 0.482 3.66 53.4
0.794 0.206 0.000 0.078 0.540 0.382 2.62 26.7
0.709 0.289 0.002 0.103 0.602 0.295 2.08 14.3
0.651 0.347 0.002 0.133 0.632 0.235 1.82 8.9
0.546 0.441 0.013 0.180 0.646 0.174 1.46 4.4
0.481 0.493 0.026 0.223 0.636 0.141 1.29 2.8
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whose extremes correspond to pairs of equilibrium composi-

tions. The positive slope shown by the tie-lines is readily

interpretable as a desirable feature, since it implies values

greater than the unity for the solute distribution ratio, or,

equivalently, that the solute goes preferentially to the solvent-

rich phase. Additionally, Fig. 1 provides a clear idea of the

shape and size of the immiscibility region of the system.

From these results, it turns out that [emim][EtSO4] can

successfully act as a solvent for the separation of ETBE and

ethanol in a liquid–liquid extractor. Together with this, it

should not be forgotten that the non-volatile nature of the IL

would facilitate considerably its downstream recovery, thus

confining it in the process with negligible loss of solvent.

Vapour–liquid equilibrium. Before investigating the VLE for

the ternary system, the completely miscible constituent binaries

were analyzed. The VLE for the binary system ETBE +

ethanol was already reported in the literature.15 However, the

VLE for the pair ethanol + [emim][EtSO4] had not been

previously reported. The equilibrium temperatures for this

binary system at 101.3 kPa are summarized in the temperature-

composition diagram shown in Fig. 2. The numerical raw data

are provided in Table S.1 in the ESI.{ Since the IL is essentially

non-volatile, the vapour in equilibrium with the boiling liquid

phase is exclusively constituted by ethanol. No equilibrium

temperatures could be determined in the range of very low

ethanol concentrations, due to problems of decomposition of

[emim][EtSO4]. Himmler et al.16 determined the decomposition

temperature to be 630 K, higher temperatures leading to the

back alkylation of the anion.

Concerning the ternary system ETBE + ethanol +

[emim][EtSO4], its isobaric VLE was determined in the

homogeneous region. The experimental compositions calcu-

lated for the liquid and vapour phases in equilibrium, as well

as the equilibrium temperatures, are listed in Table 2. Fig. 3

shows the compositions triangular diagram, where each arrow

has its origin in the point corresponding to the composition of

the liquid phase and its final end in the point corresponding to

the composition of the vapour phase in equilibrium. As can be

inferred from the diagram, the system does not exhibit a

ternary azeotrope. The calculated liquid isotherms are depicted

in Fig. 4, indicating the different compositions of ternary

liquid mixtures which would boil at the same temperature.

Correlation

Liquid–liquid equilibrium. The experimental LLE data were

correlated by means of a classical model such as the

NonRandom Two-Liquid (NRTL) equation,17 despite the fact

that this model was not originally intended for systems with

electrolytes. The nonrandomness parameter of the model, a,

was previously set to three different values: 0.1, 0.2 and 0.3.

The NRTL binary interaction parameters were obtained using

a software program described by Sørensen and Arlt.18 The

goodness of the correlation was evaluated by calculating the

residual function F and the mean error of the solute

distribution ratio, Db, defined as:

F~100|
X

k

min
X

i

X

j

xijk{x̂xijk

� �2

6M

" #0:5

(3)

Db~100|
X

k

bk{b̂bk

� �.
bk

� �2

M

2
64

3
75

0:5

(4)

where subscripts and sum indices i, j and k refer to compounds,

phases and tie-lines, respectively; M is the total number of

experimental tie-lines; and the circumflex symbol on top

indicates a calculated value.

The program was run twice for each value of a: first, without

previous assignment of a value for the solute distribution ratio

at infinite dilution, b‘; and then, establishing an a priori

optimum value for b‘, found by trial and error with Db as

the optimality criterion. The resulting binary interaction

Fig. 1 Experimental ($, solid line) and correlated (#, dotted line)

tie-lines for the LLE of the ternary system ETBE + ethanol +

[emim][EtSO4] at 298.1 K and atmospheric pressure. The correlated

data were calculated by means of the NRTL equation, with a value of

a = 0.2 and an a priori established value of b‘.

Fig. 2 Experimental VLE data at 101.3 kPa (#) and corresponding

NTRL (a = 0.2) correlation (solid line) for the binary system ethanol +

[emim][EtSO4].
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parameters and residuals for the correlation with a = 0.2 are

listed in Table 3. For best comparison, Fig. 1 shows the

correlated tie-lines plotted along with the experimental ones,

for the particular case of the NRTL correlation with a = 0.2

Table 2 Boiling temperatures (T) and liquid and vapour mole
fractions (xi, yi) for ETBE (1) + ethanol (2) + [emim][EtSO4] (3) at
101.3 kPa

T/K x1 x2 y1 y2

349.06 0.0369 0.7198 0.4067 0.5933
350.49 0.0288 0.7382 0.3444 0.6556
351.32 0.0197 0.7772 0.2731 0.7269
346.93 0.0480 0.7522 0.4143 0.5857
343.47 0.0707 0.7321 0.5246 0.4754
343.83 0.0876 0.7723 0.4706 0.5294
342.27 0.1213 0.7410 0.5298 0.4702
341.08 0.1582 0.7080 0.5777 0.4223
340.49 0.1930 0.6758 0.6052 0.3948
340.29 0.2395 0.6536 0.6116 0.3884
340.20 0.2828 0.6306 0.6052 0.3948
340.96 0.2326 0.6914 0.5546 0.4454
341.97 0.1783 0.7463 0.5026 0.4974
343.01 0.1416 0.7884 0.4537 0.5463
344.27 0.1081 0.8242 0.3986 0.6014
345.49 0.0848 0.8546 0.3387 0.6613
346.75 0.0702 0.8761 0.2791 0.7209
351.04 0.0100 0.9816 0.0316 0.9684
349.86 0.0251 0.9550 0.1046 0.8954
348.58 0.0423 0.9374 0.1666 0.8334
347.11 0.0687 0.9108 0.2374 0.7626
346.24 0.0801 0.8754 0.2924 0.7076
344.58 0.1104 0.8450 0.3633 0.6367
342.86 0.1510 0.7859 0.4587 0.5413
341.92 0.1884 0.7503 0.4996 0.5004
340.61 0.2979 0.6503 0.5673 0.4327
340.27 0.3482 0.6041 0.5929 0.4071
340.29 0.4083 0.5690 0.5859 0.4141
340.04 0.4886 0.4929 0.6128 0.3872
340.87 0.3420 0.6403 0.5381 0.4619
341.81 0.2560 0.7278 0.4821 0.5179
343.17 0.1792 0.8064 0.4139 0.5861
344.50 0.1332 0.8540 0.3511 0.6489
354.13 0.0093 0.8570 0.0577 0.9423
353.02 0.0131 0.8526 0.1037 0.8963
353.69 0.0077 0.8759 0.0490 0.9510
353.82 0.0063 0.8878 0.0243 0.9757
351.73 0.0146 0.8838 0.1194 0.8806
348.68 0.0430 0.8536 0.2498 0.7502
347.08 0.0560 0.8412 0.3154 0.6846
349.59 0.0304 0.8258 0.2671 0.7329
351.47 0.0188 0.8466 0.1762 0.8238
353.30 0.0105 0.8127 0.1638 0.8362
364.54 0.0011 0.6777 0.0154 0.9846
360.97 0.0036 0.6859 0.1341 0.8659
355.05 0.0200 0.6879 0.3103 0.6897
346.55 0.0527 0.6751 0.5220 0.4780
340.15 0.1095 0.6589 0.6683 0.3317
342.77 0.0813 0.7262 0.5602 0.4398
346.50 0.0517 0.7131 0.4738 0.5262
343.45 0.0637 0.7130 0.5605 0.4395
340.15 0.1230 0.6554 0.6634 0.3366
369.49 0.0102 0.5609 0.1414 0.8586
365.26 0.0300 0.5798 0.1989 0.8011
366.42 0.0020 0.6061 0.1290 0.8710
357.08 0.0589 0.6079 0.2704 0.7296
352.42 0.0280 0.6613 0.4041 0.5959
348.33 0.0715 0.6154 0.5097 0.4903
398.81 0.0275 0.2601 0.0855 0.9145
386.01 0.0227 0.3591 0.1206 0.8794
382.30 0.0144 0.3825 0.1121 0.8879
377.79 0.0320 0.4038 0.1626 0.8374
372.55 0.0119 0.4927 0.1489 0.8511

Fig. 3 Experimental VLE data at 101.3 kPa for the ternary system

ETBE + ethanol + [emim][EtSO4].

Fig. 4 Calculated isothermal liquid phase compositions for VLE at

101.3 kPa for the ternary system ETBE + ethanol + [emim][EtSO4].

Temperature values of the isotherms are expressed in Kelvin.

Table 3 Binary interaction parameters (BIPs) and residuals from the
correlation of the LLE data of the ternary system ETBE (1) + ethanol
(2) + [emim][EtSO4] (3) by the NRTL equation (a = 0.2)

b‘ Components i–j

BIPs Residuals

Dgij/J mol21 Dgji/J mol21 F Db

— 1–2 21015.0 2928.7 0.4879 12.1
1–3 15308 4710.8
2–3 1951.9 26002.3

8.33 1–2 2511.93 2595.9 0.5208 9.5
1–3 14497 4644.9
2–3 2940.7 25929.0
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and setting the optimum value of b‘. When the optimal value

of b‘ is laid down in advance, it is observed that the residual

function F increases slightly, whereas Db decreases extensively.

Vapour–liquid equilibrium. The correlation of the experi-

mental (P, T, x, y) results was carried out with a computer

program that runs a non-linear regression method based on

the maximum likelihood principle. Due to the lack of

thermodynamic parameters for the IL, the vapour phase was

considered ideal. For the binary system ethanol +

[emim][EtSO4] this approximation is adequate, since the IL is

basically non-volatile and ethanol is therefore the only

component in the vapour phase. For the ternary system, this

assumption might mean high deviations between model and

experimental data. Saturation pressures were calculated from

Antoine’s equation:

log Psat
i

�
kPa

� �
~A{

B

T=Kð ÞzC
(5)

using values for the coefficients A, B, and C taken from

literature in the case of ETBE and ethanol,19 and arbitrarily

setting them to fictional values in order to lead to a negligible

vapour pressure for [emim][EtSO4] (see Table S.2 in the ESI).{
Assuming the same considerations stated for LLE data

correlation, the NRTL equation was used to model the liquid-

phase activity coefficients, setting the nonrandomness para-

meter, a, to different values and selecting the value giving the

best correlation. The values of the binary interaction

parameters are summarized in Table 4 for the binary and

ternary systems, respectively, along with the corresponding

root mean standard deviations in temperature, pressure and

compositions of the liquid and vapour phases.

With the parameters obtained in the correlation of the

ternary system, the residue curve map was plotted (Fig. 5). A

residue curve represents the liquid residue composition with

time as the result of a simple, one-stage batch distillation.

Residue curve maps are used to make preliminary estimates of

regions of feasible product compositions for distillation of

non-ideal ternary mixtures. Fig. 5 shows that [emim][EtSO4]

induces a liquid phase heterogeneity over a portion of the

composition triangle, but does not split the components to be

separated into different distillation regions. Therefore, the

suitability of [emim][EtSO4] as an entrainer in extractive

distillation is confirmed, and the corresponding column

sequence can be established. The purpose of the IL is to

separate into its pure components the azeotropic binary

mixture of ETBE and ethanol (F) feeding the process. The

hypothetical ternary mixture formed with the addition of the

IL (M1) is separable in a distillation column, obtaining pure

ETBE and a mixture of ethanol and [emim][EtSO4] (M2). Due

to the negligible vapour pressure of the IL, this mixture will be

easily separated in a flash column, then recycling the IL to the

extractive distillation column.

Simulation

The separation column sequence mentioned in the paragraph

above was simulated using the software HYSYS1 (v3.2)

by Aspen Technology, Inc. (Cambridge, MA, USA). The

corresponding flowsheet is shown in Fig. 6. The first column is

a distillation column, working at atmospheric pressure, with

10 equilibrium stages. Equal mass flows of solvent and feed are

introduced at the second and fifth stages, respectively. The top

product is ETBE totally pure. The bottom product (a mixture

of ethanol and [emim][EtSO4]) is firstly heated at 423.1 K, well

below the decomposition temperature of the ionic liquid and

therefore avoiding such a problem in the proposed purification

system. After this, it is fed to a flash vessel working at reduced
Table 4 Binary interaction parameters (BIPs) and root mean square
deviations (rmsd) from the correlation of the VLE data of the ternary
system ETBE (1) + ethanol (2) + [emim][EtSO4] (3) or the binary
system ethanol (2) + [emim][EtSO4] (3) by the NRTL equation (a =
0.2)

Binary system Ternary system

BIPs Dg12/J mol21 — 707.45
Dg21/J mol21 — 3235.6
Dg13/J mol21 — 21399
Dg31/J mol21 — 11632
Dg23/J mol21 1667.3 1869.3
Dg32/J mol21 1909.8 3816.0

rmsd(T/K) 0.08 0.27
rmsd(P/kPa) 0.001 0.005
rmsd(x1) — 0.0112
rmsd(x2) 0.0046 0.0073
rmsd(y1) — 0.0038
rmsd(y2) 0.0001 0.0038

Fig. 5 Residue curve map for the extractive distillation of a mixture

ETBE + ethanol using [emim][EtSO4] as entrainer.

Fig. 6 Column sequence for the extractive distillation of mixtures

ETBE + ethanol with [emim][EtSO4] as entrainer.

This journal is � The Royal Society of Chemistry 2007 Green Chem., 2007, 9, 247–253 | 251
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pressure (20 kPa). From that vessel are obtained pure

ethanol and [emim][EtSO4] (99.1 mass%), the latter being

recycled to the first column. The process is not optimized

and the output compositions are only approximated because

some of the data used to solve the process (e.g. equilibrium at

20 kPa, heat capacities) were not supported by experimenta-

tion; instead, they were just estimated by the simulator itself,

based on a poor description of the ionic liquid when it was

defined and introduced in the database. Nonetheless, the

ability of the ionic liquid [emim][EtSO4] as azeotrope breaker

in extractive distillation for the separation of the mixture

ETBE + ethanol is corroborated by the simulation test

carried out.

Conclusions

The LLE and VLE for the ternary system ETBE + ethanol +

[emim][EtSO4] were determined. The results, together with the

intrinsic characteristics of [emim][EtSO4], show that this IL

can be successfully used as a solvent in liquid–liquid extraction

or as an entrainer in extractive distillation for the separation of

mixtures of ETBE + ethanol. This would lead to both a more

purified ETBE, ready to use in gasoline blending to achieve

fuels with higher octane index, and, in addition, to an

optimization in the use of the ethanol involved in the synthesis

of the tertiary ether.

IL technology, thanks to the non-volatile nature of the IL

under the operational temperature and pressure conditions,

facilitates downstream separations to recover the IL, and will

avoid its loss to the atmosphere by evaporation. Since cost and

toxicity of [emim][EtSO4] are relatively low, these should not

be unavoidable barriers for its implementation in the processes

at an industrial level. Additional features of [emim][EtSO4],

such as atom efficiency in its synthesis, enhance from an

overall perspective the greener character of the new proposed

processes.

