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Foreword 
The A C S Symposium Series was first published in 1974 to pro

vide a mechanism for publishing symposia quickly in book form. The 
purpose o f the series is to publish timely, comprehensive books devel
oped from A C S sponsored symposia based on current scientific re
search. Occasionally, books are developed from symposia sponsored by 
other organizations when the topic is o f keen interest to the chemistry 
audience. 

Before agreeing to publish a book, the proposed table o f con
tents is reviewed for appropriate and comprehensive coverage and for 
interest to the audience. Some papers may be excluded to better focus 
the book; others may be added to provide comprehensiveness. When 
appropriate, overview or introductory chapters are added. Drafts o f 
chapters are peer-reviewed prior to final acceptance or rejection, and 
manuscripts are prepared in camera-ready format. 

A s a rule, only original research papers and original review 
papers are included in the volumes. Verbatim reproductions of previ
ously published papers are not accepted. 
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Preface 
This book contains the key papers presented at the American 

Chemical Society ( A C S ) national meeting symposium Ionic Liquids: Not 
Just Solvents Anymore OR Ionic Liquids: Parallel Futures, held at the 
231 s t A C S National Meeting in Atlanta, Georgia, M a r c h 26-30, 2006. 
The meeting was split into 10 sessions (Why Are Ionic Liquids Liquid?; 
Ionic L i q u i d Structure-Activity Relationships and Model l ing; Ionic 
L iqu id Environmental Fate and Toxicity; N e w Industrial Applications o f 
Ionic Liquids; Real ly N e w Ionic Liquids; Ionic Liquids and Education; 
Ionic Liquids Applications Based on Physical Properties; Functional 
Ionic Liquids/Ionic Materials; Analytical Applications o f Ionic Liquids; 
Microengineering with Ionic Liquids), running from Sunday morning to 
Thursday afternoon; more than 80 presentations were delivered. W e are 
indebted to the session organizers (E. J . Maginn, G . A . Lamberti, R J . 
Bernot, R . T. Hembre, J . H . Davis Jr., R . D . Singer, J . S. Wilkes , H . 
Ohno, D . W . Armstrong, and R. W . K . Al len) for helping to deliver such 
a stimulating program. 

The explosion o f interest (see Figure 1) in the field o f ionic liquids 
has been worldwide and truly interdisciplinary. The intense interest i n 
the field has led to an unprecedented increase in our knowledge o f salts 
in general and specifically in how to manipulate their physical and 
chemical properties. Such fundamental knowledge has been closely 
followed by a dramatic increase in the technological application o f ionic 
liquids, as illustrated by the number of published patents using the term 
"ionic l iqu id ' since 1996 (see Figure 2). Page restrictions prevent the 
publication o f al l the presentations, but we have selected a representative 
subset o f the papers that illustrate the variety and novelty o f topics 
currently being pursued worldwide. 

This symposium would not have been successful without invaluable 
support from several academic, industrial, and professional organizations. 
The symposium was hosted and sponsored by three subdivisions o f the 
A C S Div i s ion o f Industrial and Engineering Chemistry, Inc.: Green 
Chemistry and Engineering, Separation Science and Technology, and 
Nove l Chemistry with Industrial Applications. Addit ional financial 
support for the symposium was received from The University o f 
Alabama Center for Green Manufacturing, The Queen's University Ionic 
L i q u i d Laboratory ( Q U I L L ) in Belfast, B A S F , Cytec Industries, Inc., 

xi 
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Figure 1. Steeper than exponential growth of ionic liquid publications 
(M. Deetlefs, U. Hakala, K. R. Seddon, andK. Wähälä, 
unpublished data, 2006). 

Figure 2. Annual growth of ionic liquid patents (M. Deetlefs, U. Hakala, K.R. 
Seddon, and K. Wähälä, unpublished data, 2006). 
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Merck K G a A / E M D Chemicals, 525Solutions, and Solvent Innovations. 
We are grateful to these organizations and the individuals who represent 
them, and we look forward to continued work with them as the field 
develops even further. 
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Analysis and Environment



Chapter 1 

How to Analyze Imidazolium Ionic Liquids 
in Environmental Samples? 

Piotr Stepnowski 

Faculty of Chemistry, University of Gdansk, ul. Sobieskiego 18, 
80-952 Gdansk, Poland (email: sox@chem.univ.gda.pl) 

The development of novel analytical methods for the rapid and 
reproducible separation and identification of ionic liquids is a 
prerequisite for future biological and environmental research 
into these compounds. Analytical methods are also necessary 
to assess the purity of ionic liquids as well as to determine the 
type and nature of impurities present in technical chemicals. A 
number of instrumental techniques have recently been 
developed that are now ready for application to natural 
samples. This chapter outlines the preliminary stages in the 
development of analytical methods for ionic liquids: they 
involve reversed phase and ionic high performance liquid 
chromatography, capillary electrophoresis and solid phase 
extraction. 

2 © 2007 American Chemical Society 
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Introduction 

Ionic liquids are considered to be highly promising neoteric solvents. Once 
they become employed on an industrial scale, small amounts will inevitably find 
their way into the environment. Therefore, the development of novel analytical 
methods for the rapid and reproducible separation and identification of ionic 
liquids is a prerequisite for future biological and environmental research into 
these substances. 

Our group has recently developed a number of instrumental methods that are 
now ready for testing on natural samples. Alkyllimidazolium ionic liquid cations 
were separated using reversed phase high performance liquid chromatography 
using U V as well as electrospray ionization mass detection, where mobile phases 
consisted of methanolic and acetonitrile aqueous solutions modified with variety 
of buffers and ion pair reagents (1, 2). Also different chromatographic column 
packings with specific structural properties were examined in order to obtain the 
best selectivity for the analysis of specific ionic liquids (3, 4). The application of 
capillary electrophoresis for resolving selected imidazolium ionic liquid cations 
in standard mixtures was also conducted (5, 6). When applied to environmental 
samples, however, all these methods are significantly limited by their low 
sensitivity. This can be substantially improved by performing a pre-
concentration step. A selective method for the clean-up and pre-concentration of 
ionic liquid cations from environmental water samples using cation-exchange 
solid phase extraction followed by selective elution was also developed (7). 

This chapter outlines the preliminary stages in the development of these 
methods, as well as discuss possibility of their application for environmental 
samples. 

Analysis of Ionic Liquids By Liquid Chromatography 

Ionic liquids have already been targeted in the field of chromatographic 
analysis, not as solutes but as potential replacements for organic solvents in 
mobile phases and as agents suppressing the deleterious effects of free silanol 
groups (8-11). Nevertheless, this also implies some serious complications in their 
direct analysis on a conventional reversed phase columns with a low surface 
coverage of ligands. We have recently reported the separation of selected 1-
alkyl- and l-aryl-methylimidazolium-based room-temperature ionic liquids using 
reversed phase H P L C with electrospray ionization mass detection (7). Figure 1 
presents isocratic separation of l-ethyl-3-ethyl-, l-propyl-3-methyl-, l-propyl-3-
ethyl-, l-butyl-3-methyK 1-benzy 1-3-methyl-, 1-amy 1-3-methyl-, l-(2-
phenylethy!)-3-methyl-, l-methylbenzyl-3-methyl-, 1-hexy 1-3-methyl-, 1-hexyl-
3-ethyl- and l-heptyl-3-methyl-imidazolium cations numbered from 1 to 11 
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respectively, obtained with this methodology. Mobile phase composition was 
optimized for peak resolution, sensitivity and high reproducibility of retention 
values. Satisfactory result were obtained with methanol - water phase with the 
addition of 1% acetic acid and 20mM ammonium acetate. Within certain 
limitations, this simple and selective method was initially validated through the 
analysis of biological samples used for cytotoxicity studies of the ionic liquid in 
question. 

As outlined in Figure 1, all congeners using this method can be separated in 
an isocratic system using methanol as the organic modifier of the mobile phase. 
A routine analytical method was further developed on the basis of this 
chromatographic procedure and then successfully applied to different 
environmental and biological matrices. 

1,23 

B ί 1P 

1,2,! t l (9 ;i 11 

11 at 65 min. 
I » .... . • 

2,5 5,0 7,5 10,0 12,5 15.0 17,5 20,0 22,5 Time (min.) 

Figure 1. Isocratic separation of imidazolium cations as used in ionic liquids. 
Concentrations of ionic liquids are in the range from 0.2 to 0.4 mM. Column RP 

C8 MetaSil Basic (Varian Inc.). Mobile phase A: 10% methanol: water (1% 
acetic acid/20mM ammonium acetate), Β 40% methanol : water (1% acetic 

acid/20mM ammonium acetate). 

1) l-ethyl-3-ethylimidazoliumf 2) l-propyl-3-methylimidazolium, 
3) l-propyl-3-ethyimidazolium, 4) l-butyl-3-methylimidazolium, 

5) l-benzyl-3-methylimidazolium, 6) l-amyl-3-methylimidazolium, 
7) l-(2-phenylethyl)-3-methylimidazolium, 

8) l-methylbenzyl-3-methylimidazolium, 9) 1-hexyl'3-methylimidazolium, 
10) l-hexyl-3-ethylimidazoliumt 11) l-heptyl-3-methylimidazolium cations 
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Despite its simplicity and selectivity, however, the method cannot yet be 
proposed as a routine methodology for future applications, since mass detection 
was used in the total ion current mode. In the farther studies (2-5) therefore we 
have switched to more common but less sensitive U V detection. Additionally, 
from presented chromatograms it can also be noticed that the short-chain 
hydrophilic entities (l-ethyl-3-ethyl- and l-propyl-3-ethylimidazolium salts, 
numbered 1 and 2 respectively) are poorly separated on this type of columns. 

Ion chromatography provides a very useful means of separating quaternary 
ammonium salts, and is already applied routinely to the analysis of cationic 
surfactants in industrial and environmental samples (12). Like surfactants, ionic 
liquids consist of a charged hydrophilic center and a hydrophobic periphery. 
Therefore a strong stationary-phase cation exchanger was also initially applied in 
the separation of homologous series of 1-alkyl-methylimidazolium cations with 
side-chains from -ethyl to -octyl in length (2). During the use of this stationary 
phase, several interactions occurred with varying strength, depending on the 
mobile phase composition. Cation exchange, nonspecific hydrophobic 
interactions and adsorption chromatography behavior were observed. Reversed 
phase chromatography occurred at low concentrations of acetonitrile In the 
mobile phase, electrostatic and adsorption interactions at higher organic modifier 
concentrations. Elevated buffer concentrations decreased retention factors 
without affecting the selectivity of the alkylimidazolium cations. Appropriate 
modifications of the mobile phase enable even the smallest, most hydrophilic 
cations to be separated and analyzed. While using 40-60% of acetonitrile in the 
mobile phase we have successfully separated hydrophobically similar l-ethyl-3-
ethylimidazolium and l-butyl-3-methylimidazolium entities. The analytical 
performance parameters were assessed under optimized chromatographic 
conditions with an acetonitrile - 30mM K 2 H P 0 4 (40:60) mobile phase. 1-butyl-
3-methylimidazolium was chromatographed in the concentration range 1 - 1 0 0 
μΜ. The correlation coefficient for the resultant calibration plots was 0.998. The 
reproducibility of the peak area was 1.36% (RSD), and the reproducibility for 
peak retention was 0.23% (RSD). Limit of detection estimated for the l-butyl-3-
methylimidazolium cation was 20 μ& The method is directly applicable to the 
analysis of ionic liquid cations in aqueous environmental or industrial samples. 
Figure 2 shows a chromatogram of the l-butyl-3-methylimidazolium entity and 
its degradation products obtained during the degradation treatment of spiked 
wastewater. 

In another recent study, we investigated different types of columns with 
specific structural properties (3). We tested packings containing cholesterol 
ligands chemically bonded to silica (SG-CHOL), and mixed stationary phases 
(SG-MIX) containing cyanopropyl, aminopropyl, phenyl and octadecyl ligands. 
There were significant differences in the results: packings containing functional 
groups bonded to the silica surface and capable of undergoing protonization 
turned out to be unsuitable for separating ionic liquids under the given analytical 
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Figure 2. Chromatogram of the l-butyl-3-methylimidazolium entity (3) and its 

unidentified degradation products (1-2). Mobile phase: 40% acetonitrile -
30mM Κ2ΗΡ04· Column: Strong Cation Exchanger MetaSilSCX250 x 4.6 mm 

ID (Ansys Technologies). UV detection at 218nm 

conditions (pH = 4). In this comparison, the butyl and octadecyl stationary 
phases yielded the best results (RP-18e Innovation Chromolith™ performance 
and Macrosphere 300 C4 packings respectively). This is most probably due to a 
lowest heterogeneity of this ligands in comparison to other tested phases. It 
seems that stationary phases with specific structural properties, among others 
with cholesterolic and mixed ligands, are unsuitable for the separation of ionic 
liquid cation mixtures. Figure 3 presents exemplary chromatogram of separation 
of six ionic liquid cations on SG-C4 packing. 

Analysis of Ionic Liquids By Capillary Electrophoresis 

In the field of capillary electrophoresis CE, ionic liquids are recognized as 
electrolyte solutions in non-aqueous C E for the analysis of polar compounds or 
as capillary modifiers by dynamic coating for the separation of chiral analytes 
(13-15). We also evaluated a routine capillary electrophoretic method for 
separating selected imidazolium ionic liquid cations (5). In this study, we 
successfully separated a series of alkyl and aryl imidazolium ionic liquid cations 
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2,0 4,ο 8,0 ιο,ο 12,0 14,0 16,0 18,0 20,0 22,0 24,0 Time (min.) 

Figure 3. Chromatogram of separation of six ionic liquid cations on SG-C4 
stationary phase. Key: 0, unknown compound; J, PM1M; 2, BMIM; 3, AMIM; 4, 
MBPy; 5, HMIM; 6, pMBzMIM (analysis conditions: 95% v/v 40 mMKH2P04 
pH = 4, 5% v/v MeOH). Reprinted from (3) with the permission ofWILEY-VCH 

VerlagGmbHa Co. KGaA, Weinheim 

using citric buffer as the electrolyte solution at a relatively high concentration of 
200mM and pH=4. A simple and reliable method, its analytical performance 
parameters have proved excellent; The relative standard deviation (RSD) of the 
migration time are in the range from 0.05 to 0.1% whereas the RSD of peak area 
and corrected peak area are in ranges from 1.30 to 2.55% and 1.24 to 2.48%, 
respectively. The detection limit of the l-ethyl-3-methylimidazolium cation 
obtained with a 500 s injection time was 0.01 μg ml"1 (10 ppb). The developed 
method is also applicable to the various experiments tracking the concentrations 
of cationic constituents of ionic liquids in aqueous solutions. In the same study, 
we tested samples obtained during a photodegradation experiment of l-butyl-3-
methylimidazolium tetrafluoroborate: the target solute was well separated from 
its degradation product (see Figure 4). 

Solid Phase Extraction of Ionic Liquids From 
Environmental Samples 

The promising results obtained during the separation of ionic liquids on 
strong cation exchanger (2) open up new possibilities for the selective extraction 
of analytes from different liquid media. We found that strong cation exchanger 
solid phase extraction followed by selective elution could be applied to the 
preconcentration of 1-alkyl- and l-aryl-3-methylimidazolium ionic liquids from 
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Figure 4. Electropherogram of l-butyl-i-methyl-imidazolium ionic liquid 
recorded during the photodegradation experiment. Running electrolyte: 

200mM citric buffer, pH = 4.0; temperature: 20°Q separation voltage: 12 W; 
injection: 50 s, UV detection at 214 nm. Peaks 1,2,4,5 - unidentified 

degradation products, 3 - l-butyl-3~methylimidazolium cation 

water samples of environmental origin (7). Both simple and selective, the 
method is thought to be applicable to imidazolium ionic liquids of the same basic 
design. It was possible to enrich all the ionic liquids on a strong cation exchange 
resin with enrichment factor of 100 - 120, and then to elute them selectively with 
50% MeOH in NH 4 C1 (sat.) (pH=3). Pre-concentration of environmental 
samples showed that this method could be applied to the analysis of 1-alkyl- and 
l-aryl-3-methylimidazolium cations with very good recoveries. In the case of tap 
water, all the compounds except the A M I M cation were recovered with an 
excellent yield (> 90%). The best recoveries were with ionic liquids containing 
the largest functional groups in position 1. A l l the compounds used to spike the 
freshwater samples were also recovered at a comparable level (~ 96%), 
regardless of structural differences. The lowest recovery rates were recorded for 
ionic liquids extracted from seawater samples (> 90%); clearly, these low rates 
are due to the higher ionic strength of this environmental matrix. 

The chapter presents a preliminary overview of some methods of analyzing 
ionic liquids, with special emphasis on environmental samples. We are now able 
to analyze cations with good selectivity using chromatographic and 
electrophoretic methods. The examples given here are specific to cation analysis; 
hence, the determination of an ionic liquid's anion should now become one of 

Conclusions 

 
  

In Ionic Liquids IV; Brennecke, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



9 

the main goals of future analytical research. As regards the preparation of 
biological and environmental samples, only one method for the preconcentration 
of natural water samples has been developed so far. Further work should 
therefore focus on procedures for the selective liquid extraction of ionic liquids 
(cations and anions) from solid samples such as soils or plant matter. 
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Chapter 2 

Potential Environmental Impact of Imidazolium 
Ionic Liquids 
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Excellent, non-volatile solvents for a wide range of 
applications, and claimed to be environmentally benign, room 
temperature ionic liquids are generating increasing interest for 
their potential in different chemical processes. However, the 
production, application and waste management of ionic liquids 
will inevitably lead to their accidental discharge into the 
environment. Therefore, responsible product design should 
always take into consideration not only technological demands 
but also the possible health and environmental hazards. This 
chapter includes data on the photodegradation rates of ionic 
liquids as well as their sorption to different types of soil and 
marine sediment. It outlines the toxicological screening of 
ionic liquids using algae, which takes environmental 
parameters such as salinity into account, and discusses the 
theoretical prediction and experimental determination of 
lipophilicity and possible metabolic pathways. The data 
presented here provide a preliminary insight into the 
prospective presence of ionic liquids in the environment. 

10 © 2007 American Chemical Society 
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Introduction 

In the last ten years ionic liquids have come to be recognized as possible 
alternative solvents because of their favorable properties. Typically, they are a 
combination of nitrogen-containing organic cations, and inorganic or organic 
anions. Figure 1 gives some common examples of ionic liquids. The cation's (or 
sometimes the anion's) remarkably high degree of asymmetry is responsible for 
the low crystalline lattice energy, which ensures liquidity over a wide range of 
low temperatures. Although estimates vary, the number of possible cation and 
anion combinations that are liquid at room temperature is vast. The variety of 
possible combinations, and thus, the fine-tuning of their chemical properties, has 
given the chemical industry new target-oriented reaction media (often called 
"designer solvents") for synthesis, extraction, catalysis and electrochemistry. 
Their most important and technologically useful properties are their high ionic 
conductivity and polarity, physicochemical stability, and wide electrochemical 
window (/-7). Moreover, since ionic liquids consist entirely of ions, they do not 
have a significant vapor pressure, and are therefore often regarded as 
environmentally benign. 

The non-volatility of a chemical is insufficient justification for calling a 
technology "cleaner". Several environmentally related properties, such as 
toxicity, persistence and degradability, are key issues i f we are to understand the 
consequences of introducing a new industrial chemical on to the market. The 
modern design of chemical products and processes that take these factors into 
account, thereby reducing or eliminating the generation of environmental 
hazards, is the main goal of green chemistry (8). 

The production, application and waste management of ionic liquids wil l 
inevitably lead to their accidental discharge into the environment. Managing the 
risks involved with the use of ionic liquids represents a challenge for future 
environmental research. 

This chapter outlines what we know so far about the fate of ionic liquids in 
different compartments of the environment. Since the most extensively studied 
group of ionic liquids comprises salts based on the imidazolium head group, our 

alkylphosphonium alkylpyridinium Alkylimidazolium alkylpyrolidinium 
X": BFf, PF6~ AlClf, SbF6' CF3S03~ (CF3S02)2N'etc. R x: from -CH3 to -CgHjg 

Figure J. Common examples of ionic liquid cations and anions 
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research has focused on imidazolium ionic liquids. Given that a key parameter in 
understanding the potential of a chemical to cause adverse effects in the 
environment is its lipophilicity, we have, in all our studies, taken ionic liquid 
cations to be a congeneric model of imidazolium compounds with different alkyl 
side chain lengths. The chapter includes data on the photodegradation rates of 
ionic liquids, as well as their sorption by different types of soil and marine 
sediment. It then touches upon the toxicological screening of ionic liquids using 
algae, which takes environmental parameters such as salinity into account. 
Finally, there is a discussion of the theoretical prediction and experimental 
determination of the lipophilicity and possible metabolic pathways of ionic 
liquids. 

Molecular Interaction Potential of Ionic Liquid Cations in 
Environmental Systems 

Theoretically, we can predict several molecular interactions that are likely to 
occur between ionic liquids and different environmental compartments or 
biomolecules. This prospective analysis is a very important qualitative element 
when predicting physical and chemical properties for ionic liquids. Potential 
molecular interactions of ionic liquid cations in environmental systems are show 
in the Figure 2. 

Η - b o n d Van der Waals 

electrostatic 

it...π 

Figure 2. Potential molecular interactions of ionic liquid cations in 
environmental systems 

The high electron acceptor potential of delocalized aromatic systems in the 
cationic compartments of ionic liquids may be responsible for electrostatic 
attractions with polar moieties on the surfaces of particles, e.g. of oxides or clay 
minerals, or on ionized carboxylic functional groups in biomolecules. But since 
ionic liquids do not retain any non-bonded electrons, the potential reactivity is 
much reduced. Furthermore, elongating the alkyl chain of ionic liquids will result 
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in elevated hydrophobicity, which may further affect the partitioning of the 
molecule to organic matter. Partitioning, moreover, will depend strongly on the 
anions present in the aqueous phase, with which selected cations wil l form ion-
pairs, thereby enabling phase transfer, and hence partitioning. Since the 
hydrogen attached to the carbon atom nr 2 of the imidazolium ring has an acidic 
character, H-bond-like interactions may take place. Deprotonation in this 
position leading to the carbene formation that can also occur but only in alkalic 
pH, which is unlikely in most of environmental conditions. Since in neutral and 
acidic environments alkylimidazolium ionic liquids are rather stable, they will be 
predominantly bioavailable in ionic rather than neutral form. Also possible are 
π...π interactions between the aromatic system in the imidazolium ring and 
aromatic moieties in biomolecules or environmental compartments (9). 

Sorption and Stability of Ionic Liquids In the Environment 

The sorption of a substance to soils and sediments is a crucial parameter in 
the evaluation of the environmental fate of any newly produced chemical. Since 
the strength of sorption determines the mobility of the chemical in the soil 
environment, it is possible to predict the risk of ground water contamination with 
a discharged ionic liquid and its persistence. In a recent study, we conducted 
several experiments to examine the sorption of ionic liquids to a variety of soils 
and marine sediments (10, 11); we found that all the compounds were strongly 
sorbed to all the soils; moreover, sorption was the stronger, the longer the alkyl 
side chain (Table 1). This positive correlation appears to suggest that the 
sorption of ionic liquids to soils depends to some extend on interactions with the 
organic matter in the soil. Furthermore, regardless of the hydrophobic 
interactions of ionic liquids with organic matter, their non-hydrophobic relations 
appear to contribute to the sorption. Recently Gorman-Lewis and Fein (12) has 
measured the adsorption of l-butyl-3-methylimidazolium chloride onto a range 
of environmental surfaces. It was found that ionic liquids also interact with 
mineral montmorillonite, which is solely attributed to electrostatic interaction 
between the cation and the mineral surface, but also possibly in-between clay 
mineral layers. 

Additionally, we found that all the ionic liquids were strongly sorbed to 
sediments from the southern Baltic Sea. Sediments from this region are greenish 
- gray sapropel, a typical mixed mineral suit, which fits the model of "swelling 
clays" that can dominate the sorption of cationic entities. As was the case with 
the soil component, Kd was highest (> 2400 ml g"1) for the compound with the 
longest alkyl chain (l-hexyl-3-methylimidazolium). Desorption data show that 
all ionic liquids have an exceedingly strong affinity for both soil and sedimentary 
matter. 
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These results give a preliminary insight into the distribution of ionic liquids, 
should they be discharged into the soil. In most cases they will be strongly and 
irreversibly bound to most types of soils, so potential ground-water 
contamination will be limited. The first prediction regarding the aquatic fate of 
ionic liquids can now be assessed. It seems that ionic liquids will accumulate in 
sedimentary (and suspended particulate) mineral matter. 

Table 1. Sorption coefficients at equilibrium Kd(ml g1), and desorption 
characteristics D (%). Data from (10) 

ionic liquid cation Agricultural Clayey Peaty 
1 -propyl-3-methylimidazolium 
1 -butyl-3-methylimidazolium 
1 -amyl-3-methylimidazolium 
1 -hexyl-3-methylimidazolium 

14.9(24.4) 
21.0(15.4) 
59.1(5.7) 

226.3(1.5) 

6.91(29.9) 
20.1(19.3) 
31.1(10.9) 
81.5(3.9) 

2.75(40.3) 
5.8(22.9) 

20.5(18.7) 
24.0(16.4) 

This will probably reduce their overall bioavailability in marine ecosystems. 
Nonetheless, this poses several questions that future research needs to address: 
the effect of pH, ionic strength, temperature and biodegradability potential on 
the sorption and desorption of ionic liquids require the most urgent attention. 
As we stated earlier, certain amounts of ionic liquids will soon be present in 
industrial effluents, where, because of their high stability, they could become 
persistent and break through classical treatment systems into natural waters. In 
another recent study, we compared the effectiveness of three photodegradation 
methods (UV, U V / H 2 0 2 , U V / T i 0 2 ) applied to aqueous solutions of selected 
imidazolium ionic liquids (13). The fact that all three techniques were successful 
in degrading a variety of contaminants makes this a good starting point for 
evaluating the kinetics of ionic liquid degradation. Furthermore, ionic liquids 
were already targeted in photocatalytic degradation of variety of pollutants, not 
as targets however but as reaction media (14, 15). These studies revealed that 
imidazolium ionic liquids are relatively resistant to phototransformation when 
used as pure phases. In our studies we found the U V / H 2 0 2 system to be the most 
effective for degrading all the ionic liquids. Of the compounds studied in these 
enhanced photodegradation systems, the l-ethyl-3-ethylimidazolium species was 
the most stable. The molecular symmetry of this cation probably reinforces its 
stability, which in turn significantly decreases its degradability. As far as the 
other ionic species are concerned, their degradability correlates directly with the 
length of the n-alkyl substituent. The most stable l-alkyl-3-methylimidazolium 
species is the 1-octyl- compound, and the least stable is the 1-butyl- entity. The 
n-alkyl chain therefore seems to be responsible for the resistance of imidazolium 
ionic liquids to photodegradation. 
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The potential persistence of ionic liquids in the environment will also be a 
function of their biodegradability. Several investigations in this area have 
recently been conducted by Prof. Scammells' group, which has investigated the 
baseline biodegradability of ionic liquids, as well as the influence of structural 
modifications to the alkyl chain and the influence of the type of anion on 
biodégradation (16, 17). According to recent reports, alkylimidazolium entities 
are characterized by poor to negligible biodegradability. Incorporating an ester 
in the side chain, however, significantly enhanced biodégradation. Moreover, the 
presence of a readily catabolized organic anion, rather than an inorganic one, 
clearly improved the extent of ultimate biodégradation. Example of 
biodegradable ionic liquid cation proposed in (16) is presented below: 

Ν X N 

x- \ = / ο 

Biodégradation and abiotic conversions of ionic liquids will produce more 
or less stable transformation products. Recently, we conducted a computational 
study of degradation routes during theoretically predicted metabolic reactions 
using the l-butyl-3-methylimidazolium cation (BMIM) as the model entity (18). 
In theory, when an ionic liquid cation enters a cell or is exposed to abiotic 
degradation activity, it can be oxidized at different positions in the ring or alkyl 
side chains and be further metabolized. According to our predictions of 
metabolic routes, based solely on thermodynamic data of the radical 
intermediates, the energetically most stable radical structure is generated by 
hydrogen abstraction from the α position of the B M I M cation alkyl chain. 
Something similar can occur at carbon atom nr 2 in the imidazolium ring, where 
we know that a very stable carbene entity is formed. This has very recently been 
confirmed by Kroon et al. (19), who used semi-empirical calculations to follow 
the decomposition mechanism of ionic liquids in electrochemical processing. 
The radicals can then undergo further reactions (coupling, disproportionation, 
etc), resulting in the formation of entirely new compounds, whose environmental 
impact is unknown (almost like that of ionic liquids). Therefore, even though the 
prediction regarding the metabolism of ionic liquids is of a preliminary nature, 
toxicological and ecotoxicological screening of the most stable metabolites 
should also be undertaken in any prospective hazard assessment. Possible 
structures of radical transformation products of imidazolium cations are given 
below (18, 19). 
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Lipophilicity and Ecotoxicology of Ionic Liquids 

The very recent review by Jastorff et al. (20) summarizes the studies of ionic 
liquid toxicology undertaken so far. The "side chain length effect" with a 
multitude of combinations of cations and anions was compared for several 
biological test systems: for all of them the finding was that the shorter the alkyl 
side chain, the lower the cytotoxicity. The importance of the side chain length 
(and hence, the lipophilicity) as a factor contributing to the overall observed 
biological effect was further studied in detail. 

In our recent contribution (18) we evaluated lipophilicity by means of 
reversed phase and immobilized artificial membrane chromatography, then 
compared our results with calculated data. Two other studies have examined the 
lipophilicity of imidazolium ionic liquids through the measurement of their 
octanol-water partition coefficients (21, 22). An ionic liquid was partitioned in 
the form of associated and dissociated cations and anions: differences due to the 
various anions used were noted. The results obtained by this procedure, 
however, cannot be readily extrapolated to environmental conditions. We chose 
the chromatographic methodology since it yields average values corresponding 
to a cation partition regardless of the anion present in the native structure of the 
ionic liquid. It is likely that, after entering the environment, cations and anions 
will be solvated and to a large extent separated. Therefore, the partitioning of the 
cation to organic phases is most likely to occur together with the anions 
prevailing in the environment after some time, and not with those with which it 
entered the environment. 