The LLE and VLE data were adequately correlated by the

NRTL equation. Although this model is theoretically devel-

oped for systems not involving electrolytes, a high number of

model parameters leads to an accurate ‘‘mathematical’’

correlation. Research on equilibrium modelling of systems

with ionic liquids, as well as on thermophysical properties of

these neoteric solvents, seems to be an imminent objective for

chemical engineers. The availability of both LLE and VLE

data for the same system, as done in this work, may be

particularly useful in the development and improvement of

theoretical models for ILs.

The good correlation of the experimental data permits them

to be handled them in a computerized fashion. This makes

possible, for instance, their implementation in specialized

software to perform process simulation. Together with the

introduction in such software of a complete set of properties to

characterize the [emim][EtSO4], the simulation of the processes

suggested herein can be run, and help in the design of units and

operation conditions. Simulation could eventually be a useful

tool in choosing between solvent extraction and extractive

distillation to achieve the purification of ETBE. Local

circumstances concerning availability of feedstocks, energy

cost, etc. should be considered in taking the final decision. In

the current work, an example was presented of how simulation

software might be useful for practical purposes.

Experimental

Materials

The synthesis of [emim][EtSO4] was carried out by reaction of

equimolecular quantities of 1-methylimidazole (Aldrich,

.99%, GC) and diethylsulfate (Aldrich, .98%, GC) in

toluene.13,20 A solution of 1-methylimidazole in toluene was

prepared first and then diethyl sulfate was added dropwise

under inert atmosphere. The reaction was done in an ice bath

to prevent the temperature rising above 313 K. As

[emim][EtSO4] is non-soluble in toluene, it was separated from

reagents and solvent and then washed three times with fresh

toluene. Removal of residual volatile compounds in the IL was

carried out first in a rotary evaporator, and later under high

vacuum for 48 h while heating at 353 K with stirring. Synthesis

of [emim][EtSO4] by this method ensures complete absence of

halide ions, whose presence could affect the performance of the

IL in the experiments.21

ETBE with a purity of 99.4%, checked by gas chromato-

graphy, was obtained from the Department of Chemical

Engineering of the University of Barcelona, Spain. Ethanol

with a nominal purity of 99.9% was purchased from Merck.

Several physical properties were measured for all pure

compounds in this work. Results are summarized in Table S.3

in the ESI,{ along with the description of the apparatuses

used to carry out the measurements. Comparisons with

literature values are also shown and good agreement of

the data can be observed, which highlights the quality of the

materials and their potential to generate reliable results in the

experiments.

Since the water content of an IL can dramatically vary its

properties and behaviour,21 it is important to ensure that it is

thoroughly dried. In this case, the water content of

[emim][EtSO4] was found to be as low as 0.01%, measured

by Karl-Fischer titration with a Metrohm 737 KF Coulometer.

The water contents of ETBE and ethanol were also measured,

being 0.03% and 0.04% respectively.

Determination of LLE

For the experimental determination of the LLE tie-lines of

the system studied, ternary mixtures (or just binary, for the

immiscible pair ETBE–IL) with compositions lying in the

immiscible region were introduced inside jacketed glass cells.

The mixtures were kept at constant temperature using water

from a Selecta Ultraterm 6000383 thermostat, whose tempera-

ture was checked by means of a Heraeus Quat 100 thermo-

meter with a precision of ¡0.01 K. All the mixtures were

vigorously stirred for at least 1 hour, and then allowed to settle

for a minimum of 4 hours to guarantee that the equilibrium

state was completely reached. The indicated protocol was

established according to results from preliminary tests. A

sample of each layer in equilibrium was taken using glass

syringes with coupled stainless steel needles. Then the samples

were dissolved in deuterated solvent inside NMR-tubes which

were properly sealed.
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The composition of these samples was determined by proton

nuclear magnetic resonance spectroscopy (1H NMR). The

spectrometer used to perform the analysis was a shielded

magnet Bruker DRX-500. These measurements were estimated

to be precise to ¡0.005 in molar fraction, according to results

from test samples previously prepared by weight. All weighing

involved in the experimental work was carried out in a Mettler

Toledo AT 261 balance, with a precision of ¡0.0001 g.

Determination of VLE

The VLE data were obtained using a Labodest 602 equilibrium

still (Fischer Labor und Verfahrenstechnik, Germany). This

still is equipped with a Fischer digital manometer that

measures pressure to within ¡0.01 kPa and an ASL F250

Mk II Precision Thermometer, operating with a wired PT100

PRT, that maintains the temperature of the system with an

overall accuracy of ¡0.02 K. The Labodest 602 recirculates

both the liquid and vapour phases, and is suitable for the

determination of either isobaric or isothermal VLE data.

Isobaric operation was developed in this work, at a constant

pressure of 101.3 kPa. Contact with water in the open

atmosphere was avoided by flushing the system with gaseous

argon.

The compositions of the phases in equilibrium were

determined by an indirect method based on physical proper-

ties, namely densities and refractive indices. These physical

properties for homogeneous ternary mixtures ETBE + ethanol

+ [emim][EtSO4] at 298.1 K and atmospheric pressure had

been determined in a previous work.22 The determination of

the equilibrium compositions in such way was estimated to be

precise to 0.002 in molar fraction.

Acknowledgements

The authors are grateful to the Ministerio de Educación y

Ciencia (Spain) for financial support through project

PPQ2003-01326. HR also wants to thank them for the award

of the FPI grant with reference BES-2004-5311 under the same

project.

References

1 K. Weissermel and H.-J. Arpe, Industrial Organic Chemistry, VCH,
Weinheim, 3rd edn, 1997.

2 International Energy Outlook 2006, Energy Information
Administration, Office of Integrated Analysis and Forecasting,
U.S. Department of Energy, Washington DC, 2006 (http://
www.eia.doe.gov/oiaf/ieo/index.html).

3 See, for instance: http://www.hydrogen.energy.gov/fuel_cells.html.
4 See, for instance: http://ethanol.org.
5 See, for instance: Directive 2003/30/EC of the European Parliament

and of the Council of 8 May 2003 on the promotion of the use of
biofuels or other renewable fuels for transport, Official Journal of
the European Union, 17 May 2003.

6 P. J. Squillace, D. A. Pope and C. V. Price, Occurrence of the
gasoline additive MTBE in shallow ground water in urban and
agricultural areas, U.S. Geological Survey, National Water Quality
Assessment Program, Rapid City, SD, USA, 1995 (http://sd.
water.usgs.gov/nawqa/pubs/factsheet/fs114.95/fact.html).

7 D. M. T. Newsham, in Science and Practice of Liquid–Liquid
Extraction, ed. J. D. Thornton, Clarendon Press, Oxford, 1992,
vol. 1; Z. Lei, B. Chen and Z. Ding, Special Distillation Processes,
Elsevier, Amsterdam, 1st edn, 2005.

8 Ionic Liquids IIIA: Fundamentals, Progress, Challenges, and
Opportunities, ed. R. D. Rogers and K. R. Seddon, ACS
Symposium Series, Washington, 2005, vol. 901.

9 J. G. Huddleston, H. D. Willauer, R. P. Swatloski, A. E. Visser and
R. D. Rogers, Chem. Commun., 1998, 16, 1765.

10 M. J. Earle, J. M. S. S. Esperança, M. A. Gilea, J. N. Canongia
Lopes, L. P. N. Rebelo, J. W. Magee, K. R. Seddon and
J. A. Widegren, Nature, 2006, 439, 831–834.

11 A. Heintz, J. Chem. Thermodyn., 2005, 37, 525–535.
12 Y. A. Beste, M. Eggersmann and H. Schoenmakers, Chem.-Ing.-

Tech., 2005, 77, 1800; Y. A. Beste, M. Eggersmann and
H. Schoenmakers, Chem.-Ing.-Tech., 2004, 76, 1407; Y. A. Beste,
C. Jork and H. Schoenmakers, Chem.-Ing.-Tech., 2003, 75, 1148.

13 J. D. Holbrey, W. M. Reichert, R. P. Swatloski, G. A. Broker,
W. R. Pitner, K. R. Seddon and R. D. Rogers, Green Chem., 2002,
4, 407.

14 J. D. Holbrey, N. V. Plechkova and K. R. Seddon, Green Chem.,
2006, 8, 411–414.

15 A. Arce, J. Martinez-Ageitos, E. Rodil and A. Soto, ELDATA: Int.
Electron. J. Phys.–Chem. Data, 1998, 4, 135.
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Due to their vast industrial importance, poly(ethylene glycols) [PEGs] have become substances of

major investigations. The hypothesis that aqueous PEG rather than pure PEG may provide

substantially improved physicochemical properties for many industrial applications is addressed.

Solvatochromic electronic absorbance probes are utilized to gather important information about

these systems. Response from a water-soluble betaine dye suggests a decrease in dipolarity/

polarizability and/or hydrogen-bond donating (HBD) acidity as the PEG is added to water. This

is further confirmed by the response of N,N-diethyl-4-nitroaniline, which shows a decrease in

dipolarity/polarizability and, in concert with the response from the betaine dye, a decrease in

HBD acidity as the amount of PEG is increased. Response from 4-nitroaniline combined with

dipolarity/polarizability is used to show that hydrogen-bond accepting (HBA) basicity increases

with the addition of PEG to water. The extent of change in these important physicochemical

properties depends on the PEG molecular mass. A simple mole-fraction weighted solvation model

suggests significant preferential solvation of the betaine dye by PEG molecules in aqueous PEG

solutions.

Introduction

The role of the solvent in chemical reactions is one of

immediate and daily concern to practising chemists.1 The

majority of the solvents used in industry are volatile organic

compounds (VOCs) which have a high vapour pressure and

low water solubility. Lately, there have been efforts from both

academic and industrial research communities to seek neoteric

and plausible greener alternatives to these VOCs.2–8 Among

many such alternatives being explored currently (e.g., super-

critical fluids, room-temperature ionic liquids, etc.), polymers

and aqueous polymer-based solvents are gaining widespread

acceptance.8 As a result, investigations and applications of

polymer-based solutions have increased many fold. Especially,

exploration and assessment of the structural and dynamical

properties of molten polymers and polymer solutions has

become a topic of great interest. In particular, poly(ethylene

glycols) (PEGs) are of great industrial, pharmaceutical, and

biomedical importance due to their physicochemical properties

and high solubility in many solvents, especially water.9–11

PEGs are condensation polymers of ethylene oxide with

water having the general formula H(OCH2CH2)nOH. The

most widespread uses of low-volatile non-toxic PEGs are in

detergents and as emulsifiers and plasticizers.9,10 The wide

range of chain lengths provides physical and chemical proper-

ties for application in many areas, such as polyester resin

preparation to enhance water dispersibility, water-based coat-

ings, anti-dusting in agricultural formulations, brightening

effect and adhesion enhancement in electroplating processes,

coupling agent, humectant, solvent, and lubricant in cosmetics

and personal care bases, dimensional stabilizer in wood

working operations, dye carrier in paints and inks, heat

transfer fluid formulation and de-foamer formulations, low

volatile, water soluble and non-corrosive lubricant without

staining residue in food and package process, mucoadhesive

drug carrier, DNA condensation in aqueous methanol solu-

tions, among others.12,13

Many of the aforementioned and other biomedical applica-

tions of PEG are solely possible due to the high aqueous

solubility of most low molecular mass PEGs. This could be

attributed to the hydrogen-bonding within PEG solutions.14

As a result, a greater understanding of solute–solvent and

solvent–solvent interactions within aqueous PEG solutions

becomes imperative. For example, one of the important

applications of PEGs is in protein precipitation. The intra-

diffusion studies performed in order to understand the

precipitation mechanism of proteins suggested formation of

a network which may be due to the presence of water bridges

between two ether oxygens of the PEG chain. The network is

regarded as an assembly of chains connected together through

hydrogen bonds between H of water and O of PEG and the

stoichiometry is suggested to be 0.5 water molecules for each

ether oxygen.15 The structure is similar to that of cross-linked

polymerized gels.

Towards obtaining a better understanding of the solute–

solvent interactions within aqueous PEG solutions comprised

of varying molecular mass PEGs, we have utilized selected

solvatochromic molecular electronic absorbance probes.16

Depending on the solute–solvent interaction(s) involved,
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solubilizing medium may exert a profound effect on the

position, shape and intensity of a molecular absorption band.

Many of such interactions, e.g., dipolarity/polarizability,

hydrogen bond donating ability, hydrogen bond accepting

ability, etc., are readily manifested through molecular absor-

bance spectra of various solvatochromic probes.17 Further,

specific solute–solvent interaction(s) may result in preferential

solvation of the solute by one of the components in the

solution.18 We present the behaviour of a variety of molecular

absorbance probes when dissolved in aqueous PEG solutions

of different molecular masses. On the basis of these probe

responses, using empirical relationships established in the

literature, dipolarity/polarizability (p*), hydrogen-bond donat-

ing ability (a) and hydrogen bond accepting ability (b) of

aqueous PEG solutions are reported. Finally, the extent of

preferential solvation, if any, is also explored.

It is important to mention some earlier attempts to

investigate aqueous PEG systems. Zaslavsky et al. used a

structurally different betaine dye to probe aqueous PEG

systems (a buffered aqueous phase was used): however,

aqueous PEG systems with lower molecular mass PEGs were

not investigated in the entire concentration range.19 Another

report by Park and co-workers also has the same problem.20

Further, many empirical parameters are not reported for the

aqueous PEGs, rather only neat PEGs constituted the main

systems of interest. Huddleston and Rogers have also

measured similar empirical parameters: however, their inves-

tigations mostly dealt with PEG–salt aqueous biphasic

systems.11,21 Interested readers are referred to pertinent

references provided in ref. 11 for further information on

Huddleston and Rogers work in the related area.

Experimental

Materials. 2,6-Diphenyl-4-(2,4,6-triphenylpyridinium-1-

yl)phenolate [betaine dye 1] and 2,6-dichloro-4-(2,4,6-triphe-

nylpyridinium-1-yl)phenolate [betaine dye 2] were purchased

from Aldrich Chemical Co. in the highest purity possible and

Fluka (¢99% by HPLC), respectively. It is important to

mention that betaine dyes are usually crystallized with

y2 moles of crystal water, and as a result are not close to

100% pure. For spectrophotometric purposes, however, they

can be considered close to 100% pure. 4-Nitroaniline (¢90%)

and N,N-diethyl-4-nitroaniline were purchased from

Spectrochem Co. Ltd. and Frinton Laboratories, respectively.

PEGs of average molecular mass 200, 400, 600 4000, and 6000

were purchased from Central Drug House (CDH) and HPLC

grade water was obtained from Merck. Ethanol (99.9%) was

obtained from sd fine-chem. Ltd.

Method. All probe stock solutions were prepared in ethanol

and stored in amber glass vials at 4 ¡ 1 uC. The required

amounts of probes were weighed using Mettler–Toledo

AB104-S balance with a precision of ¡0.1 mg. Aqueous

PEG solutions with different molecular mass PEGs were

prepared by mass using an Ohaus AR2130 balance with a

precision of ¡1 mg. If required, solutions were gently heated

to 40 uC in a water bath with continuous stirring to obtain a

homogeneous solution at room temperature. An appropriate

amounts of the probe solution from the stock was transferred a

10 mL volumetric flask. The ethanol was evaporated using a

gentle stream of high purity nitrogen gas. PEG, water or

aqueous-PEG solution was added to the volumetric flask to

achieve the desired probe concentration.