The experimentally measured and theoretically estimated lipophilicity 
coefficients obtained for all the ionic liquids studied here generally indicate a 
relatively low value of this parameter, which implies their preferential 
partitioning to the aqueous phase. This must be interpreted only in terms of the 
well solvated, dissociated cation of the ionic liquid, not the ionic liquid in its 
native, ion-pair form. Moreover, the data obtained on an immobilized artificial 
membrane does not preclude possible interactions with biological and 
environmental barriers. This therefore confirms that penetration of a biological 
membrane is the more likely, the longer the alkyl side chain of imidazolium 
cations. 

Figure 3 shows an example of the theoretical prediction of lipophilicity 
using fragmentai methodology (CLOGP) combined with manual calculations of 
the geometric bond factor for quaternary ammonium and the electronic bond 
factor due to the presence of a charge. 

Algal assays have become standard ecotoxicological testing systems in 
environmental impact studies. The use of algae is justified by their ecological 
role as primary producers in transferring energy to higher trophic levels (23). In 
addition, algal assays are relatively simple, quick and inexpensive in comparison 
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0,130 0,130 

fragmentai 
values 

0,875 

-1,140 
Ν. 

0,875 

influence 
of charge 

-0,27 
16(-0,04) 

-0,27 -0,27 -0,27 -0,27 
16(-0,04) 8(-0,04) 4(-0,04) 2(-0,04) 

] + t 

Log Ρ = 2fN + 3fc + 3fC + 2fCt+ 2(1st) + 2nd + 3rd + 4th = 
= 2(-1.140) + 3(0.13) + 3(0.65) + 2(0.875) + 2(-0.91) + (-0.59) + (-0.43) + (-0.35) 
= -1.015 

Figure 3. Calculation of lipophilicity of an ionic liquid cation using 
CLOGP methodology. 

with bioassays using other organisms. Our recent assessment of the toxicity of 
selected imidazolium ionic liquids towards marine algae (24) has revealed 
significant differences in the responses of the two species studied. Oocystis 
submarina (Figure 4) appeared to acclimatize to the lower concentrations used: 
after c. 5 days their ability to grow recovered, and initial densities were 
eventually restored. In the case of Cyclotella meneghiniana, growth in batch 
cultures was effectively inhibited throughout the experiment regardless of the 
concentration of ionic liquid applied. 

Figure 4. Green algae Oocystis submarina (A) and diatom Cyclotella 
meneghiniana (B) used in an ecotoxicological assessment of ionic liquids 

(photograph: A. Latala) 
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The observed differences between algal species in their response to 
exposure to ionic liquids can be initially attributed to structural differences in the 
cell walls. In the case of green algae, cellulose is the main structural element of 
the wall, whereas diatoms are surrounded by a siliceous frustule. Additionally, it 
was found that at higher salinities, the toxicity of the 1-butyl- and l-hexyl-3-
methyl-imidazolium entities towards O. submarina was significantly less than at 
low salinities. The lower toxicity is probably due to the reduced permeability of 
the algal cell walls to ionic liquid cations. Higher chloride concentrations offer a 
good ion-pairing environment for imidazolium cations and therefore compete 
with functional groups in cell walls. 

On the basis of the data obtained, it is not possible to precisely calculate any 
effective concentration values. However it can be roughly estimated that log 
EC50 values for all analyzed ionic liquids are in the range of 2.4 - 3.0, thus 
comparable to the values obtained with Vibrio fischeri acute bioluminescence 
inhibition assay (Microtox test) (25) 

Conclusions 

This is probably the first time that industrial chemicals have been studied so 
extensively in the context of their effects on health and their environmental 
properties before being put on the market. Although ionic liquids are not yet 
present in the environment, a better understanding of their environmental 
properties and prospective risk assessment have become integral steps in their 
design. As shown in this chapter, we have already obtained preliminary 
information about their prospective environmental fate. We know that in most 
cases ionic liquids will be strongly and irreversibly bound to most types of soils 
or that they will accumulate in sedimentary matter. We also know that 
imidazolium ionic liquids, only poorly biodegradable, can be effectively 
decomposed by advanced oxidation techniques, and that symmetrical molecules 
exhibit the greatest stability. It is a fact, moreover, that the incorporation of one 
or more oxygen atoms in the side chain can further enhance degradation; yet we 
still do not know whether modified cations wil l be as useful for a vast array of 
syntheses and separations. The detailed study of lipophilicity has shown that 
ionic liquids can interact with biological and environmental barriers, which may 
indicate that the predominant mechanism of toxicity is by disruption of 
biological membrane, this being the more extensive, the longer the alkyl side 
chain. We have also learned that certain environmental factors (salinity, but very 
likely also ionic strength, pH and others) will have a great influence on the 
toxicity and distribution of ionic liquids. 
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Chapter 3 

13C NMR Relaxation Studies of Ionic Liquids 

W. R. Carper1, P. G. Wahlbeck1, Ν. E. Heimer2, and J. S. Wilkes2 

1Department of Chemistry, Wichita State University, Wichita, KS 67260 
2Department of Chemistry, U.S. Air Force Academy, CO 80840-6230 

A new method of obtaining molecular reorientational 
dynamics from 13C spin-lattice relaxation data of aromatic 
carbons in viscous solutions is applied to the cation and anion 
of the ionic liquid, 1-ethyl-3-methyl-imidazolium butane
-sulfonate ([EMIM]BSO 3 ) . Rotational correlation times are 
compared with viscosity data and indicate several 
[EMIM]BS0 3 phase changes over the temperature range from 
278 to 328 K. Chemical shift anisotropy values are obtained 
for the ring and immediately adjacent methylene and methyl 
carbons in the imidazolium cation and for the three carbon 
atoms nearest to the sulfonate group in the anion. 

The ability of ionic liquids to form supramolecular aggregates has always 
been suspected by various investigators and recent reports in the literature 
establish this as factual using mass spectrophotometric, *H N M R , conductivity 
and microcalorimetric methods (7,2). The ability of room temperature ionic 
liquids to aggregate undoubtedly affects their ability to serve as efficient reaction 
media and suggests that those methods identifying the aggregations process may 
prove to be quite useful. 

In particular, nuclear relaxation rates often provide valuable information 
concerning the dynamics and molecular interactions that occur in the liquid state. 
Use of nuclear spin-lattice relaxation rates to obtain information concerning 
reorientational dynamics is often restricted to the extreme narrowing region. In 
this region, the product of the resonance frequency and the rotational correlation 
time is less than unity. However, many ionic liquid systems of interest are 
viscous such that one is outside of the region of extreme narrowing and 
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relaxation rates are frequency dependent. The rotational correlation equations 
that describe the frequency-dependent region are considerably more complex 
and analysis is somewhat more difficult. 

NMR measurements 

The 1 3 C N M R relaxation data were measured on a Varian Unity-Plus 
spectrometer using a D 2 0 capillary for a lock. (B 0 = 4.70 T, u 0 ( l 3 C) = 50.31 
MHz , v0(lU) = 200.10 MHz. The spin-lattice relaxation times were measured 
using the inversion-recovery pulse sequence and calculated from the 1 H -
broadband-decoupled 1 3 C spectra by a three parameter exponential fit 
implemented in the spectrometer software. The relaxation data were extracted 
from the signal heights. The measurements of the spin-lattice relaxation times 
were repeated at least five times, those for the N O E factors 10 times, and then 
the average values were used further. The error in the temperature was estimated 
to be ±1 K . Chemical shift values were determined using C O S Y and HETCOR 
methods. 

Methodology 

1 3 C NMR relaxation studies 

The relaxation of 1 3 C in medium-sized molecules at moderate magnetic 
fields is usually caused by dipolar interactions with directly bonded protons. 
When one measures the relaxation times under *H decoupling conditions, the 
cross-relaxation term vanishes. The intramolecular dipolar longitudinal (spin-
lattice) relaxation rate (r™ = \itx

dd)i for the relaxation of 1 3 C nucleus i by NH 

protons j is connected to the molecular reorientations by (3-8): 

1 / T X

D D = [ l / 2 0 ] N „ [mJ [J(Û)c -ωΗ) + 3J(mc) + 6 J ( œ c +ωΗ)] ( 1 ) 

where the dipolar coupling constant is D 0 = (μο/4π)γογΗφ/2π)Γί/3, μ 0 is the 
permeability of vacuum, y c and γ Η are the magnetogyric ratios of the 1 3 C and *H 
nuclei, respectively, and r̂  is the length of the intemuclear vector between i and 
j (C-H = 1.09 Â). J(G>) are the spectral densities with G>C and OOH the resonance 
frequencies of the 1 3 C and ! H nuclei, respectively. 
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Nuclear Overhauser effect 

The nuclear Overhauser (NOE) factor rjj of carbon atom j relaxed by N H 

protons j is given by (3-8,9): 

=νΗΣσϋ'ΙκΣ(Ρϋ + Λ )] ( 2 > 

where Σ includes from j = 1 to N H , cfy is the cross-relaxation rate, py is the 
dipolar relaxation rate, /?*, the leakage term that represents the contribution of 
all other relaxation mechanisms to the relaxation of a 1 3 C nucleus i , thus 
reducing the N O E factor. Usually, intermolecular dipolar contributions can be 
neglected for I 3 C nuclei with directly bonded protons. Under l H decoupling 
conditions, the sum of py over all N H interacting protons gives the dipolar spin 
lattice relaxation rate (RjDD = Rl

D^ohr = l/TjDipolar). The relaxation of 1 3 C 
exclusively via intramolecular dipolar interaction implies a leakage term /?* = 0. 
Thus the N O E factor reaches its maximum value and depends only on 
reorientational molecular dynamics (3-8,9): 

n^ÛWfik +ûfc)-«^ûfr -<>Ûlrc[A®b - ^ ) + 3 / ( û t ) + 6 / ( û t (3) 

Spectral densities 

Assuming isotropic tumbling, the spectral densities can be connected to the 
effective correlation times, rc, for reorientation of the corresponding internuclear 
1 3 C - ! H vectors by: 

J(Û)) = 2TC/[\+(O>TC)2] (4) 

In theory rc is the time required for a molecule (i.e. vector connecting the 
interacting nuclei) to rotate through an angle of one radian, however in fact, the 
correlation time is the integral with respect to time from 0 to oo of the normalized 
autocorrelation function (4,7,8) and is actually τ2, the time constant for the 
exponential decay of the second-rank Legendre polynomial P 2 . In the extreme 
narrowing case (low viscosity solutions - unlike ionic liquids) the product of ωτν 

is much less than unity and J (ω) = 2TC. For this case, ηίιηιαχ = 1.988. 

Chemical shift anisotropy (CSA) 

Aromatic 1 3 C nuclei relax even in moderate magnetic fields partially via the 
chemical-shift anisotropy (CSA) mechanism. The corresponding longitudinal 
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relaxation rate of 1 3 C nucleus i is given by (3-8): 

R?a =[l /15H// 0

2 (Aa ( ) 2 [l + (/7i/3)y( û ; c ) (5) 

with the magnetic field strength H0, the chemical-shift anisotropy Δσ for an 
axially symmetric chemical shift tensor and the asymmetry parameter, η€χα. The 
(1 + ffcsj'i) term usually represents a correction factor of less than 5% and is 
therefore ignored. 

CSA in aliphatic carbons 

Typically, one assumes that aliphatic carbons in ionic liquids undergo only 
dipolar relaxation, however this is not the case for the [EMIM]BS0 3 ionic liquid 
as will be shown in the following sections of this report. Unless one uses the 
C W D method (10-12) of analysis outlined in the following sections, the degree 
of C S A contribution may well be overlooked. This of course would lead to 
errors in the determination of rotational correlation times and possibly to 
incorrect evaluation of possible phase changes. 

Solution of the Combined Dipolar and NOE equations 

In the case of ring (aromatic) carbons, it is assumed that dipolar relaxation 
and chemical shift anisotropy make up the overall relaxation rate: 

R,otal = RDipolar + RCSA (6) 

The dipolar (RjDIP°,AR) and chemical shift anisotropy (R,CSA) spin-lattice 
relaxation rates for aromatic carbons may be obtained by iterations of the 
following steps (1) through (4), followed by step (5). 

(1) The experimental Ti 's are assumed to be completely dipolar and eq 
1 is solved for a pseudo rotational correlation time as follows: 

re=[10/r iJVw(2^)2]x 

[ α / Ρ + ( ^ - ^ ) 2 Γ / ] ) + ( 3 / ρ + ΰ ί : ν ] ) + ( 6 / [ 1 + ( ΰ ί : + ^ ) 2 ^ ] ) ] ] (7) 

Values of x c were calculated by successive approximation steps by setting r c on 
the right-hand side of eq 7 equal to the previously calculated r c value. The initial 
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value of TC was set at 0.01 ns. A constant value of TC was obtained after ca. 5 
successive steps, however the value after 40 successive steps was utilized. 

(2) Eq's 1 and 3 are combined to form eq 8. The experimental Tj's and 
the pseudo rotational correlation times from eq 7 were used in eq 8 to calculate 
Umax- If these values of were greater than 1.988, ηηαχ was set equal to 1.988. 

where J^Tcl[U(œc+wH)2T2

c]\ and j = J2rc/[l+(pc -ωΗ)r2]]· 

(3) The ηΜαχ value is then used to calculate Rf*01™ from eq 9. 

RDipolar = (NQE / NOEmJ / Τ™* (9) 

(4) RjDIP°LAR is used to calculate a new rc as outlined in (1) above. The 
new TC is then used as outlined in step (2) above to determine a new ηηαχ and the 
iterative process is repeated until a final self-consistent TC and RjDIP°LAT are 
obtained. 

(5) Finally, the aromatic carbon chemical shift anisotropy (RjCSAr) spin-
lattice relaxation rates are determined from eq 6. Eq 5 is then used to calculate 
the chemical shift anisotropy (Δσ) for an axially symmetric chemical-shift tensor 
(see below). 

Chemical shift anisotropy (CSA) 

The chemical shift anisotropy (eq 5) is typically defined as: 

Δσ = |σ r σ ± | = σ Ώ 0 ° ) 

With \Gzz\ > \Gyy\ > |σχχ|. The asymmetry parameter, ηαα9 is generally ignored (as 
mentioned previously) in chemical shift anisotropy analysis as it would normally 
result in less than a 5-10 % correction as shown in solid state (75) isotropic 
studies. Using the convention outlined for eq 9, the asymmetry factor is given by 
(3-8,13): 

ΐ 7 « = ( 3 / 2 Χ σ „ - σ ^ ) / Δ σ ( Π ) 
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Basic Assumptions 

The basic assumption in this analysis is that the maximum value of the 1 3 C 
N O E in eq 3 is determined by the dipolar rotational correlation time obtained 
from the measured relaxation rate. This assumption is based on the validity of 
eq 3, the derivation of which is outlined in numerous references (3-9). 

Sources of Error 

Sources of error include the possibility of bi-exponential behavior and the 
use of an isotropic model to describe anisotropic motion. At present, there are 
no examples of bi-exponential behavior in the literature for viscous solutions of 
this type. Despite its inherent assumptions, the isotropic model has proved to be 
reasonably successful in describing a wide range of viscous solutions and 
providing useful physical information concerning these systems (10-12,14,15). 

Other easily detected problems include scalar relaxation and chemical 
exchange (3-5,8,13,16). Scalar relaxation is generally not a factor as it arises 
only when (a) the Larmor frequencies are similar (carbon bonded to bromine) or 
when a slowly relaxing nucleus is bonded to a fast relaxing nucleus (carbon 
bonded to aluminum). Chemical exchange is generally present when observed 
N M R peaks are seen to coalesce with increasing temperature as the exchange 
rate between species is faster than the N M R time scale. Temperature studies of 
[EMIM]BS0 3 and other ionic liquids discussed herein fail to indicate the 
presence of any of the above relaxation mechanisms. 

Common sources of error in NMR relaxation analysis 

(1) A common error in N M R relaxation analysis is the assumption that one 
is in the region of "extreme narrowing" where ωτ ς < 1. This is simply 
not the case for viscous solutions where t c is often in the picosecond to 
nanosecond range. 

(2) A second error is based on the assumption that CSA is a relatively 
minor effect. Unfortunately, one often forgets that CSA increases with 
the square of the magnetic field (see eq 5) and with investigators using 
9.40 Tesla and higher field magnets, C S A is likely to exist. By failing 
to properly evaluate the relative contribution of CSA, the dipolar 
relaxation rates are over estimated and the dipolar correlation times are 
in error. This error can lead to incorrect phase change temperatures 
and other related phenomena as indicated in the following sections. 

(3) Errors (1) and (2) are easily avoided by using the method of analysis 
described previously and outlined in eq's 1 through 11. 
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Analysis of the [EMIM]BS03 ionic liquid 

NMR relaxation measurements 

The 5 C chemical shift assignments for [EMIM]BS0 3 are shown in Figure 1 
on the next page (16). 

C9 CIO C i l C12 Ο 
• 

" 0 - S - C H 2 - C H 2 - C H 2 - C H 3 

Ο 51.9,27.9, 22.1, 13.9 ppm 

C6 
C2-139.9 ppm 

C7 C8 

C H 3 - N ^ + ^ C H ^ C H . 
35.9 

44.6, 15.6 ppm 

C5-122.5;C4-124ppm 

Figure 1. Chemical shift values (13C - ppm) and carbon positions for the 
l-ethyl-3-methylimidazolium butanesulfonate ionic liquid. 

Sample analysis 

The following is an example of analyzed data taken from our recent study of 
the [EMIM]BS0 3 ionic liquid (12). The initial successive approximation 
process (1) for the C2 carbon at 303 Κ is shown in Figure 2 (1 s t iteration solving 
eq 7) and TC changes from 317 to 385 ps. This TC value is then used (2) to 
calculate ηηαχ from eq 8. This corrected value is used (3) to generate a new 
value for R?*01" from eq (9). This R,DipolaT value is then used to solve (1) 
iteratively for TC and the entire process is repeated until the values of R^'?01™ and 
TC are self-consistent. 

The last (7 t h) cycle of this process results in a rc value that increased slightly 
from 128 to 132 ps as shown in Figure 2. During the seven cycles, the r | m a x 

value changes from 1.694 to 1.948. Overall, the TC value drops from an initial 
385 ps to a final value of 132 ps. This result was then used to determine the 
C S A contribution and a final Δσ value. 
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1 0.25 h 
0.20 
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1st iteration 

C2 ring carbon 

final iteration 

- o — ο — ο — ο — ο — ο — ο — ο -

2 4 6 8 10 12 

successive approximation steps 

Figure 2. Solution ofeq (1) for the C2 carbon in [EMIMJBS03 

I 3 C total relaxation rates for [EMIM] cation and butanesulfonate anion 

The imidazolium ring carbons (C2,C4,C5), the methyl and methylene 
carbons attached directly to the imidazolium ring (C6,C7) have a maximum R, 
(= Tj minimum) in the region of 15-20°C as shown in Figure 3. The terminal 
ring methyl (C8) and the butyl sulfate carbons (C9,C10,C11,C12) have maxima 
at less than 0°C. These results indicate that the butyl carbons and the methyl 
carbon in the ring ethyl group are less constrained than those attached directly to 
the imidazolium ring. Similar results have been obtained for the [BMIM]PF6 
and [MNIM]PF6 ionic liquids. 

1 3 C correlation times for [EMIM] cation and butanesulfonate anion 

The initial rotational correlation times (r c) are determined using steps (1) 
through (4) followed by (5) (assuming complete dipolar relaxation) as outlined 
in the methodology section. The corrected rotational correlation times (ps) for 
the imidazolium ring carbons and other remaining cationic and anionic carbons 
are shown in Figure 4. The corrected (final) rotational correlation times are 
shorter (77) than the initial rotational correlation times, and the total relaxation 
rate is now separated into both dipolar relaxation and a second contribution 
(chemical shift anisotropy). Correction of the imidazolium ring carbon NOE's 
results in a correlation time maximum at 40-50°C, a shift of ca. 25°C from the R\ 
maximum (= 1/Tj minimum) for these same carbons. At the same time, the 
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10 20 30 40 50 60 

Temp 

Figure 3. 13 C Total spin lattice relaxation rates (s'1) for [EMIMJBS03 ionic 
liquid vs temperature. Imidazolium ring I3C's:C2-139.9ppm (%); C4-124.0 
ppm (O) and C5-122.5 ppm (A). Ring methyl13 C: C6-35.9 ppm (p), ring 

methylene 13C: C7-44.6ppm (Q) and terminal methyl13C: C8-15.6ppm (+). 
Butanesulfonate ï3C's: S03 methylene 13C: C9-51.9ppm (M), methylene 13C: 

CI0-27.9ppm (Ώ), methylene 13C: CI 1-22.1 ppm (T) and terminal methyl13C: 
CI2-13.9 ppm (V). (Reproducedfrom reference 12. Copyright 2006 American 

Chemical Society.) 

imidazolium ring methyl group (C6) also has a correlation time maximum at 40-
50°C while the imidazolium ring methylene group (C7) has a maximum at a 
slightly lower temperature of ca. 35°C. 

The imidazolium ring carbons (C2,C4,C5), the methyl and methylene 
carbons attached directly to the imidazolium ring (C6,C7) have a maximum 
correlation times in the region of 15-20°C as shown in Fig. 4. The terminal ring 
methyl (C8) and the butyl sulfate carbons (C9,C10,C11,C12) have maxima at 
less than 0°C. These results indicate that the butyl carbons and the methyl 
carbon in the ring ethyl group are less constrained than those attached directly to 
the imidazolium ring. Similar results have been obtained for the [BMIM]PF 6 

and [MNIM]PF 6 ionic liquids. 

Evidence of CSA in Both Cation and Anion of [EMIM|BS0 3 

The imidazolium ring carbon C2 correlation times (r c) maximum at ~ 45 °C 
lies between correlation time maxima of 37 and 52°C for the imidazolium C2 
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Figure 4. 13 C Correlation times (ps) for [EMIMJBSO3 ionic liquid vs. 
temperature. Imidazolium ring 13C's:C2-l39.9ppm (Φ); C4-124.0ppm (O) 

andC5-122.5ppm(k). Ring methyl13C: C6-35.9ppm (A), ring methylene l3C: 
C7-44.6ppm (+)and terminal methyl13C: C8-15.6ppm (+). Butanesulfonate 

13C's: S03 methylene13C: C9-51.9ppm (Y), methylene J3C: C10-27.9ppm (V), 
methylene 13C: CI 1-22. lppm (O) and terminal methyl13C: CI2-13.9 ppm (x). 

carbons in [BMIM]PF 6 and [MNIM]PF 6 ionic liquids (10,11). The results for 
the methyl and methylene ring carbons are similar to those obtained for the 
[BMIM]PF 6 and [MNIM]PF 6 ionic liquids (70,77). 

Figure 5 contains a plot of 1 3 C CSA vs. temperature for the [EMIM] cation 
and the butylsulfonate anion in the [EMIM]BS0 3 ionic liquid. In previous 
studies of [BMIM]PF 6 and [MNIM]PF 6 , CSA was observed for the imidazolium 
carbons and those carbons immediately adjacent to the imidazolium ring. In the 
case of the [EMIM]BS0 3 ionic liquid, one observes CSA for the ring methyl and 
ethyl carbons and for the three carbons nearest to the sulfonate group. Only the 
terminal carbon in the butyl group fails to exhibit CSA dependency. In previous 
studies of [BMIM]PF 6 and [MNIM]PF 6 ionic liquids (10,77), CSA was present 
only in either the ring carbons or those carbons immediately adjacent to the 
imidazolium ring. The [EMIM]BS0 3 ionic liquid exhibits CSA in all of the 
imidazolium carbons and all butyl carbons with the exception of the terminal 
methyl carbon. The average Δσ values for the imidazolium ring and 
butanesulfonate carbons are C2-136, C4-130, C5-139, C6-251, C7-147, C8-113, 
C9-167, C10-135 and CI 1-136 ppm. Unlike the other carbons in both cation 
and anion, the C12 carbon displays only dipolar relaxation. 
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Temp 

Figure 5. 1 3 C CSA (Δ) for [EMIM]BS03 ionic liquid vs. temperature: 
Imidazolium ring I3C's:C2-139.9ppm (9); C4-124.0ppm (O) andC5-

I22.5ppm (A). Ring methyl13C: C6-35.9 ppm (A), ring methylene 13C: C7-
44.6ppm (+) and terminal methyl13C: C8-I5.6ppm (+). Butanesulfonate 

l3C's: S03 methylene 13C: C9-51.9ppm (W), methylene l3C: C10-27.9ppm (7), 
methylene 13C: CI 1-22.1 ppm (O) and terminal methyl13C: CI2-13.9 ppm (x). 

Evidence of phase changes from viscosity and NMR data 

In classical mechanics, the correlation time, rc, of spherical particle 
undergoing isotropic rotation is given by the SED eqn: 

r c = 4πα*ηΜΤ ^νη/kT (12) 

For those correlation times determined by N M R , the relationship (19) 
between TC and temperature in the viscosity-dependent region is given by: 

r c = r e + 1 / ^ / 7 - (13) 

Where i r e d = V/k. The values of the hydrodynamic radius obtained from this 
type of analysis are typically too small and are often corrected using a 
nonspherical rotational model (10-12,19). 
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NMR correlation time relationship with viscosity 

Figure 6 contains a plot of [EMIM] ring carbon (C2,C4,C5) N M R 
correlation times vs. viscosity/K for the [EMIM]BS0 3 ionic liquid. A similar 
plot was obtained for the more viscous ionic liquid, [MNIM]PF 6 (11). As is the 
case with [MNIM]PF 6 , [EMIM]BS0 3 undergoes several phase changes and the 
only region where the slope is positive is at the higher temperatures between 35 
and 55°C. 
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Figure 6. Correlation time (ps) for C2 (M), C4 (O) and C5 (A)vs viscosity/K 
(cP/K) for [EMIM] in [EMIM]BS03. From left to right, temperature ranges 

include328-308 K, 308-293 Κ and 293-278 K. (Reproducedfrom reference 12. 
Copyright 2006 American Chemical Society.) 

Figure 7 contains a plot of the B S 0 3

 , 3 C (C9,C10,C11,C12) N M R 
correlation times vs. viscosity/K for the [EMIM]BS0 3 ionic liquid. Unlike the 
[EMIM] cation in [EMIM]BS0 3 , one observes only a single phase for the B S 0 3 

anion change in the vicinity of 25-35°C. Furthermore, there are no additional 
phase changes observed between 5 and 30°C for the B S 0 3 anion. 
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10xViscosity(cP)/K 

Figure 7. Correlation time (ps) for butyl carbons in BS03 in [EMIMJSO3 vs 
viscosity/K (cP/K): C9 (M), CIO (O), Cll (A) andC12 (A). From left to 

right, temperature ranges include approx. 328-303 Κ and 303-278 K. 
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Chapter 4 

Ionic Liquids for Silica Modification: Assessment 
by Capillary Zone Electrophoresis 

Maria Borissova, Mihkel Koel, and Mihkel Kaljurand 

Institute of Chemistry, Akademia tec 15, Tallinn University of Technology, 
12 618 Tallinn, Estonia 

Use of Room Temperature Ionic Liquids (RTILs) in capillary 
electrophoresis as the additives of separation media and/or 
modifiers of capillary surface is question of great interest. The 
modified capillary has remarkable benefits: the analyte - silica 
wall interactions are significantly decreased and the direction 
of electroosmotic flow can be manipulated by appropriate 
modifying reagent. In the present study imidazole-based ionic 
liquid analogs have been permanently bounded to capillary 
wall. The coated capillaries were examined for use with 
aqueous as well as with non-aqueous electrolytes. The 
effectiveness of the coating has been investigated by 
separating the mixture of phenolic compounds in non-aqueous 
media. The run-to-run and for day-to-day reproducibility of 
coated capillaries in terms of neutral marker migration times 
has been evaluated. 

Introduction 

Silica xerogels has received much attention as a support material in 
chromatographic methods, catalysis, photo-catalysis and other areas due to its' 
many advantages over other inorganic or organic supports. The silica surface is 
resistant to organic solvents and moderate thermal treatment, modification of 
silica is easier than any organic polymeric support and is achieved using a great 
variety of silylating agents [1]. Moreover, silica gel is a very popular, relatively 
inexpensive and commercially available material. 

© 2007 American Chemical Society 35 
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Silica gels can also be coated along with such reagents as polymers [2], 
surfactants [3] and amine compounds [4], room-temperature ionic liquids (ILs) 
have begun to be used. Ionic liquids are widely known as non-volatile, high 
thermal and chemical stability liquids and as good solvents for various inorganic 
and organic materials. These properties make them unique choices for different 
chemical processes, but current emphasis still belongs to organic synthesis [5], 
electrochemistry [6] and catalyst technology [7]. In the last few years, the 
application of ionic liquids in separation science has grown progressively and 
particularly in capillary electrophoresis (CE) [8-11], liquid (LC) [12-14] and gas 
chromatography (GC) [15]. 

Traditional physical methods, such as X-ray photoelectron spectroscopy 
[16], photoaccoustic IR spectroscopy [17,18], solid-state 13C and 295i N M R 
[17], and chemical methods [19, 17] are suitable for the measuring changes on 
silica surface. In spite of this, C E proved to be a simple and promising technique 
for characterization of ionic liquid interaction with silanol groups. The 
determination of the magnitude and the direction of generated electroosmotic 
flow (EOF) is major characteristic of the new surface. Based on electrophoretic 
method, changes in charge density and charge type could be easily determined 
[20]. Behavior of immobilized ionic salt in different organic médias and affect 
of modified silica on analytes are also could be investigated by this analytical 
method. 

In capillary electrophoresis IL - silica interaction could be examined as 
adsorption onto activated silica surface or modification without any chemical 
bonding via weak-forces (physical or ionic forces). Such kinds of surface 
modification are called dynamic coating. These attract attention due to method 
simplicity and their renewable properties. The presence of ILs in running buffer 
acts as coating agent covering the negatively charged surface with positive 
imidazolium ions and, thus, causing reduced or reversed electroosmotic flow 
EOF [2,21]. 

Yanes and co-workers reported [9] the simple and reliable capillary 
electrophoretic method for the separation of phenolic compounds using typical 
ionic liquids (l-alkyl-3-methylimidazolium with different anionic parts). 
According to these authors, the separation mechanism is based on association 
between IL cation, presented in bulk buffer solution or\and immobilized onto 
capillary wall, and analyte. 