A PerkinElmer Lambdabio 20 double beam spectrophot-

ometer with variable band width was used for acquisition of

the UV-vis molecular absorbance data. All the data were

acquired using 1 cm2 path length quartz cuvettes. The spectral

response from appropriate blanks was subtracted before data

analysis. It was observed that Beer’s law was followed for all

four probes within the concentration ranges used in our studies

(i.e., the electronic absorbance values of all probes were within

the linear range of the respective absorbance versus concentra-

tion plots). All the measurements were taken in triplicate and

averaged. All data are acquired under ambient conditions.

Data analysis was performed using Microsoft Excel and

SigmaPlot 8.0 software.

Results and discussion

Behaviour of 2,6-dichloro-4-(2,4,6-triphenylpyridinium-1-

yl)phenolate and ET(33)

2,6-Diphenyl-4-(2,4,6-triphenylpyridinium-1-yl)phenolate (betaine

dye 1) exhibits an unusually high solvatochromic band

shift.22–24 The lowest energy intramolecular charge-transfer

absorption band of the betaine dye 1 is hypsochromically

shifted by ca. 357 nm on going from relatively non-polar

diphenyl ether (lmax y 810 nm) to water (lmax y 453 nm). The

negative solvatochromism of the betaine dye 1 originates from

the differential solvation of its highly polar equilibrium ground

state and the less polar first Franck–Condon excited states

with increasing solvent polarity. There is a considerable charge

transfer from the phenolate to the pyridinium part of the

zwitterionic molecule (see structure in Scheme 1). Because of

its zwitterionic nature, the solvatochromic probe behaviour of

betaine dye 1 is strongly affected by the hydrogen-bond

donating (HBD) acidity of the solvent; hydrogen-bond

donating solvents stabilize the ground state more than the

excited state. Betaine dye 1 is one of the most widely used

probes of its kind: the empirical scale of solvent ‘‘polarity’’,

ET(30), is defined as the molar transition energy of the dye in

kcal.mol21 at room temperature and normal pressure accord-

ing to the expression ET(30) = 28 591.5/lmax in nm. However,

in the present work a derivative of the betaine dye 1, 2,6-

dichloro-4-(2,4,6-triphenylpyridinium-1-yl)phenolate

(Scheme 1, henceforth named betaine dye 2) is used due to

certain advantages over betaine dye 1.25 Firstly, betaine dye 1

has a high pKa value of 8.65 ¡ 0.05, which restricts

measurements to being performed preferably in alkaline

solutions. Secondly, the low solubility (,1026 M) of betaine

dye 1 in water renders it somewhat unsuitable for investigating

aqueous-based solutions.26 Betaine dye 2 has a pKa value

of 4.78 ¡ 0.05 and it remains unprotonated at physiological

pH.

Absorbance spectra of betaine dye 2 were collected in PEG

200, PEG 400, PEG 600, PEG 4000, PEG 6000 and PEG

20000, and aqueous solutions of these PEGs in 10 wt%

This journal is � The Royal Society of Chemistry 2007 Green Chem., 2007, 9, 254–261 | 255
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increments of water at ambient conditions. Fig. 1 shows

absorbance spectra of betaine dye 2 (y100 mM) in aqueous

PEG 600. Similar betaine dye 2 spectral behaviour is observed

in all the other aqueous PEG solutions as well. The well-

established empirical solvent ‘‘polarity’’ parameter, ET(33) (the

molar transition energy of the probe in kcal mol21, ET(33) =

28 591.5/lmax in nm) was calculated and is reported in Table 1.

As expected, a bathochromic shift in lmax [a decrease in

ET(33)] is clearly evident as the wt% of the PEG is increased,

indicating a decrease in the dipolarity and/or HBD acidity of

the solubilizing microenvironment (i.e., the cybotactic region)

around this probe. These results are in accord with those

reported by Zaslavsky et. al.19 for buffered water as they

established earlier that the static dielectric constant of water in

aqueous solutions of PEG 6000 decreases directly with the

PEG concentration.27 Further, as the PEG molecular mass is

increased in going from PEG 200 to PEG 600, ET(33) in neat

PEG decreases, again indicating decreased dipolarity and/or

HBD acidity of the solubilizing microenvironment for the

probe with PEG molecular mass (a decrease in ET(33) of

10.3 ¡ 0.2, 12.6 ¡ 0.2, and 14.0 ¡ 0.2 kcal.mol21 from neat

water to PEG200, PEG400, and PEG600, respectively, is

observed). Surprisingly, a fair-to-good linear correlation is

observed between ET(33) and wt% PEG for each PEG, as

indicated by the results of the linear regression analysis

(Table 2). A close inspection reveals the slopes to be higher

for higher PEGs, i.e., PEG 600, PEG 4000, PEG 6000,

indicating higher sensitivity of the probe response as the wt%

of PEG is increased for higher molecular mass PEGs. Similar

outcomes were reported by Zaslavsky et. al.19, albeit with a

significant difference. Their results show a linear behaviour

only up to a limiting PEG concentration, after which the slope

increases (the limiting concentration for all PEGs is ,40 wt%).

Their results with another probe, thymol blue, however,

showed linear behaviour up to around 30 wt% PEG for PEG

6000. As was mentioned earlier, whole concentration range

was not investigated by these authors even for lower molecular

mass PEGs. Tentatively, we can attribute these differences to

the fact that the structures of the two probes are different

along with the fact that buffered water was used in their

studies.

Significantly poor r2 values were recovered from the linear

regression analysis of ET(33) versus PEG mole fraction

(Table 2, the mole fractions of PEG are calculated using the

mean molecular mass of the corresponding PEG). As was

suggested in the literature,28,29 the concentration scale may

be recalculated in terms of monomer molar fraction, x9,

defined as

x0~
nOE

nOEznw
(1)

nOE being the mean number of oxyethylene units of PEG

chains in solution and nw the number of water molecules.

The linear regression analysis of ET(33) versus x9 shows

Scheme 1 Structures of betaine dyes 1 and 2.

Fig. 1 Normalized absorbance spectra of betaine dye 2 [y100 mM] in

aqueous PEG 600.

Table 1 ET(33) values (kcal mol21) within aqueous PEG solutions.
Maximum standard deviation associated with the ET(33) of
¡0.20 kcal mol21 is observed within neat water

PEG (wt%) PEG 200 PEG 400 PEG 600 PEG 4000 PEG 6000

0% 69.96 69.96 69.96 69.96 69.96
10% 69.91 68.73 68.73 67.59 68.48
20% 69.57 67.43 67.59 66.41 67.59
30% 68.56 66.34 66.49 65.35 66.72
40% 66.80 65.13 65.13 64.54 65.43
50% 64.91 63.12 63.68 63.19 63.54
60% 63.68 62.70 62.70 61.55 61.49
70% 62.56 61.36 61.22 60.32 60.38
80% 61.71 59.32 59.75 Opaque Opaque
90% 60.79 58.83 58.23 Opaque Opaque
100% 59.65 57.36 55.95 Solid Solid
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some improvement in r2 values: however, a linear behaviour,

for all analytical purposes, cannot be suggested. Sur-

prisingly, the slope increases as the PEG molecular mass is

increased.

Further, solute–solvent interaction for betaine dye 2 and

aqueous PEG is also manifested through the broadening in the

electronic absorption band in going from neat water to neat

PEG—increases in FWHMs of 22.6 ¡ 0.8, 34.6 ¡ 0.8 and

36.6 ¡ 0.8 nm are observed for PEG 200, PEG 400, and PEG

600, respectively. This is conceivable as the less dipolar (with

respect to the ground state) excited state of this probe would

perhaps encounter enhanced interactions with its milieu as the

dipolarity of the cybotactic region is decreased. Further, a

greater decrease in ET(33) with increasing PEG molecular mass

is also understandable as there are more ethylene oxide

moieties on each polymer unit, giving rise to lower dipolarity

and/or HBD acidity. A more interesting observation, however,

is the extent of the difference in the spectral behaviour between

PEG200/PEG400 and PEG400/PEG600. The changes in both

ET(33) and FWHM are more drastic for the former. These

results may be explained on the combined effect of the

presence of shorter oxyethylene chains as well as a larger

number of terminal polar OH functionalities in PEG 200 as

compared with PEG 400 and PEG 600 (the number of termini

OH groups decreases in the ratio 6:3:2 for PEG 200, PEG 400,

and PEG 600, respectively). While the longer oxyethylene

chains may provide a cybotactic region with decreased

dipolarity, the presence of more OH termini will impart

enhanced hydrogen bond donating acidity along with

increased dipolarity. A cumulative effect will result in lower

ET(33) and higher FWHM as the PEG molecular mass is

increased.

Preferential solvation as indicated by betaine dye 2 [ET(33)]

The study of physicochemical properties that depend on

solute–solvent interactions is much more complex in mixed

solvent systems than in pure solvents.30–33 On one hand, the

solute can be preferentially solvated by any of the solvents

present in the mixture: on the other, solvent–solvent interac-

tions can strongly affect solute–solvent interactions. Studying

solute–solvent interactions by means of solvatochromic

probes is both simple and convenient.18,34 Preferential

solvation arises whenever the bulk mole fraction solvent

composition is different from the solvation microsphere

solvent composition. The response of spectroscopic probes is

dependent upon the composition of the solvation microsphere

and therefore provides a convenient means to measure the

extent of preferential solvation. Most spectroscopic probe

techniques assume an idealized situation where solvent–

solvent interactions can be neglected and the measured

spectral response, R, in a binary solvent mixture is given

by18,34–38

R = YAR0
A + (1 2 YA)R0

B (2)

a weighted local mole fraction of the probe’s spectral response

in the two pure solvents, R0
A and R0

B. Here YA and (12YA)

refer to the solvation sphere composition, which, in the case of

preferential solvation, may be quite different from the overall

bulk liquid-phase composition.

Considering spectral response as ET(33), we have

calculated the YPEG for PEG 200, PEG 400, and PEG 600

(calculations were not possible for higher molecular mass

PEGs due to the lack of ET(33) in neat PEG). Figs. 2 and 3

present YPEG versus mole fraction PEG and YPEG versus x9,

respectively, for PEG 200, PEG 400, and PEG 600. It is clear

that YPEG . mole fraction PEG at most PEG concentrations

for all three PEG systems. It can be deduced that the probe

betaine dye 2 is significantly preferentially solvated by the

PEG molecules. It is conceivable that the non-polar function-

alities of the probe are inducing this effect (see probe structure

in Scheme 1). Further, the extent of preferential solvation

increases rapidly and reaches a maximum before gradually

decreasing again (see Fig. 2). The highest extent of preferential

solvation is observed in the 0.15–0.22 mole fraction PEG

region for all three PEGs investigated. The extent of

preferential solvation, on the average, is decreased if the

similar analysis is carried out with x9 instead of mole fraction

PEG. The trend is very similar nonetheless (Fig. 3). It is

important to remind the reader that the calculations are based

on ET(33) in neat PEGs, whereas x9 is defined in terms of

oxyethylene units.

Empirical Kamlet–Taft parameters

Additional insight into these aqueous PEG systems can be

provided using Kamlet–Taft solvatochromic indicators of

solvent dipolarity/polarizability (p*), HBD acidity (a), and

hydrogen bond accepting (HBA) basicity (b).39–42

The p* parameters were estimated from the absorption

maximum (nDENA, in kK) of N,N-diethyl-4-nitroaniline

(DENA), a non-hydrogen bond donor solute, using:

p* = 8.649 2 0.314 vDENA (3)

b values were determined from the enhanced solvatochromic

shift of 4-nitroaniline (NA) relative to its homomorph

Table 2 Results of linear regression analysis for ET(33) versus wt% PEG, ET(33) versus mole fraction PEG, and ET(33) versus x9 for aqueous PEG
systems

ET(33) vs. wt% PEG ET(33) vs. mole fraction PEG ET(33) vs. x9

r2 Slope r2 r2 Slope

PEG 200 0.9769 20.1152 ¡0.0018 0.6059 0.9097 211.4566 ¡0.3627
PEG 400 0.9952 20.1272 ¡0.0010 0.4740 0.9263 212.5997 ¡0.3572
PEG 600 0.9930 20.1350 ¡0.0011 0.4927 0.9674 213.6941 ¡0.2526
PEG 4000 0.9870 20.1290 ¡0.0022 0.8754 0.9597 218.3958 ¡0.5440
PEG 6000 0.9825 20.1377 ¡0.0011 0.9218 0.9826 220.1026 ¡0.3865
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N,N-diethyl-4-nitroaniline, 2Dn(DENA–NA)/kK, resulting in

eqn. (4).

b = 20.357vNA 2 1.176p* + 11.12 (4)

a parameters were in turn calculated from ET(30) and p*

values.

a = 0.061ET(30) 2 0.885p* 2 1.837 (5)

ET(30) were calculated from ET(33). For this, both ET(30) and

ET(33) were obtained in 20 different solvents and the following

relationship was obtained from the linear regression analysis:

ET(30) = 0.9953 (¡0.0287) ET(33) 2 8.1132 (¡1.6546)

R = 0.9926, standard error of estimate = 0.8320, n = 20 (6)

As expected, a gradual hypsochromic shift in DENA lmax

([DENA] y 25 mM) accompanied by a reduction in FWHM is

observed as the amount of PEG is increased (data not shown).

Calculated p* are presented in Figs. 4 and 5. For PEG 200,

PEG 400, and PEG 600, a systematic decrease in p* is

observed with increasing amount of PEG (Fig. 4). For PEG

4000 and PEG 6000, however, the trend in p* is not as

systematic; upon addition of PEG to water an overall trend of

decrease in p* may be suggested (Fig. 5). For neat PEG 200,

PEG 400 and PEG 600, as the molecular mass of the PEG is

increased, p* is decreased (p* = 0.915 ¡ 0.009, 0.867 ¡ 0.010

and 0.838 ¡ 0.008 for PEG 200, PEG 400, and PEG 600,

respectively). This could be attributed to the increase in less

dipolar longer oxyethylene chains on higher molecular mass

PEGs. It is important to mention that these results are in

contradiction with what is reported by Park et. al.20 For PEG

8000 in the concentration range 0–30 wt%, their p* probes did

not show any solvatochromic shifts. This is surprising as all the

betaine dye results also confirm a decrease in dipolarity/

polarizability and/or HBD acidity as the amount of PEG is

increased in the solution. Further, they also report their p* to

be essentially the same regardless of PEG molecular mass.

Again, our results, along with those by Zaslavsky et. al.,19

using various betaine dyes, suggest otherwise. No change in p*

Fig. 2 Solvation sphere composition of PEG (YPEG) calculated from

eqn. (2) (closed circles) and [YPEG 2 mole fraction PEG] (open circles)

versus mole fraction PEG. Continuous line indicates ideal behaviour.