In similar way Jiang et al. [22] solved the problem of positively charged 
proteins adsorbing on the bare capillary surface by adding imidazolium-based 
ionic liquids to the running electrolyte in C E system: added salt "masked" the 
negative charge of fused capillary surface turning it to positivé. The ability of 
ILs to adsorb onto wall surface and affect the EOF was used by Y u et.al [23] for 
separation of benzoic acid and chlorophenoxy acid herbitcides. Rapid and 
sensitive method for separation of anthraquinones in Chines herb using 
dynamically adsorbed l-butyl-3-methylimidazolium-based ionic liquid was 
reported by Qi et al. [24] 
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In the case of permanent coating, modifying compound is introduced onto 
the fiised-silica capillary wall via formation of covalent bonds. Covalently 
bonded capillaries are less intricate in maintenance, but preparation process 
could be complicated. The most used approach for compound immobilization 
onto silica surface is organo-silanization through S i - O S i linkage. Usually, 
modified silica surface prepared by well-known method which include the silane 
precursor X 3 S i - A bonding to the pretreated support. The typical reaction is using 
propyltriethoxysilane group as precursor and can be presented as: 

(C2H50)3Si-(CH2)3-R • ί ^Si-(CH 2) 3-R + 2C2H5OH 

" O H / " ° 0-C 2H 5 

where R is the moiety representing the functional part needed for further 
modification. Unfortunately, siloxane linkage Si-Q-Si suffers from long-term 
instability, since the siloxane linkage is prone to hydrolysis in basic conditions 
[25]. 

Such permanent coatings have been employed by Qin et al. [26,27] for 
determination of ammonium and metal ions by CE. Authors used imidazolium-
based ionic liquid as the coating reagent and as the component in separation 
media also. 

Chemical modification of the silica surface results in predetermined 
changes of chemical composition and, thus, properties of resulted support. The 
knowledge of behaviour of silica - modifying agent interaction is of great 
importance for the understanding and eventual improvement of their 
performances. In the present paper we study the interaction of ionic liquid-based 
modifier with a silica surface and its' behavior on silica coatings. An evaluation 
of this modifier as a multi-purpose coating for aqueous and non-aqueous 
capillary electrophoresis is reported as one of the possible applications. 

Experimental 

Apparatus 

C E separations were performed in ISCO Model 3850 electropherograph 
with a U V absorbance detector. A l l experiments were carried out in coated 
fiised-silica capillary of 50 μιη I.D. with a total length of 67 cm and a distance 
from injection end to detection window 41 cm. pH values of the buffers were 
measured using Metrohm 744 pH Meter equipped with combined glass 
electrode. 
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Experimental conditions 

Mesityl oxide (MO) for non-aqueous and dimethyl sulfoxide (DMSO) for 
aqueous buffers were used as neutral markers for EOF observation. Previously 
capillary for the experiments was washed with appropriate buffer till baseline 
stabilization. A l l samples were introduced hydrodynamically into capillary with 
duration of an injection 2-4 sec. The applied voltage was conducted at -18 k V or 
18 kV. Separation processes were monitored by light absorbance at 210 nm. 

Reagents 

N-3-(3-triethoxysilylpropyl)-4, 5-dihydroimidazole was purchased from 
A B C R GmbH & Co, 1-chlorobutane and sodium tetrafluoroborate were 
obtained from Aldrich (Germany). A l l organic solvents (acetonitrile (ACN), 
acetone, methanol, ethanol, DMSO, propylene carbonate (PC) were analytical 
reagent grade and were received from Sigma-Aldrich (Germany). 1 -butyl-3-
methylimidazolium-based ionic liquids with two typical anionic parts: 
heptafluorobutanoate ([CF 3(CF 2) 2COO]") and trifluoroacetate ([CF 3COO]') as 
background buffer components were prepared at the Institute of Chemistry of 
Tallinn University of Technology following the methods described elsewhere 
[28]. Phenolic compounds: resorcinole, phloroglycinol, phenol, /?-cresol were 
obtained from Sigma-Aldrich (Germany). Deionized water from a Mi l l i -Q water 
system (Millipore, France) were used for capillary washing and solution 
preparation. 

Capillary coating procedure 

Before coating, the fresh capillary was activated by rinsing with \M NaOH 
for 2 h and with deionized water for 20 min, with 1M HC1 for 60 min with 
further flushing with deionized water in consecutive order. The capillary was 
washed with methanol for 10 min and then dried at 110° C under the flow of dry 
nitrogen directly before silanization. Finally the capillary inner surface was 
modified via different procedures described in [16,17,29,30] which should result 
in the same final product. 

Heterogeneous way (HE) 

if 
I 

(CHî), 

/ V " 

(CHî), 
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The pre-treated capillary was filled with 3-chloropropyltriethoxysilane 
dissolved in m-xylene (20 %, v/v). The ends of the capillary were closed and 
then the capillary was heated in the oven at 150°C for 20 hours. After the 
reacting time the column was washed with m-xylene and dried with nitrogen at 
110°C. During the next step butylimidazole was dissolved in m-xylene (50%, 
v/v) and introduced into capillary. The filled and closed column was heated in 
the oven at 90°C for 48 hours and then washed with xylene and dried under 
nitrogen flow. The final step of the modification process consisted of anion 
exchange of coating reagents. The 40mM aqueous solution of NaBF 4 was 
prepared for that purpose. The column was filled with NaBF 4 solution and both 
ends of the capillary were also immersed into the same solution. The capillary 
was held at room temperature for 24 hours and flushed with fresh solution after 
12 hours. Finally, the modified column was washed with deionized water. 

Homogeneous way (HO) 

The coating reagent l-butyl-3-(3-triethoxysilylpropyl)-4,5-dihydroimida-
zolium tetrafluoroborate was prepared as follows: chloride complex was 
synthesized by stirring A^-3-(3-triethoxysilylpropyl)-4,5-dihydroimidazol with 1-
chiorobutane at 78 °C for 21 h. The resulting mixture was cooled and the 
volatiles evaporated under reduced pressure. The residue was washed several 
times with pentane and dried. Finally, after dissolving the material into 
dichloromethane, filtration and the removal of volatile components the chloride 
was obtained. The same product was received by refluxing of butylimidazol 
with 3-chloropropyitriethoxysilane at 90°C for 60h. After that unreacting 
materials were separated by extraction with diethyl ether and the residual ether 
was evaporated under reduced pressure. A l l reactions were performed under 
argon atmosphere because of air- and water sensitivity of compounds. 
Afterwards chloride was treated with NaBF 4 in A C N at room temperature to 
form ionic liquid - based modifier. The resulting ionic liquid complex was 
dissolved in chloroform (50 mg/ml) and introduced into capillary. The filled 
capillary was placed in the oven and kept there at 90 °C for 1 8h. Later the 
excess of ionic liquid was removed by bleeding of nitrogen through the 
capillary. Then a capillary was flushed with acetone and deionized water for 10 
and 30 min correspondingly and dried with nitrogen. 
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Results and Discussion 

Surface characterization 

In the present study, the modification of the inner surface of a capillary 
using an imidazolium-based ionic liquid analogs was achieved with both 
immobilizing methods described above. As experiments show, the final step of 
the modifying process, CI" replacing by BF 4 ", may be excluded because the 
anion choice has no demonstrable influence on electrophoretic behaviour in the 
coated capillary. The direction and magnitude of EOF are central parameters 
which help to characterize the modified capillary surface. The first parameter 
informs about the charge type on the surface and the second - about the charge 
density. It was observed that in A C N the direction of EOF in H O and H E 
capillaries was reversed in comparison to that of bare capillary (towards to 
cathode) and this confirmed that the negative capillary wall charge was changed 
to positive. The completeness of modifying processes was determined by 
measurements of EOF mobilities in A C N in both method coated capillaries 
(Table 1). Although the two methods nominally lead to the formation of the 
same coating, the capillary prepared by heterogeneous approach was less 
effectively covered. This results in low peak resolution, peak broadening and 
longer analysis time. 

The difference in magnitude of the EOF can be explained by charged silanol 
groups that have not been covered by modifier as well as an indicator of the 
number of immobilized anchor groups on the wall capillary. This means, that 
number of blocked OH-groups is greater in the case of the homogeneous method 
[19]. In other words, anchored imidazolium cations that predominate on the 
capillary wall, but positive charge density is lower in comparison to the charge 
density on the capillary wall when prepared by the homogeneous method. The 
magnitude of reversed EOF is limited by ionisation of uncoated silanol groups. 

In spite of this, the first method is easier and less reagent-consumed since 
all reactions are carried out inside the capillary. Moreover, varying the 
concentration of 3-chloropropyltriethoxysilane during the first step of surface 
modification, could lead to total suppression of the EOF. This is due to the 
resulting balance between negatively charged silanol groups on bare silica and 
the positive charge induced by the immobilized cations. 

Table 1. Comparison of two modified capillaries prepared in different mode. 

EOF mobility 
(-ΙΟ - 8 m W ) 

Run-to-run 
R S D % 
(n=5) 

Day-to-day 
R S D % 
(n=3) 

Heterogeneous 6,1 2,11 3,43 
Homogeneous 10,96 1,17 4,28 
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Moreover, six organic solvents and water were used to characterize the 
properties of coated capillary. The variety of different solvents (including water) 
applied in C E encompass a broad scale of physicochemical properties and, thus, 
flexibility in electrophoretic selectivity manipulation. It is known, that mobility 
of the electroosmotic flow (μ β 0 ί) strongly depends on the nature of the separation 
buffer as following: 

where ε is the relative permittivity, η is the viscosity of the buffer and ξ is the 
zeta-potential [31]. In case of pure solvent the last parameter ξ is predominantly 
dependent on the charge density on the capillary surface which is influenced by 
modifications of the inner surface of capillary. 

The magnitude of EOF in HO capillary for non-aqueous buffers and water 
was determined by measuring migration time of neutral marker and the ξ-
potential of HO coated capillary surface in all solvents was calculated also 
(Table 2). As it was reported [32] there is no direct correlation between the zeta 
potential and EOF mobility. It can be seen from the table that the highest 
mobility was detected using A C N (10,96 x-10"8 n ^ V ' V 1 ) and slowest in 
propylene carbonate (1,57 χ -10' 8 m V s " 1 ). EOF mobility value in A C N was in 
accordance with theoretical reasoning taking high ε/η ratio and high zeta 
potential (-130,9 mV) into account. EOF mobility in D M S O was slow because 
of the high viscosity of this solvent; nevertheless the zeta potential was higher 
(-136,9 mV) in compare with other solvents. 

Taking into account the above-mentioned reasons and results the 
homogeneously prepared capillary and acetonitrile as a separation media were 
chosen for further experiments in non-aqueous electrophoretic system. 

Effect of IL concentration in buffer 

l-butyl-3-methylimidazolium heptafluorobutanoate (BuMelm-HPB) and 1-
butyl-3-methylimidazolium trifluoroacetate (BuMelm-TFA) were tested as 
additives to A C N . The addition of ionic liquid to the separating buffer executes 
several functions. First of all ionic liquid acts as source of charged components 
in buffer. The charging mechanism of analyte in A C N (which is poor hydrogen 
bond donor) is based on analyte ability to donate a hydrogen bond to the ionic 
liquid anions and thus form negatively charged analyte-anion complexes that 
could be separated due to the differences in heteroconjugate formation. [35,36] 
Moreover, addition of salt plays a role of dynamical modification by blocking 
the uncoated silanol groups of the wall to avoid analyte adsorption and improve 
migration time reproducibility. 

The influence of ionic liquid concentration was evaluated for the separation 
of four phenolic compounds and is illustrated in Figure 1. 
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Table 2. Some physiochemical properties of conventional organic 
solvents [33], EOF migration mobilities and calculated surface zeta-

potentials in HO coated capillary using pure solvents as separation media 
(Conditions as described in 2.1 and 2.2 except values marked with* -

applied voltage, -30 kV). 

Properties 
of the organic solvents 

EOF measurements 
Coated 
capillary 

Fused 
capillary0 

c 

CO 

> V 

11 
PU 

ΧΛ «Λ 

•ς: β 

£ ε 

• § 2 

? ο 

c Q ν 5<Ί ci l e 

l e 

te .s 
ce o 

U Ou 

A C N 35.94 0.341 109.6 1.17 20.5 -130.9 
H 2 0 78.36 0.89 69.2 0.62 7.7 -98.77 
MeOH 32.66 0.551 33.6 0.69 3.2 -72.05 
Acetone 20.72 0.326 27.0 0.69 8,9 -53.4 
EtOH 24.55 1.083 19.6 0.46 1.9 -110.8 
PC 64.92 2.53 15.7* 1.98 4.2 -74.72 
D M S O 46.45 1.991 25.0* 0.88 0.1 -136.9 
a Data from Réf. [34] 

It is easy to notice that the usage of BuMelm-HPB (plot A on figure 1) as 
buffer additive represents better results in resolution/analysis time ratio. Thus 
heteroconjugation of the analytes was strongest with this type of ionic liquid 
anion. BuMeJm-HPB concentration corresponding to the limiting mobility 
(maximum degree of heteroconjugation) for resorcinol and phenol was found in 
range of 0,8 mg/ml and for p-cresol, phioroglucinol - 1 mg/ml. Further addition 
of ionic liquid to the running buffer leads only to analysis time increasing due to 
the changes in viscosity and ionic strength (buffer concentration) value and do 
not influence on complex formation. 

As can been seen in case of BuMelm-TFA (plot Β on figure 1) the analyte 
mobility dependence from additive concentration is different. Using additive 
concentration 0,6-0,8 mg/ml no resolution was observed for the /?-cresol and 
phioroglucinol. In the same time phenol and resorcinol were successfully 
separated at IL concentration 0,8 mg/ml. Further increase of ionic liquid content 
improves the separation of p-cresol and phioroglucinol also. Interesting is the 
fact that phenol and resorcinol are the anaiytes that exhibit a decrease in 
mobilities when increasing the concentration of ionic liquid in the buffer. 
Explanation of that needs further investigations. So BuMelm-TFA concentration 
in 1 mg/ml was found to be optimal for achievement sufficient relation between 
migration time and resolution (selectivity). 

 
  

In Ionic Liquids IV; Brennecke, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



43 

Ο Η 1 1 1 1 1 1 1 

0,5 0,6 0,7 0,8 0,9 1 1,1 1,2 

IL concentration (mg/ml) 

Figure 1. The effect of l-butyl-3~methyl-imidazolium heptafluorobutanoate (A), 
l~butyl-3-methyl-imidazolium trifluoroacetate (B) on the electrophoretic 
mobility ofphenols: (φ) p-cresol, (Φ) phioroglucinol, (A) phenol, (M) 

resorcinol 
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Figure 2. Performance of phenols separation in A) uncoated capillary. 
Conditions: applied voltage, 18 kV; background electrolyte, BuMelm-HFB in 
acetonitrile (1 mg/ml); B) HO coated capillary. Conditions: applied voltage, 

-18kV; background electrolyte, BuMelm-HFB in acetonitrile (0,8 mg/ml). 
Analytes: 1- phioroglucinol, 2 - resorcinol, 3 - p-cresol, 4 - phenol, 

NM- neutral marker. 
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Figure 2 presents an example of separation of phenolic compounds when 
BuMeJmHFB was used as background additive for both untreated and coated 
capillaries. As it is seen the separation for both systems is realized with the 
similar resolution and in short analysis time (6-10 min). In uncoated capillary 
simple addition of ionic liquids (1 mg/ml) does not change the EOF direction. 
On the other hand the analysis time in the modified capillary is longer. The 
analytes also migrated in reversed order. 

The performance and stability of coated capillary was also tested for aquatic 
separation media. Si-O-Si linkage stability at pH range 4-7 makes possible 
(although, with the limitation) the application of coated capillary for separation 
using aqueous electrolytes. 

Stability of coating was examined by measuring of migration time of 
neutral marker (DMSO). Reproducibility test were performed for run-to-run 
variation of migration times and resulted in RSD value of 1,88 % (n=5) and day-
to-day variation in RSD value of 4,52% (n=3). The last number obviously 
indicate the degradation of surface coating and it instability in aqueous 
electrophoretic system. 

Conclusion 

Capillary electrophoresis is a suitable and simple method for the 
characterization of a modified capillary silica surface. Two silica capillaries with 
a covalently anchored imidazolium-based ionic liquid analog were successfully 
prepared by homogenous and heterogeneous techniques and compared using 
capillary zone electrophoresis. It was found that homogeneous process of 
capillary modifying is preferable in terms of stability and positive charge 
density. Direction of electroosmotic flow in coated capillaries was reversed in 
case of all background buffers. EOF magnitude and zeta potentials, as principal 
surface characteristics, were determined for six different electrophoretic 
solvents. At last, baseline separation of some phenolic compounds, using 
combination of coated capillary and ionic liquids as background analyte has 
been successfully achieved. 
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Chapter 5 

Characterization of Phosphonium Ionic Liquids 
with Emphasis on Mass Spectrometry 

and Chromatography 
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Chermeine Rivera1, Liying Du1, Douglas Harris1, Michael Piquette1, 
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1Cytec Research Center, Cytec Industries, 1937 West Main Street, 
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2Cytec Canada Inc., 9061 Garner Road, Niagara Falls, 
Ontario L2E 6S5, Canada 

Introduction 

The majority of ionic liquid publications deal the synthesis, properties and 
applications of ionic liquids. This paper focuses on characterization and 
analysis of ionic liquids, more specifically on trace analysis. Cytec is a major 
producer of phosphonium ionic liquids and believes that as industrial 
applications and demand for ionic liquids continues to grow, so will the needs 
for accurate analytical methods to determine trace quantities of various ionic 
liquids in reactions streams as well as impurity ions in the ionic liquids. In this 
paper, we will address some of these issues. 

Product assays usually require identification and analysis to the extent of 
0.1% for various impurities-physical properties of ionic liquids are particularly 
sensitive to low levels of anion impurities1. In addition, toxic and carcinogenic 
impurities need to be determined to the ppm level or to the ppb level depending 
on their chemical/biological toxicity. If ILs are to be used as solvents or as 
catalysts, their residual amounts in the products have to be analyzed accurately. 

In degradation studies, U V measurement alone is not only insufficient but 
often also includes false positives. The degradation products need to be 
identified and determined individually. For environmental and toxicology 
studies, analytical methods are often required with sub-ppm or ppb sensitivity 
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depending on regulations. In industrial productions, the discharge of waste 
water to natural water is a highly regulated issue. As ionic liquid manufacturers, 
we are obligated to develop methods not only to assay the products but also to 
determine their ultimate fate in the environment. For these reasons, applications 
of mass spectrometric and chromatographic techniques for the analysis of 
phosphonium ionic liquids are being investigated. 

Phosphonium Ionie Liquids 

Phosphonium salts, especially halides, have been available commercially 
for many years. The main applications being used as phase transfer catalysts, in 
resin curing or as biocides. They are typically made by quaternizing a tertiary 
alkylphosphine with a chloro, bromo or iodo alkane. The resulting 
phosphonium halides can be used as ionic liquids or as usually is the case, they 
are converted by various metatheses to non-halogen phosphonium ionic liquids. 
Alternatively, tertiary alkylphosphines can directly react with active esters such 
as tosylates, sulfates, phosphates or mesylates to form"non-halogenated salts" 
directly. Detailed procedures for the syntheses of many phosphonium ILs have 
been summarized by Downard etal. 2. 

Phosphonium ILs are also the subject of many other researchers. J. Knifton 
published numerous papers and patents on petrochemical applications using 
"molten phosphonium salts" as solvents3. Phosphonium salts have been 
successfully used for Heck, Suzuki and esterification reactions 4 , 5 , 6 , 7. Hoffmann 
reported surprisingly high C 0 2 solubility in phosphonium ILs 8 . The Wilkes 
group demonstrated the unusual ability of alkylphosphonium cations to 
"liquefy" very high molecular weight salts 9 1 0. More recently, Clyburne 
demonstrated the surprising stability of phosphonium salts toward strong bases 
such as Grignard reagents and borane11 . Pernak has prepared and investigated 
electrochemical properties of several series of phosphonium salts 1 3 1 4 . 
Livingston has addressed the important issue of removing trave levels of ionic 
liquids from reactor products by use of unique "molecular f i l te rs" 1 5 1 6 1 7 . A 
unique series of phosphonium ILs with amino acids derived anions were 
reported at the March, 2006 Atlanta A C S Ionic Liquid Symposium by Ohno 1 8. 
At the same meeting, McCleskley discussed para-magnetic properties of 
phosphonium salts containing transition metal anions19. The all-important 
aspect of bioactivity has been addressed by Pernak and Stock 2 0 , 2 1 . 

C Y P H O S IL® is the trade name of Cytec phosphonium ILs. Table 1 lists 
the phosphonium ILs used in this study. The table includes abbreviations used 
in the L C / M S study (PI, P2, etc), commercial names (CYPHOS IL 101, 
C Y P H O S IL 102, etc), and cations and their anions. The table also includes 
imidazolium ILs used in this study. 
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Table I. Ionic Liquids used in this Study 

Abbr CYPHOS IL® R,R,R,R'-P Anion 

PI IL 106 C4,C4,C4,C1-P tosylate 
P2 IL164 C4,C4,C4,C4-P chloride 
P3 IL 167 C4,C4,C4,C14-P chloride 
P4 IL101 C6,C6,C6,C14-P chloride 
P5 IL163 C4,C4,C4,C4-P bromide 
P6 IL104 C6,C6,C6,C14-P (C8,C8)phosphinate 
P7 IL109 C6,C6,C6,C14-P bis(trifluoromethane 

sulfony)lamide 
P8 IL 105 C6,C6,C6,C14-P dicyanamide 
P9 IL162 C4,C4,C4,C16-P bromide 
P10 IL107 C4,C4,C4,C4-P dibutylphosphate 
P l l IL102 C6,C6,C6,C14-P bromide 
P12 IL110 C6,C6,C6,C14-P hexafluorophosphate 
P13 IL202 C6,C6,C6,C14-P decanoate 

Iml EMIm chloride 
Im2 BMIm chloride 
Im3 EMIm trifluoromethanesulfonate 
P y l pyridinium p-toluenesulfonate 

General Characterization Techniques 

T G A 

Thermal stability is an important property of ILs, and T G A usually is the 
first analytical technique employed for characterization. It has been repeated 
pointed out that dynamic T G A does not reflect the true thermal stability of ILs 2 2 . 
Thermal decomposition of a compound commences at the onset of weight loss 
and not the normally quoted inflection point of the derivative of T G A curve. 
Static T G A is a better technique to reflect this onset of thermal decomposition, 
which is typically 80-100°C lower than the inflection point of T G A curve. 
Figure 1 compares the static T G A of IL101 and BMIm under air and Figure 2 
compares the static T G A of IL101 and BMIm in nitrogen. The inflection point 
of dynamic T G A for IL 101 is 350°C under air and 375°C under nitrogen. 
However, as can be seen in Figure 1, both IL101 and BMIm lost approximately 
10% in 4 hours at 180°C. IL101 was more stable than BMIm at higher 
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temperatures - at 210°C after 4 hours, IL101 lost 30% versus 85% loss of BMIm; 
and at 240°C after 4 hours, IL101 lost 55% versus 100% loss of BMIm. Under 
nitrogen, the stability of IL101 improves dramatically. Its weight loss was less 
than 10% at 270°C after 4 hours and less than 40% at 300°C after 4 hours. 
BMIm, on the other hand, showed no noticeable improvement under nitrogen. 

3 I P N M R spectroscopy 

3 I P N M R spectroscopy is a sensitive and powerful technique for 
characterization of phosphonium ILs. Because of the mono-isotopic nature of 
phosphorous atom (100% 3 1 P) and high gyromagnetic ratio, its sensitivity is two 
orders of magnitude greater than I 3 C N M R . In addition, !H-decoupled 3 1 P N M R 
spectra are simple, with one spectral peak for each phosphorous atom and no 
interference from most organic compounds. Figure 3 shows the sensitivity of 
3 1 P N M R for phosphonium ILs. The sample contains IL101 at a concentration 
of400 ppm, with 700 ppm of tripropylphosphonium oxide (TPPO) as an internal 
quantitation standard. The Γ 1 Ρ relaxation constants can be very long, so 
3 mg/mL of the paramagnetic relaxation agent, chromium tri-acetylacetone was 
added to reduce the recycle delay between acquisitions required to obtain 
quantitative spectra. Utilizing a 400 M H z N M R spectrometer equipped with a 
5mm B B O (broad band observed) probe, the limits of detection and quantitation 
in a 30 minute acquisition were found to be approximately 10 and 100 ppm, 
respectively. Figure 4 shows the ease of detecting impurities using 3 1 P N M R 
spectroscopy. The sample is tris-(n-butyl)decadecylphosphonium chloride 
dissolved in chloroform. Signal A is attributed to the tris(n-
butyl)tetradecylphosphonium ion. Signal Β arises from the impurity bis(n-
butyl)(isobutyl)phosphonium ion at a 2 mol% relative abundance. The presence 
of this isomeric compound was confirmed by L C / M S . 

Other Traditional Characterization Techniques 

Other properties of ILs commonly determined are viscosity, density, 
solubility, EC window, water content, etc. They are not within the scope of this 
study. 

Mass Spectrometry and Chromatographic Techniques 

Objectives 

The objective of this study is three folds. The first objective is to develop 
an L C / M S procedure for the analysis of phosphonium ILs and, i f possible, also 
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for the analysis of imidazolium ILs. The sensitivity of this technique is expected 
to be better than 0. Ippm. With such sensitivity, it is possible to analyze trace IL 
to the ppb level after sample enrichment. It is also possible to analyze 
impurities in IL at the <0.1% level using the commonly prepared 0.1% sample 
concentration used in H P L C analysis. The second objective is the analysis of 
the anionic counter ion. The third objective is the analysis of chloride. Many 
ILs are produced by using a chloride compound as the starting material and 
replacing the chloride with a desired anion. It is important to have an analytical 
procedure to analyze residual chloride accurately at the 10 ppm level in the 
sample. 

Mass Spectrometry of Phosphonium ILs 

A l l ILs show strong sensitivity in mass spec analysis. Figure 5-left is the 
ESI (Electrospray) mass spectrum of a 1 ppm IL101 solution obtained from 
positive mode operation. Intensity of the signal clearly indicates that the 
detection concentration is well below 0.1 ppm. The observed ion is the 
phosphonium cation. Since the employed mass spectrometer is a high-
resolution instrument, it is capable of determining the mass ion with accuracy of 
+/-5ppm. In this case, the measured cation is 483.5059 Daltons with mass 
accuracy of <+/-0.003 Daltons. This feature is very useful for trace analysis, 
because it can remove interfering compounds having the same nominal mass but 
not the same exact mass. The APCI (Atmospheric Pressure Chemical Ionization) 
ionization technique exhibits similar sensitivity as ESI. Both ionization 
techniques are used interchangeably in this study. 

Cluster Ions 

When the sample is introduced at a higher concentration, cluster ions begin 
to appear. Figure 5-right is the positive mode ESI mass spectra of a lOOppm 
IL101 solution. The cluster ions are [cation][molecule]n. In negative mode, the 
formed cluster ions are [anion][molecule]n. Cluster ion formation appears to be 
dependent on the ionization technique. In ESI and APCI ionization, the 
preferred cluster ion is the dimeric ion as shown. The trimeric ion is very weak 
even with a very high sample concentration. On the other hand, cluster ions up 
to 20 molecules have been observed by F A B (Fast Atom Bombardment) 
ionization in both positive and negative modes by Seddon's group2 3. Contrary 
to expectation, M A L D I (Matrix Assisted Laser Desorption Ionization) technique 
produces only the monomeric ion without cluster ions in both positive and 
negative mode operation as shown Figure 6. In this figure, the sample is LI04. 
It is analyzed directly without a M A L D I matrix agent. 
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Chromatography of Phosphonium ILs 

Figure 7 shows our first attempt24, and also the first reported attempt 
elsewhere, of chromatographic separation of ILs. The sample is a mixture of 
four phosphonium ILs and one imidazolium IL at 10 ppm level each. The 
figure shows that some ILs are separated nicely but others show strong 
adsorption effects. The positive outcome of this study is that it is feasible to 
analyze IL cations by L C / M S with high sensitivity. The drawback is the i l l -
defined peak shape from the adsorption effect. 

The adsorption effect is cause by an interaction between the polar IL and 
the Si-OH sites of the H P L C column substrate. The conventional CI8 column 
we employed apparently has too many residual un-derivatized Si-OH sites. An 
apparent solution is to replace the HPLC column with a high surface coverage 
column. Unfortunately, not all commercially available columns performed 
satisfactorily. The one column which gives minimal adsorption effects is the 
Varian MetaSil column. This column was successfully used by Stepnowski2 5 

for the separation of imidazolium ILs. The same column is employed in this 
study26. 

Figure 8 shows L C / M S results using the Varian MetaSil column for the 
separation of four phosphonium ILs and two imidazolium ILs. Four 
representative phosphonium ILs, covering the spectrum of Cytec ILs, are 
selected for this study. They are two small molecule phosphonium ILs (IL 106 
and IL 164) and two large molecule phosphonium ILs (IL 167 and IL 101). The 
total carbon numbers in these four phosphonium ILs are C13, C16, C26 and C32, 
respectively. Two imidazolium ILs (EMIm and BMIm) are included to show 
the universal applicability of the developed H P L C procedure. 

Next to the column type, acidity of the mobile phase is also an important 
factor for successful separation of ILs. At higher pH, the peak shape of ILs is 
diffused, especially with the smaller ILs. As acidity of the aqueous phase 
increased to pH 6, the peak shape starts to become well defined. pH 4 is 
selected because it is easier to prepare as a buffered solution (HAc/NH 4 Ac = 
10/1). 

Mobile Phase for H P L C 

A methanol/water system is selected over the acetonitrile/water ( A C N / H 2 0 ) 
system used by Stepnowski. The acetonitrile/water system was found not 
suitable for phosphonium IL, especially for larger molecules. The following 
table lists the retention times of four phosphonium ILs obtained under isocratic 
conditions with different mobile phases. Two variables are pH and polarity. 
The first set of experiments changes the pH of the aqueous phase by setting 
water/acetonitrile at a 1/10 ratio. The effect of pH is as expected. The retention 
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times continue to decrease with the decrease of pH of the aqueous phase and 
become stable after aqueous acidity reaches pH = 4. The second set of 
experiments fixed the pH of aqueous phase at pH=4 and changes the 
methanol/acetonitrile ratio. Decreasing the water concentration (= increasing 
the acetonitrile concentration) means decreasing the polarity of the mobile phase. 
This, in principle, aids the elution of larger, less-polar compounds. The effect of 
polarity is less predictable. The retention times show a minimum at 90% 
acetonitrile and become larger again with increase of acetonitrile concentration. 
It appears that in high acetonitrile concentration mobile phases, pH, the other 
important factor, becomes less effective. This reversal of retention time 
indicates a bimodal separation mechanism. The water/methanol system shows 
no such effect. If large molecule ILs are the main concern, using a mixture of 
methanol and THF as the organic mobile phase will substantially reduce the 
retention time of these large ILs. 

Sensitivity and Linearity of L C / M S 

Figure 9 shows the excellent linearity between MS signals of ILs versus 
their concentrations. Analyzed samples include two small molecule ILs, IL 106 
(total C = 13) and IL 164 (total C = 16), and two large molecule ILs, IL 167 (total 
C = 26) and IL101 (total C = 32). Samples were examined with two ionization 
techniques, ESI and APCI. Both ionization techniques exhibit excellent 
linearity covering at least two orders of concentration range with sensitivity 
better than <0.1ppm. The non-linearity of IL 167 and IL101 at higher 
concentrations is due to signal saturation of the detector. Table III compares the 
signal responses for four analyzed ILs normalized to the signal of IL 164. It 
shows that the signal response varies from sample to sample and also different 
ionization techniques. A calibration curve is needed for each analyte with a 
specific ionization technique. 

Identification of I L Anions from MS Cluster Ion 

Attempts to develop an HPLC procedure universally applicable for IL 
anions were unsuccessful. Chemical and physical properties of IL anions are 
too dissimilar. Different H P L C procedures have to be developed for different IL 
anions. 

Qualitative identification of IL anions is a much simpler matter. As was 
discussed previously, in MS analysis of ILs, a high concentration sample tends 
to produce cluster ions. In positive mode MS, the dimeric cluster ion is 
composed of two cations and one anion. In negative mode MS, the dimeric 
cluster ion is composed of two anions and one cation. Anions can be easily 
identified after i f the cation is known. Figure 10 shows the mass spectrum of 
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Table II. Effect of pH and Polarity on Retention Times in 
H 2 0 /ACN System. ( ILs are listed based on their total 

carbon units) 

A C N , % PH C13 C16 C26 C32 
90 7.2 10.7 12.3 25.1 >40 min 
90 5.8 8.0 9.0 17.0 31.5 
90 3.8 7.5 8.4 15.1 24.6 
90 2.7 7.3 8.2 15.1 24.8 

70 3.8 5.7 7.2 29.1 >40 
80 3.8 5.7 6.6 15.4 31.8 
90 3.8 7.5 8.4 15.1 24.5 
95 3.8 16.6 18.4 31.5 >40 

Table III. Relative Signal Responses, normalized to IL164 

Technique IL106 IL164 IL 167 IL101 

APCI 0.42 1 1.57 1.67 
Electrospray 0.85 1 0.86 0.67 
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APCI MS signal vs Cone 

2 5 0 0 0 

2 0 0 0 0 

15000 

10000 

5000 

From bottom to top: IL106(P1), IL164(P2), IL167(P4), IL101(P3) 

Figure 9. Signal Linearity of LC/MS by APCI 

two phosphonium ILs, P7 (CYPHOS IL104) and P8 (CYPHOS IL109). Both 
ILs contain the same cation, trihexyl(tetradecyl)phosphonium (m/z = 483). The 
anion of P7 is easily determined as m/z = 289, confirming the anion as 
di(methylpentyl)phosphinate. Similarly, the anion of P8 is determined as m/z 
=66, confirming the anion as dicyanamide. 

Residual Chloride Analysis 

Many ILs use chloride salts as their starting material. Ion chromatography 
is an ideal technique for the analysis of residual chloride. Most commercial ion 
chromatographs have sensitivity for halides at the 0.1 ppm level and a wide 
range of linear signal response. The sensitivity of 0.1 ppm translates to a 
detection limit of lOppm when the sample is prepared as a 1% aqueous solution. 
The following table lists residual chloride in ten ILs measured using an ion 
chromatograph. 

Conclusion 

A n L C / M S procedure is established for phosphonium ILs. This procedure 
is also applicable for imidazolium ILs. The sensitivity of the procedure is 
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Table IV. Residual Chloride Analysis 
IL Abbr. Residual CI Anion 

PI 
P5 
P6 
P8 
P9 
P10 
P l l 
P12 
Im3 

80 ppm tosylate 
50 bromide 
160 (C8,C8)phosphinate 
630 dicyanamide 
890 bromide 
280 dibutylphosphate 
540 bromide 
170 hexafluorophosphate 
10 trifluoromethanesulfonate 
500 p-toluenesulfonate Py l 

0.1 ppm or better. In mass spec analysis, higher concentration samples of ILs 
produce cluster ions. These cluster ions can be used to identify the anion 
portion of the IL. IC is a suitable technique for the analysis of residual chloride 
with 0.1 ppm sensitivity. 

Instruments 

The following instruments are used in this study. 
Perkin Elmer Pyruis 1 TGA. 
Bruker Avance 400 N M R 
Applied Biosystems Mariner ToF L C / M S 
Agilent HP1100 HPLC 

Chromatographic conditions 

The following chromatographic conditions are used in L C / M S analyses. 
Column: Varian MetaSil Basic, 250 χ 4.6mm 
Aqeuous mobile phase: 

pH=3.9 1% HAc, 0.2% N H 4 A c 
pH=2.8 1% HAc only 

Organic mobile phase: Methanol 
Flow rate: 0.5 mL/min. 

Experimental 
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Gradient: 50-100% MeOH (20min.) + 15 min. 
Column temperature: 30°C 
Sample size: 5 μ ι of 0.01% in MeOH 
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Chapter 6 

Force Field Refinement and Molecular Simulations 
of Imidazolium-Based Ionic Liquids 

Zhiping Liu and Wenchuan Wang 

Division of Molecular and Materials Simulation, Key Lab 
for Nanomaterials, Ministry of Education, Beijing University of Chemical 

Technology, Beijing 100029, People's Republic of China 

Refinded force fields for imidazolium ionic liquids, proposed 
recently by the authors, are summarized in this paper. The 
procedure to optimized the parameters is described. The 
performance of both the all-atom and united-atom force fields 
is verified by molecular dynamics simulation of pure ionic 
liquids and their mixtures with acetonitrile. 

1. Introduction 

Room temperature ionic liquids (RTILs) are organic salts with a melting 
point as low as room temperature. The major interactions in RTILs are 
coulombic, leading to their unique properties, compared with conventional 
molecular solvents. It is believed that RTILs are environmentally benign solvents 
with various potential applications. Furthermore, through different combinations 
of cations and anions, there is a tremendous variety of "designer" solvents. With 
great versatility of their chemical and physical properties, ionic liquids can be 
thus tailored and tuned for specific tasks. 

Computer simulations have been playing an important role in molecular 
design, which is especially useful for RTILs because of their tremendous 
diversity. Nevertheless, success of molecular simulation mainly depends on the 
quality of the inter- and intra-molecular potential functions, i.e. the force fields. 

Several force fields were proposed for the imidazolium-based RTILs by the 
groups of Lynden-Bell1, Maginn 2, Stassen3, Padua4 , 5 and our group6 , 7. More 

70 © 2007 American Chemical Society 
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recently, ab initio molecular dynamics were also performed for RTILs without 
any pre-defined force field8,9, although it is much more expensive to implement 
such simulations. In this paper, we report our systematical work on the force 
fields development and atomistic molecular simulations of RTIL systems 

2. Force Field Development 

A n all-atom (AA) force field is developed for RTILs containing dialkyl-
imidazolium cations6 (for their schematic structures, see Figure la). To decrease 
the computational intensity without reducing the accuracy, we also proposed a 
united-atom (UA) force field7, being wholly consistent with the A A one. 

angles dihedrals bonds 

4*r, 
\rv J 

' σ . Λ 6 

y 
γ 

\ y J (D 

The first three terms represent the bonded interactions, i.e., bonds, angles and 
torsions. The non-bonded interactions are described in the last term, including 
van der Waals (VDW, in the Lennard-Jones (LJ) 6-12 form) and Coulombic 
interactions of atom-centered point charges. Electrostatic and V D W interactions 
are calculated between only the atoms in different molecules or for the atoms in 
the same molecule separated by at least three bonds. The non-bonded 
interactions separated by exactly three bonds (1-4 interactions) are reduced by a 
scale factor, which is optimized as 1/2 for V D W and 1/1.2 for electrostatic 
interactions. The LJ parameters for unlike atoms are obtained from the Lorentz-
Berthelot (LB) combining rule: 

€u =V Ŝ̂  σ υ = K +CTJJ)/2 (2) 

2.1 All-atom (AA) force field 

Most of the parameters in our force field are directly extracted from 
A M B E R by atom type matching between the imidazolium cations and 
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(b) 

Figure 1. Schematic structure and atom type notations of l-alkyl-3-methyl-
imidazolium cation (amim) in (a) all-atom (AA) force field, (b) united-atom (OA) 

force field, this work. (Reproduced with permission from reference 7. 
Copyright 2006 Royal Society of Chemistry.) 
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protonated histidine (HIP). The atom charges are obtained by the one-
conformation two-step R E S P 1 0 method in A M B E R . Besides, three major 
improvements are made to describe the RTILs more accurately6. 

(1) The V D W diameter of H5 (see Figure 1) is adjusted according to the 
optimized geometries of cation-anion pairs by quantum calculations (QM). The 
value of 2.432 Â from A M B E R results in the symmetric optimized geometry for 
[dmim][PF6] pair (see Figure 2b for more details), while the optimized geometry 
by Q M in HF/6-31+G(d) level is obvious asymmetric (see Figure 2a for more 
details). It is found that when the V D W diameter of H5 is reduced to 1.782 Â, 
the asymmetric geometry emerges (see Figure 2c for more details), which is 
consistent to the Q M calculation. The similar results are obtained for the ion 
pairs of [emim][BF4] and [bmim][PF 6] 6. 

(2) Some of the force constants of the bonds and angles are adjusted by 
fitting the vibrational frequencies from Q M calculations and IR experiments11. 
For example, the frequency of the imidazolium ring stretching is predicted by the 
original A M B E R as 1808 cm"1, while the experimental value is 1574 cm"1. After 
we reduced the bond force constants related to the imidazolium ring and the 
angle force constants of H4-CW-NA, H4-CW-CW and H5-CR-NA, an improved 
value of 1632 cm"1 was obtained. For more details, the readers are referred to the 
Table 3 of the literature6. 

(3) Four missing torsion parameters in A M B E R related to the bond N A - C T 
are obtained by fitting the ab initio torsion energy profiles at MP2/6-
31+G(d)//HF/6-31+G(d) level. Lopes et a l . 4 have been reported these missing 
parameters through a similar procedure. However, it is necessary to get a set of 
consistent parameters for our force field, because the atom charges between the 
two force fields are very different. 

2.2 United-atom (UA) force field 

The U A force field is derived from the above A A model7. It is essential to 
define the united atoms by using a coarse-grained method for the imidazolium 
cation. Because the three H atoms on the ring are very important to the 
hydrogen-bond formation in RTILs, 6 the detailed structure between the cations 
and anions would be lost i f the C H groups in the ring are treated as united atoms. 
Therefore, only CH3 and CH2 in alkyl chains can be treated as united atoms here 
(see Fig. 1). Consequently, four kinds of united atoms are defined in this work, 
i.e. CN2, CN3, CT2 and CT3 (see Fig. lb), since there are two kinds of H on the 
alkyl chains, i.e. HI and HC. 

The V D W parameters of the united atoms are obtained by mapping the 
interaction energies of a pair of them. The energies between united atom pairs 
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Figure 2. Optimized geometries of [dmim][PF6] pair from (a) quantum 
calculation, (b) the original AMBER force field, and (c) the refined force field 

presented in this work. Use with permission from J. Phys. Chem. Β 2004, 108, 
12978 (Liu, Huang and Wang) 
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Figure 2. Continued. 

were calculated by a Monte Carlo algorithm7, i.e., the U A groups are rotated 
randomly to obtain the average interaction energies. 

It is noticed that in the published U A force fields1'12'13, the charges of the 
united atoms were all obtained by simply adding the corresponding atom 
charges. In fact, the atom charges would be determined to reproduce the electric 
field around a molecule. Therefore, it is more reasonable to refit the charges in 
the U A force field. The method used is R E S P 1 0 , the same algorithm used for the 
A A force field. The difference in the U A force field here is that all the H atoms 
in the alkyl chains were removed in the fitting procedure. 

The parameters of our A A and U A force fields can be found in our previous 
work 6 ' 7. 

3. Molecular Dynamics Simulations 

To obtain macro-properties of RTIL systems from the A A and U A force field 
developed by our group, the molecular dynamics simulations were performed by 
the package MDynaMix 1 4 . The typical systems include 128 ion pairs or more. 
The typical length of M D in this work is 400ps. More details of the simulations 
can be found in the literature6 , 7 , 1 5. The results from U A force field agree well with 
those from A A force field. However, the computational cost of the former 
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deceases significantly. For example, the time for the simulations of [bmim][PF6] 
by U A is about 1/4 of that by A A . 

3.1 Pure ionic liquids 

Some of the simulated results for pure RTILs are listed in Table 1. More 
results are referred to the literature [6] and [7]. For brevity, only the liquid 
densities and inter-molecular energies are presented here. 

3.1.1 Densities 

The densities of the ionic liquids are one of the most accurate sources of 
experimental data. Therefore, it is important to predict the densities by 
simulations for the validation of the proposed force field. The simulated results 
show that both our force fields can describe the densities of pure RTILs rather 
accurately, with the absolute relative deviations less than 2% 6,7. For example, 
the densities of [C„mim][PF6] are predicted from our U A force field, as is shown 
in Figure 3. Besides, a correlation between liquid density and the carbon atom 
number of [Cnmim][PF6] is proposed by fitting our simulated data with n=5~7, 
given by 

/? = 1.483 - 0 . 0 2 9 5 Η (3) 

where ρ is the liquid density of [C nmim][PF 6], g/cm3, η is the carbon number of 
the alkyl chain in [C nmim] +. Furthermore, the densities of [C 4mim][PF 6] and 
[C8mim][PF6] are predicted by the correlation. It is found in Figure 2 that the 
predicted densities for the two liquids are in good agreement with the 
experimental data. 

3.1.2 Inter-molecular Energies 

The inter-molecular energy, Uint, is another characteristic property for 
condensed phases. In addition, it can be directly extracted from the molecular 
simulation. It is shown by our calculations 6 , 7 that the electrostatic interactions 
are about four times as large as the V D W interactions, indicating the "ionic 
feature" of these solvents. 
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1.40 

J I I I L 
4 5 6 7 8 

Number of C atom in alkyl 

Figure 3. A correlation between the simulated liquid density and the 
carbon number of alkyl chain in [C„mim][PF6] for n=5~7 (see equation (3) 

in section 3.1). The predictive liquid densities for n-4 and 8 are also presented. 
(Reproduced with permission from reference 7. Copyright 2006 Royal 

Society of Chemistry.) 

The enthalpy of vaporization, AHvap, and cohesive energy density, c, are 
calculated by 6 

AHvap = RT - ( f / i n t - Uionpair) (4) 

c = (yionpair-Uint)/Vm (5) 

where Vm is the molar volume of the liquid. R is the gas constant, JJlonpmr 

represents the average intermolecular energy of ionic pairs at the ideal gas state, 
which can be simulated in term of a single ion pair at the same temperature with 
a simulation box large enough2 , 1 5. 

It is difficult to measure the enthalpy of vaporization directly from 
experiment, since RTILs are all nonvolatile. However, Swiderski et a l . 1 6 reported 
the values for several ionic liquids estimated from the bimolecular rate constant 
experiments very recently. The internal energies of vaporization estimated for 
[bmim][PF6] and [bmim][BF4] are 189±20 and 201±20 kJ/mol, respectively, 
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which are in fair agreement with the simulated values of 190.4 and 179.1 kJ/mol 
from our U A force field. In addition, they also estimated the cohesive energy 
densities for [bmim][PF6] and [bmim][BF4], which are 912±100 and 998±100 
J/cm3, respectively. The values coincide well with our simulated values, 902.6 
and 937.4 J/cm3. 

3.2 Mixtures of [bmim][BF4] and acetonitrile (CH3CN) 

A rigorous test for our force fields is the interactions between RTILs and 
other molecules, therefore, we performed molecular dynamics of the mixtures of 
[bmim][BF4] and acetonitrile . Some of the simulation results for different 
concentrations of the mixtures are shown in Table 2. It is also noticed that the 
values from U A and A A force fields are very close. 

3.2.1 Excess volumetric and energetic properties 

The nonideality of mixture can be depicted by the excess properties. From 
our simulation, both the excess molar volume (see Figure 4) and excess molar 
enthalpy (see Figure 5) exhibit negative deviations and show a minimum in the 
concentration range of x^O.3-0.4, which is consistent with the corresponding 
experimental results17. 

3.2.2 Viscosities 

The experimental values of viscosity for both pure ionic liquids and the 
mixtures are frequently reported in the literature. In contrast, it is more difficult 
to measure the diffusion coefficients accurately by experiment. In molecular 
dynamics, it needs much longer time in simulation to calculate the viscosity than 
self-diffusion coefficient by either the Green-Kubo or Einstein methods. Here 
we assumed that the Stokes-Einstein relation2 holds for the mixture, in which 

VP^VJDJ (6) 

where 7Ji, η., D- and D. represent the viscosity and self-diffusion coefficient 

of the two systems i and j , respectively, at the same temperature and pressure. 
By using equation (6) and the simulated values of the self-diffusion 

coefficient, the viscosities of the mixture can be estimated. The calculation 
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Figure 4. Excess molar volumes of the mixtures of [bmim][BF4](l) - CH3CN(2) 
from simulations by the all-atom (AA) and united-atom (UA) model. 

(Reproduced with permission from reference 7. Copyright 2006 
Royal Society of Chemistry.) 

-3 0 ' . « « » • 1 • l _ — — ι 
0.0 0.2 0.4 0.6 0.8 1.0 

X » 

Figure 5. Excess molar enthalpies of the mixtures of [bmim][BF4](l) -
CH3CN(2) from our simulations by the all-atom (AA) and united-atom (UA) 

model. (Reproduced with permission from reference 7. Copyright 2006 
Royal Society of Chemistry.) 
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details can be referred to the the literature15. Impressively, as is shown in Figure 
6, the U A force field even presents better results, especially for the viscosity at 

Xg =0.8. 

3.2.3 Microscopic structures 

The microscopic structural information of liquids can be extracted from 
molecular simulation. The radial distribution function (RDF) is often presented 
in the literature. However, it is difficult to describe the three-dimensional 
distribution of particles by RDF. In contrast, the space distribution function (SDF) 
is a more intuitive method to represent the distribution of particles around a 
central molecule6. 

The distribution contour surfaces of the [bmim]+, [BF 4]" and C H 3 C N 
molecules around a C H 3 C N molecule are shown in Figures 7a to 7c, respectively. 
The cations distribute like a cap adjacent to the Ν atoms of C H 3 C N , while the 
anions and the Ν atoms in C H 3 C N distribute like a ring surrounding the C H 3 C N 
near the side of C H 3 . In Figures 7a and 7b, both the distributions of cations and 
anions exhibit a minimum at x\=03. As is seen in Figure 7c, the distribution of 
C H 3 C N shows a maximum at the same concentration. These results coincide 
well with the analyses of the RDFs (see Figures 10-12 in the literature15). It is 
shown intuitively by the distributions of different species in the mixture that the 
liquid structure at χχ=03 is significant different, which causes the maximal 
negative deviation of excess properties of the mixtures near this concentration. 

4. Conclusions 

We developed a refined all-atom force field and the corresponding united-
atom one for RTILs with imidazolium cations. Comprehensive tests on the force 
field were presented for the liquid densities, inter-molecular energies, transport 
properties. It is found that both the pure RTILs and mixtures can be described 
quite accurately by the force fields. This work provides a good start to the 
molecular design of RTILs. In future work, we will focus our attentions on the 
task-specific RTILs, such as ionic liquids with guanidinuim cations21, the 
promising solvents in flue gas desulfurization. 
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Figure 6. Viscosity of the mixtures of[bmim][BF4](l) - CH3CN(2) at T=298 K, 
P=0.1 MP a. The solid line represents experimental date?7. The circles are 

estimated by the Stokes-Einstein relation and our simulations. 
(Reproduced with permission from reference 7. Copyright 2006 

Royal Society of Chemistry.) 
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Figure 7. The orientational distributions of the CR atoms in cation (a), the Β 
atoms in anion (b) and the Ν atoms in CH3CN (c) around CH3CN in the 

mixtures [bmim][BF4](l) - CH3CN(2). From left to right, the molar fractions of 
the mixture xl are 0.2, 0.3 and 0.4. The contour levels in (a), (b) and (c) are 2.5, 

4.5 and 3.0, respectively. (Reproduced with permission from reference 15. 
Copyright 2005 Royal Society of Canada.) 

 
  

In Ionic Liquids IV; Brennecke, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



85 

References 

1. Hanke, C. G.; Price, S. L. ; Lynden-Bell, R. M . Mol. Phys., 2001, 99, 801. 
2. Morrow, T. I.; Maginn, E. J. J. Phys. Chem. B, 2002, 106, 12807. 
3. de Andrade, J.; Boes, E. S.; Stassen, H . J. Phys. Chem. B, 2002, 106, 3546. 
4. Lopes, J. N . C.; Deschamps, J.; Padua, Α. A . H . J. Phys. Chem. B, 2004, 

108, 2038. 
5. Lopes, J. N . C.; Padua, Α. A . H . J. Phys. Chem. B, 2004, 108, 16893. 
6. Liu , Z . P.; Huang, S. P.; Wang, W. C. J. Phys. Chem. B, 2004, 108, 12978. 
7. Liu, Z. P.; Wu, X . P.; Wang, W. C. Phys. Chem. Chem. Phys., 2006, 8, 1096. 
8. Del Popolo, M . G.; Lynden-Bell, R. M . ; Kohanoff, J. J. Phys. Chem. B, 

2005, 109, 5895. 
9. Buhl, M . ; Chaumont, Α.; Schurhammer, R.; Wipff, G J. Phys. Chem. B, 

2005, 109, 18591. 
10. Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Kollman, P. A . J. Am. Chem. Soc.f 

1993, 115, 9620. 
11. Paulechka, Y. U . ; Kabo, G. J.; Blokhin, Α. V.; Vydrov, Ο. Α.; Magee, J. W.; 

Frenkel, M . J. Chem. Eng. Data, 2003, 48, 457. 
12. Shah, J. K . ; Brennecke, J. F.; Maginn, E. J. Green Chem., 2002, 4, 112. 
13. Urahata, S. M . ; Ribeiro, M . C. C. J. Chem. Phys., 2004, 120, 1855. 
14. Lyubartsev, A . P.; Laaksonen, A . Comp. Phys. Comm., 2000, 128, 565-589. 
15. Wu, X . P.; Liu, Z. P.; Wang, W. C. Phys. Chem. Chem. Phys., 2005, 7, 2771. 
16. Swiderski, K . ; McLean, Α.; Gordon, C. M . ; Vaughan, D. H . Chem. Comm., 

2004, 2178. 
17. Wang, J. J.; Tian, Y.; Zhao, Y ; Zhuo, K. Green Chem., 2003, 5, 618. 
18. Chun, S.; Dzyuba, S. V.; Bartsch, R. A . Anal. Chem., 2001, 73, 3737. 
19. Noda, Α.; Hayamizu, K. ; Watanabe, M . J. Phys. Chem. B, 2001, 105, 4603. 
20. Tokuda, H . ; Ishii, K . ; Hayamizu, K . ; Susan, Μ. Α. Β. H . ; Watanabe, M . J. 

Phys. Chem. B, 2004, 108, 16593. 
21. Wu, W. Z.; Han, Β. X . ; Gao, Η. X . ; Liu, Ζ. M . ; Jiang, T.; Huang, J. Angew. 

Chem.-Int. Edit, 2004, 43, 2415. 

 
  

In Ionic Liquids IV; Brennecke, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



Chapter 7 

Intra- and Intermodular Structure of Ionic Liquids: 
From Conformers to Nanostructures 

Agílio A. H. Pádua1 and José Ν. A. Canongia Lopes2 

1Laboratoire de Thermodynamique des Solutions et des Polymères, 
Université Biaise Pascal Clermont-Ferrand/CNRS, France 
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2Centro de Quimica Estrutural, Instituto Superior Técnico/Instituto 

de Tecnologia Quimica e Bioquimica, Lisboa, Portugal 
(email: jnlopes@ist.utl.pt) 

Conformations of the alkyl side chains in 1-alkyl-3-
methylimidazolium cations were studied for different dihedrals 
along the alkyl side chain in a given cation, and for different 
cations of the family. The ionic liquids were represented by an 
all-atom force field developed specifically for these 
compounds and the simulation results were compared with 
spectroscopic data. Nanometer-scale structuring in room
-temperature ionic liquids is observed using molecular 
simulation. The ionic liquids studied belong to the 1-alkyl-3-
methylimidazolium family with hexafluorophosphate or with 
bis(trifluoromethanesulfonyl)amide as the anions. For ionic 
liquids with alkyl side chains in the cation longer than or equal 
to butyl, segregation is observed between, on one side, the 
strongly charged parts of the cations and the anions, and on the 
other, the non-polar side chains of the cations. The alkyl 
chains aggregate in non-polar domains that permeate a three
-dimensional network of ionic channels formed by the charged 
parts of the ions. The consequences of these nanostructural 
features on the solvation of nonpolar, polar, and associating 
solutes are discussed in the light of the solute-solvent radial 
distribution functions for systems containing between 0.1 and 
0.2 mole fraction of solute. 

86 © 2007 American Chemical Society 
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Introduction 

The development in the last few years of molecular models for ionic liquids, 
to be used within the framework of statistical mechanics simulations in 
condensed phases was received with great interest by many researchers who can 
use those models to study structural, energetic and dynamic properties of ionic 
liquids. 

One of the most widely used and studied ionic liquid families is the one 
based on imidazolium cations, in particular l-alkyl-3-methylimidazolium, 
C n mim + , combined with different (mainly inorganic) anions. The main 
differences between room-temperature ionic liquids and simple molten salts are 
the molecular asymmetry usually built into the cation, the conformational 
flexibility of the ions, and the spreading of electrostatic charge over relatively 
large groups of atoms. These attributes oppose the strong charge ordering due to 
the ionic interactions that normally would cause the system to crystallize, and 
thus a wide liquid range is obtained. 

Molecular modeling is a powerful tool to access condensed-phase structure, 
but most of the simulation studies with ionic liquids carried out so far 
concentrated on the local intermolecular scale around a given cation or anion, 
providing results that agree with many of the structural features found in 
diffraction experiments. In this work we will focus on structural features that are 
present at an intramolecular level and at longer range intermolecular distances. 
The first concerns intramolecular conformation of the cations, and the second 
medium-range order in the liquid phase. 

The presence of medium-range order in the ionic liquids has consequences 
on the solvation of different molecular species. The differences in the solvation 
of nonpolar and polar solutes in the ionic liquids will be discussed. 

Conformational distributions of imidazolium cations 
in the liquid phase 

In this section we will address ionic liquids based on the 1-alky 1-3-
methylimidazolium cation family (alkyl=ethyl, butyl or hexyl) combined with 
anions such as hexafluorophosphate (PF6~), bistriflamide ((CF 3S0 2)2N~), 
tetrafluoroborate (BF4~) and triflate (CF 3S0 3~). In Figure 1 we present the 
nomenclature used throughout this paper as well a color code for the different 
dihedral angles under discussion. 

In a recent publication, Umebayashi and co-authors (/) confirmed using 
Raman spectroscopy and quantum chemical calculations that the l-ethyl-3-
methylimidazolium cation (C 2mim +), present in several ionic liquids, exists as a 
mixture of two principal conformers, Figure 2. The two conformera are obtained 
by rotation around the C2-N1-C6-C7 dihedral angle (color-coded black in 
Figure 1). The results of these authors also supported the soundness of the 
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Figure 1. Nomenclature of the l-alkyl-3-methylimidazolium cations. 

approximations used when developing a systematic molecular force-field for 
ionic liquids by the authors of the present article (2), namely the careful 
mapping of the torsion profile around the above mentioned dihedral angle. 

In other recent publications, Osawa et al. (3), Katayanagi et al. (4), and 
Berg et al. (5) also demonstrated the existence of conformers for the C4inim+ 

cation in ionic liquids containing BF 4 ~ (5), halides (4,5) and PF 6~ (5) anions, 
Figure 3. The conformations studied in C 4 mim + were those around the C6-C7 
bond (color-coded dark gray in Figure 1). Berg et al. (5) also extended their 
investigation to the C 6 m i m + cation and observed similar conformers around the 
C6-C7 bond. 

Figure 2. Main conformers of l-ethyl-3-methylimidazolium. 

Figure 3. Main conformers of l-butyl-3-methylimidazolium. 
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In this work we calculated the dihedral distribution along the alkyl chain of 
different C n mim + cations using M D simulations. A l l of the ionic liquids studied 
were modeled by the all-atom molecular force field proposed by the authors in two 
previous publications (2,6). While developing the force field it was always our 
reasoning that accurate conformational energies and electrostatic charge 
distributions derived from high-level quantum calculations would be relevant to 
render subtle energetic or configurational features, such as those responsible for 
many of the particular proparties of these large organic salts in the liquid phase. 
The computational details of the simulations are given elsewhere (7). Margulis et 
al. (8,9) also calculated dihedral distributions on similar ionic liquid systems using 
M D simulation data. However, the employed force field was not specifically 
developed to account for the torsional energy profiles of alkyl chains linked to 
imidazolium rings (OPLS parameters for normal alkyl chains were used). 

The M D simulation results generated configuration data from which 
dihedral angle distributions were calculated. The results are shown in Figure 4. 