Fig. 3 Solvation sphere composition of PEG (YPEG) calculated from

eqn. (2) (closed circles) and [YPEG 2 monomer molar fraction PEG

(x9)] (open circles) versus x9. Continuous line indicates ideal behaviour.
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with addition of water and changing PEG molecular mass, as

reported by Park et. al., is difficult to comprehend.

Next, further information is obtained through the estima-

tion of ideal p* values. Ideal p* are estimated as weighted mole

fraction averaged values and as weighted x9 averaged values

(dashed and dotted curves in Fig. 4, respectively). It is clear

that while the estimated values using mole fraction PEG are

not in good agreement with the measured p*, the ones using x9

provided fairly reasonable agreement. This further emphasizes

the role played by the oxyethylene units in the dipolarity/

polarizability of aqueous PEG systems.

The measured HBA basicity (b) is presented in Figs. 5 and 6

([NA] y 25 mM). It is clear from the data that b increases as

wt% PEG is increased. This could be easily attributed to the

fact that each PEG molecule offers more hydrogen bond

accepting centres (two HOCH2CH2 and, depending on PEG

molecular mass, many CH2CH2OCH2CH2) than water. As a

consequence, the measured b are closer to the ideal b

calculated using weighted x9 averaged values than the ideal b

calculated from weighted mole fraction averaged values

(Fig. 6). The observation that measured b are always higher

than the calculated ideal b from weighted x9 averaged values

could be tentatively attributed to the difference in the

hydrogen bond accepting ability of the terminal OH and the

oxyethylene moieties. Again, for PEG 4000 and PEG 6000, b

also increases with increase in PEG amount in the solution

(Fig. 5, ideal b could not be calculated due to the lack of b in

neat PEG 4000 and PEG 6000, respectively). It is important to

mention here that, to our surprise, analyses by Park and co-

workers20 again show no changes in the b value upon addition

of PEG to water. We are unable to offer an explanation for

this at present. The p* and b values reported by them in neat

PEG are very similar to our values nonetheless.

Finally, the HBD acidities (a) were calculated for each of the

aqueous PEG systems using eqns (5) and (6) and are plotted in

Figs. 7 and 8. For neat PEGs our a values are in good

agreement with those reported by Park and co-workers;20

similar to our results, they also report a decrease in a as more

and more PEG is added to the water. However, they have

calculated a only up to 40 wt% PEG in water. A careful

examination of a reported in Figs. 7 and 8 reveals some

interesting information. First, as the PEG molecular mass

increases, a in neat PEG decreases. This could be attributed to

the fact that although every PEG molecule possesses two HBD

sites at the termini (the ability of oxyethylene hydrogens for

HBD can be considered negligible), there would be a lower

number of HBD sites for longer PEG chains around a probe

molecule in its cybotactic region. Second, as the amount of

PEG is increased, a decreases. This is easy to comprehend as

water is one of the best HBD solvents. It appears that the

decrease in a is not as drastic at higher PEG weight fractions as

in aqueous solutions with lower amounts of PEG. Further,

ideal a are calculated using PEG mole fractions and x9 (long

dashed and dotted curves in Fig. 7, respectively). It is clear

Fig. 4 Dipolarity/polarizability (p*) (closed circles) versus wt% PEG

in aqueous PEG. Dashed and dotted curves represent ideal p*

calculated using mole fractions and monomer molar fractions, x9,

respectively.

Fig. 5 Dipolarity/polarizability (p*) (closed circles, dashed lines) and

hydrogen-bond accepting basicity (b) (open circles, continuous lines)

versus wt% PEG for PEG 4000 and PEG 6000 in aqueous PEG.

This journal is � The Royal Society of Chemistry 2007 Green Chem., 2007, 9, 254–261 | 259

D
ow

nl
oa

de
d 

on
 1

0 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 1
8 

D
ec

em
be

r 
20

06
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
60

32
10

A
View Online

http://dx.doi.org/10.1039/B603210A


from the plot that the experimental a values do not conform to

any of the two calculated ideal a. Of the two ideal a, the one

calculated using x9 is closer to the experimentally observed a

nonetheless.

Conclusions

Solvatochromic molecular electronic absorbance probes

have furnished important information regarding the solute

solvation and properties of aqueous PEG systems with varying

PEG molecular mass. It is demonstrated that the commonly

used ET scale linearly decreases with PEG weight fraction.

This decrease in ET value is a combined effect of the decrease

in the dipolarity/polarizability and the HBD acidity of the

aqueous PEG. HBA basicity, on the other hand, increases

with increasing PEG. A simplistic solvation model suggests

the betaine dye used in the investigation to be preferentially

solvated by PEG in the aqueous PEG solution. The

outcomes of these investigations may be used to better model

chemical and biological processes within aqueous PEG

systems. This may further help to enhance the potential

overall use and applications of these environmentally-benign

systems.
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Liquid–liquid equilibria of binary systems containing a room-temperature ionic liquid (1-butyl-3-

methylimidazolium 2-(2-methoxyethoxy)-ethylsulfate [BMIM][MDEGSO4], with: a hydrocarbon

(n-hexane, cyclohexane, or benzene); a ketone (pentan-3-one, nonan-5-one or cyclopentanone); an

alcohol (methanol, ethanol, butan-1-ol or octan-1-ol); 1,1-dimethylpropyl methyl ether or water

were measured at normal pressure by a dynamic method from 287 K to the boiling point of the

solvent or to 373 K. This paper includes thermophysical basic characterization of pure ionic

liquid, obtained via differential scanning calorimetry (DSC), temperature of decomposition,

temperature of glass phase transition, and heat capacity at half the Cp extrapolated temperature.

The solubility of [BMIM][MDEGSO4] in ketones decreases with an increase of the molecular

weight of the ketone and is much higher in cycloketones than in a linear ketone. The solubility of

the investigated IL is higher in aromatic hydrocarbons than in cyclic or linear hydrocarbons with

the same number of carbon atoms. As a result of its strong interactions with alcohols,

[BMIM][MDEGSO4] shows complete miscibility with methanol, ethanol, butan-1-ol and octan-1-

ol above 293 K. The experimental results of LLE have been correlated using the binary

parameters of the non-random two liquid (NRTL) equation. The average root-mean-square

deviation for the equilibrium mole fraction for all the calculated values was found to be 0.0031.

Introduction

Ionic liquids (ILs) are promising media to replace toxic and

volatile organic solvents in industrial processes. They have

negligible vapour pressures and are in the liquid state over a

wide temperature range.1 Another very important feature of

ionic liquids is that their physicochemical properties depend

upon both the cation and the anion structure, which provides

the opportunity to design a solvent having certain properties

(for example melting temperature, density, viscosity, liquidus

range, etc.) for specific applications. Replacement of an

organic solvent by an ionic liquid increases selectivity, yield

and speed of reaction in many cases.2–4

To design any process involving ionic liquids on an

industrial scale it is necessary to know a range of basic

thermophysical properties such as: temperature and enthalpy

of melting; temperature and enthalpy of phase transition; heat

capacity; viscosity; density and some thermodynamic proper-

ties including vapour–liquid equilibrium (VLE), liquid–liquid

equilibrium (LLE), solid–liquid equilibrium (SLE) and activity

coefficients at infinite dilution. Thermophysical properties and

equilibrium data are also important to better understand the

nature of ionic liquids and to develop thermodynamic models

such as UNIFAC(Do).5 In recent work,6 the liquid–liquid

phase equilibria for another ionic liquid/organic solvent system

have been reported and a review of the literature in the field

presented with possible aggregates also discussed for the

different systems.

This work is a continuation of our previous studies on

liquid–liquid equilibrium in binary systems containing various

ionic liquids and organic solvents.7–14 The liquid–liquid

equilibrium of many binary systems containing 1-hexyloxy-

methyl-3-methylimidazolium tetrafluoroborate, [C6H13OCH2-

MIM][BF4] and 1-hexyloxymethyl-3-methylimidazolium

bis(trifluoromethylsulfonyl)-imide, [C6H13OCH2MIM][Tf2N]

with aliphatic hydrocarbons, aromatic hydrocarbons, cyclo-

hexane, alcohols, ketones, or water have been determined.7,8

The impact of various factors on the phase behaviour of

alkoxy-imidazolium-based ionic liquids with hydrocarbons has

been reported.8 All the systems examined showed upper critical

solution temperature (UCST) behaviour, with low solubility of

the IL in n-alkanes and cycloalkanes and high solubility in

aromatic hydrocarbons. An increase in the alkyl chain length

of a n-alkane, or an increase in the alkyl chain length of

substituent group on a benzene ring resulted in an increase in

the UCST. The choice of anion was shown to have a large

impact on the UCST of these systems, by changing the

anion from [Tf2N]2 to [BF4]2 the solubility dramatically

decreased and the UCST increased.7 The solubility of the

dialkoxy-imidazolium salts: 1,3-dihexyloxymethyl-imidazo-

lium tetrafluoroborate, [(C6H13OCH2)2IM][BF4] and

1,3-dihexyloxymethyl-imidazolium bis(trifluoromethylsulfonyl)-

imide, [(C6H13OCH2)2IM][Tf2N] in hydrocarbons, alcohols

and in water have previously been measured.7 Most of the

examined systems showed immiscibility in the liquid phase at

the upper critical solution temperature, or complete miscibility
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of the IL with polar solvents at room temperature. An increase

in the alkyl chain length of the alcohol resulted in an increase

in the UCST as observed in previous work for imidazolium,

ammonium or pyridinium ionic liquids.1,7,9,11,13 The increasing

interaction between the IL and the solvent was undoubtedly

the result of the specific interaction between the oxygen on the

alkoxymethyl group of the cation with the solvent. The

resulting increase in solubility was achieved by replacing a

methyl group with a second alkoxy- group on the imidazolium

ring.7

In this study, we investigated the liquid–liquid equilibrium

of 1-butyl-3-methylimidazolium 2-(2-methoxyethoxy)-ethyl-

sulfate with hydrocarbons, ketones, 1,1-dimethylpropyl methyl

ether (tert-amyl methyl ether, TAME), water and alcohols. In

our previous work the activity coefficients at infinite dilution

for various solutes in this ionic liquid have been measured.15

For comparison with our previous work,7,8 the alkoxy groups

are attached to the anion of the ionic liquid.

The structure of the ionic liquid under study is presented

below:

Results and discussion

The investigated IL shows a high temperature of decomposi-

tion and the value of 632 K corresponds to 57% mass loss. The

decomposition of the compound progresses in one step. The

shape of the decomposition curve and the decomposition

temperature are similar to the ionic liquid [BMIM][CH3SO4],

which we have previously investigated (see Fig. S1 of the

ESI{).12 From differential scanning calorimetry data, the

temperature of glass phase transition and the heat capacity at

half the Cp extrapolated temperature were measured and was

determined to be 199.32 K and 192.9 J mol21 K21, respectively.

In this work the liquid-phase behaviour for a number of

binary ionic liquid–organic solvent systems were determined.

Table S1 of the ESI includes direct experimental results of the

equilibrium temperature, T versus x1, the mole fraction of the

IL for the investigated systems.{ For some systems the binodal

curve, Tb (recorded with increasing temperature) and the

cloud point curve, Tc (observed during cooling) are presented.

Fig. 1–4 show the liquid–liquid phase diagrams (binodal

curves) of the investigated systems. The left-hand limits of the

equilibrium curves are very close to zero mole fraction of IL,

i.e. x1 # 1024.

Complete miscibility at temperatures higher than 293 K

was observed for the binary systems containing

[BMIM][MDEGSO4] with methanol, ethanol, butan-1-ol and

octan-1-ol. In previous work complete miscibility was found

for solutions of: [MMIM][CH3SO4] with an alcohol (methanol,

ethanol, or butan-1-ol) and with water, solutions of

[BMIM][CH3SO4] with: an alcohol (methanol, ethanol,

butan-1-ol, hexan-1-ol, octan-1-ol or decan-1-ol) and with

water and also for solutions of [BMIM][OcSO4] with an

alcohol (methanol, butan-1-ol, hexan-1-ol, octan-1-ol or

decan-1-ol) at a temperature of 310 K.13,14 The immiscibility

in the liquid phase with UCST was observed in binary systems

containing 1-hexyloxymethyl-3-methylimidazolium tetrafluor-

oborate, [C6H13OCH2MIM][BF4], or 1-hexyloxymethyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)-imide,

[C6H13OCH2MIM][Tf2N] and alcohols.8 In binary systems

with the dialkoxy-imidazolium salts: 1,3-dihexyloxymethyl-

imidazolium tetrafluoroborate, [(C6H13OCH2)2IM][BF4])

and 1,3-dihexyloxymethyl-imidazolium bis(trifluoromethyl-

sulfonyl)-imide, [(C6H13OCH2)2IM][Tf2N] with alcohols,

complete miscibility in the liquid phase was observed over

the liquidus curve (solid–liquid equilibrium).7 It is evident that

it is mainly the sulfate group of the anion that is responsible

for the strong interaction when the polar solvent is either

alcohol or water.

The maximum of the curves (upper critical solution

temperature), was not observed for the systems under study

in this work, as the boiling temperature of the solvent was

lower (dashed lines in Fig. 1 and Fig. 3). The shape of the

equilibrium curve was similar for every measured system.

Unfortunately, it was impossible to detect visually the mutual

solubility of the IL with the solvent in the solvent rich phase

for the investigated system. From our previous measure-

ments7–9 and COSMO-RS predictions12,13 it is known that the

concentrations at equilibrium temperatures are very low with

x1 # 1024. Fig. 1 shows the liquid phase behaviour for the

investigated IL with benzene, cyclohexane and hexane. From

Fig. 1, it is clear that the solubility of the IL in benzene is

greater than its solubility in either cyclohexane or hexane. This

result is in very good agreement with the values of

experimental activity coefficients at infinite dilution, c‘
13 and

Fig. 1 Liquid–liquid equilibrium diagrams for {x1 [BMIM]

[MDEGSO4] + (1 2 x1) hydrocarbon}: m, n-hexane; &, cyclohexane;

$, benzene; dotted line designated boiling temperature of a solvent;

thin solid line calculated by the NRTL equation (see text).
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with calculated selectivity at infinite dilution, S‘
298:15K for

hexane–benzene which is equal to 39.7.15 For the aromatic

compounds, the values of c‘
13 are small (2.04 at 298.15 K), the

value of c‘
13 being greater for toluene than for benzene. The

value of c‘
13 for methanol is even smaller than for the aromatic

hydrocarbons (0.34 at 298.15 K). It appears that the more

polar the solute, the greater is the interaction with the ionic

liquid and the smaller the value of c‘
13 becomes.15 Benzene

(with its six p-delocalized electrons) presumably interacts

through p–p interactions with the cation, or anion species.

Methanol with its single lone pair of electrons can form strong

intermolecular interactions with the cation moiety of the ionic

liquid and the oxygen atoms of the IL’s anion (hydrogen

bonding). The results show that methanol interacts signifi-

cantly stronger with the ionic liquid (complete miscibility with

alcohols in this work) than does benzene. The expected strong

p–p interaction between benzene and the imidazolium ring

causes a small immiscibility gap in the liquid–liquid equili-

brium. The difference in solubility for cyclohexane and hexane

in [BMIM][MDEGSO4] is small, with the solubility of

cyclohexane greater than that of hexane. It can be simply

explained by a packing effect, the cyclohexane molecule having

a smaller molecular volume than that of the hexane molecule.

In this work the solubility of other n-alkanes, cycloalkanes

and aromatic hydrocarbons in [BMIM][MDEGSO4] were not

measured because the influence of the length of the alkyl group

in these compounds has been studied and discussed pre-

viously.7,8,10–14 Additionally, from the activity coefficient at

infinite dilution, c‘
13, measurements,15,16 it is clear that the

solubility of n-alkanes, cycloalkanes and aromatic hydrocar-

bons in [BMIM][MDEGSO4] decreases with increasing alkyl

chain in the hydrocarbon. A similar trend was observed for

[BMIM][MDEGSO4] + a linear ketone (Fig. 2) with the

solubility of pentan-3-one being greater than that of nonan-5-

one in the IL. Fig. 2 shows the large effect that the structure of

the ketone has on solubility. The solubility of cyclopentanone

in IL is greater than the solubility of pentan-3-one in the same

ionic liquid. In the latter case not only has the molecular

volume an influence, but also the very similar structure of

cyclopentanone to the imidazolium ring produces an affect on

solubility. The cyclopentanone molecule composed of a five-

segment hydrocarbon ring and a polar keto-group can strongly

interact with the cationic imidazolium ring of the IL. Strong

dipole–dipole interactions between the solvent and solute and

the cyclic moiety cause enhanced mutual solubility.

The immiscibility gap for the system [BMIM][MDEGSO4] +

TAME is very large as may be seen with reference to Fig. 3.

TAME is used as an octane booster in gasoline blending and in

the production of TAME methanol is used in excess and must

be separated after synthesis. Our measurements show that the

investigated IL can successfully be used to separate methanol

from TAME. The feasibility of using other ILs in the

separation of ethanol from TAEE and ETBE has been studied

by Arce et al.17–20

The mutual solubility of [BMIM][MDEGSO4] with water is

shown in Fig. 4 and it may be seen that the miscibility gap is

very small. The strong interaction of water with the anion

and cation cause complete miscibility in the region x1 = 0.1 to

x1 = 1.

Experimental

Materials

The origins of the chemicals (in parentheses Chemical Abstract

registry numbers, the manufactures reported, and mass percent

purities) were as follows: [BMIM][MDEGSO4] (595565-54-1,

Solvent Innovation GmbH, .98%); n-hexane (110-54-3,

Fluka, 99%); cyclohexane (110-82-7, Fluka, 99%); benzene

(71-43-2, Aldrich, 99.9%); methanol (67-56-1, Aldrich, 99.8%);

ethanol (64-17-5, Aldrich, 99.5%); butan-1-ol (71-36-3,

Aldrich, 99.8%); octan-1-ol (111-87-5, Fluka, 99.7%);

Fig. 3 Liquid–liquid equilibrium diagram for {x1 [BMIM]

[MDEGSO4] + (1 2 x1) tert-amyl methyl ether}: $, experimental

points; dotted line designated boiling temperature of the solvent; solid

line calculated by the NRTL equation (see text).

Fig. 2 Liquid–liquid equilibrium diagrams for {x1 [BMIM]

[MDEGSO4] + (1 2 x1) ketone}: m, cyclopentanone; $, pentan-3-

one; &, nonan-5-one; thin solid line calculated by the NRTL equation

(see text).
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pentan-3-one (96-22-0, Fluka, 99.5%); cyclopentanone

(120-92-3, Fluka, 99.5%); nonan-5-one (502-56-7, Aldrich,

98%); tert-amyl methyl ether (994-05-8, Aldrich, 97%). ILs

were dried 24 h at 300 K in a vacuum before use. All solvents

were fractionally distilled over different drying reagents to

mass fraction purity better than 99.8% and were stored over

freshly activated molecular sieves of type 4A (Union Carbide).

All compounds were checked by GLC analysis and no

significant impurities were found. Analysis, using the Karl

Fischer technique, showed that the water content in solvents

was less than 0.02 mass percent. Sample of ionic liquids used in

the experiment have been checked regularly concerning water

content using Karl Fischer titration. In all cases, the content of

water was less than 160 ppm.

Decomposition of compounds

Simultaneous thermogravimetry/differential thermal analysis

(TG/DTA) experiments were performed using a MOM

Derivatograph–PC (Hungary). Generally, runs were per-

formed using matched labyrinth platonic crucibles with

Al2O3 in the reference pan. The crucible design hampered

the migration of volatile decomposition products, reducing the

rate of gas evolution and, in turn, increasing contact time of

the reactants. The TG/DTA curves were obtained at a heating

rate of 5 K min21 with a dynamic nitrogen atmosphere (flow

rate of 20 dm3 h21). Temperatures of decomposition and

percentages of mass loss are presented in Fig. S1 of the ESI.{

Differential scanning microcalorimetry (DSC)

The glass transition temperature and heat capacity at half Cp

extrapolated temperature were measured by a Perkin-Elmer

Pyris 1 differential scanning calorimetry (DSC), apparatus.

Measurements were carried out at a scan rate of 10 K min21,

with a power sensitivity of 16 mJ s21 and a recorder sensitivity

of 5 mV. Each time the instrument was used, it was calibrated

with the 99.9999 mol% purity indium sample. The calorimetric

accuracy was ¡1%, and the calorimetric precision was ¡0.5%.

Liquid–liquid phase equilibria apparatus and measurements

Liquid–liquid equilibrium temperatures were determined using

a dynamic method as described in detail previously.10

Appropriate mixtures of IL and solvent were placed, under

nitrogen in a drybox, into a Pyrex glass cell and heated or

cooled very slowly (less than 2 K h21 near the equilibrium

temperature), with continuous stirring inside the cell. The

mixture was then placed in a glass thermostat filled with water.

A sample of known composition was heated until it became

one phase (binodal curve) then cooled until two phases

appeared (cloud point curve), these measurements were

repeated three to five times. The temperature was measured

with an electronic thermometer P 550 (DOSTMANN electro-

nic GmbH) with the probe totally immersed in the thermo-

stating liquid. The thermometer was calibrated on the basis of

ITS-90. The accuracy of the temperature measurements was

judged to be ¡0.01 K. Mixtures were prepared by mass, and

errors did not exceed x1 = 0.0002 and T1 = 0.1 K in mole

fraction and temperature, respectively. The LLE measure-

ments were limited at the upper temperature by the boiling

temperature of the solvent or thermostating liquid. The results

of the solubility measurements are presented in Table S1 of the

ESI.{

Modelling

In addition to the experimental curves (binodal cures), all IL/

organic solvent systems with liquid–liquid phase behavior were

correlated using the binary parameters nonrandom two-liquid

equation21 for a mixtures of two components. From our

previous measurements7–9 and COSMO-RS predictions12,13

the mole fraction at equilibrium temperatures of the dilute

ionic liquid solutions were assumed to be x1 = 1024.

The solute activity coefficients, c1, of the saturated solutions

were correlated by the NRTL model describing the excess

Gibbs energy21

GE

RT
~x1x2

t21G21

x1zx2G21
z

t12G12

G12x1zx2

� �
(1)

t12 = (g12 2 g22)/RT (2)

t21 = (g21 2 g11)/RT (3)

G12 = exp(2a12t12) (4)

G21 = exp(2a12t21) (5)

ln c1ð Þ~x2
2 t21

G21

x1zx2G21

� �2

z
t12G12

x2zx1G12ð Þ2

" #
(6)

Model adjustable parameters (g12–g22) and (g21–g11) were

found by minimization of the objective function OF:

OF~
Xn

i~1

Dx1ð Þ2i z Dx�1
� �2

i

h i
(7)

Fig. 4 Liquid–liquid equilibrium diagram for {x1 [BMIM]

[MDEGSO4] + (1 2 x1) water}: $, experimental points; dotted line

designated boiling temperature of the solvent; thin solid line calculated

by the NRTL equation (see text).
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where n is the number of experimental points and Dx is defined

as

Dx = xcalc. 2 xexp. (8)

The root-mean-square deviation of mole fraction was

defined as follows:

sx~

Pn
i~1

Dx1ð Þ2i z
Pn
i~1

Dx�1
� �2

i

2n{2

0
BB@

1
CCA

1=2

(9)

Table 1 shows the adjustable parameters and root-mean-

square deviations for the constant nonrandomness factor, a =

0.3. The modelled binodal curves reproduced the experimen-

tally observed data to a satisfactory degree (Fig. 1–4).

Conclusion

In this work the liquid–liquid phase behaviour of the

imidazolium ionic liquid with different organic solvents is

presented. Due to the differences in solubility, the IL used in

this work has attracted significant attention as a potential

solvent for industrial applications. The significant differences

in the mutual solubility of [BMIM][MDEGSO4] with alkanes

and aromatic hydrocarbons indicate that the IL may be

considered as a possible alternative solvent for aliphatic/

aromatic extraction. Complete miscibility of the investigated

IL with methanol and the huge miscibility gap in the system

with TAME indicates that [BMIM][MDEGSO4] may success-

fully be utilised in the separation of methanol from TAME.

Acknowledgements

Funding for this research was provided by the Polish

Ministry of Education and Sciences for the Joint Project of

Polish-South African Scientific and Technological

International Cooperation (grant 504/G/1020/0602/0613).

References

1 J. M. Crosthwaite, M. J. Muldoon, S. N. V. K. Aki, E. J. Maginn
and J. F. Brennecke, J. Phys. Chem. B, 2006, 110, 9354–9361.

2 T. Welton, Coord. Chem. Rev., 2004, 248, 2459–2477.
3 R. Sheldon, Chem. Commun., 2001, 23, 2399–2407.
4 J. Dupont, R. F. de Souza and P. A. Z. Suarez, Chem. Rev., 2002,

102, 3667–3692.
5 R. Kato and J. Gmehling, J. Chem. Thermodyn., 2005, 37,

603–619.
6 J. L/ achwa, J. Szydl/ owski, A. Makowska, K. R. Seddon,

J. M. S. S. Esperanca, H. J. R. Guedes and L. P. N. Rebelo,
Green Chem., 2006, 8, 262–267.

7 U. Domańska and A. Marciniak, Fluid Phase Equilib., 2006, DOI:
10.1016/j.fluid.2006.07.005.
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13 U. Domańska, A. Pobudkowska and F. Eckert, J. Chem.
Thermodyn., 2006, 38, 685–695.
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A detailed investigation on the production of chlorine-free benzaldehyde in the solvent-free

oxidation of benzyl alcohol by O2 over nano-gold supported on U3O8 has been carried out.

Influence of different catalyst parameters (different methods of gold deposition on U3O8, gold

loading and particle size, and catalyst calcination temperature) and reaction conditions (reaction

period and temperature) on the process performance has been studied. The catalyst containing

gold at higher concentration and with smaller gold particles showed the better process

performance (higher benzyl alcohol conversion and benzaldehyde yield or selectivity). The benzyl

alcohol conversion is largely increased but the selectivity for benzaldehyde is slightly decreased

(while that of benzyl benzoate is increased) with increasing the reaction period or temperature. In

the presence of solvent (viz. tolune, p-xylene, DMF or DMSO), the process performance was

found to be inferior to that observed in the absence of any solvent. Substituted benzyl alcohols

also can be oxidized by O2 to corresponding aldehydes with high yield and/or selectivity, using the

catalyst in the absence of any solvent.

1. Introduction

Unlike the gas phase oxidation of toluene, chlorine-free

benzaldehyde can be produced by the liquid phase oxidation

of benzyl alcohol without loss of carbon in the form of CO2, a

green house gas. A large amount of toxic waste is produced in

the conventional preparation of benzaldehyde by reacting

benzyl alcohol with stoichiometric or excess amounts of

potassium or ammonium permanganate in aqueous acidic

medium.1 In order to avoid the use of organic solvent, a use

of supercritical carbon dioxide as an effective reaction medium

to perform the oxidation of primary and secondary aliphatic

alcohols to corresponding carbonyl compounds with chromium

trioxide supported silica has been reported.2 In this case, the

chromic oxide acts as an oxidizing agent. A use of environmen-

tally clean oxidizing agent, such as H2O2 or more preferably O2,

but in the presence of organic solvent, has been reported earlier

for the benzyl alcohol-to-benzaldehyde oxidation using differ-

ent solid catalysts.3–9 Solvent-free oxidation of benzyl alcohol to

benzaldehyde by TBHP, using the easily separable/reusable

MnO4
2 exchanged hydrotalcite or transition metal containing

layered double hydroxide as a catalyst, has also been reported

earlier.10,11 The use of TBHP as the oxidizing agent, however,

leads to the formation of tert-butanol as a by-product in the

oxidation. To make the liquid phase benzyl alcohol-to-

benzaldehyde oxidation process environmentally clean/green,

it should be carried out in the absence of any solvent, using a

clean oxidizing agent (e.g. O2 or H2O2), preferably using

molecular oxygen for favorable process economics.

Recently, in our preliminary communication,12 we have

reported a totally green process for the solvent-free selective

benzyl alcohol-to-benzaldehyde oxidation by molecular oxy-

gen (at close to atmospheric pressure), using an easily

separable/reusable nano-gold catalyst supported on different

metal oxides (particularly the Au/MgO, Au/Al2O3, Au/ZrO2

and Au/U3O8 catalysts), prepared by a homogeneous deposi-

tion precipitation (HDP) method for depositing nano-gold on

the supports. Among the supported nano-gold catalysts, the

Au/U3O8 showed the best performance in the process.12 Later,

Hutching and coworkers also reported the solvent-free

oxidation of benzyl alcohol to benzaldehyde by O2 using

Au–Pd/TiO2 catalyst.13

In this paper, we report our detailed investigation on the

solvent-free selective oxidation of benzyl alcohol to benzalde-

hyde by O2 over Au/U3O8 catalyst, which showed the best

process performance (among the different supported nano-

gold catalysts) in our preliminary work reported earlier.11

Influence of the method of gold deposition, gold loading and

calcination temperature of the catalyst on the benzyl alcohol

conversion and benzaldehyde selectivity in the process has

been investigated. The influence of the reaction conditions (viz.

reaction time and temperature) on the process performance

has also been studied. Use of the catalyst in the solvent-free

oxidation of substituted benzyl alcohols by O2 to correspond-

ing aldehydes has also been investigated.

2. Experimental

2.1 Preparation and characterization of Au/U3O8 catalysts

The Au/U3O8 catalysts were prepared by different methods for

depositing gold on U3O8 support by impregnation, deposition
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precipitation, homogeneous deposition precipitation and co-

precipitation methods, as follows [in all the four methods, the

gold available for its deposition/incorporation in the catalyst

was the same (8.0 wt% of the support)]:

(i) Deposition of gold on U3O8 by impregnation (IMP). The

Au/U3O8 (IMP) catalyst was prepared by contacting the U3O8

(2.0 g) with concentrated aqueous solution of HAuCl4?3H2O

(Thomas Baker Chem. Ltd., Mumbai, India), evaporating the

extra liquid on water bath, drying at 100 uC for 12 h and finally

calcining the solid in air at 400 uC for 2 h. The uranium oxide

(U3O8) was obtained by hydrolyzing uranyl nitrate

[UO2(NO3)2?6H2O] (BDH, Mumbai) by aqueous ammonia

(30%), washing the resulting precipitate, drying and then

calcining at 500 uC for 4 h in air. The catalyst was denoted as

Au/U3O8 (IMP).