Figure 4. Dihedral distribution along the alkyl chain of 
l-alkyl-3-methylimidazolium cations obtained by MD simulation. 
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For C 2 mim + the histograms show (Figure 4, upper left corner) that there are 
two preferred conformers: the first corresponds to a C2-N1-C6-C7 dihedral 
angle of 0° giving a planar conformation, while the second corresponds to a non-
planer conformation with a dihedral angle of approximately 120°, Figure 2. 
These results agree with both the ab initio calculations of Umebayashi et al. — 
that predict minima in the torsion energy profile around 0 and 110 degrees, (see 
Figure 3 of ref. /) — and also with their Raman experimental data that give 
evidence for the two conformers in the liquid phase: the spectra exhibit peaks at 
387 and 430 cm" 1 characteristic of the non-planar conformation, and also at 
448 cm" 1 characteristic of the planar conformer (see Figure 2 of ref. /) . 

Based on the Gaussian decomposition of the Raman spectrum of 
[C 2mim][BF 4] (presented in Figure 4 of ref. 7) we estimated the ratio between 
the areas (ai/a2) and the heights (Ai/A2) of the peaks characteristic of the planar 
and non-planar conformers. These values were then corrected by the ratio of the 
Raman intensities estimated ab initio, to yield the ratio between the populations 
of the two conformers, NP/P(a) and NP/P(A), respectively, and the 
corresponding fractions of the planar conformer, χ Ρ(α) and xp(A). These results, 
which are 0.10 and 0.22, respectively, are not entirely consistent, reflecting the 
crude approximations implied in the attempt to estimate relative amounts of the 
conformers from Raman spectra. The Raman intensities estimated ab initio refer 
to calculations performed on an isolated molecule at a given conformation, and 
not to the distribution of conformers that exist in the condensed phase. 
Moreover, the widening of the bands in the condensed phase is not taken into 
account. However, even i f approximate, the calculations from the spectra 
provide a rough estimate that can be compared (semi-quantitatively) with the 
values obtained from the other two sets of data. 

From the M D data, the ratio between the two conformers and the fraction of 
the planar one can be calculated from a Gaussian decomposition of the 
histograms presented in Figure 4. For all the ionic liquids simulated by M D , the 
fractions of the planar conformer range from 0.20 to 0.30. 

The Gibbs free energy difference between the two isomers, AG, obtained ab 
initio (Table 1 from ref. /) can also serve to derive the relative amounts of the 
two conformers. A AG = 2.3 kJ mol" 1 (the non-planar conformer is more stable) 
corresponds to a fraction of the planar conformer of 0.17. It must be stressed at 
this point that, since there are two possible enantiomeric non-planar 
conformations but only one planar conformation, a factor of two must be used 
when calculating the relative amounts of the two conformers. 

The three sets of data yield similar results, showing that there is a larger 
amount of non-planar conformer (around 80%). The results are summarized in 
Figure 5. This is a remarkable, albeit semi-quantitative, agreement since the 
confrontation of data from single-molecule ab initio calculations (in some cases 
very sensitive to the choice of the basis sets and theoretical level) with 
condensed-phase results (MD and Raman) can sometimes lead to erroneous 
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Figure 5. Comparison between Raman, MD and AI results for the proportion of 
the main conformers around the N1-C6 and C6-C7 bonds. 

results. The same conclusion applies to the comparison between M D results, 
based on a semi-empirical force field, and the attempt to extract quantitative 
data from the intensity and width of peaks of a Raman spectra. 

Two remaining issues concerning the C2-N1-C6-C7 must be addressed 
(cf. first row of histograms in Figure 4). First, when one moves from C 2 mim + to 
longer alkyl side chains, the peak at 0° (planar conformation) disappears. This 
means that from the energetic point of view, the local minimum in the torsion 
energy profile of this dihedral angle is overcome by the contribution of non-
bonded interactions arising from atoms in the longer alkyl chain. Second, all 
C2-N1-C6-C7 histograms show non-negligible populations at all 
conformations, and not just for the values of the dihedral around the two energy 
minima. In the simulated liquid phase there is a wide distribution of conformers, 
with two peaks at the planar and non-planar conformations, implying a 
considerable freedom of rotation around the N1-C6 bond. This situation is also 
present when the cation contains a longer alkyl chain. 

For the C 4 mim + and C 6 mim + cations this type of analysis can be extended to 
the N1-C6-C7-C8 (green-coded) dihedral. The histograms for this dihedral 
angle are shown in the 2 n d row of Figure 4, and they exhibit two peaks: one at 
180° corresponding to an anti conformer and one around 60° corresponding to a 
gauche conformer. These results agree with both our own ab-initio calculations 
performed when developing the force field — that predict minima in the torsion 
energy profile around the same angles (Figure 3 of ref. 6) — and also with the 
experimental Raman data of Berg et al. (5) that show evidence for the two 
conformers in the liquid phase: for instance, the liquid phase spectra exhibit 
peaks around 625 c m - 1 characteristic of the anti conformation and around 
600 cm" 1 characteristic of the gauche conformers (Tables 2 and 6 of ref. 5). 
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Again, a more quantitative analysis of the three sets of data (MD, AI , Raman) 
was performed, the results of which are also given in Figure 5. 

The ab initio calculations performed by Berg et al. predicted a relatively 
small difference between the Gibbs free energy of the two conformers: AG 
around only 0.2 kJ mol-1, the anti and gauche conformers being the more stable 
in the case of C 4 mim + and C 6 mim + , respectively. With such a low free energy 
difference the ratio of anti.gauche should be approximately 2:1, since there are 
two gauche and one anti conformers, corresponding to a fraction of anti 
conformer of about 0.33 (cf. last two bars in Figure 5). For this dihedral angle, 
the peak ratio measurements at the characteristic frequencies of the anti and 
gauche conformers, again by Gaussian decomposition of the appropriate portion 
of the Raman spectra, yield results that are inconsistent with this last result, 
giving a fraction of the anti conformer around 0.65. Nevertheless the Raman 
data clearly show the existence of both conformers in the ionic liquid. The 
inconsistency between the Raman spectra and the ab initio calculations of free 
energy can probably be assigned to the rather rudimentary approximations 
involved in the estimation of the relative amounts of each conformer from the 
Raman peaks, and also to the use in the ab initio calculations of just two 
conformations of one isolated molecule, and not of the continuous distribution 
that in fact exists in condensed phase, including the rather diffuse distribution of 
the C2-N1-C6-C7 dihedral angle. 

The M D calculations yield two distinctive peaks, seen in the second row of 
Figure 4. The ratios (area and intensity) of these two peaks correspond to 
fractions of the anti conformer around 0.40 for C4mim+ and 0.37 for C 6 mim + , 
values that are comparable to the ones estimated ab initio. The N1-C6-C7-C8 
dihedral angle distributions calculated by the M D simulations also show that, 
unlike for the C2-N1-C6-C7 distribution, the molecules in the liquid phase are 
clearly either in the anti or in the gauche conformation around the C6-C7 bond, 
with negligible amounts of intermediate conformations. 

A final remark can be made about the dihedrals further away from the 
imidazolium ring along the alkyl side chain, whose histograms are presented in 
the last rows of Figure 4. The dihedral angle distributions in these cases exhibit 
pronounced peaks corresponding to anti conformers and much less intense ones 
associated with gauche conformers, as is typical of normal alkanes. This 
behavior is present for all C - C - C - C torsions, from the first of such dihedral 
angles in C 4 mim + to the one at the end of the side chain in Ci 2 mim + (lower right 
corner of Figure 4). The significant differences between the C - C - C - C and the 
N1-C6-C7-C8 dihedrals lead us to conclude that the latter must be 
parameterized in a specific manner for imidazolium cations and cannot be 
reliably extrapolated from other families of molecule. 

As a conclusion one can say that the confrontation between simulation and 
liquid-phase spectroscopic evidence, apart from providing a partial validation of 
the force field used for the simulations, can also .offer an overall view on the 
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arrangement of the alkyl chain in 1-alky 1-3-methylimidazolium cations 
composing ionic liquids. The M D results showed that, as one proceeds from the 
dihedrals closer to the imidazolium ring to those approaching the end of the alkyl 
chain, the conformations become defined in a sharper manner: the dihedral 
centered around N1-C6 exhibits a wide distribution of possible conformations, 
the one centered at C6-C7 exhibits two possible conformers (anti or gauche) 
whereas those centered on C - C bonds beyond are predominately in an anti 
conformation. The simulations also showed that the planar conformation of the 
C7 carbon of the side chain relative to the imidazolium ring, which corresponds 
to a relative probability maximum in C 2 mim + , is no longer present as a preferred 
conformers in alkylmethylimidazolium cations with longer side chains. These 
conformational shifts along the imidazolium cation family as the alkyl chain is 
increased can help explain the complex and non-monotonous behavior in some 
of their properties, a theme that will be further developed in the next section. 

Nanometer-scale structures in ionic liquids 

As pointed out in the introduction, room temperature ionic liquids differ 
from simple molten salts in three respects: molecular asymmetry, conformational 
richness, and charge distribution. In this section we consider the differences in 
liquid state structure between room temperature ionic liquids and simple molten 
salts. 

Liquid structure can be translated into radial distribution functions (rdfs), 
which measure the probability of finding a given pair of atomic sites as a 
function of separation. In liquids away from the critical point, rdfs tend to unity 
at large distances, meaning that there is no long range order. The overall picture 
of the structure in a liquid can be conveyed by centers-of-mass rdfs, such as 
those shown in Figure 6 for the ionic liquid [C 6mim][PF 6]. Simulation details 
and force field models can be found in the literature (10). 

The center-of-mass rdfs of an ionic liquid are similar to those of a simple 
molten salt, with a structure determined principally by electrostatic charge 
ordering. It can be seen that the cation-cation and the anion-anion rdfs are in 
phase, and that the cation-anion rdf is in opposition of phase with the other two 
functions. The peaks and troughs in the cation-cation rdf are less pronounced 
than those in the anion-anion rdf because the cation has a flexible molecular 
skeleton whereas the anion is more rigid and almost spherical. As the cation 
explores different conformations, its center-of-mass is displaced over a region in 
space. In the PF 6 " anion the center-of-mass stays essentially on the Ρ atom. 

A more detailed image of the liquid structure can be formed by looking at 
site-site rdfs. In Figure 7 are shown atom-atom rdfs between the end-carbons of 
the alkyl side-chains of several imidazolium cations, in ionic liquids of the 
[C nmim][PF 6] family. A very significant difference appears in the first peak for 
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Figure 6. Center-of-mass ion-ion radial distribution functions at 300 Κ. 

Figure 7. Radial distribution functions between the end carbons of the alkyl side 
chains in ionic liquids of the [Cnmim][PF6] family. 
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[C 2mim][PF 6] when compared to the ionic liquids with longer side-chains. The 
strong correlation between end-carbons for η > 4 means that the side chains are 
coming into close contact. But for η = 2 the ethyl groups are found dispersed in 
the liquid, with loose mutual correlation. The same features are present in 
imidazolium ionic liquids with other anions such as bis(trifluoromethane-
sulfonyl)amide (2). 

The end-carbon rdfs suggest clustering of the alkyl side-chains for η > 4, 
resulting in a segregation between the charged head-groups of the cations and 
the anions, and the nonpolar regions of the ions. In order to identify the atoms 
that wil l belong to the "charged" and the "nonpolar" regions, the partial charge 
distributions generated for the molecular force field (2,6) were inspected. Atoms 
that we assign to the charged regions are, in the imidazolium cations, those of 
the imidazolium ring, plus atoms bonded to these, and also hydrogens bonded to 
the first carbons of the alkyl chains (those connected to the imidazolium 
nitrogens); atoms that we identify as forming the nonpolar region of the cation 
are those from C2 in the alkyl chains onward. The rationale for such a division 
is illustrated in the electrostatic surface potential plot in Figure 8. The entire 
hexafluorophosphate anion is considered as a "charged" entity, but i f the anion 
were for example an alkylsulphate it would also contain a nonpolar chain. 

Figure 8. Charge density in C4mirn calculated ab initio at the MP2/cc-p VTZ(-f) 
level. The surface depicted is an isoelectron density surface; the color is related 

to the electrostatic potential: deeper blue corresponds to more positive. 

In order to visualize clearly the arrangement of the nonpolar and charged 
parts of the ions in the liquid phase, a color code was adopted, according to 
which atoms belonging to the charged parts of the cation and the anion are 
distinguished from those of the nonpolar side chain of the cation. Representative 
simulation snapshots of ionic liquids are collected in Figure 9, where for alkyl 
side chains longer than butyl (inclusive) the formation of spatial domains 
containing the nonpolar and charged parts is evident. Ethyl side chains do not 
aggregate. 

For alkyl side chains longer than C12 ionic liquids of the [C nmim][PF 6] 
family are known to form liquid-crystalline phases (7/). According to our 
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Figure 9. Snapshots of simulation boxes of[Cnmim][PF6], η = 2, 4, 6, 8, 12, 
in which atoms belonging to the charged parts of the cations (imidazolium ring 

and attached atoms, plus hydrogens bonded to the carbon atoms directly 
attached to the ring) and anions were colored in black, and atoms belonging 

to the nonpolar part (starting from the second carbon atom of the cations ' 
chain) were colored gray. 

simulations, those with shorter side chains have liquid structures analogous to 
simple molten salts, but those with intermediate length side chains, from C4 to 
CI2 , exhibit very interesting medium-range order, similar to microphase 
separation observed in certain diblock copolymers. 

In [C 4mim][PF 6] aggregation of the side chains in nonpolar spatial domains 
is evident, although those domains do not form a continuous microphase. In 
[C 6mim][PF 6] the connectivity of the nonpolar domains is clearly more 
important, and in [C 8mim][PF 6] and [Ci 2mim][PF 6] it is established and 
percolates the entire fluid. The charged domain forms a network of ionic 
channels that, thanks to the strong electrostatic forces, show three-dimensional 
continuity in all cases studied. 

The characteristic length scales of these medium-range heterogeneities could 
be quantified by calculating the static structure factor considering the centers of 
mass of the charged and nonpolar domains (2). Those structure factors show low 
wavelength peaks that correspond to periodicity at longer range than the 
oscillations in the rdfs shown in Figure 6. The spatial domains have 
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characteristic lengths ranging from 12 Â in [C4mim][PF6] to approximately 20 Â 
in [Ci 2mim][PF 6], thus in the nanometer scale. 

The same kind of medium-range ordering reported here has been observed 
in other computer simulation studies, to our knowledge first by Urahata and 
Ribeiro using an united-atom model (72) and recently by Wang and Voth using a 
coarse grained model (75). A number of simulation studies on the microscopic 
dynamics in ionic liquids have also pointed out the slow dynamics of these 
liquids and the persistence of local environments, typical of the glassy state. 

Several pieces of experimental evidence can be related to the 
nanostructuring. First, the behavior of viscosity, diffusion and ion mobility with 
the length of the alkyl side-chain in [C nmim][PF 6], η = 1, 2, 4, 6, 8, reported by 
Watanabe et al. (14) has a striking feature: electric conductivity increases from 
CI to C2, but then decreases for longer side chains. Diffusion shows the same 
behavior and viscosity the opposite. This is difficult to explain since, when the 
alkyl chain length increases, strong cohesive electrostatic forces become less 
dominant in the system when compared to weaker dispersive interactions 
between the alkyl chains. Ion mobility would be expected to increase. The fact 
that it doesn't may be interpreted as a result of the formation of the nonpolar 
spatial domains, that restrict ion mobility and confine conduction to the ionic 
channels. 

Second, the fluorescence emission of probe molecules in some ionic liquids 
shows a red shift (75) analogous to that observed in nanostructured systems such 
as micelles and membranes, or in glassy states. Third, the fluorescence emission 
of ionic liquids themselves shows a long-wavelength band that disappears upon 
dilution of the ionic liquid in a solvent (16), a result attributable to the breaking 
of associative structures. 

Forth, ionic liquids have been used as stationary phases for gas 
chromatography and separation of polar and nonpolar compounds was observed, 
as well as a good separation of homologous nonpolar molecules such as the 
series of w-alkanes (77). This dual selectivity towards both polar and nonpolar 
species is compatible with the existence of the two types of domain predicted in 
our simulations. 

A l l these experimental properties are indirect and some of them would be 
compatible with simply a glassy nature of the ionic liquids. We hope the present 
simulation results stimulate experimental work aimed at investigating the 
structural heterogeneity of imidazolium ionic liquids with side chains ranging 
from butyl do dodecyl. 

Solvation structure of nonpolar, polar and associating solutes 

The results of using alkylimidazolium ionic liquids as stationary phases for 
gas chromatography indicate that polar and nonpolar species interact in their 
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own way with the different parts of the ions, notably the cation. This suggests 
that the solvation of nonpolar, polar, or associating solutes in the bulk ionic 
liquids could be very diverse in nature, given the presence of the segregated 
domains. This led us to investigate the solute-solvent structure of mixtures 
containing various solutes in an ionic liquid using molecular simulation. Solutes 
were represented by the O P L S A A force field (18,19), and the technical details 
of the simulations were similar to those adopted to simulate pure ionic liquids 
(7/ 

A solution of cyclohexane in [C 4mim][PF 6] with a mole fraction of 
cyclohexane of 0.1 was simulated at 330 Κ and 0.1 MPa. This composition lies 
in the one-phase region of the mixture, according to the experimental liquid-
liquid phase diagram (20). Some illustrative site-site solute-solvent rdfs, 
accompanied by a snapshot of the simulation box, are shown in Figure 10. 

Figure 10. Snapshot of a simulation box containing 20 cyclohexane molecules 
and 200 ion pairs of [C4mim][PF6] at 330 K. Site-site rdfs between selected 

atoms of the solute and solvent are shown, and compared to the end-carbon rdf 
of the cation (thin line). 

It is observed that there is a marked correlation between the end carbon of 
the cation's alkyl chain and the carbon atoms of cyclohexane. The multiple 
peaks correspond to the different carbon atoms of the cyclohexane ring. There is 
an absence of correlation with the headgroup of the cation (here represented by 
the nitrogen atoms of the imidazolium ring) and with Ρ atom of the anion. In 
other words, cyclohexane is solvated in the nonpolar domain of the ionic liquid. 

A similar situation is observed for n-hexane, as seen in Figure 11. The 
composition is also 0.1 mole fraction in the alkane, again within the 
experimental one-phase region (20). The sole significant nuance is the 
distinction we have made between the end methyl carbons and the four 
methylene carbons in n-hexane. The correlation between the end carbon of 
C 4 mim + is strong with both types of carbon atom from n-hexane. 
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Figure 11. Snapshot of a simulation box containing 20 n-hexane molecules and 
200 ion pairs of [C4mim][PF6] at 330 K. 

The results are quite different for a polar solute like acetonitrile. The 
snapshot and solute-solvent rdfs in Figure 12 were obtained at 330 Κ in a 
system with a 0.2 mole fraction in acetonitrile (acetonitrile and [C4mim][PF6] 
are miscible in all proportions at the simulation temperature). Here there is a 
significant correlation between atoms in the imidazolium ring and the solute, 
and also between the anion and the solute. The atoms of the imidazolium ring 
chosen to illustrate the solvation structure were the hydrogen atoms connected 
to the carbons of the ring, since these are the acidic hydrogens that interact more 
closely with the negatively charged nitrogen of the nitrile group in the solute. It 
is seen that the first peak in the rdfs of the nitrile Ν with either H 2 or H4 and H 5 

are almost superimposed. There is also a strong peak in the rdf of the methyl 
carbon of acetonitrile with the end carbon of the alkyl side chain of the cation, 
demonstrating that acetonitrile is interacting with both types of domain in the 
ionic liquid. 

Finally, methanol was studied in a similar way, and the results are shown in 
Figure 13. The remarkable feature here is the presence of a very sharp peak in 
the rdf between the hydoxyl hydrogen of methanol and the anion, indicating a 
hyrogen bond. Complementary hydrogen bonds between the acidic hydrogens 
of the imidazolium and the oxygen of methanol are much less conspicuous. 
Again, similarly to what was observed for acetonitrile, there is a significant peak 
in the rdf between the end carbon of the cation side chain and the methyl carbon 
in the solute. Methanol is not simply a polar solute but has an associating 
character with the ionic liquid. 

Conclusion 

In the present work several structural features of pure ionic liquids and of 
mixtures with different molecular solutes were interpreted using molecular 
simulation. 
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Figure 12. Snapshot of a simulation box containing 40 acetonitrile molecules 
and 200 ion pairs of [C4mim][PF6] at 330 K. 

Figure 13. Snapshot of a simulation box containing 40 methanol molecules and 
200 ion pairs of [C4mim][PF6] at 330 K. 

At an intramolecular level, the conformational behavior of 1-alky 1-3-
methylimidazolium cations was studied using a specific force field, and the 
results compared with experimental spectroscopic data and also with quantum 
chemical calculations. The agreement obtained supports the use of the force 
field under discussion. The conformational characteristics around successive 
bonds change along the alkyl side chain of a given imidazolium cation, but also 
change when one member of the C n mim + is compared to the next one. 

Imidazolium ionic liquids with alkyl side chains longer or equal to butyl 
exhibit segregation between nonpolar and "charged" domains in the liquid 
phase, giving rise to medium-range ordering. Although no direct experimental 
evidence was found to support these predictions, several pieces of evidence 
indicate that such structures are likely to occur. Independent simulation work, 
using very different models from the ones used here, are in total agreement with 
the present results. 
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These nanostructures have consequences to the solvation of polar and 
nonpolar molecular species in the ionic liquids. Original results concerning the 
solvation structure of cyclohexane, n-hexane, acetonitrile and methanol were 
presented to illustrate the completely different solvation regimes around 
nonpolar, polar, or associating solutes. 
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Chapter 8 

Molecular Simulation of Mixtures Containing 
Imidazolium- and Pyridinium-Based Ionic Liquids 

and 1-Butanol 

Timothy I. Morrow and Edward J. Maginn* 

Department of Chemical and Biomolecular Engineering, University 
of Notre Dame, South Bend, IN 46554 

A molecular simulation study of mixtures containing 1-butanol 
and various imidazolium and pyridinium-based ionic liquids 
that form liquid-liquid equilibrium is reported. Solutions of 1-
butanol and 1-n-butyl-3-methylimidazolium tetrafluoroborate 
([bmim][BF4]), 1-n-butyl-3-methylimidazolium bis(trifluoro
-methane-sulfonyl) imide ([bmim][Tf2N]), 1-n-butyl-3-methyl
-pyridinium tetrafluoroborate ([bmpy][BF4]), and 1-n-butyl
-3-methy1pyridinium bis(trifluoromethane-sulfonyl) imide 
([bmpy][Tf2N]) are examined using isothermal-isobaric 
molecular dynamics simulations. Quantities computed 
include molar volumes, self-diffusivities, radial distribution 
functions, local composition functions, and interaction 
energies. The simulations help explain recent experimental 
results in which [bmpy][BF4] was found to have a lower upper 
critical solution temperature (UCST) with 1-butanol than 
[bmim][BF4]. This is due to weaker cation/anion association 
in the [bmpy] mixture, which in turn allows stronger 
alcohol/anion and alcohol/cation association in this system 
relative to [bmim][BF4]. The simulations also help explain 
why [bmim][Tf2N] has a lower UCST with 1-butanol than 
[bmpy][Tf2N]. This behavior is attributed to weak 
cation/anion association in both systems and a stronger 
alcohol/cation interaction with the [bmim] cation relative to 
the [bmpy] cation. 

102 © 2007 American Chemical Society 
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Introduction 

It has been noted experimentally (1) that liquid-liquid equilibrium (LLE) is 
formed below 50°C for 1-butanol mixed with l-n-butyl-3-methylimidazolium 
tetrafluoroborate ([bmim][BF4]), l-n-butyl-3-methylimidazolium bis(trifluoro-
methane-sulfonyl) imide ([bmim][Tf2N]), l-n-butyl-3-methylpyridinium tetra
fluoroborate ([bmpy][BF4]), and l-n-butyl-3-methylpyridinium bis(trifluoro-
methane-sulfonyl) imide ([bmpy][Tf2N]). The temperature at which the mixture 
remains one phase regardless of composition is called the upper critical solution 
temperature (UCST). A high UCST generally indicates that self interactions (in 
this case, alcohol-alcohol and IL-IL) are more favorable than unlike (alcohol-IL) 
interactions in the mixture. Interestingly, the UCST of the mixture with 
[bmim][BF4] is higher than that with [bmpy][BF4], but the UCST for the mixture 
with [bmim][Tf2N] is lower than that with [bmpy][Tf2N]. This indicates that 
alcohol L L E behavior is not just governed by simple interactions between the 
alcohol and a particular cation or anion, but instead results from a complex 
interplay between alcohol, cation, and anion. These systems are therefore ideally 
suited for a molecular modeling study in which structure and energetic 
interactions can be directly calculated. 

The present work is directed at understanding the molecular interactions for 
these mixtures through isothermal-isobaric (NPT) molecular dynamics (MD) 
simulations. The local fluid structure of the mixtures is studied via radial 
distribution functions and local composition functions. Interaction energies 
between each species are also computed. The simulation results provide insight 
into the nature of the alcohol-ionic liquid interactions that give rise to the 
observed liquid-liquid coexistence behavior. 

Methodology 

In this work we have used a standard molecular mechanics forcefield (2), 
with functional form 
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to model the interactions in the fluid mixtures. The force constants, Lennard-
Jones parameters, and partial atomic charges for eq 1 were all taken from the 
literature. The OPLS (3) all-atom (AA) model was used for 1-butanol, the 
parameters for the cations [bmim] and [bmpy] were taken from the work of 
Cadena, et al (4), the parameters for the [BF 4] anion were taken from the work 
of de Andrade, et al (5), and the parameters for the [Tf 2N] anion were taken 
from the work of Padua (6). The Lennard-Jones parameters for unlike atoms, ε# 
and rmintij9 were obtained using the Lorentz-Berthelot combining rule. 
Coulombic interactions were modeled using fixed partial charges on each atom 
center. Figures l a and lb list the atom number conventions used for the [bmim] 
and [bmpy] cations, respectively. 

Figure 1. Atom numbering scheme used for [bmim] (a) and [bmpy] (b) cations. 

Molecular dynamics simulations were performed with the program N A M D 
(7) version 2.5 using a cubic cell with standard periodic boundary conditions. 
The simulations were carried out in the isothermal-isobaric (NPT) ensemble 
using a modified Nosé-Hoover barostat with oscillation and decay periods of 
250 fs each. The temperature was controlled via Langevin dynamics with a 
damping factor of 5 ps'1. Simulations at two compositions were performed for 
each IL/butanol mixture, with one simulation consisting of a butanol-rich system 
(-4 mol% IL), and the other simulation consisting of an IL-rich system (-25-40 
mol% IL). These compositions are all near the experimental coexistence 
compositions. The thermodynamic state points for all eight simulations are 
shown in Table 1. A l l eight simulations were performed at a reduced 

0.9836 and a pressure of 1 bar. A total of 1000 molecules were used for each 
UCST 

where TUCST is the experimentally determined UCST, of 

 
  

In Ionic Liquids IV; Brennecke, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



105 

simulation of a butanol-rich phase, and a total of 700 molecules were used for 
each simulation of an IL-rich phase (a single IL ion pair is considered to be one 
molecule). The initial configuration for each system was generated by randomly 
inserting first the cations, then the anions, and finally the butanol molecules into 
the simulation box. To prevent overlap, an insertion was rejected i f any of the 
newly inserted atoms were within 0.75 Â of any existing atoms. The initial cell 
volume was chosen such that the probability of molecule overlap during the 
random insertion stage was small. The initial cell volumes corresponded to a 
starting density of 0.05 g/cm3 for each simulation. The initial configurations 
were relaxed using a conjugant-gradient energy minimization scheme followed 
by NPT M D until the density was equilibrated. A l l of the C-H and O-H bonds 
were held rigid using the S H A K E (8) algorithm. The r-RESPA (9) multiple 
time-stepping algorithm was used with a timestep of 2 fs for bonded and van der 
Waals interactions, and 4 fs for electrostatic interactions. The dispersion 
interactions were cut off beyond 15.0 Â. A switching function (10), initiated at a 
distance of 10.0 Â, was used to bring the dispersion interactions smoothly to 
zero at the cutoff distance. Electrostatic interactions were computed using the 
particle mesh Ewald method (11,12). 

Table 1. Thermodynamic state points investigated in this work and 
experimental1 UCSTs. 

IL TUCST 

XlL 
butanol-rich 

(mol %) 

XlL 
IL-rich 

(mol %) 

[bmim][BF4] 330.0 335.5 3.1 42.3 

[bmpy][BF4] 316.7 322.0 3.6 31.3 

[bmim][TF2N] 295.0 300.0 3.91 30.1 

[bmpy][TF 2N] 298.0 303.0 3.61 25.9 

Equilibration runs for each system were conducted for 600 ps (or 300,000 
timesteps), after which production runs lasting 600 ps were started. The 
thermodynamic properties of the system (total energy, pressure, temperature, 
kinetic and potential energy contributions) and the atomic coordinates were 
saved to disk every 100 timesteps. 
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Results and Discussion 

Densities 

Table 2 shows the computed densities of the IL/butanol mixtures. We are 
unaware of any experimental densities for these mixtures. The predicted 
densities of the IL-rich phases of the mixtures with the [BF 4] anion are -25% 
more dense than their corresponding butanol-rich phases, and the predicted 
densities of the IL-rich phases of the mixtures with the [Tf 2N] anion are -35% 
more dense than their corresponding butanol-rich phases. Also, the mixtures 
with the [Tf2N] anion are more dense than the mixtures with the [BF 4] anion. 
Lastly, it is observed that the [bmpy][BF4] mixtures are more dense than the 
[bmim][BF4] mixtures, but the IL-rich phase of the [bmim][Tf2N] mixture is 
more dense than the IL-rich phase of the [bmpy][Tf2N] mixture. In the butanol-
rich phase, there is no significant difference in the computed densities. 

Table 2. Predicted densities of the IL/butanol 
mixtures studied in this work. 