(ii) Deposition of gold on U3O8 by deposition precipitation

(DP). The Au/U3O8 (DP) catalyst was prepared by contacting

the U3O8 under stirring with aqueous NaOH solution

containing HAuCl4?3H2O at a pH of 7.0 and 70 uC for 1 h,

aging the mixture at 30 uC for 1 h, filtering and thoroughly

washing the solid with deionised water, drying and calcining

the dried solid in air at 400 uC for 2 h. The catalyst was

denoted as Au/U3O8 (DP). The deposition precipitation

method was developed earlier by Haruta and coworkers14

for depositing nano-gold on metal oxide support.

(iii) Deposition of gold on U3O8 by homogeneous deposition

precipitation (HDP). The Au/U3O8 (HDP) catalyst was

prepared by the HDP method described elsewhere.15–17 The

U3O8 (2.0 g) was contacted under stirring with aqueous

solution of urea (5.19 g) containing HAuCl4?3H2O (0.32 g).

The temperature of the reaction mixture was gradually

increased up to 95 uC and maintained for 6 h. Thereafter,

the mixture was aged at 30 uC for 12 h and then the solid was

filtered, thoroughly washed with deionised water, dried at

90 uC for 12 h and finally calcined in air at 400 uC for 2 h. The

catalyst was denoted as Au/U3O8 (HDP).

(iv) Preparation of Au/U3O8 by co-precipitation (CP). The

appropriate quantities of uranyl nitrate, [UO2(NO3)2?6H2O],

and aqueous gold chloride solution were taken in a three-

necked round bottom flask and diluted with 200 ml distilled

water. This solution was then heated to 60 uC. The pH and

temperature of the solution was monitored continuously. An

aqueous solution of Na2CO3 (0.5 N) was added drop-wise to

the heated solution until the pH of the solution reached 8.0.

The stirring was continued further for 1 h at 60 uC. The

reaction mixture was aged overnight at room temperature,

filtered, washed thoroughly with distilled water (500 ml 6
8 times), dried at 90 uC for 12 h and finally calcined in air at

400 uC for 2 h. The catalyst was denoted as Au/U3O8 (CP).

The U3O8 used in the above first three methods was

prepared by hydrolyzing uranyl nitrate at a pH . 8.0, filtering,

washing and drying the precipitate and then calcining in air at

400 uC for 2 h.

The catalysts were characterized for their Au content by

ICP-OES (using a Perkin-Elmer analyzer) and also for their

Au particle size by the XRD peak (at 2h = 38.2u) broadening

[using a Philips X-ray diffractometer (1730 series) and Cu Ka

radiation]. The surface area of the Au/U3O8 catalysts was

measured by the single point N2 adsorption method (using a

surface area analyzer, Quanta Chrome, USA).

2.2 Catalytic oxidation reaction

The liquid phase oxidation of benzyl alcohol over the

supported Au catalysts, was carried out in a magnetically

stirred reactor (capacity: 10 cm3), provided with a mercury

thermometer (for measuring the reaction temperature) and

reflux condenser, at the following general reaction conditions:

reaction mixture = 29 mmol benzyl alcohol (or substituted

benzyl alcohol) + 0.1 g catalyst, temperature = 130 uC,

pressure = 1.5 atm, and reaction time = 5 h. Unless otherwise

mentioned, the reaction was carried out at the above general

conditions. For studying the solvent effects, 5.0 ml of solvent

(toluene, p-xylene, DMF or DMSO) were added to the

reaction mixture. After the reaction, the reaction mixture

was filtered, the solid catalyst was washed with hot toluene,

and the reaction products and unconverted reactants from the

filtrate were analyzed by gas chromatograph with flame

ionisation detector, using a SE-30 column and N2 as a carrier

gas. Under the prevailing reaction conditions, no oxidation of

solvent (toluene or xylene) was observed.

The conversion, product selectivity and product yield were

calculated as follows: conversion (%) = [(moles of reactant

converted) 6 100] 4 [(moles of reactant in feed], product

selectivity (%) = [(moles of product formed) 6 100] 4 [(moles

of reactant converted] and product yield (%) = (percentage of

reactant converted to a particular product) or [conversion (%)

6 product selectivity (%) 4 100].

3. Results and discussion

Influence of the method of gold deposition, gold loading and

calcination/pretreatment temperature of the catalyst (prepared

by the HDP method), and also that of the reaction conditions

(viz. absence or presence of different solvents, temperature and

reaction period) have been studied on the conversion of benzyl

alcohol and selectivities for benzaldehyde and benzyl benzoate

in the benzyl alcohol oxidation over Au/U3O8 catalyst. The

results are presented in Fig. 1–5 and Table 1. Influence of the

catalyst preparation/pretreatment temperature on the surface

properties (viz. surface area and gold particle size) and also on

the turn-over-frequency (TOF), expressed as the rate of the

reaction per unit mass of the catalyst or the deposited Au per

unit time, is shown in Table 2. Results of the solvent-free

oxidation of different substituted benzyl alcohols to their

corresponding aldehydes are presented in Table 3.

3.1 Influence of the method of gold deposition

The results in Fig. 1 show a strong influence of the method of

gold deposition on the catalyst performance in the solvent-free

benzyl alcohol oxidation. The catalyst performance (benzalde-

hyde yield) observed for the different methods of gold

deposition/catalyst preparation is in the following order:

HDP . DP . CP . IMP.
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For the catalysts prepared by the different methods, the

benzaldehyde selectivity was found to be more or less the same

but they differ in their benzyl alcohol conversion activity,

either because of the difference in their Au particle size or due

to different gold loadings (Table 2).

The Au/U3O8 (HDP) showed the best performance. The

lowest performance of the Au/U3O8 (IMP), having similar

gold loading (8.0 wt%), is mostly attributed to its larger Au

particle size, and consequently to its lower gold surface area.

Whereas, the lower gold loading is responsible for the lower

activity of the Au/U3O8 (CP) and Au/U3O8 (DP) catalysts

containing smaller gold particles. When, the same amount of

gold (8 wt% of U3O8) was available for its incorporation in the

catalysts, the gold deposited by the DP and CP methods was

appreciably lower than that of the HDP; in the later (HDP)

method, the gold deposition is complete (i.e. 100% of the

available gold).

In our earlier communication,12 the Au/U3O8 (HDP)

catalyst showed excellent reusability in the reaction (after the

1st, 3rd and 5th reuse of the catalyst, the benzaldehyde yields

Fig. 1 Performance of the Au/U3O8 catalysts (calcined at 400 uC),

prepared by the different gold deposition methods, in the solvent-free

oxidation of benzyl alcohol (at 130 uC).

Fig. 2 Effect of the Au loading in the Au/U3O8 (HDP) catalyst

(calcined at 400 uC) on the conversion and selectivity in the solvent-free

oxidation of benzyl alcohol (at 130 uC).

Fig. 3 Influence of the calcination temperature of the Au(8 wt%)/

U3O8 (HDP) catalyst on the solvent-free oxidation of benzyl alcohol

(at 130 uC).

Fig. 4 Effect of the reaction time on the conversion and selectivity in

the solvent-free oxidation of benzyl alcohol (at 130 uC) over the

Au(8 wt%)/U3O8 (HDP) catalyst (calcined at 400 uC).
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were 50, 50.3 and 49.8%, respectively) and the reaction was

found to be essentially catalyzed by the heterogeneous

supported gold catalyst (when the catalyst from the reaction

mixture was removed after the initial reaction period of 30 min,

there was no further appreciable increase in the conversion or

yield).

All the further work was, therefore, carried out using the cata-

lyst prepared by depositing gold on U3O8 by the HDP method.

3.2 Influence of gold loading

The results in Fig. 2 show that, with increasing the Au loading

in Au/U3O8 (HDP) catalyst, its benzyl alcohol oxidation

activity is increased markedly, almost linearly, while its

selectivity for benzaldehyde is decreased due to the simulta-

neous formation of benzyl benzoate; the decrease in the

benzaldehyde selectivity is, however, smaller.

It may be noted that the deposition of gold on the U3O8

support by the HDP method was quantitative; even no traces

of gold was detected in the filtrate. This is most probably

expected because of the strong adsorption of positively

charged gold complexes under the basic conditions.

Formation of [Au(urea)4]Cl3?2H2O and/or [Au2(NH2)2Cl2-

(NCO)(OH)]?H2O complexes18 has been observed earlier in the

presence of urea at room temperature and 90 uC, respectively.

Under the basic conditions of the HDP, the surface of U3O8

support becomes negatively charged [this is expected because

of the fact that the pH corresponding to the isoelectric point of

U3O8 (#4.0) is much lower than the actual pH of the system].

The adsorption of positively charged Au complexes on the

U3O8 support is, therefore, facilitated, leading to a complete

deposition of gold from the solution.

The results (Fig. 2) also reveal that the selectivity of

benzaldehyde is decreased with increasing the benzyl alcohol

conversion. This is because of the fact that benzaldehyde is an

intermediate product. The overall benzyl alcohol oxidation

process involves the reaction pathway presented in Fig. 6.

Since, no net formation of benzoic acid was observed over the

Au/U3O8 catalysts and other metal oxide supported Au

catalysts,11 the benzoic acid reacts instantly with benzyl

alcohol, which is available in much higher concentration,

forming benzyl benzoate.

Fig. 5 Influence of the reaction temperature (reaction time = 5 h) on

the conversion and selectivity in the solvent-free oxidation over the

Au(8 wt%)/U3O8 (HDP) catalyst (calcined at 400 uC).

Table 1 Results for the oxidation of benzyl alcohol by molecular oxygen over the Au(8 wt%)/U3O8 (HDP) catalyst in the absence and presence of
different solvents

Solvent used Temp./uC Conversion (%)

Selectivity (%)

Benzaldehyde yield (%) TOFa/mol g21
(Au) h21Benzaldehyde Benzylbenzoate

Nil 130 53.0 95.0 5.0 50.4 0.37
Nil 110 40.5 96.5 3.5 39.1 0.29
Toluene 110 27.0 86.6 13.4 23.4 0.17
p-Xylene 110 45.0 82.5 17.5 37.1 0.27
DMF 135 49.6 72.0 28.1 35.7 0.26
DMSO 130 15.7 99.5 0.5 15.6 0.11
a Rate of the formation of benzaldehyde per unit mass of the deposited gold per unit time.

Table 2 Surface area and Au particle size of the Au/U3O8 catalysts prepared by different methods (Au available for deposition on U3O8 =
8.0 wt%) and turn-over frequency (TOF) of the catalysts in the benzylalcohol-to-benzaldehyde oxidation

Method of catalyst
preparation

Concentration of Au
in the catalyst (wt%)

Calcination
temp./uC

Surface
area/m2 g21

Particle size
of Au/nm

TOFa

/mol g21
(cat) h21 /mol g21

(Au) h21

Impregnation 8.0 400 6.2 34.6 0.010 0.13
Co-precipitation 4.7 400 5.2 12.2 0.016 0.35
DP 5.1 400 8.0 19.1 0.017 0.34
HDP 8.0 400 6.5 14.2 0.029 0.37
HDP 8.0 600 5.0 — 0.016 0.20
HDP 8.0 900 3.8 33.2 0.012 0.15
a Rate of the formation of benzaldehyde per unit mass of the catalyst or deposited gold per unit time.
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3.3 Influence of catalyst calcination temperature

The results in Fig. 3 show a strong influence of the

temperature, at which the Au(8 wt%)/U3O8 (HDP) catalyst

(after the gold deposition) was calcined, on the performance of

the catalyst in the oxidation. With increasing calcination

temperature, both the catalytic activity (benzyl alcohol

conversion) and benzaldehyde selectivity pass through a

maximum, while the selectivity for the benzyl benzoate

formation is passed through a minimum, at the catalyst

calcination temperature of 400 uC. This shows that the catalyst

shows best performance when it is calcined at 400 uC. The

lower performance of the catalyst at higher calcination

temperatures (600 and 900 uC) is because of the increased

gold particle size (Table 2) and consequently due to the

decreased gold surface area. However, the lower catalyst

performance at the lower calcination temperatures (100 and

200 uC) may be due to the presence of moisture in the catalyst.

3.4 Influence of reaction time

When the reaction period is increased from 1 to 10 h, the

benzyl alcohol conversion and the selectivity for benzyl

benzoate are increased but the selectivity for benzaldehyde is

decreased (Fig. 4). The decrease in the benzaldehyde selectivity

is attributed to the increase in the rate of benzyl benzoate

formation due to the increase in the conversion of benzyl

alcohol with increasing the reaction period. The benzaldehyde

selectivity decrease is, however, quite small.

It is interesting to note that, at the lower reaction periods,

the conversion is increased almost exponentially with the time,

indicating autocatalytic conversion of benzyl alcohol. This is

expected because of the fact that the benzoic acid formed in the

oxidation reacts instantly with the reactant (benzyl alcohol),

thereby increasing the benzyl alcohol conversion with the

formation of benzyl benzoate.

3.5 Influence of reaction temperature

As expected, the influence of reaction temperature on the

benzyl alcohol conversion is very strong (Fig. 5). However, the

selectivity for benzaldehyde or benzyl benzoate is influenced

appreciably only when the temperature is increased from

130 uC to 160 uC. Even at the higher temperature (160 uC), no

net formation of benzoic acid was observed.

As observed in the earlier studies (Fig. 2 and Fig. 4), the

benzaldehyde selectivity was decreased with increasing the

benzyl alcohol conversion, further confirming benzaldehyde as

an intermediate product as shown in the reaction scheme

(Fig. 6).

3.6 Influence of the presence of solvent

The results in Table 1 clearly reveal that, the benzyl alcohol-to-

benzaldehyde oxidation process shows the best performance in

the absence of any solvent. Both the conversion and

benzaldehyde selectivity in the oxidation in the presence of

toluene, p-xylene, DMF (dimethylformamide) or DMSO

(dimethylsulfoxide), as a solvent, are lower than that observed

in the absence of any solvent.

The observed lower benzyl alcohol conversion activity of the

catalyst in the presence of different solvents is mostly

attributed to the competitive adsorption between the solvent

and benzyl alcohol on the catalyst and thereby occupying part

of the active sites of the catalyst by the adsorbed solvent

molecules.

3.7 Oxidation of substituted benzyl alcohols

Results of the solvent-free oxidation of different substituted

benzyl alcohols to corresponding aromatic aldehydes over the

Au/U3O8 (HDP) are presented in Table 3.

The results reveal that, apart from benzyl alcohol, sub-

stituted benzyl alcohols can also be oxidized by molecular

oxygen to their corresponding aldehydes with good to high

selectivity and conversion in the absence of any solvent, using

the environmentally-friendly, easily separable and reusable

Au/U3O8 (HDP) catalyst. The catalytic activity in the

oxidation, however, depends upon the substitutent group in

the benzyl alcohols. For 4-methoxy benzyl alcohol, the catalyst

Table 3 Results for the solvent-free oxidation of different benzyl alcohols by molecular oxygen over the Au(8 wt%)/U3O8 (HDP) catalyst
(calcined at 400 uC)

Substrate Conversion (%)

Selectivity (%)

TOFa/mol g21
(Au) h21Aldehyde Ester Aldehyde yield (%)

3-NO2PhCH2OH 40.8 98.5 1.5 40.2 0.30
3-PhOPhCH2OH 42.5 98.0 2.0 41.7 0.31
4-MeOPhCH2OH 67.0 92.5 7.5 62.0 0.46
PhCH2CH2OH 42.1 43.0 57.0 18.0 0.13
a Rate of the formation of benzaldehyde per unit mass of the deposited gold per unit time.