Ρ Ρ 
IL butanol-rich IL-rich 

(kgm-3) (kgm"3) 

[bmim][BF 4] 768.2 ± 4.7 977.3 ± 4.0 

[bmpy][BF4] 794.8 ± 4.5 989.9 ± 4.3 

[bmim][TF 2N] 858.1 ± 3 . 9 1170.2 ± 3 . 9 

[bmpy][TF 2N ] 856.3 ± 3.9 1161.9 ±4 .2 

Fluid Structure and Local Composition 

To obtain a better understanding of how the ions interact with each other 
and with the alcohol in these mixtures, radial distribution functions (RDFs or 
g(r)) and local composition functions (13) were computed at each of the state 
points. To compute the local composition within a sphere of radius L, we first 
define the coordination number of site j with respect to site / as 

N j i L ) = ^ P j t s / d r , (2) 

and the self-coordination number for site / is given by replacing y with i in eq 2. 
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Sites i and j can represent molecules or specific atom sites on a molecule. 
For a given L, the local composition of site j around a central reference site of 
type ι is given by 

, ν Ν (l) p.^g/dr 

k 

where the sum extends over all sites. In addition, we define a local association 
factor (10) 

j 
(4) 

where xj is the bulk mole fraction of species j in the mixture. Physically, the αβ 

factors, which are functions of the local environment radius L9 indicate 
deviations from random mixing. If αβ = 1, then there is no preferential 
association of sites or species of type j with /. In other words, there is random 
mixing of j about i. When a,, < 1, it indicates that there is a tendency for site i to 
associate with sites other than j (including self-association) relative to the 
random mixing case. On the other hand, when αβ > 1, it indicates that there is an 
attraction between unlike sites / and j relative to that which site / feels with itself 
or other sites. For all of the ajt curves reported here, the integrals in eq 3 were 
computed numerically using the trapezoid rule. 

Mixtures with the [BF4] anion 

Radial Distribution Functions 

In the discussion that follows, we will use the symbol O41 to indicate the 
oxygen atom of a butanol molecule, O" to indicate any oxygen atom of a [Tf 2N] 
anion, ΛΓ to indicate the nitrogen atom of a [Tf2N] anion, Β to indicate the boron 
atom of a [BF 4] anion, and H-C# to indicate a particular hydrogen atom of either 
an imidazolium or pyridinium ring. The notation gp(r) refers to the distribution 
of site / about a central site of type j. Site-site RDFs for the IL-rich phase of the 
[bmim][BF4]/1-butanol and [bmpy] [BF4]/1-butanol mixtures are shown in 
Figures 2 - 5 . Figure 2 indicates that the C 2 position on the [bmim] cation shows 
the strongest association with & \ while for the [bmpy] cation, O41 associates 
most strongly with C 2 and C 6 . Figure 3 shows that the first solvation shell peaks 
for the Β - &] pair in both ILs are higher than the corresponding peaks in 
Figure 2, indicating that the alcohol localizes more strongly with the [BF 4] anion 
than with either of the [bmim] or [bmpy] cations. It is also observed in Figure 3 
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that the Β-Ο41 first peak for the [bmpy] mixture is slightly higher than that for 
the [bmim] mixture, suggesting that the anion-butanol interaction is more 
localized in the [bmpy] mixture than the [bmim] mixture. 

Figure 2. Atom-atom radial distribution functions for the H-C# - O41 atom pairs 
for the IL-rich phases of the [bmim][BF4] and [bmpy][BF4] 
mixtures with 1-butanol For all the curves, site i = O41. 

Figure 3. Atom-atom radial distribution functions for the Β - Ο41 atom pairs 
for the IL-rich phases of the [bmim][BF4] and [bmpy][BF4] mixtures with 

1-butanol. 

Figure 4 shows the H-C# - Β RDFs for the IL-rich phases of the mixtures. 
The first peak for the H-C2 - Β RDF in the [bmim] mixture is higher than that 
for the H-C6 -Bin the [bmpy] mixture, and similar to that of the H-C2 -Bin the 
[bmpy] mixture. In addition to interacting with the ions, butanol is able to self-
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associate. Figure 5, shows that there is strong O41 - O41 interaction for the IL-
rich phases of the mixtures, and that the butanol self-association is slightly 
stronger in the [bmpy] mixture than the [bmim] mixture. These interactions are 
indicative of alcohol-alcohol hydrogen bonding. Similar behavior is observed 
in the butanol-rich phases of these mixtures. The information from the RDFs 
suggest the following hypothesis as to why the [bmpy][BF4]/butanol mixture 
has a lower UCST than the [bmim][BF4]/butanol mixture: 

• Butanol interacts more strongly with [BF 4] than either cation. 
• The cation/anion association is stronger for the [bmim][BF4] mixture 

than for the [bmpy][BF4] mixture. 
• The weaker cation/anion association in [bmpy][BF4] allows butanol to 

interact more strongly with the [BF 4] anion. 
• The more favorable butanol/anion and butanol/butanol association in 

the [bmpy][BF4] mixture explains why this mixture has the lower 
UCST. 

While the structural information provided by RDFs can be used to assess 
the relative strength of various site-site interactions, the RDF is not always the 
best means of comparing interactions between two different mixtures and can 
even be misleading when comparing a particular site-site RDF between mixtures 
that vary significantly in composition. Although the difference in mixture 
compositions between similar phases of the [bmim][BF4] and [bmpy][BF4] 
mixtures (see Table 1) is small enough to make conclusions based upon 
comparisons between the site-site RDFs of the mixtures, we nevertheless seek to 
support these conclusions with information provided by local composition 
functions and system potential energies. 

Figure 4. Atom-atom radial distribution functions for the H-C# - Β atom 
pairs for the IL-rich phases of the [bmim][BF4] and fbmpy][BF4] mixtures 

with I-butanol. For all the curves, site i = B. 
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Figure 5. Atom-atom radial distribution functions for the O41 - O41 atom pairs 
for the IL-rich phases of the [bmim][BF4] and [bmpy][BF4] mixtures with 

1-butanol. 

Local Composition Functions 

As discussed above, the local association factor aJt{r) can be used to assess 
the relative strength of site-site interactions between species with different 
compositions in a mixture because the dependence of the local composition xjfy) 
upon the bulk mole fraction x f is removed in eq 4. Thus, aJt{r) can also be used 
to assess the relative strength of a particular site-site interaction between 
mixtures with different compositions. 

Figure 6a shows the local association factors for the Β - Ο41 atom pairs for the 
IL-rich phases of the mixtures. Recall that (Χβ_qM describes the local association 

of anion boron atoms about a central butanol oxygen atom, so Figure 6a figure 

describes solvation of the alcohol by the anion. It is observed that αβ_qM > 1 at 

distances between -3.6 and 6.7 A , and that the association factor for the [bmpy] 
mixture is slightly higher than that of the [bmim] mixture. This shows that there is 
some solvation of the alcohol by the anion over 3.6 - 6.7 Â, and that the 
butanol/anion association is slightly stronger in the [bmpy][BF4] mixture than in 
[bmim][BF4]. Figure 6b shows the association factors for the H-C# - O41 atom 
pairs. Interestingly, all three association factors in Figure 6b are > 1 at distances 
less than 3.8 Â, indicating that the alcohol is able to associate closely with the 
cation. Also, for the [bmpy] mixture, a M > α Λ at distances up to 6.0 

HCb —O HC2 —O 

Â, indicating that the alcohol prefers to associate with the C 6 position of the 
pyridinium ring instead of the C 2 position. This is consistent with 
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Figure 6a. Association factors for the B-O41 atom pairs for the IL-rich phases 
of the [bmim][BF4] and [bmpy] [BF4] mixtures with 1-butanol. 

Figure 6b. Association factors for the H-C# - O41 atom pairs for the IL-rich 
phases of the [bmim][BF4] and [bmpy][BF4] mixtures with 1-butanol. For all 

the curves, site i = O41. 
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the RDFs of Figure 2, which show that there is a slight preference for the alcohol 
to associate with the C 6 position over the C 2 position. 

Before moving on we wish to mention why the association factor plots in 
Figure 6b are not shown for distances less than 2.7 Â. This is because the 
association factors in Figure 6b become ill-behaved at distances less than 2.7 À, 
and eventually become undefined as the distance r goes to zero. A closer look at 
eq 3 reveals why the association factors can become ill-behaved at short 
distances. At distances in which all the gji(r)s in eq 3 are zero, the association 
factor is undefined (i.e. it is equal to zero divided by zero). As r is increased to 
the point in which one of the gp(r)s in eq 3 becomes nonzero, the behavior of 
aLjfj) will be determined by one of two cases: Case 1) The g/r) in the numerator 
remains zero while one or more gji(r)s in the denominator are nonzero. This is 
the case in Figure 6a. By the time the numerator becomes nonzero, the 
denominator is considerably greater than zero and well-behaved, which leads to 
an association factor which begins at zero and rises up to a maximum and 
appears well-behaved at all distances for which it is defined. Case 2) The gjE(r) 
in the numerator becomes nonzero while all other g^fr) terms in the denominator 
are zero. This is the case in Figure 6b. If the numerator's gj/r) is the only 
nonzero term, then the association factor is equal to 1/JC/ for all distances at 
which none of the other gjfir) terms in the denominator are nonzero. As soon as 
a second gp(r) term in the denominator becomes nonzero, the association factor 
will decrease from its maximum value of 1/JC,. However, this decrease can be i l l -
behaved because the association factor will be very sensitive to any small 
fluctuations in this second gp(r) term. These fluctuations typically arise due to 
high statistical uncertainties in the regions where this second gjj(r) term is very 
close to zero. The association factor will become better behaved as r approaches 
the first peak in the second nonzero g^r) term, and the statistical uncertainty in 
this term diminishes. In this work we have decided, somewhat arbitrarily, that 
we have confidence in a Case 2 association factor when the second nonzero gjf(r) 
term has reached one-half the maximum value of its first peak. 

Lastly Figure 7a shows the center-of-mass aBu0H_BFr aBu0H_bmim 

&ndocBiiOH_bmpy association factors for the IL-rich phases of the mixtures, and 

Figure 7b shows the same association factors for the butanol-rich phases of the 
mixtures. It is observed that all of these association factors are < 1 at all 
distances. Since these association factors describe the local association of 
butanol around a central cation or anion, this means that the individual ions are 
not solvated by the butanol, even at a composition of -4 mol% IL. Instead, in 
both the IL-rich and alcohol-rich phases, the ions form into cation/anion pairs 
and it is these pairs which are solvated by butanol. 
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Figure 7a. Center-of-mass association factors for the BuOH-BF4, BuOH-bmim, 
and BuOH-bmpy pairs for the IL-rich phases of the [bmim] [BF4] and 

[bmpy][BF4] mixtures with 1-butanol. For all the curves, site j ~ BuOH. 

Figure 7b. Center-of-mass association factors for the BuOH-BF4, BuOH-bmim, 
and BuOH-bmpy pairs for the butanol-rich phases of the [bmim][BF4] and 
[bmpy][BF4] mixtures with 1-butanol. For all the curves, site j = BuOH. 
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Energetics 

Further confirmation of our hypothesis can be gained from close 
examination of the potential energies of both mixtures. Table 3 shows the 
breakdown of the potential energies of the IL-rich phases into contributions from 
butanol-butanol, butanol-ion, and ion-ion interactions for [bmim][BF4] and 
[bmpy][BF4]. The energies in Table 3 are given on a per mol of butanol basis. 
The butanol-butanol interaction is 1.0 kcal / mol more favorable in the [bmpy] 
mixture than the [bmim] mixture. On the other hand, the ion-ion interactions are 
12.7 kcal / mol more favorable in the [bmim] mixture, which confirms that the 
[bmim][BF4] interaction is stronger than that of the [bmpy][BF4] interaction. 
The butanol-ion interactions are only slightly (0.4 kcal / mol) more favorable in 
the [bmpy] mixture than in the [bmim] mixture, which is probably within the 
statistical uncertainty of the calculations. Altogether butanol experiences about 
1.4 kcal / mol lower energy in the [bmpy][BF4] mixture than in the [bmim][BF4] 
mixture, consistent with the trend in UCST. Similar trends in the energies are 
observed for the alcohol-rich phase, and will not be discussed here. 

Table 3. Comparison of the contribution of the butanol-
butanol, butanol-ion, and ion-ion interactions to the system 

total potential energy for the IL-rich phases of the 
[bmim][BF4] and [bmpy][BF4] mixtures with 1-butanol. 

[bmim] [bmpy] 

Energy Energy 
Interaction 

(kcal/mol BuOH) (kcal / mol BuOH) 

B u O H -
BuOH 0.486 -0.514 

B u O H - I L -14.9 -15.3 

I L - I L -50.8 -38.1 
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Mixtures with the [Tf2N] anion 

Radial Distribution Functions 

Site-site RDFs for the IL-rich phase of the [bmim][Tf2N]/l-butanol and 
[bmpy][Tf2N]/l-butanol mixtures are shown in Figures 8, 9 and 10. Figure 8 
shows the H-C# - O41 RDFs, Figure 9 shows the G - Ο41 RDFs, and Figure 10 
shows the Κ - &l RDFs. The first solvation shell peaks for the H-C# - O41 

pairs (Figure 8) in both ILs are higher than the corresponding peaks in Figures 9 
and 10, indicating that the alcohol associates more strongly with the cation than 
with the [Tf 2N] anion. This is quite different from what was observed for the 
mixtures with the [BF 4] anion, in which the butanol/[BF4] interaction was 
stronger than the butanol/cation interaction. In addition, the first peaks for the 
0~ - O41 atom pair are higher than the corresponding peaks for the If - O41 atom 
pair, even though the largest negative charge on the [Tf 2N] anion is located on 
the Ν atom. Finally, strong butanol self-association is observed in Figure 11, 
which shows the O41 - O41 RDFs for the IL-rich phases of the mixtures. Similar 
behavior is observed in the butanol-rich phases of these mixtures, whose RDFs 
are not shown here. Lastly we note that the RDFs in Figures 9—11 show that 
the butanol self-interaction and the butanol-anion interaction are nearly 
independent of the type of cation present. To see any effect of the cation upon 
the relative strength of these interactions, we must examine the local 
composition functions. 

Figure 8. Atom-atom radial distribution functions for the H-C# - O41 atom pairs 
for the IL-rich phases of the [bmim]Uf2N] and [bmpy][Tf2N] mixtures with 

1-butanol. For all the curves, site i = O41. 
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Figure 9. Atom-atom radial distribution functions for the O' - Ο41 atom pairs 
for the IL-rich phases of the [bmim][rf2N] and [bmpy]Uf2N] mixtures with 

1-butanol. 

Figure 10. Atom-atom radial distribution functions for the Κ - Ο41 atom pairs 
for the IL-rich phases of the [bmim][Tf2N] and [bmpy] [Tf2N] mixtures with 

1-butanol. 
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Figure 11. Atom-atom radial distribution functions for the O41 - O41 atom pairs 
for the IL-rich phases of the [bmim][Tf2N] and [bmpy][Tf2N] matures with 1-

butanol. 

Local Composition Functions 

Figure 12 shows the local association factors for the Ο' - O41 atom pairs for 
the IL-rich phases of the mixtures, and Figure 13 shows the association factors 
for the H-C# - O41 atom pairs. It is observed that both OLq__qM andaQAl Q_ are 

less than one at distances less than 8 Â, and are approximately one beyond 8 Â. 
This further confirms that butanol is not preferentially associating with the anion 
as was the case for the mixtures with the [BF 4] anion. Figure 12 shows that the 
cation/butanol association factors a for the [bmim] mixture and 

HC2-OAI L J 

aHc -oM ^ o r ^ e [kmpy] nature are both > 1 at distances less than 2.9 Â, 

confirming that butanol is able to associate with the cation, and that in the 
[bmpy] mixture the alcohol prefers to associate with the C 6 position of the 
pyridinium ring instead of the C 2 position, as was the case for the [bmpy][BF4] 
mixture. It is also observed, at distances less than 3.6 Â, that α M for the 

' ' HC2-OAI 

[bmim] mixture is slightly larger than the corresponding association factors for 
the [bmpy] mixture, indicating that butanol also associates with the [bmim] 
cation more strongly than it does with the [bmpy] cation. 

Lastly Figure 14a shows the center-of-
m a s s aBuOH-T/2N > a B u O H - b m i m ™ ά a

B u O H - b m p y association factors for the IL-
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Figure 12. Association factors for the (J - O41 atom pairs for the IL-rich phases 
of the [bmim][Tf2N] and [bmpy] [Tf2N] mixtures with 1-butanol. 

Figure 13. Association factors for the H-C# - O41 atom pairs for the IL-rich 
phases of the [bmim] [Tf2N] and [bmpy][Tf2N] mixtures with 1-butanol. 

For all the curves, site i = O41. 
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Figure 14. (a - top) Center-of-mass association factors for the BuOH-Tf2N, 
BuOH-bmim, and BuOH-bmpy pairs for the IL-rich phases of the [bmim] [Tf2N] 
and [bmpy][Tf2N] mixtures with 1-butanol For all the curves, site j = BuOH; 
(b - bottom): Center-of-mass association factors for the BuOH-Tf2N, BuOH-

bmim, and BuOH-bmpy pairs for the butanol-rich phases of the [bmim][Tf2N] 
and [bmpy][Tf2N] mixtures with 1-butanol For all the curves, site j = BuOH. 
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rich phases of the mixtures, and Figure 14b shows the same association factors 
for the butanol-rich phases of the mixtures. There is a qualitative difference 
between the association factors involving the cations and those involving the 
anions. For the anions, αβ is small and only approaches 1 at approximately 6 Â 
or more. For the cations, αβ is actually > 1 at short distances for the IL-rich 
phase (Figure 14a) and close to 1 for the butanol-rich phase (Figure 14b). This 
indicates that there is a preference for butanol to associate with the cation, which 
is qualitatively different from what was observed for the mixtures with the [BF 4] 
anion. This difference stems from the fact that the negative charge on [Tf 2N] is 
much more delocalized than on [BF 4], thus enabling butanol to at least partially 
solvate the cation in the IL-rich phase. Figure 15 shows the center-of-mass 

aBuOH-BuOH
 s e * f association factor for the IL-rich phases of the mixtures. There 

is slightly greater tendency for butanol to self-associate in ^mim][Tf 2N] than 
[bmpy][Tf2N]. 

The information from the RDFs and association factors suggest the 
following hypothesis as to why the [bmim][Tf2N]/butanol mixture has a lower 
UCST than the [bmpy][Tf2N]/butanol mixture: 

• The alcohol interacts preferentially (aside from self-association) with 
the cation. 

• The cation/butanol association is stronger for the [bmim][Tf2N] 
mixture than for the [bmpy][Tf2N] mixture because the butanol/[bmim] 
interaction at the C 2 position is stronger than the butanol/[bmpy] 
interactions at either the C 2 or C 6 positions. 

• The more favorable butanol/cation and butanol/butanol association in 
the [bmim][Tf2N] mixture explains why this mixture has the lower 
UCST. 

Energetics 

Table 4 shows the breakdown of the potential energies of the IL-rich phases 
into contributions from butanol-butanol, butanol-ion, and ion-ion interactions on 
a per mol butanol basis. The butanol-ion interactions are 1.34 kcal / mol-butanol 
more favorable in the [bmim] mixture than the [bmpy] mixture, which confirms 
the structural observations that the cation/butanol interaction is stronger in the 
[bmim] mixture. On the other hand, the butanol-butanol interaction is 0.35 kcal 
/ mol more favorable in the [bmpy] mixture than the [bmim] mixture and the ion-
ion interactions are 0.5 kcal / mol more favorable in the [bmpy] mixture. 
Overall, butanol has -1.0 kcal / mol more favorable interactions with 
[bmim][Tf2N] than [bmpy][Tf2N] due to the favorable cation/butanol energetics. 
This is in contrast to the case when [BF 4] was the anion, and explains why for 
this system the UCST is lower for [bmim][Tf2N] than [bmpy][Tf2N]. These 
differences are driven by the fact that the more localized charge on [BF 4] makes 
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Figure 15. Center-of-mass association BuOH-BuOH self association factors for 
the IL-rich phases of the [bmim][Tf2N] and [bmpy][Tf2N] mixtures with 1-

butanol. 

the cation/anion interactions very favorable, thus inhibiting association between 
the alcohol and the IL. This is why the UCST is higher for each IL with a [BF 4] 
anion than for the [Tf 2N] ILs. On the other hand, the more delocalized charge 
on [Tf 2N] weakens the cation/anion interactions, enabling the alcohol to interact 
more directly with the ions. In this case, the butanol interacts most strongly 
with the localized charge on [bmim]. This tends to lower its UCST relative to 
[bmpy][Tf2N]. 

The self-diffusion coefficient for a fluid can be calculated using the 
Einstein relation1 4 

where the quantity in braces is the ensemble-averaged mean-square displacement 
(MSD) of the molecules and rf is the vector coordinate of the center of mass of 
molecule i . The computed self-diffusivities of the cation, anion, and butanol for 
each of the mixtures studied are listed in Table 5. For the butanol rich phase of 
the [bmim][BF4] mixture, the cation self-diffusion coefficient is slightly larger 
than that of the anion, but for the other three mixtures with the [BF 4] anion, the 
anion self-diffusion coefficient is larger. For all the mixtures with the [BF 4] 

Diffusion 

(6) 
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Table 4. Comparison of the contribution of the butanol-
butanol, butanol-ion, and ion-ion interactions to the system 

total potential energy for the IL-rich phases of the 
[bmim]|Tf 2N] and [bmpy|[Tf 2N] mixtures with 1-butanol. 

[bmim] [bmpy] 

Interaction 
Energy 

(kcal/mol BuOH) 

Energy 

(kcal/mol BuOH) 

B u O H -
-1.21 -1.56 

BuOH -1.21 -1.56 

B u O H - I L -15.12 -13.78 

I L - I L -5.8 -6.2 

anion, the self-diffusion coefficient of butanol is anywhere from 2 to 4 times 
larger than the self diffusion coefficient of the anion. The self-diffusion 
coefficients of all species in the butanol-rich phases are 3-5 times larger than 
their corresponding values in the IL-rich phase. The self-diffusion coefficients 
of all species in the mixtures with the [bmpy] cation are lower than the 
corresponding values for mixtures with the [bmim] cation. For comparison, the 
self-diffusion coefficients of pure [bmim][BF4] at 298K reported by de Andrade 
et al (5) are 1.2 χ 1 0 u m2/s for [bmim] and 1.0 χ 10"u m2/s for [BF 4 ]. 
However, recent studies (4,15) suggest that computed self-diffusivities for pure 
ILs are highly dependent upon the length of the simulation, and previous results 
should be carefully scrutinized. 

For mixtures with the [Tf2N] anion, the cation has a slightly larger self-
diffusion coefficient than the anion with the exception of the butanol-rich phase 
of the [bmim][Tf2N] mixture, and the self-diffusion coefficient of butanol is 
anywhere from 2 to 3 times larger than the self-diffusion coefficient of the anion. 
The self-diffusion coefficients of all species in the butanol-rich phases are 2-3 
times larger than their corresponding values in the IL-rich phase. Lastly, the 
self-diffusion coefficients of all species in the mixtures with the [bmim] cation 
are lower than the corresponding values for mixtures with the [bmpy] cation, 
which is the opposite of what was observed for the mixtures with the [BF 4] 
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Table 5. Self-diffusion coefficients of the cation, anion, and 1-butanol 
for each mixture studied. 

IL D + x l O n Ζ λ χ Ι Ο 11 DBVOH χ ΙΟ 1 1 

IL 
(m2 sec1) (m2 sec (m2 sec') 

butanol IL butanol IL butanol IL 
rich rich rich rich rich rich 

[bmim][BF4] 19.2 4.21 18.1 
4.5 
2 

48.8 16.4 

[bmpy][BF4] 13.4 2.90 14.6 3.1 
4 

32.7 11.8 

[bmim][Tf2N] 6.83 2.60 8.02 2.3 
5 

18.4 6.44 

[bmpy][Tf2N] 8.32 3.15 8.28 3.0 
0 

19.5 8.01 

anion. The trend in self-diffusivities generally follows the trend in densities, 
with the highest density systems exhibiting the lowest self-diffusivities. 

Conclusions 

Results of molecular dynamics simulations of mixtures of 1-butanol with the 
ILs [bmim][BF4], [bmpy][BF4], [bmim][Tf2N], and [bmpy][Tf2N] are reported. 
Previously developed all-atom force fields are used for the ions and the OPLS 
all-atom model is used for butanol. Liquid structure is reported in the form of 
site-site radial distribution functions as well as association factors. It is observed 
that the individual cations and anions are not generally solvated by the butanol, 
even at a concentration of ~4 mol% IL. Rather, the ions exist as solvated ion 
pairs. The exceptions to this are the IL-rich phases of the [bmim][Tf2N] and 
[bmpy][Tf2N] mixtures, which showed partial solvation of the cation by butanol. 
The M D results show that [bmpy][BF4] has a lower UCST with 1-butanol than 
[bmim][BF4] because the alcohol interacts more strongly with the anions in the 
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presence of the [bmpy] cation. This is due to weaker cation/anion association in 
the [bmpy] mixture, which in turn allows stronger alcohol/anion and 
alcohol/cation association. The M D results also show that [bmim][Tf2N] has a 
lower UCST with 1-butanol than [bmpy][Tf2N] because the delocalized charge 
on [Tf 2N] enables butanol to interact more directly with the cations. The butanol 
thus favors the localized charge on [bmim] which lowers its UCST relative to 
[bmpy][Tf2N]. 
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Chapter 9 

Carbonylation in Ionic Liquids Using Vapor-Takeoff 
Reactors 

Gerald C . Tustin, Regina M . Moncier, and Joseph R. Zoeller 

Eastman Chemical Company, P.O. Box 1972, Kingsport, TN 37662 

Ionic liquids allow the carbonylation of lower molecular 
weight alcohols and esters be operated in a continuous vapor 
takeoff mode resulting in higher reaction rates, with fewer 
units of operation, and negligible catalyst loss. For example, 
when the Rh catalyzed carbonylation of methanol to acetic 
acid is conducted in an ionic liquid, the process can be 
operated in a continuous vapor a take-off mode of operation, 
while still demonstrating improved reactor production rates 
(approaching 25 mol/L-h) and high methanol conversion (up 
to 100%) and no Rh loss. 

Worldwide demand for acetic acid exceeds 6.9 million metric tons per year 
(2). The majority of acetic acid consumed in the world is made by the 
carbonylation of methanol, a process which has been extensively reviewed (3), 
and commercially the best systems employ a catalyst system composed of 
methyl iodide and a combination of either rhodium and lithium (4) or iridium 
and ruthenium (5). For an industrial process, the process operates under modest 
pressure (450-500 psig, 30-35 atm.) and temperature (175-195°C) while 
demonstrating very high conversions (99-100% methanol conversion) and 
selectivities (99-100% based on methanol, ca. 97% on CO), and excellent rates 
(>10 mol/l-h and possibly higher with specialized equipment.) 

While these processes are well established and superior to any prior 
process, there are some key issues still faced by anyone commercially practicing 
this technology. Specifically, key issues are: 

128 © 2007 American Chemical Society 

 
  

In Ionic Liquids IV; Brennecke, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



129 

• Product/Catalyst Separation. Currently, the product is flashed from the 
catalyst by transferring to a separation unit and releasing the pressure. 
The flash is normally conducted adiabatically, or at best with only a 
moderate amount of heat addition, to avoid catalyst precipitation. This 
requires a separate unit of operation, only allows partial product removal 
per pass (implying extensive recycle streams), and represents a bottleneck 
in the process. 

• Heat Removal. The reaction is highly exothermic ( A H 2 9 8o C

 = ca. -28.8 
kcal/mol). Whereas much of the heat is removed in the adiabatic flash in the 
current operation, the reaction is subject to rapid exotherms and the high 
heat of reaction has hampered the development of vapor phase processes 
where heat removal is difficult. 

• Water Removal. Most commercial processes use 4-5% water, but water is 
difficult and expensive to remove from the product, reduces the depth of 
flash in the adiabatic operation, and leads to CO yield losses as the CO is 
converted to C 0 2 and hydrogen by water gas shift. 

Similar problems, especially catalyst separation and heat removal, are 
encountered in related carbonylations such as the commercially practiced 
carbonylation of methyl acetate to acetic anhydride (3) and the potentially useful 
carbonylation of ethanol to propionic acid. A process that could circumvent 
some or all of these issues would be very useful in commercial practice. 

While normally one would address the issue of product/catalyst separation 
using heterogeneous catalysts, the application of heterogeneous catalysts has 
been hampered by leaching when operated in the liquid phase. When operating 
in the vapor phase where leaching is reduced, one encounters either poor 
catalyst activity or difficulties with heat removal when active catalysts are found 
(6). While several methods around this problem have been under active 
examination in our laboratories (1,6,7), we have found that ionic liquids can 
play a particularly useful role since they permit the development of a useful 
vapor take-off reactor, which effectively resolves the issues of catalyst/product 
separation and heat removal while offering rate and cost advantages. 

Development of Vapor Take-off Reactors with Ionic Liquids 

Vapor take-off reactors, which combine the reaction and separation steps 
into the same vessel by distilling the product continuously from the reaction 
medium, are common in industrial practice. When operating vapor take-off 
reactors one needs a high boiling, non-reactive solvent or starting material and 
operating conditions are constrained to temperature and pressure regimes where 
the product can be distilled or entrained from the reactor. The first and obvious 
advantage is that there is a capital savings when the reaction and separation are 
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combined into a single unit of operation. However, there are further potential 
advantages. 

In cases where a catalyst is unstable outside the reaction environment or 
where leaching may be an issue, vapor take-off reactors can be useful in 
maintaining the catalyst. In the specific case of methanol carbonylation, catalyst 
decomposition and precipitation occurs during separation as the catalyst is 
heated in the absence of stabilizing CO and iodide. However in a vapor take-off 
reactor the Rh catalyst is always in the presence of stabilizing carbon monoxide 
and iodide. Additionally, since heat transport in liquids is more efficient, when 
compared to heterogeneous catalysts employing vapor-solid reactions, it is 
possible to operate vapor take-off reactor at faster rates without losing 
temperature control. 

Since ionic liquids are non-volatile, normally thermally stable, normally 
chemically inert, and effective heat transfer fluids they should represent ideal 
vapor take-off solvents regardless of the application. However, iodide based 
ionic liquids, which are easily generated by simple alkylation of the parent 
phosphine or amine with an alkyl iodide, were found to be especially suitable for 
the carbonylation of methanol with rhodium catalysts. When used in methanol 
carbonylation, the rhodium catalysts were not only very soluble in ionic liquids, 
but were stabilized by the iodide in the ionic liquid. The continued presence of 
CO in vapor take-off reactors and inherent higher catalyst stability in ionic 
liquids eliminated both catalyst precipitation and any Rh volatilization. This 
allowed operation at higher Rh concentrations (and therefore higher rates) than 
are achievable in the commercial liquid phase reactors without catalyst losses. 
Further, Rh was inherently more reactive in iodide based ionic liquids. When 
compared in batch reactions, Rh catalysts were found to be ca. 1.5X more active 
in iodide based ionic liquids than they are in conventional operations which use 
acetic acid solutions of rhodium and lithium. The only potential downfall was 
the virtual insolubility of CO in most ionic liquids. 

In testing vapor take-off reactors, most of the initial work was conducted in 
a microreactor which consisted of an unstirred, gas stripped reactor which is 
visually depicted in Figure 1, but which is described in detail in the experimental 
section and in earlier work (1). This represents a classic design for vapor take
off reactors and agitation is accomplished in these units by the combination of 
gas addition and the boiling liquid. In practice, upon the introduction of 
reactants the liquid swelled to ca. 2X its original volume as starting material and 
products became dissolved in the ionic liquid. Figure 2 depicts the results of an 
extended run with l-butyl-3-methyl-dimethylimidazolium iodide (BMIMI). As 
shown, the catalyst was stable over an extended period of time while operating 
at high conversion, at high selectivity, and at rates comparable to, or better than, 
currently operated in commercial processes. 

While the primary focus was on rhodium catalyzed methanol carbonylation, 
the unstirred vapor take-off reactor was used to demonstrate the usefulness of 
vapor takeoff reactors in several additional carbonylation reactions, such as the 
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Figure 1. Diagram of Unstirred, Vapor Take-off Reactor. 

Figure 2 Continuous Vapor Take-Off Carbonylation of Methanol with Mel 
using BMIM ionic liquid. (Conditions: Feed; 2.8:1:0.14 CO:MeOH:MeI; 

Catalyst: 0.32 mmolRh in 10 mL BMIMI; 190°C, 200psig; Space Velocity: 
Varied: 153, 302, 455 h'1) (Reproduced from reference 1 with permission 

of author.) 

 
  

In Ionic Liquids IV; Brennecke, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



132 

carbonylation of methyl acetate to acetic anhydride and ethanol to propionate 
derivatives. (See Table I. A l l tests were performed with the same molar catalyst 
levels and volume (10 mL) as our Rh runs.) In addition, several additional 
methanol catalysts were demonstrated including Pd and Ir-Ru systems. (See 
Table I.) The palladium example is noteworthy in that, while Pd is normally a 
poor methanol carbonylation catalyst, it has been shown that Pd can operate in 
the presence of a large excess of iodide ions (8), a situation very consistent with 
an ionic liquid media. When examined in the vapor take-off mode where Pd is 
maintained in a very large excess of iodide, the methanol carbonylation with Pd 
catalysts, while not as fast as those with Rh, was surprisingly facile and could be 
operated for long periods of time with no noticeable deactivation. 

Regarding the Ir catalyst and its design, it has been well established that 
excess iodide inhibits the Ir-Ru catalyst system (5). To bind the excess iodide, 
the ionic liquid was formed from a mixture of butyltridodecylphosphonium 
iodide (BTDPI) and zinc iodide to form butyltridoceylphosphonium 
triiodozincate as the ionic liquid. (The choice of the butyltridoceylphosphonium 
cation was based on the solubility of the resultant triiodozincate.) This led to an 
effective catalyst for the carbonylation of methanol with Ir-Ru based catalysts. 

Table I. Results of carbonylation with other substrates and catalysts in the 
unstirred vapor phase reactor. 

Ionic Conversion Product 1 Product 2 
Feed Catalyst Liquid (based on) (Rate) (Rate) 

EtOH Rh BMIMI 66% E t C 0 2 H EtC0 2 Et 
(EtOH) (1.2 (1.3 

mol/L-h) mol/L-h) 
Methyl Rh BMIMI 21% A c 2 0 -

Acetate (MeOAc) (1.4 
mol/L-h) 

MeOH Pd BMIMI 59% A c O H MeOAc 
(MeOH) (2.4 (3.6 

mol/L-h) mol/L-h) 
MeOH Ru-Ir-Li BTDPI 92% A c O H MeOAc 

(5:1:1) + (MeOH) (4 (5 
2ZnI2 mol/L-h) mol/L-h) 

MeOH Co BMIMI 35% A c O H MeOAc 
(MeOH) (0.03 (0.09 

mol/L-h) mol/L-h) 
MeOH N i / BMIMI 21% A c O H MeOAc 

[MePPh 3 f (MeOH) (0.02 (0.09 
iodide mol/L-h) mol/L-h) 
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Nickel and cobalt are also known to be active catalysts for the 
homogeneous carbonylation of methanol, although they normally are less active 
than Rh or Ir and normally operate at high pressure (3). While they showed 
some marginal activity in the vapor take-off reactor, the activity was still very 
low. It is apparent that high iodide environments can not substitute for high CO 
pressures normally associated with N i or Co catalysts. 

Several additional ionic liquids were tested using Rh based catalysts in the 
unstirred vapor take-off reactor. Each of the ionic liquids tested demonstrated 
differing rates and different optimal operating conditions. Some exemplary 
results are shown in Table II, however the variable performance of these 
differing ionic liquids exposed an inherent difficulty in using ionic liquids for 
carbonylation. When performing carbonylations in ionic liquids, the viscosity is 
normally high and the carbon monoxide solubility very low. Further, both 
properties can vary significantly with the nature of the ionic liquid. The 
combination of high viscosity and low solubility often leads to mass transfer 
problems when conducting gas-liquid biphasic catalytic process. In the unstirred 
vapor take-off reactor, this represented a potentially serious limitation. 

To test for mass transfer effects, an alternative reactor design was employed 
in which a standard stirred 300 mL autoclave was fitted with a vapor take-off 
outlet connected to a high pressure condenser and a collection vessel. (This 
represented a 10X scale up in reactor volume. None of the concentrations were 
changed.) Normally in homogeneous catalysis, i f mass transfer is an issue one 
wil l see a rate effect with increasing stirring speed. As can be seen in Figure 3, 
which depicts the rate as a function of stirrer speed, there was a significant effect 
based on stirrer speed which implies a significant mass transfer barrier. At high 
stirrer speeds, the relative rates in the differing ionic liquids changed and 

Table II, Summary of best behavior for several ionic liquids 
in unstirred vapor take-off reactor. 

Ionic Liquid 
BMIMI BTDPI MTBPI 

Temp, °C 180 210 220 
Pressure, psig 210 210 210 
Rate (Mol HOAc/L-h) 24.6 9.8 7.9 
% MeOH Com. 93.6 97.9 100 
% CO Conv. 29 77 41 
HOAc/MeOAc 2.5 3.0 38 
Wt%H20 7.4 5.3 0.58 

MTBPI = methyltributylphosphonium iodide 
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eventually reached a plateau. The final rate order (MTBPI>BMIMI>BTDPI) is 
inversely related to the melt viscosities (MTBPI = 23-38 cp; BMIMI = 36-45 cp; 
BTDPI = 50-54 cp) for the three ionic liquids which further supports the 
importance of mass transfer in these reactions since higher viscosities result in 
lower diffusion rates and reduced mass transfer rates. 

In commercial operation, the most desirable reactions would have very high 
(>99%) methanol conversion, high rates, high AcOH/MeOAc ratios, and low 
water content. In Table III, results are shown for three ionic liquids operated at 
the high methanol conversions which would be required for useful operation. 
The highest rate process was obtained with MTBPI (methyltributylphosphonium 
iodide) and when optimized for the key variables, the Rh/MTBPI systems 
displayed rates of 17 mol/L-h at 100% methanol conversion and provided a 
product which had an AcOH/MeOAc ratio of 18 with only 1.1 wt.% water 
present in the effluent when operated at 225-230°C and 225 psig. The 
combination of low water content and high AcOH/MeOAc ratio translates into a 
simpler, lower cost product separation than conventional processes since there is 
less material to be recycled to the reactors. 

The ionic liquids tested in this study demonstrated stable operation over the 
>300 hours of reaction time examined in the course of this study. N M R 
examination of the recovered solutions using the preferred MTBPI ionic liquid 
indicated that there was no detectable exchange of alkyl groups (monitored up to 
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Table III. Rh catalyzed reactions in stirred vapor takeoff reactor. 

Ionic Liquid 
BMIMI BTDPI MTBPI 

Temp, °C 190 220 230 
Pressure, psig 135 225 225 
Rate (Mol HOAdL-h) 12.5 9.7 18.9 
VoMeOHConv. 99.9 99.8 99.3 
% CO Com". 75 74 75 
Liquid Recycle Large small medium 
HOAc/MeOAc 4.8 16.6 6.5 
Product Wt % H20 3.4 1.2 3.0 
Product wt % Met 17 16 17 
Product wt%MeOAcb 16 6 13 
ProductWtP/oAcOrf 64 74 68 

NOTE: (a) CO:MeOH 1.33:1; (b) Wt % values are raw GC data for condensed liquid 
product; BMIMI operated near dew point. 

200 hrs.) Further, when stripped of any reaction products (evacuation at 90°C, 
<2 mm Hg) the Rh remained completely in solution, although under these 
conditions infrared indicated that the Rh was completely in the form of 
Rh(CO)I 5

2 \ The B M I M I ionic liquid was not as stable and small amounts of 1,3-
dimethylimidazolium iodide could be detected indicating a small amount of 
alkyl exchange wherein the butyl group had been replaced with a methyl group, 
but there was no accompanying change in rate. 

Conclusions 

Ionic liquids can serve as very effective solvents in vapor take-off reactors 
for the carbonylation of methanol to acetic acid. In the case of rhodium 
catalyzed methanol carbonylation, methanol carbonylation to acetic acid has 
been shown to be operable at high rates (17 mol/L-h acetic acid) and high 
conversions (>99% methanol conversion) with: 

(1) no catalyst loss or deactivation over 300 hrs of operation, 
(2) no ionic liquid decomposition over 300 hours of operation, 
(3) and a purer reactor effluent (<2 wt% water; AcOH/MeOAc ratio = 18) than 

in conventional processes. 

The key factor in obtaining high rates is achieving adequate mass transfer. 
Due to the combination of fewer units of operation, high rates, and advantaged 
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reactor effluent compositions, the ionic liquid based vapor take-off reactors may 
have significant advantages in the production of acetic acid. The process is 
applicable to other substrates and conversions as has been demonstrated for 
ethanol carbonylation to propionic acid and methyl acetate carbonylation to 
acetic anhydride. 

Experimental 

Materials 

Rhodium trichloride hydrate was provided by Johnson Matthey. Iridium 
trichloride hydrate was provided by Strem Chemicals. Palladium acetate was 
obtained from Aldrich. Butyltridodecylphosphonium iodide (BTDPI) was 
obtained from Cytec. l-butyl-3-methylimidazolium iodide (BMIMI) was 
synthesized by the following procedure. 1-butylimidazole (400 g, 3.22 moles) 
was dissolved in tetrahydrofuran (400 mL) in a 3-liter flask equipped with a 
magnetic stir bar, reflux condenser and a pressure-equilibrated dropping funnel 
with a nitrogen inlet. Methyl iodide (570 g, 4.0 moles) was added from the 
addition funnel with stirring under nitrogen over seven hours at ambient 
temperature. The mixture was stirred for 2 hours at room temperature then 
refluxed overnight. The solvent and excess methyl iodide were then removed by 
distillation on a steam bath to provide B M I M I as a red-brown oil (870.7g). 
Methyltributylphosphonium iodide (MTBPI) was synthesized in an analogous 
fashion from tributylphosphine and methyl iodide. Methanol (MeOH) and 
methyl iodide (Mel) were reagent grade and were used without further 
purification. 

Carbonylation reactions 

The carbonylation procedure has been described in detail in the patent 
literature. lb A brief but sufficient description will be provided here. The basic 
reaction system consisted of Brooks 5850 Series Ε mass flow controllers for gas 
delivery and an Alltech 301 HPLC pump for liquid feed delivery. The gas and 
liquid streams were fed to an electrically heated Hastelloy C vaporizer. The 
vaporized reactants were fed to an electrically heated Hastelloy C reactor 
containing the ionic liquid and catalyst, and the vapor product directed to a 
Hastelloy C condenser and product receiver. Pressure was maintained using a 
Tescom Model 44-2300 backpressure regulator. Heating and gas flow feeds 
were controlled by a Camile® 3300 Process Monitoring and Control System. 
Most of the reactions were performed in an unstirred reactor consisting of a 1.60 
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cm I.D. X 15.9 cm long Hastelloy C reaction tube fitted with a 5 micron 
Hastelloy C filter at the base which acted as a gas dispersion device and support 
for the ionic liquid catalyst system. Typical ionic liquid charge to the unstirred 
reactor was 10 mL which contained 0.32 mmole Rh. Some reactions were 
performed in a stirred 300 mL Hastelloy C autoclave with subsurface gas feed 
using the same feed and condensation systems used with the unstirred reactor. 
A typical ionic liquid charge to the stirred autoclave was 100 mL containing 3.2 
mmoles Rh. Typical reaction pressures ranged between 200 and 250 psig, and 
typical reactor temperatures ranged between 190 and 250°C. Feed rates varied 
widely and are provided in the Results and Discussion section. Condensed 
methanol carbonylation products from the receiver were weighed and analyzed 
by gas chromatography using a 30 m X 0.25 mm DB-FFAP capillary column 
(0.25 micron thickness) programmed at 40°C for 5 minutes, 25°C/minute to 
240°C and holding at 240°C for 1 minute using a thermal conductivity detector 
held at 250°C (injector temperature = 250°C). 
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Chapter 10 

Ionic Liquids for Space Propulsion 

Yu-hui Chiu and Rainer A. Dressler 

Air Force Research Laboratory, Space Vehicles Directorate, 
Hanscom Air Force Base, MA 01731 

The negligible vapor pressure, substantial conductivities, and 
thermal stability of ionic liquids make them ideal candidates 
for electrospray space propulsion applications. This chapter 
provides an introduction to current requirements in space 
propulsion, and summarizes the virtues of ionic liquid 
propelled electrospray thrusters. The physics associated with 
single cone-jet electrosprays is reviewed and recent 
developments with respect to ionic liquid ion sources are 
discussed. Specific examples of mass spectrometric 
measurements of charged particle emission from ionic liquid 
cone-jets are presented. The results include positive and 
negative ion emissions from [Emim][BF 4], [Emim][Im] and 
[Emim][N0 3]. 
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Introduction 

Space propulsion is a highest priority enabling technology of novel 
interplanetary and Earth orbiting vehicles. Not only must the propulsion system 
and associated propellant match the in-space mission needs, but it is also of 
critical importance that the propulsion system is integrated on a space vehicle in a 
way that minimizes contamination effects on the operational performance. 
Contamination hazards include surface depositions and sputtering, radio-
frequency interference, and optical background generation. As mission 
requirements evolve, particularly with the push to accelerate access to space 
through space miniaturization technologies, new innovative forms of space 
propulsion are needed. 

The negligible vapor pressure and significant conductivities of ionic liquids 
(ILs) make them ideal candidates for micro-electric propulsion, as first suggested 
by Fernandez de la Mora (this was an early oral communication, published 
subsequently in (If). ILs are now on the verge of ensuring the high precision 
positioning of a small spacecraft. The IL [Emim][Im] (l-ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide) has successfully passed 
the critical design review to propel a cluster of electrospray thrusters on the Jet 
Propulsion Laboratory ST7 Disturbance Reduction System mission (2-4). The 
objective of this mission is to position a spacecraft at the LaGrangian Point, L I , 
where the gravities of Earth and the sun almost cancel and the spacecraft is 
suspended in an orbit that rotates the Sun with the same orbital period of Earth. 
This point lies at approximately 1/100th the distance between Earth and the sun 
where there is no significant atmosphere apart from the interplanetary solar wind 
plasma. Nevertheless, the position at L I is not stable, and a spacecraft at L I will 
be forced from this position in approximately 20 days. The main source of the 
perturbation is the solar radiation pressure which amounts to approximately 10 
nN per cm 2 at the respective distance to the sun. Consequently, extended 
positioning of a small space vehicle requires a high precision propulsion system 
with μΝ range thrust and -10 nN accuracy. 

The electrospray thruster designed by Busek, Inc. (2), also referred to as a 
colloid thruster, has met all the stringent precision and noise specifications, and 
the propellant has survived space environmental test exposures (4). The ST7 
mission, currently planned to launch in 2008, is a technology demonstration to 
support the Laser Interferometry Space Antenna (LISA) (5) mission in which an 
interferometer will be spanned between 3 spacecraft separated by ~5 million km. 
In that mission to measure extra-galactic gravity waves, the relative positioning 
between the spacecraft has to be maintained with a precision on the order of the 
wavelength of the laser light. 

The IL electrospray thruster used on ST7, however, does not fully exploit the 
diverse physical attributes of ILs in these microelectric propulsion systems. 
While that thruster has a high precision thrust priority, it performs poorly in a 
second, equally important propulsion attribute, specific impulse, Isp, which is a 
measure of thrust per unit propellant mass flow. As will be discussed later in this 
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chapter, with the proper choice of an IL and emitter design, very high specific 
impulses, close to an order of magnitude higher than that of typical chemical 
propulsion systems, can be obtained with available power resources. Meanwhile, 
micro-machined (MEMS) arrays of electrospray thrusters using an IL propellant 
have been tested successfully in a laboratory (6)9 suggesting that low thrusts 
associated with a single-emitter electrospray thruster can also be scaled up to 
higher thrusts of larger propulsion systems. Thus, it can be anticipated that 
microelectric thrusters operated with ILs will play an increasingly important role 
in space propulsion technology used for space exploration, the defense of 
national security, and monitoring the health of our planet. 

In the present chapter, we first introduce the technical parameter space 
associated with space propulsion, provide a primer on the virtues of electric 
propulsion juxtaposed to chemical propulsion, and then briefly discuss the theory 
of electrosprays operated in a single cone-jet mode. The theory is then applied to 
interpret recent mass spectrometric measurements of the charge emission from 3 
ILs, [Emim][BF4], [Emim][Im], and [Emim][N0 3]. 

Space Propulsion 

Space Propulsion Missions 

Usually, space propulsion refers to "in-space" or "on-board" propulsion, and, 
therefore, excludes propulsion systems used for space launch. Obviously, the 
highest thrusts (thrust = force) are associated with the launch propulsion system 
of a rocket that needs to generate the extreme acceleration of the space vehicle 
payload(s) to a velocity and altitude that leads to a stable orbit or to the escape of 
Earth's gravitational field. The space vehicle on-board propulsion system has 
multiple functions: orbit transfer corresponding to the maneuver that leads to a 
final orbit, repositioning, station keeping or orbital maintenance, and attitude 
control. Due to the significantly different thrust levels of these different 
missions, frequently a suite of thrusters, possibly using different propellants, are 
needed, each with specific missions of imparting velocity changes, Δν, to the 
space vehicle at specific moments of its journey. 

The journey of a spacecraft can include an orbit with respect to a planet, in 
which case it can be referred to as a satellite, or, it can include travel to distant 
members of our solar system, eventually leaving it forever. In case of Earth orbit, 
the propulsion needs will change dramatically depending on the desired orbit. A 
low-Earth circular orbit at an altitude of 300 km will have significantly higher 
orbit maintenance propulsion requirements than a circular orbit at 800 km due to 
the much denser atmosphere at the lower altitude. The geostationary orbit at 
-36,000 km altitude is in the equatorial plane, and is usually reserved for 
communications satellites that maintain a position over a specific location on the 
equator. Despite the very thin atmosphere at those altitudes - in fact, plasma 
densities exceed gas densities, there - the station-keeping propulsion require-
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ments are significant due to orbital perturbations induced by the moon and sun. 
Thus, at launch, the geostationary satellite propellant mass fraction can be as high 
as 90%. This is significant because the cost of putting a pound in space is a key 
driver behind engineering the on-board propulsion system of a spacecraft. 
Consequently, propellant needs are precisely calculated to avoid paying for 
unnecessary lift. Meanwhile, considerable development is occurring in 
developing high Isp engines that sacrifice thrust in favor of propellant utilization 
efficiency. Therefore, space vehicle designs are emerging that have separate high 
thrust and high Isp engines to cover different Δν maneuvers. 

Space Propulsion Performance Parameters 

The critical parameters of space propulsion engines are thrust, F, specific 
impulse, Isp, and efficiency, η. Thrust is also expressed in terms of impulse bits 
in the case of pulsed thrusters used for high precision maneuvers. The thrust is 
given by: 

where m is the total propellant mass flow (in case of a bipropellant, this includes 
propellant and oxidizer), v„ is the propellant nozzle exit velocity, An is the nozzle 
aperture, and pn and pa are the nozzle and atmospheric pressures, respectively. 
The second term can generally be neglected in space propulsion applications. 
Chemical thrusters, such as the Space Shuttle monomethyl hydrazine/N 20 4 

bipropellant engines, have exit velocities in the vicinity of 3 km s'1. The thrust 
of different chemical thrusters, is, therefore, primarily determined by the 
propellant mass flow. 

As mentioned earlier, Isp is defined as the thrust per unit mass flow: 

According to most space propulsion conventions, Isp is quoted in units of g (9.81 
m s"2), resulting in the somewhat counter-intuitive overall unit of seconds. If g 
is eliminated in Eq. (2), the unit of Isp becomes that of velocity, providing a 
simple memory prop. The typically quoted value of Isp for the Shuttle 
bipropellant engine mentioned earlier is -300 s. The importance of Isp is 
expressed in the Newtonian rocket equation that relates the space vehicle liftoff 
propellant mass fraction to Δν of the propulsion mission and Isp: 

F = rhvn+An(pn-pa), (1) 

(2) 

(3) 

where M0 and Mp are the total space vehicle liftoff mass and the liftoff 
propellant mass, respectively. In the case of a chemical propulsion system with 
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Δν = 1,000 m s"1, 28% of the space vehicle liftoff mass will be attributed to 
propellant. The previously mentioned geostationary example with chemical 
propellant mass ratio, MjJM0 =0.9, would correspond to a necessary Δν = 6,900 
m s"1 for station keeping. 

The efficiency, η, of a propulsion system is given by the ratio between the 
power associated with the propulsive force and the power input of the 
propulsion system. In case of chemical propellants, the input power corresponds 
to the free energy AG released to the system by the chemical reactions assuming 
complete combustion or chemical decay. Efficiencies are generally high and 
above 90% for chemical propulsion systems. 

Electric Propulsion 

The critical weakness of chemical propulsion systems are the relatively low 
specific impulse, leading to substantial propellant mass consumption for a 
specific Δν mission. In order to raise the specific impulse, the temperature in 
the stagnation chamber of the thruster needs to be raised, which is very 
challenging considering that the lift-off mass savings should not be lost to 
propulsion system mass increases due to new high-temperature materials. 
Higher stagnation temperatures are accomplished in thermal arcjets (7,8), in 
which case highly local heating occurs by striking an electric arc in the nozzle 
region. Arcjets are operated with propellants such as ammonia, hydrogen, and 
nitrogen/hydrogen mixtures, and depending on the propellant, the nozzle exit 
velocities are raised to achieve specific impulses between 500 and >1,000 s. 
Arcjets, however, are not considered to be chemical thrusters, but are classified 
as electric thrusters. Arcjet efficiencies, however, are notoriously low at -30%. 

Except for arcjets, electric thrusters achieve high Isp through the electrostatic 
acceleration of charged particles (9,10). Eqs. (1) and (2) can be rewritten in terms 
of the mass-to-charge ratio of the accelerated particles. The thrust and Isp 

associated with an individual, accelerated charged particle, /, is given by: 

F = mv = / (m, Iq^lV^qlm^ ~ ^ T q , (4) 

where /, is the output current associated with charged particle emission, V/ is the 
charged particle velocity, mf is the charged particle mass, q is the particle charge, 
and Vacc is the electrostatic acceleration potential. Eqs. (4) and (5) express that 
thrust is proportional to the square root of mlq of the charged particles that are 
accelerated, while lsp is proportional to the square root of the specific charge, qlm. 
Thus, at a given acceleration voltage, charged particles of high mass will lead to 
high thrust with a penalty in specific impulse, while charged particles of low mass 
will lead to high specific impulses with a penalty in thrust. 
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Eq. (4) and (5) raise the question why it is not possible to simply increase 
Vacc to augment thrust and Ispl A critical limitation of electric space propulsion 
is power, and its limited availability on a space vehicle. The power necessary to 
accelerate charged particles is given by: 

P^mtfll (6) 

The power needed to accelerate a particle is thus proportion to Isp

2. Even i f 
sufficient power is available, an electric propulsion system wil l reach an Isp limit 
where the added mass of the larger high-voltage transformers will offset the 
gains of propellant utilization efficiency. 

The electric propulsion efficiency is given by: 

F2 F2 a 
77 = — = £ (7) 

2mVaJ 2VaccIm 

where / is the total output current of the thruster, F is the average thrust given 
by the sum of thrusts of individual particles with mass-to-charge ratios mjq\ 

where ft is the normalized fraction of the total accelerated current attributed to 
particles, L Eq. (7) does not take inefficiencies such as incomplete ionization of 
propellant into account. Incorporation of Eq. (8) in Eq. (7) leads to the 
conclusion that i f an electric thruster emits charged particles with a large range 
of mass-to-charge ratios, there is a considerable reduction in efficiency. 

Table I compares the discussed propulsion parameters of selected electric 
propulsion models to those of common chemical engines. In pulsed plasma 
thrusters, a pulsed discharge is directed across a polymer surface, usually 
polytetrafluoroethylene. This generates a plasmoid that is then 
electrohydrodynamically accelerated. In ion and Hall effect thrusters, also 
referred to as electrostatic thrusters, a gas, preferably Xe, is ionized with high 
efficiency, and the resulting plasma consisting of xenon ions and electrons is 
accelerated. In ion thrusters, the acceleration is implemented with a set of grid 
lenses, while in Hall effect thrusters, the acceleration occurs in a grid-free 
plasma channel through a combination of magnetic and electric fields. Ion 
thrusters have been successfully operated in planetary missions (11). More 
recently, the European Space Agency (ESA) propelled the Smart 1 spacecraft 
from Earth to an orbit around the moon using a Hall effect thruster (12). As is 
seen in Table I, thrust of electric propulsion engines are typically low, and they 
cannot compete when mission time is an issue, as is the case during the traversal 
of a region of high radiation intensity. The 1,350 W Hall thruster on Smart 1 
produces 70 mN thrust and it took just over a year to propel the -300 kg 
spacecraft to the moon, during which 59 kg of Xe were used. The true value of 
electric propulsion, however, is appreciated when applying the typical Hall 
thruster Isp of 1,800 s to the geostationary station-keeping example discussed 
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Table I. Representative propulsion parameters for selected space 
propulsion engines 

Thruster Us) η(%) F (Ν) 

Solid Rocket Motor 185-300 90+ 100+ 
Chemical Bipropellant 280-430 95+ 2->1000 

Arcjet 
500-800 

>1,000(H2) 
30 0 .1 -1 

Pulsed Plasma Thruster 200-1,500 45 ΙΟ" 6-ΙΟ" 2 

Hall Effect Thruster 1,500-3,000 50-60 10"3-0.5 

Ion Thruster 1,700-3,900 65 10"3-0.1 

earlier. The 90% propellant mass fraction at liftoff in case of a chemical 
propulsion system is reduced to just 32% using Hall thrusters. Given the high 
cost of space lift, in particular into high geosynchronous orbits, electric 
propulsion can result in tremendous cost savings. 

Discharge-Free Electric Thrusters: Electrospray Thrusters 

The plasma-based thruster designs described above have an important 
drawback when miniaturized models are sought for micro and nanosatellite 
applications. Upon size reduction, plasmas lose efficiency due to the increase in 
the plasma surface-to-volume ratio. This problem is circumvented by highly 
promising micro-electric thrusters that are discharge free. The technology makes 
use of Taylor cones (13) that form when a surface of a conducting liquid is 
subjected to a high electric field. At the tip of the cone, the electric field 
strength is very high, leading to ion field evaporation and acceleration in the 
case of liquid metals, and the formation of a jet that eventually breaks up into 
saturation-charged droplets in the case of non-metallic conducting liquids. 
Liquid metal discharge-free thrusters are also referred to as field-emission 
electric propulsion thrusters (FEEPs), while the variants with non-metallic 
liquids have traditionally been called colloid thrusters. The conventional colloid 
thruster models used salt solutions in non-volatile solvents such as glycerol 
(14,15) and, more recently, formamide. As discussed below, electrospray 
thrusters using ILs can have properties that mimic either FEEP or colloid 
behavior. We will , therefore, refer to them as IL electrospray thrusters. 

Figure 1 compares schematically a FEEP with a colloid thruster. At first 
sight the operation principles are very similar. A critical difference, however, is 
the need for a neutralizer in the FEEP system. The neutralizer is essentially a 
cathode that produces electrons to ensure that a neutral plasma leaves the 
spacecraft. This has two purposes: to prevent negative charging of the 
spacecraft which would cause the positive ion beam to return, and the reduction 
of space charge divergence of the emitted ion beam. The latter is less important 
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in the case of the low charge densities of some micro-electric thrusters. Colloid 
thrusters, on the other hand, can neutralize the current leaving the spacecraft by 
operating the engine in positive and negative ion emitting pairs. While negative 
ion emission can be effected using non-metallic conducting liquids, liquid 
metals emit electrons when subjected to a field of negative polarity. Thus, a 
FEEP expends considerable power in producing electrons that do not produce 
thrust. The specific power of a FEEP thruster is, therefore, significantly higher 
than that of a colloid thruster. 

A second critical difference between the electrospray thruster models of 
Figure 1 is that colloid thrusters can emit both ions and charged droplets, while 
FEEPs are generally known to only emit atomic ions, although droplet emission, 
not necessarily charged, has been considered to pose problems with respect to 
contamination (4). As wi l l be presented in the next section, the physics of 
colloid thrusters provide the means to control the droplet size and the ion/droplet 
ratio for a specific propellant. Consequently, colloid thrusters offer a 
significantly broader range of Isp. A final important difference is that the 
propellant flow can be throttled in the case of colloid thrusters (16), while this 
ability has not yet been achieved for liquid metals. 

The charge emission process of colloid thrusters clearly represents a form of 
electrospray ionization, originally referred to as electrohydrodynamic ionization 
(17). The electrospray ionization approach used in mass spectrometry of large 
biomolecules, however, occurs in an atmosphere with solutions involving volatile 
solvents. This critical difference will be emphasized further in the next section. 