Fig. 6 Reaction scheme for the benzyl alcohol-to-benzaldehyde

oxidation over Au/U3O8 catalyst.
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shows both high activity and high benzaldehyde selectivity.

Whereas, for PhCH2CH2OH, the catalyst shows good activity

but comparable selectivity for both aldehyde and benzyl

benzoate. For 3-nitro- or 3-hydroxy-benzyl alcohol, the

catalyst shows high aldehyde selectivity at a good conversion

(Table 3).

4. Conclusions

Chlorine-free benzaldehyde can be produced by an environ-

mentally-friendly solvent-free liquid phase oxidation of benzyl

alcohol with molecular oxygen, even at low pressure (1.5 atm),

using nano-gold supported U3O8, particularly prepared by the

homogeneous deposition precipitation method. The Au/U3O8

(HDP) is a highly promising, easily separable and reusable

catalyst for the solvent-free selective oxidation process. There

is an optimum catalyst calcination temperature (400 uC) for

achieving the highest benzyl alcohol conversion and benzalde-

hyde selectivity. The better process performance (i.e. higher

benzaldehyde yield and selectivity) is achieved when the

catalyst contains gold at higher concentration and also with

smaller particle size.

With increasing reaction period or temperature, the benzyl

alcohol conversion is increased markedly, but there is a small

decrease in the selectivity for benzaldehyde and a small

increase in the formation of benzyl benzoate. In the presence

of commonly used solvent (toluene, p-xylene, dimethyl

formamide or dimethyl sulfoxide), the process performance

(both the benzaldehyde yield and selectivity) is found to be

inferior to that observed in the absence of any solvent.

The Au/U3O8 (HDP) is also a highly promising catalyst for

the solvent-free oxidation of substituted benzyl alcohols by O2

to corresponding aldehydes and/or esters with their good

selectivity and yields.
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By using the Ph- and Al-functionalized MCM-41 (Ph–Al-MCM-41) as a support, a new and

powerful Pd/Ph–Al-MCM-41 catalyst was designed and used in iodobenzene (Ar–I) Ullmann

coupling reaction with the attempt to develop new routes of clean organic synthesis by using water

instead of organic solvents as the reaction medium. The as-prepared Pd/Ph–Al-MCM-41

exhibited higher activity, better selectivity to biphenyl (Ar–Ar) and stronger durability than other

supported Pd catalysts and the maximum Ar–Ar yield reached 79.8% at the optimum Ph/Al/Si

molar ratio (15/1/60). Meanwhile, the Pd/Ph–Al-MCM-41 catalyst could be recycled 5 times,

indicating the good stability, especially good hydrothermal stability. According to various

characterizations, such as FTIR, XRD, TEM, ICP, NMR, N2 sorption isotherms, the correlation

of the catalytic performance to the structural characteristics of the Pd/Ph–Al-MCM-41 was

discussed. Besides the high dispersion of Pd active sites on the surface and the easy diffusion in the

pore channels of the Ph–Al-MCM-41 owing to the mesoporous structure, the higher activity of

the Pd/Ph–Al-MCM-41 could be attributed to the increase of both the surface hydrophobicity

resulting from Ph-modification and the surface Lewis acidity owing to the Al-modification, which

were favorable for the adsorption of the Ar–I molecules, and thus enhanced the activity. The

surface hydrophobicity could also account for the promotion on the selectivity to Ar–Ar by the

Ph-modification, since less water could enter the pore channels, which was favorable for Ar–I

dehalogenation to form the Ar–H byproduct. The promoting effect of the Al-modification on the

selectivity was limited since the Lewis acidic site could adsorb Ar–I molecules in two modes, which

were favorable for both the coupling reaction to form Ar–Ar and dehalogenation to form Ar–H.

The hydrothermal stability test demonstrated that both the Ph-groups and Al-dopants could

stabilize the mesoporous structure in aqueous solution, which could account for the strong

durability of the Pd/Ph–Al-MCM-41 catalyst.

1. Introduction

Organic solvents are widely used in the fine chemical and

pharmaceutical industries as media for reactions or as

solutions for product isolation. The use of large quantities of

organic solvents obviously causes environmental problems

because volatile organic compounds are a principal cause of

industrial pollution. To reduce the use of organic solvents, a

great number of attempts have been made to develop new

routes for conducting organic reactions in the aqueous

solution, since water could be considered as the cleanest and

safest substance on Earth. At the present stage, most of the

aqueous medium organic reactions involve the use of homo-

geneous catalysts due to the solubility limitation.1,2 Although

homogeneous catalysts in general have a high reactivity, their

applications are still quite limited. They may not be recovered

easily, which obviously increases cost and also leads to heavy-

metal pollution in water. In addition, the water-soluble

homogeneous catalysts often exhibit poor intermiscibility with

the organic substrates, and thus phase-transferring catalysts

are frequently employed. Heterogeneous catalysts could be

easily separated from the products and used repetitively,3,4 but

their lower activity or/and selectivity seems a problem. One of

the promising ways is to deposit active sites on the supports

with mesoporous structure, since the high surface area may

ensure the high dispersion of active sites while the large pores

may facilitate the diffusion of reactant molecules from bulk

solution onto the catalyst surface. The traditional mesoporous

silica materials, such as MCM-41, SBA-15,5,6 usually exhibit

poor adsorption for organic substrates in aqueous medium due

to the hydrophilic surface. The preparation of the inorganic

support modified with organic groups could improve the

surface hydrophobicity, which may promote the entrance,

diffusion and adsorption of organic reagents on the active sites

within the pore channels, resulting in higher catalytic activity

and selectivity.7–9 Meanwhile, the improvement of stability of

the mesoporous structure, especially the hydrothermal stability

during aqueous organic reactions, should also be consid-

ered.10,11 In this paper, we report the synthesis of a novel

mesoporous Ph–Al-MCM-41 used as the support for deposit-

ing metallic Pd particles, with an attempt to improve both

the hydrophobicity and hydrothermal stability by surface
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modification with Ph-groups and Al-dopants in the frame-

work. The catalytic performance of the as-prepared Pd/Ph–Al-

MCM-41 was examined in an aqueous-medium iodobenzene

(Ar–I) Ullmann reaction, an important type of organic

reaction widely used in the fine chemical, agrochemical

and pharmaceutical industries.12,13 The correlation of

catalytic properties to the structural characteristics is discussed

briefly.

2. Experimental

2.1 Catalyst preparation

The Ph–Al-MCM-41 was prepared according to following

procedure: an aqueous solution containing TEOS, phenyltri-

methoxysilane (PTMS), NaAlO2, n-tetradecyltrimethylammo-

nium bromide (CTMABr), NaOH and tetramethylammonium

hydroxide (TMAOH), with a molar ratio of TEOS : PTMS :

NaAlO2 : CTMABr : NaOH : TMAOH : H2O = 1 : 0.25 : x :

0.23 : 0.30 : 0.17 : 125, was kept stirring for 20 h at 25 uC and

then heated at 120 uC for 72 h. After being filtered, water-

washed, and dried in vacuum at 80 uC for 24 h, the surfactant

template and other organic residues were removed by

extracting in 1.0 M HCl–EtOH solution at 80 uC 4 times,

followed by drying under vacuum at 80 uC for another 10 h.

The Al-content was adjusted by changing the NaAlO2 amount

in the initial mixture and was denoted as Ph–Al-MCM-41–x,

where x = Si/Al molar ratio.

The Pd/Ph–Al-MCM-41 catalyst was prepared by impreg-

nating the as-prepared Ph–Al-MCM-41 with a PdCl2 aqueous

solution containing 1.67 wt% Pd at 25 uC for 24 h, followed by

drying in air at 100 uC and activating in 10% H2/N2 at 200 uC
for 3 h. For comparison, the Pd/MCM-41 and Pd/Ph-MCM-

41 catalysts were also prepared in a similar way by using

MCM-41 and Ph-MCM-41 supports, respectively.

2.2 Characterization

Small-angle X-ray diffraction (XRD) measurements were

performed on a Rigaku D/maxrB diffractometer with CuKa

X-ray. N2 sorption isotherms were measured with a

Quantachrome NOVA 4000e analyzer, based on which, the

surface area (SBET) was calculated by using the multiple-point

Brunauer–Emmett–Teller (BET) method in the relative pres-

sure range of P/P0 = 0.05–0.25, and the pore size distribution

curves, together with the average pore size (dP) and the pore

volume (VP), were obtained according to the Barrett–Joyner–

Halenda (BJH) model. Transmission electron microscopy

(TEM) images were obtained on a JEOL JEM2011 electron

microscope. X-ray photoelectron spectroscopy (XPS) measure-

ments were performed on a Perkin–Elmer PHI 5000CESCA

system with a base pressure of 1029 Torr. All the binding

energies were calibrated by using the contaminant carbon

(C1S = 284.6 eV) as a reference. FT-IR spectra were recorded

with a Nicolet Magna 550 IR spectrometer. Temperature-

programmed reduction (TPR) and hydrogen chemisorptions

analysis were conducted on a Quantachrome CHEMBET-

3000 system. 13C MAS NMR, 29Si MAS NMR and 27Al MAS

NMR spectra were recorded on a Bruker DRX-400 NMR

spectrometer.

2.3 Activity test

The Ar–I coupling reaction (Ullmann reaction) was used as a

probe to examine performance of the as-prepared Pd-based

catalysts. Under present conditions, only two products were

identified during Ar–I Ullmann coupling reaction over

different Pd-based supported catalysts. One is the target

product biphenyl (Ar–Ar) resulting from the coupling reaction

of Ar–I. The other is the side-product benzene resulting from

dehalogenation of Ar–I to Ar–H. Thus, the reaction mechan-

ism could be simply described in Scheme 1 (ref. 14), where

HCOONa was used to reduce Pd(II) for the catalyst regenera-

tion and KOH was used to neutralize the HI resulted from the

reduction of PdI2.

In a typical run of activity tests, 4.46 mmol Ar–I, 10 ml H2O,

0.50 g catalyst with Pd-loading of 6 wt%, 1.1 g HCOONa and

1.4 g KOH were mixed in a 50 ml round-bottomed flask. The

mixture was well stirred so that the diffusion effect could be

neglected. After reaction at 100 uC for 10 h, the mixture was

filtrated and then extracted with toluene. The products were

analyzed by GC analysis (Agilent 1790) equipped with a JW

DB-5, 95% dimethyl 1-(5%)-diphenylpolysiloxane column and a

FID detector. The column temperature was programmed from

100 uC to 250 uC at a ramp speed of 15 uC min21. N2 was used as

carrier gas. All tests were repeated at least three times, and it was

found that the experimental errors were within ¡5%.

In order to determine the catalyst durability, the Pd/Ph–Al-

MCM-41 catalyst was allowed to settle and filtered after each

run of reactions, followed by washing thoroughly with diethyl

ether, water and diethyl ether, respectively. After being dried in

vacuum for 8 h, the catalyst was re-used a with fresh charge of

solvent and reactants for subsequent recycle runs under the

same reaction conditions. The content of Pd species leached off

from the Pd/Ph–Al-MCM-41 heterogeneous catalyst in each

run was determined by ICP analysis.

The hydrothermal stability was examined by refluxing

the aqueous solution containing one of the as-prepared

supports at 100 uC for desired time, followed by structural

characterizations.

3. Result and discussion

The FTIR spectra (Fig. 1) revealed that, besides the

absorbance peaks indicative of the MCM-41 sample at 3500,

Scheme 1
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1474, 600, 456 and 1000–1300 cm21, corresponding to n(O–H),

d(O–H), v(O–H), nas(Si–O) and d(Si–O) vibrations, both the

Ph–Al-MCM-41 and the Ph-MCM-41 samples displayed

additional peaks indicative of the n(C–H), d(C–H) and

n(C–C) vibrations from the benzene ring at 3100–3000, 690–

740 and 1450–1460 cm21, respectively. These results demon-

strated the successful incorporation of the Ph-group in the wall

of MCM-41.15 The peak characteristic of the n(Si–C) vibration

at 1160–1170 cm21 could not be clearly distinguished since it

was overlapped by the peak corresponding to the nas(Si–O) in

the network of MCM-41. It was found that the peak intensity

at 3500 cm21 decreased abruptly in the order of MCM-41,

Ph-MCM-41 and Ph–Al-MCM-41, possibly due to the substi-

tution of surface OH groups by Ph-groups and Al-dopants.

The incorporation of the Ph-groups and Al-dopants into the

MCM-41 network could be further confirmed by solid NMR

spectra. As shown in Fig. 2a, the 29Si MAS NMR spectrum

revealed that the Ph–Al-MCM-41 displayed three resonance

up-field peaks corresponding to Q4 (d = 2111 ppm), Q3 (d =

2102 ppm), and Q2 (d = 295 ppm), and two down-field peaks

corresponding to T3 (d = 280 ppm) and T2 (d = 272 ppm),

respectively,16,17 where Qn = Si(OSi)n–(OH)42n (n = 2–4) and

Tm = RSi(OSi)m–(OH)32m (m = 1–3).18 The presence of Tm

peaks confirmed the formation of Si–C bonding, i.e., the

successful incorporation of the organic silane moieties as a

part of the silica wall structure. The Tm/(Tm + Qn) ratio in the

Ph–Al-MCM-41 sample was determined as 0.21, almost the

same as the PTMS/(PTMS + TEOS) molar ratio in the initial

mixture (0.20), suggesting that nearly all the PTMS incorpo-

rated with the TEOS, i.e., the loss of PTMS during the co-

condensation could be neglected. Meanwhile, the 13C CPMAS

NMR spectrum, shown in Fig. 2b, clearly displayed two peaks

around 134 and 127 ppm, indicative of the C atoms in the

benzene ring bonding with the MCM-41.19 The 27Al MAS

NMR spectra (Fig. 2c) further confirmed that the Al-dopants

in the Ph–Al-MCM-41 samples were present in two modes

depending on the Al-content. At low Al-content (Ph–Al-

MCM-41–60), only one NMR peak around 45 ppm, indicative

of the tetrahedral Al, was observed, suggesting that almost all

the Al-dopants were incorporated in the framework of the

MCM-41. However, at high Al-content (Ph–Al-MCM-41–10),

most of Al-dopants were present in the form of octahedral

coordination, corresponding to an NMR signal around 0 ppm,

while only a small fraction of Al-dopants were present in the

form of tetrahedral coordination, corresponding to an NMR

signal around 48 ppm. This indicates that, at high Al-content,

most Al-dopants were anchored on the outer surface rather

than incorporated in the framework of the MCM-41.20

The XRD patterns (Fig. 3) revealed that the Ph–Al-MCM-

41 exhibited a well resolved (100) diffractional peak around

2h = 2.4u indicative of the hexagonal mesoporous structure.21

The decrease of the peak intensity and the disappearance of

peaks characteristic of (110) and (200) diffractions around 2h =

3–6u suggested that the ordered mesoporous structure was

partially damaged after incorporation of Ph-groups and

Al-dopants, since their interactions with the micelles may

disturb the cooperative assembly of silica and CTMABr into a

highly ordered mesostructure.22 The peak indicative of (100)

diffraction shifted to the higher 2h, indicating a decrease in

basal spacing (d100) owing to the increase of wall thickness of

the pore channels.23 The Pd/Ph–Al-MCM-41 exhibited an even

weaker and broader peak indicative of (100) diffraction, which

demonstrated that the deposition of metallic Pd particles on

the Ph–Al-MCM-41 could further decrease the ordering degree

Fig. 1 FTIR spectra of the MCM-41, the Ph-MCM-41 and the

Ph–Al-MCM-41–60 samples.

Fig. 2 (a) 13C CP MAS, (b) 29Si CP MAS and (c) 27Al CP MAS

NMR spectra of the Ph–Al-MCM-41–60 and the Ph–Al-MCM-41–10

samples.
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of the mesoporous structure. Since the Pd/Ph–Al-MCM-41

was obtained by the impregnation method, it was impossible

for the Pd particles to enter the framework of the Ph–Al-

MCM-41. Thus, the damage of the ordered mesoporous

structure could be mainly attributed to the blockage of the

pore channels by these Pd particles. This was confirmed by the

TEM morphologies. As shown in Fig. 4, the Pd/Ph–Al-MCM-

41–60 still preserved the ordered hexagonal mesoporous

structure. The Pd particles deposited on the Ph–Al-MCM-

41–60 support in two ways. Most Pd particles anchored on the

outer surface of the support with a diameter ranging from 3 to

7 nm. However, a small fraction of the Pd particles were

distributed in the pore channels, which could account for the

positive shift of the peak position observed in Fig. 3 owing to

the increase of the pore wall thickness.

Fig. 5 demonstrated that, similar to the pure MCM-41, both

the Ph–Al-MCM-41 and the Pd/Ph–Al-MCM-41 displayed

typical IV-type N2 adsorption–desorption isotherms charac-

teristic of the capillary condensation of N2 in the mesopores.24

Based on the N2 adsorption–desorption isotherms, some

structural parameters were calculated based on the BJH

model. As shown in Table 1, both the Al-modification and

the Ph-modification caused the decrease in the SBET, VP and

dP, possibly due to the coverage of the pore wall of the MCM-

41 by the Ph-groups and Al-dopants, which caused an increase

in the wall thickness.25 Depositing Pd particles on the Ph-

MCM-41 support further decreased the SBET, VP and dP,

which could be easily understood by considering the coverage

of the Pd particles on the outer surface, which may result in the

blockage of the pore channels, and the occupation of Pd

particles in the pore channels, which may increase the pore

wall thickness (see Table 1).

As shown in Fig. 6, the XPS spectra revealed that all the Pd

species in the Pd/Ph–Al-MCM-41 sample was present in the

metallic state, corresponding to the binding energies of

335.2 eV in Pd3d5/2 level and 340.3 eV in Pd3d1/2 level,26

respectively, which implied that the Pd(II) species deposited on

the Ph–Al-MCM-41 could be completely reduced by 10%

H2/N2 under present conditions. Meanwhile, the TPR curve of

the catalyst precursor (Fig. 7) displayed one strong negative

peak around 86 uC characteristic of the decomposition of

Fig. 3 Small-angle XRD patterns of the pure MCM-41, Al-MCM-

41–60 and the 6 wt% Pd/Ph–Al-MCM-41–60 samples.

Fig. 4 TEM morphologies of the Ph–Al-MCM-41–60 and the 6 wt%

Pd/Ph–Al-MCM-41–60 samples.

Fig. 5 N2 adsorption–desorption isotherms of the MCM-41, the Ph–

Al-MCM-41–60 and the 6 wt% Pd/Ph–Al-MCM-41–60 samples.
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PdH2,27 and one broad peak around 334 uC due to the

hydrogen spillover rather than to the reduction of Pd(II)

species.14 These results demonstrated that most Pd(II) species

on the Ph–Al-MCM-41 support could be reduced in the 10%

H2/N2 to PdH2 even at ambient temperature.

Fig. 8 shows the dependence of the activity and selectivity on

the Al-content during the aqueous medium Ar–I Ullmann

reaction over Pd/Ph–Al-MCM-41 catalysts with the Pd

loading of 6 wt%. One could see that the activity first

increased and then decreased with the Al-content. Very high

Al-content was harmful for the activity, possibly due to the

damage of the ordered mesoporous structure. The selectivity to

Ar–Ar decreased consistently with the increasing Al-content,

owing to the increase of Lewis acidity, which might be

favorable for the dehalogenation to produce Ar–H byproduct

(as discussed below). The maximum Ar–Ar yield (79.8%) was

obtained over the Pd/Ph–Al-MCM-41–60. Comparing the

catalytic performance and durability of the Pd/Ph–Al-MCM-

41–60 with other Pd-based catalysts (Table 2), the roles of

various supports could be discussed as follows.

1. The Pd/MCM-41 exhibited much higher activity and

better selectivity to biphenyl (Ar–Ar) than the Pd/SiO2.

Obviously, the higher activity of the Pd/MCM-41 could be

attributed to both the larger surface area of MCM-41, which

Table 1 Structural parameters of the as-prepared samples

Sample
d100/
nm

SBET/
m2 g21

dP/
nm

VP/
m3 g21

Wall
thicknessa/
nm

MCM-41 4.02 1442.4 2.6 1.3 2.0
Al-MCM-41–60 4.01 1361.2 2.6 1.2 2.1
Ph-MCM-41 3.66 989.8 1.9 0.51 2.3
Ph–Al-MCM-41–90 3.98 1028.7 1.8 0.93 2.5
Ph–Al-MCM-41–60 3.48 1017.8 1.5 0.87 2.6
Ph–Al-MCM-41–30 3.59 1010.6 1.4 0.85 2.7
Ph–Al-MCM-41–10 3.77 1008.0 1.3 0.81 3.1
Pd/Ph–Al-MCM-41–60 4.24 904.5 1.0 0.48 3.8
a Pore wall thickness = a0 2 pore size, where a0 (lattice parameter) =
2d100/31/2

Fig. 6 XPS spectrum of the 6 wt% Pd/Ph–Al-MCM-41–60 sample.

Fig. 7 TPR profile of the precursor of the 6 wt% Pd/Ph–Al-MCM-

41–60 catalyst.

Fig. 8 Dependence of the Ar–I conversion, the selectivity to Ar–Ar

and the yield of the Ar–Ar on the Al-content in the 6 wt% Pd/Ph–Al-

MCM-41.

Table 2 Activity and recycle test of different catalysts in the Ar–I
Ullmann reaction

Catalysts
SPd/
m2 g21 Cycle

Conversion
(%)

Selectivity
(%)

Yield
(%)

Pd/SiO2 35.6 1 27.0 26.0 7.0
Pd/MCM-41 85.2 1 63.4 45.3 28.7

2 45.2 30.1 13.6
Pd/Al–MCM-41–60 78.9 1 81.5 51.0 41.6
Pd/Ph-MCM-41 97.8 1 75.4 98.0 73.8

2 78.0 88.8 70.0
3 74.1 85.7 63.5
4 68.3 73.8 50.4

Pd/Ph–Al-MCM-41–60 90.1 1 87.4 91.3 79.8
2 88.3 87.1 76.9
3 86.1 86.7 74.6
4 84.1 83.4 70.2
5 75.1 73.5 55.2

a Reaction conditions: 2.0 g 6.0 wt% Pd/support, 3.24 g Ar–I, 40.0 ml
H2O, 4.40 g HCOONa and 5.60 g KOH, reaction temperature =
100 uC, reaction time for each run = 10 h.
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ensured the wide dispersion of Pd active sites (see the SPd

values in Table 2), and the larger pore size, which facilitated

the diffusion and adsorption of the Ar–I molecules. The better

selectivity of the Pd/MCM-41 could be attributed to the

uniform mesopores, taking into account that the micropores in

the SiO2 were unfavorable for the formation of large Ar–Ar

molecules.

2. The Pd/Al-MCM-41–60 exhibited much higher activity

than the Pd/MCM-41. As the SPd of the Pd/Al-MCM-41–60

was even lower than that of the Pd/MCM-41, the promoting

effect of the Al-dopants on the activity could be mainly

attributed to the increase of the surface acidity. As is well

known, the Al3+ incorporated in the MCM-41 may serve as

Lewis type acidic sites which may adsorb Ar–I molecules

easily, and thus could enhance the activity. The Ar–I molecule

may be adsorbed on the Al3+ acidic sites by either the donation

of the p-electrons in the benzene ring or the donation of lone

electron-pair from the iodine atom, as shown in Scheme 2. The

former was favorable for the coupling reaction to produce Ar–

Ar while the latter was favorable for the dehalogenation to

produce the Ar–H byproduct.14 The promoting effect of the

Al-modification on the selectivity to Ar–Ar was quite limited

due to the coincidence of both adsorption modes.

3. The Pd/Ph-MCM-41 exhibited much higher activity and

selectivity to Ar–Ar than the Pd/MCM-41. The presence of the

Ph-groups on both the outer surface and the pore surface may

inhibit the agglomeration of Pd particles, which could improve

the dispersion of Pd active sites (see SPd values), and thus

enhance the activity. In addition, the incorporation of the Ph-

groups in the MCM-41 may enhance the surface hydropho-

bicity, which is favorable for both the diffusion of the Ar–I

molecules in the porous channels and the adsorption of Ar–I

on the catalyst surface, especially in the aqueous medium. This

could also account for the increase of the reaction activity. The

promoting effect of the Ph-groups on the selectivity could be

understood based on the reaction mechanism of the Ar–I

Ullmann reaction.14 As shown in Scheme 1, the byproduct Ar–

H was formed mainly through a transition state of HCOO–

Pd–Ar obtained by nucleophilic substitution of I–Pd–Ar by

HCOO2.28 As mentioned above, the Ph-modification could

reduce the concentration of surface OH groups and enhance

the surface hydrophobicity. Therefore, fewer water molecules

could enter the pore channels, which may retard the

dissociation of HCOONa to HCOO2, reducing the side

reaction and, as a result, increasing the selectivity to biphenyl,

since the formation of HCOO–Pd–Ar species could be

effectively inhibited.

4. The Pd/Ph–Al-MCM-41–60 exhibited higher activity but

lower selectivity to Ar–Ar, and in general, a higher Ar–Ar yield

than the Pd/Ph-MCM-41. The promoting effect of the Al-

modification could be attributed to the increase of Lewis acidic

sites from Al3+ species, as discussed above. The rapid decrease

of the selectivity to Ar–Ar could be attributed to the strong

adsorption of the Al3+ for the iodine atom in the Ar–I

molecule (Scheme 2), which was favorable for the dehalogena-

tion to produce the Ar–H byproduct.14

5. The durability test revealed that the Pd/MCM-41 lost its

activity and selectivity rapidly and could not be used

repetitively, while the Pd/Ph-MCM-41 and the Pd/Ph–Al-

MCM-41–60 could be used repetitively for 4 and 5 times,

respectively. Since only less than 5 ppm Pd species in the

solution was detected by ICP analysis, the leaching of Pd

active sites during the reaction could be neglected. From Fig. 9,

one could see that the Pd/Ph–Al-MCM-41 catalyst completely

lost its mesoporous structure after being used for 5 times,

which might be a principal reason responsible for the

deactivation. Therefore, hydrothermal stability tests were

performed by refluxing the MCM-41, Ph-MCM-41 and Ph–

Al-MCM-41 samples in boiling water (100 uC), respectively.

The N2 adsorption–desorption isotherms, shown in Fig. 10,

demonstrated that the MCM-41 lost its mesoporous structure

completely after being treated for 8 h. However, the Ph-MCM-

41 still displayed a resolved mesoporous structure after being

treated for 12 h and the mesoporous structure disappeared

completely after being treated for 18 h. The mesoporous

structure could still be observed even after the Ph–Al-MCM-41

was treated for 18 h and was completely destroyed after being

treated for 24 h. These results demonstrated the hydrothermal

stability changed in the order Ph–Al-MCM-41–60 . Ph-

MCM-41 . MCM-41, showing the promoting effects of both

the Ph-modification and the Al-modification on the hydro-

thermal stability of the mesoporous structure. On the basis of
29Si MAS NMR study, Kim and Ryoo claimed that the

degradation of the mesoporous structure of Si-MCM-41 in

water was mainly attributed to the hydrolysis of Si–O–Si

Scheme 2

Fig. 9 N2 sorption isotherms of the fresh 6 wt% Pd/Ph–Al-MCM-41

and the Pd/Ph–Al-MCM-41 after being used repetitively for 5 times.
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linkages.29 Modification of the MCM-41 with Ph-groups could

enhance the surface hydrophobicity, which could inhibit the

entrance of water molecules into the pore channels, and thus

might protect the mesoporous structure from H2O attack.28,30

The promoting effect of the Al-modification could be

understood by considering the following factors. Firstly, the

incorporation of the Al-dopants in the framework of the

MCM-41 might cause a structural distortion and enhance

the straining force which could stabilize the mesoporous

structure against the hydrothermal treatment.31 Secondly, the

formation of the Si–O–Al bonding may reduce the concentra-

tion of silanol groups (see Fig. 1) which could inhibit the

contact and adsorption of water molecules and, in turn,

decrease the hydrolysis of Si–O–Si linkages.29 Furthermore, a

protective layer of aluminosilicate is possibly formed during

the initial hydrolysis, which may protect the mesostructure

from further hydrolysis.32 The improvement of the hydro-

thermal stability may protect the mesoporous structure of the

catalyst from collapse, which ensured the high dispersion of Pd

particles on the support and the free diffusion of organic

molecules in the pore channels. Thus, the Pd/Ph–Al-MCM-41

retained its excellent activity and selectivity for a long time.

Conclusions

The present work developed a new supported Pd catalyst by

using the mesoporous Ph–Al-MCM-41 as the support, which

exhibited high activity and selectivity, as well as strong

durability during an aqueous-medium iodobenzene (Ar–I)

Ullmann reaction. The optimum Ph/Al/Si molar ratio was

determined as 15/1/60, i.e., Ph/Si = 1/4 and Al/Si = 1/60.

Besides the high surface area and the large pore size, which

ensured the well dispersion of the Pd particles and the easy

diffusion and adsorption of Ar–I molecules, the Ph- and Al-

modification played key roles in the improvement of the

catalytic performance. The promoting effect of the Ph-

modification on the activity and selectivity could be attributed

to the enhancement of surface hydrophobicity. The Al-

modification could greatly enhance the activity owing to the

increase of surface Lewis acidity, which was favorable for the

adsorption of Ar–I molecules. However, its promoting effect

on the selectivity to Ar–Ar was limited, since the Lewis acidic

sites could adsorb Ar–I molecules in two modes which were

favorable for both the coupling reaction to produce Ar–Ar and

the dehalogenation to form Ar–H byproduct. Both the Ph-

modification and the Al-modification could enhance the

hydrothermal stability of the mesoporous structure, showing

strong durability during the Ar–I Ullmann reaction in aqueous

medium.
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