The performance parameter range of flight-ready FEEP models, colloid 
thruster models prior to the introduction of IL propellants, and research-level IL 
electrospray thrusters are listed in Table II. The table shows that FEEPs are 
unparalleled in Isp since they produce more or less monodisperse atomic metal 
ion beams, and because the required extraction voltages in the current 
configurations are very high, thus leading to a high Isp without the need for 

Figure 1. Schematic representation of field emission (FEEP) and 
colloid microthrusters. 
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Table IL Typical parameters for the most advanced F E E P , colloid and I L 
electrospray thrusters. 

Parameter FEEP 
Colloid 

Thrusters 
IL Electrospray 

Thrusters 

Propellant Cs, In Salt Solutions ILs 
Thrust (μΝ) 1 -1,400 <0.05-400 <0.05-20 

Us) 4,000-
11,000 

450-1,500 200->3,000 

Specific Power (W/mN) a 5 8 - 67 4 4 - 2 0 

Extraction Voltage (kV) 4 .5 -12 4 - 1 9 l - 2 k V 
Efficiency (%) >90 -70 60->90 

"Bipolar operation assumed for colloid and IL electrospray thrusters 

additional acceleration. Since the lsp and thrust can always be raised with 
additional acceleration stages, the most pertinent parameter for comparison is 
the specific power, where the FEEP engines have a disadvantage. Particularly 
noteworthy is the significant improvement of anticipated performance of the IL 
electrospray thrusters in most categories in comparison to the colloid thrusters 
using non-volatile salt solutions. 

Also worth noting are the much lower extraction voltages in the IL systems. 
This is not just a consequence of the use of ILs, since similar low voltages have 
been used in the study of formamide solutions (16,18). Rather, this can be 
attributed to operation in a single cone-jet mode, as depicted in Figure 1. The 
liquid cone is referred to as a Taylor cone (13). Different liquid jet geometries 
for varying field conditions are depicted in Figure 2. Vc represents the voltage 
range at which a stable cone-jet is formed. The earlier electrospray thruster 
models were operated at substantially higher voltages, at which the electrospray 
jet becomes stressed and is believed to break up in a number of smaller jets on 
the rim of the capillary edge (19). As the earliest studies of ions emitted from 
stressed jets attest, a multitude of solvated ions as well as multiply charged ions 
were observed including a significant fraction of metastable ions (14,15,20,21). 
The stressed jets are substantially less stable, and also are known to result in 
releases of uncharged droplets. In order to better understand the versatility of IL 
electrosprays operated in a single cone-jet, the physics associated with Taylor 
cones is discussed in the following section. 

The comparison shown in Table II is not intended to express that eventually 
all space missions including FEEP propulsion plans will be replaced with IL 
electrospray thruster designs. There are missions that require the high Isp 

performance and other attributes of FEEPs, such as noise, stability, and 
reliability. The LISA mission mentioned earlier (5) is exploring both FEEP and 
electrospray thrusters for the highly demanding positioning mission (4). In 

 
  

In Ionic Liquids IV; Brennecke, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



147 

Figure 2. Behavior of conducting liquid subjected to different electric field 
strengths by applying a voltage between the liquid in a conducting capillary and 

an aperture. Vc is the extraction voltage range at which cone-jet formation is 
observed. 

many instances, reliability supersedes performance when engineers put the 
finishing touches on a spacecraft design. A lot rides on the success of the IL 
electrospray thruster cluster on the ST7 mission (3). That engine, however, is 
run in a large-droplet emission mode corresponding to a low Isp of less than 
300 s. As will be discussed later, the same propellant, [Emim][Im], can be 
operated in a high Isp, ion emission mode. A successful ST 7 mission, 
consequently, could dramatically increase the "market share" of IL electrospray 
thrusters. 

Electrohydrodynamics of Taylor Cones 

Taylor (13) showed that the meniscus of a non-conducting liquid under the 
influence of an electric field exceeding a critical value will deform into a cone 
where the balance between the surface tension and electrostatic forces due to 
partial charges at the surface creates a well-defined half-angle at the cone apex of 
49.3°. Fernandez de la Mora has derived a more general theory for Taylor cones 
of conducting liquids predicting a broader range of cone apex angles which was 
also confirmed experimentally (22). In case of conducting liquids at sufficiently 
high fields, the Taylor cone forms a jet that eventually breaks up into charged 
droplets. The lower extraction voltages needed to operate such a Taylor cone-jet 
mode, 1 to 2 kV, lead to a significantly gentler break-up of the jet. 

In pioneering work, Fernandez de la Mora and Loscertales (23) derived 
both theoretically and experimentally the proportionality between the parameters 
of a conducting liquid and the current emitted by the Taylor cone: 

1K(yKQIS)\ (9) 

where Κ and ε are the liquid conductivity and dielectric constant, respectively, y 
is the surface tension, and Q is the volume flow rate. The electric field does not 
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appear in the equation. Its role is the generation of the Taylor cone and the 
associated surface-charge buildup which leads to the high electric fields that 
cause jet formation at the apex. Eq. (9) can be rearranged in terms of specific 
charge of the emitted droplets, qlm, 

where ρ is the liquid density. Consequently, thrust and Isp can be adjusted by the 
conductivity Κ and the volume flow rate, Q. Droplets formed in jet fission are 
expected to be charged near the Rayleigh limit (24): 

where ε0 is the permittivity of vacuum, and d is the droplet diameter. Thus, 
since qlm is also a measure of the droplet diameter, Taylor cone-jets offer a 
means to control the droplet size. 

Inspection of the cone-jet structure in Figure 2 allows the identification of 3 
regions, the cone region, the jet and the intermediate neck region. In the cone 
region, there is an electrostatic nonequilibrium due to the narrowing cone 
diameter and the increasing flow velocity, leading to current flow in the liquid. 
The jet, on the other hand, represents a convective flow region that can be 
described in first approximation to be in electrostatic equilibrium. Rayleigh 
instabilities (charge density fluctuations) in the jet lead to the break-up. In the 
cone, the charge density on the surface increases as the tip is approached, while 
in the jet, the higher flow velocity causes the density to decrease with distance to 
the Taylor cone. Thus, the region of highest surface charge and normal electric 
field is in the intermediate neck region, where current flow and Ohmic losses are 
also expected to be high. Gamero-Castaflo and Fernandez de la Mora (25) 
derived expressions for the maximum normal electric field in this region: 

Using a concentrated Nal formamide solution, they succeeded in lowering the 
flow rate to a regime where the droplet diameters were estimated to be less than 
100 nm. Below the respective flow rate of -100 pl/s, the emission current was 
observed to rise precipitously. The rise was attributed to ion field evaporation, 
which has been postulated to occur at surface field strengths of approximately 1 
V/nm (26-30). This generated considerable excitement in the colloid thruster 
community, since ion emission from Taylor cones represented a high Isp mode at 
stable, well-described conditions. 

Ion field evaporation figures prominently in the theory of the venerable 
electrospray ionization technique used in mass spectrometric studies of 
biomolecules (17). According to the theory first proposed by Iribarne and 
Thomson, (27,30) the charged droplets emitted into an atmosphere by the spray 

(10) 

qR=(^2e0rd3y ( Π ) 
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diminish in size due to solvent evaporation. The large droplets wil l reach the 
Rayleigh limit with surface fields significantly below 1 V/nm, and wil l undergo 
Coulomb fission. As the droplets reach diameters in the vicinity of 10 nm, 
however, the surface fields are near 1 V/nm prior to reaching the Rayleigh limit, 
and ion field evaporation occurs. In a second model, the charged residue model, 
Dole (31) proposed that the ions are produced through complete evaporation of 
droplets, leaving an ionized, non-volatile residue of the solution. Dole's 
mechanism applies to solutions, where the diameter associated with the pure 
solute exceeds the diameter at which field evaporation occurs. 

Chiu and coworkers conducted the first mass spectrometric analysis of ions 
field evaporated from a Na l formamide cone-jet (18). They observed 
Na + (HCONH 2 ) n and r ( H C O N H 2 ) n solvated ions, where the distributions were 
consistent with thermal stability predictions at approximately 300 K . This is 
consistent with the notion that electrospray ionization and the associated field 
evaporation involving electrolyte solutions is a soft-ionization approach. 

Fernandez de la Mora was first to propose the use of ILs for the purpose of 
space propulsion. Shortly after, ion field evaporation was observed from ILs 
(1,18,32). A n important drawback of ILs is their relatively high viscosity. The 
viscosity can be reduced to improve capillary flow by heating them. Another 
option has been demonstrated by Lozano and Martinez-Sanchez (33), who 
developed the methodology to emit stable ion currents from externally wetted 
metal needles with sharp tips. This method is not easily applied to electrolyte 
solutions because they tend to freeze without an electrohydrodynamic flow 
imposed on the droplet-vacuum interface. IL droplets, given their negligible 
vapor pressure, are unaffected by a vacuum. Figure 3 shows the principle of an 
externally wetted emitter. Success depends on the sharpness of the tip, which is 
obtained through an etching process (33). The surface properties of the emitter 
also need to be optimized for wetting the IL. Figure 3 shows a video microscope 
image of an externally wetted tungsten needle. A n IL drop is applied to where a 
wire has been welded to the needle. The IL wets the needle including the tip, 
from which it emits an invisible ion beam. This method does not allow direct 
control of the propellant flow rate. The latter, however, is a function of the wire 
diameter and tip dimensions. 

Figure 3. a: Schematic representation of an externally wetted emitter tip. 
b: Video microscope image of an ion emitting externally wetted tip in a vacuum. 

An IL droplet is applied at the junction between the needle and a spotwelded 
wire. The tip diameter of the emitter is 20 pm. 

(See page 1 of color inserts.) 
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Mass Spectrometry Measurements of Ions Field Evaporated 
from Ionic Liquids 

Mass Spectrometric Experiment 

Figure 4 is a schematic of the apparatus built by Chiu et al. (18,34) In 
conventional electrospray ionization experiments, the ions entering the mass 
spectrometer are thermalized, allowing a broad range of mass spectrometers to 
be used for the analysis. When studying ion field evaporation from cone-jets in 
a vacuum, the ions have keV kinetic energies, and in some instances broad, and 
structured energy distributions are observed (14). Severe retardation of the ions 
would result in significant losses. Thus, a mass spectrometer is needed that is 
relatively insensitive to the ion energy distribution. Quadrupole mass 
spectrometers are the simplest choice for this application. While the mass 
position is insensitive to ion energy, the resolution declines as the ion 
transmission energy increases. A compromise between resolution, signal-to-
noise and angular and energy discrimination must, therefore, be found through 
the use of a retarding lens. 

Ions are emitted either from a capillary or an externally wetted needle 
emitter. The ions encounter a linear translation stage where total emission 
current, / , and mass flow, m, are measured with a Faraday cup and a quartz-
crystal microbalance (QCM), respectively. Mass spectra are measured when the 
translation stage allows passage of ions. Following the quadrupole mass filter, 
ion energies can be measured using a retarding potential analyzer. A channeltron 
ion detector is used for counting both positive and negative ions. 

The integration of thrusters on a spacecraft requires accurate knowledge of 
the angular spread of the exhaust in order to minimize contamination effects due 
to the exhaust. For this reason, the present emitter can be pivoted with respect 
to the emitter tip in order to measure the intensity as a function of the angle with 

Figure 4. Schematic of mass spectrometric instrument used to study field 
evaporation from ILs. The retarding potential analyzer is used to measure 

mass-resolved energy distributions of the ions. Source rotation allows the study 
of ion angular distributions. Reproduced from reference (34). 
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respect to the thrust axis. As the results below show, the angular distributions 
are also symptomatic of the electrospray physics. The electrospray needle tip 
can also be heated to lower the viscosity, or to study ILs with melting points 
above room temperature. 

In the examples discussed below, externally wetted tungsten needles were 
used. In all examples, extraction voltages of 1.0±0.1 kV were necessary to 
establish a Taylor cone-jet. 

[Emim][BF4] 

[Emim][BF4] is a good example of the unique electrospray properties of ILs 
and their potential in micro-electric propulsion. Chiu et al. successfully 
operated both capillary and externally wetted emitters using this IL (18). Early 
on, it was found that operation was particularly unstable for a positive polarity. 
Emission intensity declined, and the IL exhibited brown discoloration. This was 
attributed to electrochemical fouling of the IL due to the conversion of BF 4 " to 
the reactive B F 3 and fluorine products at the anode (the emitter): 

2BF 4 - — 2 B F 3 + F 2 + 2e-. (13) 

Lozano and Martinez-Sanchez developed an innovative way to mitigate electro
chemical fouling (35). The approach exploits the unique electrochemical 
properties of ILs, in particular their large electrochemical windows that define 
the voltage above which electrochemical reactions occur. Lozano and Martinez-
Sanchez proposed to switch the emitter polarity before the voltage across the 
growing electrochemical double layer at the interface exceeds the 
electrochemical window. Applying an alternating polarity at a sufficiently high 
frequency should, therefore, prevent electrochemical onset, and thus eliminate 
electrochemical fouling. In effect, charges are plucked from the IL without 
charge transfer across the emitter-IL interface to close the current loop. The 
capacitance associated with the double layers on the specific emitters was such 
that running [Emim][BF4] with an alternating polarity frequency of 1 Hz 
allowed unlimited stable operation. 

Figure 5 shows mass spectra recorded in such an alternating polarity mode 
using an etched tungsten tip. The mass spectrometric acquisition software is 
synchronized with the polarity alternating frequency, and gated to measure a 
single polarity. The mass spectra of both positive and negative ions are 
extremely sparse, showing only 2 peaks consisting of Emim +{[Emim][BF 4]} n 

and BF 4"{[Emim][BF 4]} n ions with η = 0 and 1. A n additional ion, η = 2, was 
also observed when spraying the IL from a 5 μιη inner diameter capillary tip 
(18). This may be attributable to the increased flow rate, which is prescribed by 
Eq. (10) to lead to the emission of larger ions. That equation, however, comes 
from continuum electrohydrodynamic theory, which may no longer be 
applicable at the. conditions of the present electrojets with nano dimensions. 

The parallel work by Chiu et al. (18) and Romero-Sanz et al. (1,32) on 
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Figure 5. Positive and negative ion mass spectra of ions field evaporated from a 
needle externally wetted with [Emim][BF4]. 

[Emim][BF4] represented the first observation of pure ion emission from a 
prototype electrospray thruster. At higher flow rates, droplet emission was 
observed by Romero-Samz et al. (1), consistent with Eq. (10). The pure ion 
emission suggests that ion field evaporation occurs directly at the Taylor cone 
tip, and that no jet exists when pure ion emission occurs, similar to liquid metal 
ion sources (36). This interpretation is consistent with the observed energy 
distribution of the ions, which is narrow and peaked at energies corresponding to 
the needle potential, implying that no ohmic losses are occurring. As stated in 
the previous section on Taylor cones, the ohmic losses occur primarily in the 
transition region between Taylor cone and jet. 

Consequently, [Emim][BF4] can be regarded as a highly efficient (>90%), 
high Isp candidate for future missions. Chiu et al. (18) reported an Isp of 
approximately 4,000 s based on an extraction voltage of 1.5 kV. 

Figure 6 shows mass spectra as a function of emission angle for positive 
ions field-evaporated from [Emim][BF 4]. The distribution is peaked on axis and 
the mass spectra are more or less independent of the emission angle, consistent 
with observations by Lozano and Martinez-Sanchez (33). The present 
observation conflicts with results reported by Romero-Sanz et al. (32) whose 
measurements indicated peak emission at 20° for pure ion evaporation 
conditions. 

[Emim](lm] 

As mentioned earlier, [Emim][Im] is the propellant earmarked for the low 
Isp ST7 DRS (3) mission. The thruster developed by Busek Inc. operates in an 
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Figure 6. [Emim] [BF4]Positive ion mass spectra as a function of emission angle 
with respect to thrust axis. 

almost pure droplet emission mode. Recently, however, Lozano (37) reported 
pure ion emission from [Emim][Im], implying that this IL offers a lot of 
flexibility to mission planners of future microsatellite missions. A critical 
component with respect to the mass of a small spacecraft is the electric 
propulsion power processing unit (PPU). The need to alternate polarities, as 
described in the previous section, adds sufficient complexity to the P P U that 
could significantly increase the mass of a microsatellite. The ST7 electrospray 
thruster wil l be operated in a dc positive only mode. The thruster has survived 
over 3,000 hours of uninterrupted operation with no stability problems (4). This 
raises the question why electrochemical propellant fouling is not affecting this 
engine. The most plausible explanation is that the electrochemical reaction 
products are flushed out of the system by the high propellant flow rates and the 
large charged droplets. To confirm this, Chiu and coworkers (34) embarked on 
comparing the ion emission of a high Isp wetted 20 μιη needle configuration in a 
dc and an ac (alternating polarity) mode. Electrochemical decay products 
should then appear in the mass spectrum of ions field evaporated in the dc 
configuration. 

Figures 7 and 8 show the angular dependence of the [Emim][Im] positive 
and negative ion mass spectra emitted from an externally wetted tungsten tip. 
The spectra were both recorded in an alternating polarity mode of operation. As 
in the case of [Emim][BF 4], the mass spectra are sparse, represented by 
Emim+{[Emim][Im]} n and Im"{[Emim][Im]}n ions with η = 0-2. The η = 2 ions 
are not shown and are significantly weaker in intensity. The angular 
dependence, however, is substantially different from that observed for 
[Emim][BF 4]. The intensity of the individual ions is peaked at an angle off axis, 
while on axis, a significant background is observed, in particular for negative 
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Figure 7. [Emim][Im] positive ion mass spectrum as a function of emission 
angle. The main peaks consist of Emim+ and Emim+[EmimJflmJ ions. The 

emitter was run in an alternating polarity mode. The corresponding negative 
ion spectrum is shown in Figure 8. Reproduced from reference (34). 

Figure 8. [Emim][Im] negative ion mass spectrum as a function of emission 
angle. The main peaks consist of Im and Im[Emim][Im] ions. The emitter was 
run in an alternating polarity mode. The corresponding positive ion spectrum is 

shown in Figure 7. Reproduced from reference (34). 

 
  

In Ionic Liquids IV; Brennecke, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



155 

ions. The angular distribution of the background signal is consistent with the 
angular distribution of the mass flow registered on the Q C M , which implies that 
the background is due to high mlq droplets which the quadrupole does not 
discriminate against. The registered mass flow is similar for both positive and 
negative polarity, and it is, therefore, concluded that the different relative 
intensities between ions and droplets for the negative and positive polarities can 
be attributed to different detector sensitivities for the droplets of different charge 
polarity. The average mlq derived from the ratio between Q C M mass flow and 
Faraday cup current is approximately 24,000 and 17,000 amu per charge for 
positive and negative polarities, respectively. The low Isp ST7 colloid thruster, 
on the other hand, operates at > 100,000 amu per charge (4). 

The observation of droplets on axis and ions off axis is fully consistent with 
the hydrodynamics of a Taylor cone-jet system operating in a mixed ion-droplet 
regime, where ions are predicted to be field evaporated primarily from the neck 
region where the highest surface-normal electric field strengths occur. The 
direction of the field gives the ions momentum away from the axis, consistent 
with the peaked distribution off axis. The droplets are produced on axis 
consistent with droplet formation at the tip of the jet. This interpretation is 
further confirmed by the observed mass-resolved energy distributions. When 
the mass filter is tuned to only pass signal attributable to droplets, a broad 
energy distribution is observed that is centered -200 V below the emitter 
potential of 500 V with respect to the ground. Thus, droplets are formed at the 
jet end where the potential is lower due to ohmic losses that occur near the neck 
of the cone-jet. Figure 9 displays the energy distribution observed for Emim+ 
ions at 17.5°, an angle of maximum intensity where no background due to 
droplets is evident. The ion distribution is peaked at the emitter potential. 
However, there is a weak tail that reaches -300 V , the energy of the droplets. 
The distribution suggests that ions are emitted primarily from the neck region at 
a location upstream of where ohmic losses occur. Some ion evaporation, 
however, occurs in regions of ohmic dissipation as well as downstream thereof, 
producing the tail ions observed in Figure 9. 

0 200 400 600 
Energy (eV) 

Figure 9. Retarding potential ion energy measurement of Emim ions 
emitted at 17.5° with respect to the thrust axis. 

 
  

In Ionic Liquids IV; Brennecke, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



156 

Figure 10. Time evolution of positive ion mass spectra observed on axis from 
an [Emim][Im] vacuum electrospray operated at dc conditions. 

As seen in Figures 7 and 8, when operated in the alternating polarity mode, 
the observed spectra are sparse, apart from minor trace peaks that are probably 
due to ion decay products that are difficult to assign without a second ion 
fragmentation experiment (e.g., MS-MS) . Figure 10 illustrates the time 
evolution of positive ion mass spectra when the electrospray thruster is operated 
in a dc mode. After approximately 2 hours, new peaks at -390 and -780 amu 
appear. These are tentatively assigned to Emim+{[Emim][Im]} n - Im adducts, 
with expected masses of 391 and 782 amu for η = 0 and 1. These products can 
be rationalized by the neutralization of Im at the emitter, which then binds with 
an ion, possibly through a proton or hydrogen-transfer complex. 

Not apparent in the figure is that the output current declined dramatically 
during the respective experiment. The droplet fraction of the total current also 
decreased. This is again consistent with the hydrodynamics of a Taylor cone-jet 
(Eq. 10), where the specific charge of the emitted particles increases when the 
volume flow rate decreases. Very interesting is the observation that after several 
hours of operation in a dc mode, reverting to the ac polarity mode leads to 
instant recovery of the electrospray thruster to its original performance. These 
observations suggest that propellant fouling is not the main cause of the 
emission reduction, but that an electrochemical modification of the liquid-metal 
interface effectively throttles the flow. One envisioned scenario is a steady 
build-up of charge layers with alternating polarities in the liquid that extends 
beyond the double layer, thereby immobilizing a growing fraction of the liquid 
and increasing the flow resistance of the thin film. Once the polarity is reversed, 
the built-up interfacial structure disintegrates, and the layering of a new stack is 
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initiated starting with the opposite polarity. Indeed, "quasi-ternary layers" have 
been proposed to clarify the capacitive behavior of imidazolium based ILs (38). 
The same study also found evidence for bulky, rough interface layers due to 
ionic cluster pairs, fully consistent with the present observations and 
interpretation. 

[Emim][N0 3] 

There is considerable interest in energetic ILs. A n IL that could be used 
both in a chemical as well as an electric engine would provide considerable 
mission flexibility. [Emim][N0 3] can be regarded as a generic energetic IL, the 
nitrate ion representing the oxidizer, and Emim + being the propellant. Chiu et 
al. (34) conducted an analysis of the vacuum electrospray of [Emim][N0 3] 
externally applied to an etched tungsten emitter tip. The melting point of 
[Emim][N0 3] is 39°C, and it was necessary to heat the emitter to ~50°C. The 
angular distributions are comparable to those observed for [Emim][Im], 
however, the droplet emission is weaker, and therefore, the ion signals are not as 
depleted on axis for [Emim][N0 3]. Main peaks are attributable to 
Emim +{[Emim][N0 3]} n and N0 3"{[Emim][N0 3]} n ions with η = 0 and 1. Minor 
peaks due to η = 2 are also observed. The measured energy distributions of the 
charged particles on axis are bimodal, with one peak at the emitter potential, the 
other -200 V lower. While the former is most likely due to ions field-
evaporated at the neck, the latter can be either due to ion evaporation in jet 
regions following stages of ohmic dissipation, or due to droplets. 

Figures 11 and 12 are positive and negative ion mass spectra, respectively, 
shown both for on and off-axis conditions, the latter taken at approximately 20°. 

Emim on 
\ Emim+[Emim][lm 

Off 

50 100 150 200 250 300 

m/q 
Figure 11. Field-evaporated positive ions observed on and off-axis for 

[Emim][N03]. 
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On axis, a background is apparent for both polarities. The axial spectra, 
however, also exhibit broad, diffuse bands at low mlq in addition to the main ion 
peaks. The energy distributions of these diffuse bands, which are more intense 
in the case of the negative ion spectrum, and the narrow angular distributions 
suggest that they are associated with droplets. A higher resolution experiment is 
necessary in order to ascertain whether the bands are due to a dense mass 
spectrum or another phenomenon. A comparison with positive ion mass spectra 
observed following rapid thermolysis of [Emim][N0 3] by Chowdhury and 
Thynell (39) provides no evidence that the diffuse bands are due to thermal 
decomposition events. 

J NO3- o f f f 
1 N03-[Emim][N03] 1 

y \ 
50 100 150 200 250 

Figure 12. Field-evaporated negative ions observed on and off-axis for 
[Emim][N03]. 

Conclusions 

Significant progress has been made in understanding the electrosprays 
associated with Taylor cone-jets of ILs in a vacuum. Major hurdles have been 
cleared for IL use as propellants for both low (droplet acceleration) and high 
(ion acceleration) Isp micro-electric spacecraft engines. Most significant among 
these is the innovative use of alter-nating polarity operation first introduced by 
Lozano and Martinez-Sanchez (35). The present studies show that a 1 Hz 
polarity switching frequency can suppress electro-chemical effects in 
[Emim][BF 4]. In the case of [Emim][Im] emitted from a wetted tungsten needle, 
it is found that even i f electrochemistry does not degrade the propellant 
significantly, the metal (electrode) IL interfacial properties change in a way to 
severely throttle the propellant flow on the wetted surface. While the ability to 
alternate the polarity adds complexity and mass to the PPU, most applications 
wi l l require that no net current is emitted by the propulsion system. Thus, the 
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requirement of bipolar operation will exist for many missions. The envisaged 
configuration would then have half the emitters operated 180° out of phase with 
respect to the other half in an alternating polarity mode. 

There is a concerted effort in developing arrays of electrospray thrusters to 
scale up the thrust. First successful demonstration of a micro-mechanically 
machined (MEMS) array of 1025 silicon emitters on a 0.64 cm2 area has been 
reported (6). The silicon wetting was improved with a layer of black silicon that 
improved the wicking properties for an external wetting approach. Uniform 
emission was observed for an [Emim][BF4] propellant. With these recent 
developments, it is likely that, as space technology progressively miniaturizes, 
IL-electrospray thrusters wil l play a prominent role in enabling future space 
missions. 
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Chapter 11 

Columnar Liquid Crystalline Imidazolium Salts: 
Self-Organized One-Dimensional Ion Conductors 

Masafumi Yoshio1, Tomohiro Mukai2, Hiroyuki Ohno2, 
and Takashi Kato1,* 

1Department of Chemistry and Biotechnology, School of Engineering, 
The University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113-8656, Japan 

2Department of Biotechnology, Tokyo University of Agriculture 
and Technology, Nakacho, Koganei, Tokyo 184-8588, Japan 

A series of columnar liquid crystalline (LC) imidazolium 
tetrafluoroborate salts, 1-methyl-3-{3,4,5-tris(alkyloxy)
-benzyl}imidazolium tetrafluoroborate (Im-n; η = 6-18), 
where η is the carbon number of the aliphatic alkyl chains, 
have been prepared and studied as anisotropic ion-conductors. 
Their self-assembled structures in the fluid columnar L C states 
have been examined by X-ray diffraction measurements. In 
the columnar phases, the imidazolium portions self-assemble 
into the inner part of the columns through nano-segregation 
between the ionic and non-ionic parts driven by electrostatic 
interactions. The columns can be oriented macroscopically in 
two directions by different methods: the direction parallel to a 
glass surface by mechanical shearing; the direction 
perpendicular to the modified surface of a glass substrate with 
3-(aminopropyl)triethoxysilane. Anisotropic ionic conduc
-tivities have been measured for columnar ionic liquids Im-8 
and Im-12 that are aligned parallel to the surface of the glass 
substrate. These columnar ionic liquids have been found to 
function as one-dimensional ion-conductors. 
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Introduction 

Ionic liquids are functional liquids that are non-volatile and highly ion 
conductive. They have advantages for applications as reaction solvents for 
organic syntheses (7-7) and as electrolytes for energy devices such as batteries 
and capacitors (8-13). For further functionalization of ionic liquids, introduction 
of self-organized structures such as liquid crystalline (LC) ordering would be 
important (14-16). 

Two types of L C materials based on ionic liquids have been reported (77-
35). The first example is the organic salts chemically modified with appropriate 
aliphatic and/or aromatic groups. A large variety of thermotropic ionic liquid 
crystals have been known (36-39). For thermotropic ionic liquid crystals 
exhibiting low melting temperatures, Seddon et al. reported on long-chain alkyl 
modified imidazolium and pyridinium salts containing perfluorinated anions 
such as tetrafluoroborate and hexafluorophosphate anions. They show smectic 
L C phases at room temperature range (19-21). These materials are called liquid 
crystalline ionic liquids. The second type is self-assembly of non-mesogenic 
ionic liquids with mesogenic molecules partially miscible with ionic liquids (55-
55). We previously described that the mixing of a conventional ionic liquid, 1-
ethyl-3-methylimidazolium tetrafluoroborate, and hydroxy-functionalized 
mesogenic molecules leads to the formation of nano-layered ionic liquids 
exhibiting two-dimensional ionic conduction (34,35). For these materials, liquid 
crystalline phases are induced by nano-segregation of block molecules (40,41). 
Intermolecular interactions such as hydrogen binding (42,43) and ion-dipolar 
interactions (44-48) play key roles in the formation of nanosegregated L C 
structures (14). 

Here we report on self-assembled structures of columnar ionic liquids, a 
series of fan-shaped imidazolium tetrafluoroborate salts containing 3,4,5-
tris(alkyloxy)benzyl groups (Im-«; η = 6-18). In our previous communication 
(57), we reported on the L C and anisotropic ion-conductive properties of Im-8 
and Im-12. 

No columnar L C ionic liquids based on imidazolium salts had been reported 
until we developed columnar ionic liquids (57) and a polymerizable columnar 
ionic liquid (32) as a new family of one-dimensional ion-conductors. In 
addition, one-dimensional ion transport was achieved for the columnar ionic 
liquids forming fluid columnar L C states. Such function may be useful for the 
development of energy devices with nanoscale order. For the preparation of 
these columnar materials showing anisotropic functions, molecular design 
(shape, interactions, and phase-segregation) and control of macroscopic 
columnar orientations is essential (14,15). 
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Results and Discussion 

Synthesis and Liquid Crystalline Properties 

Fan-shaped imidazolium salts Im-#i (n = 6-18) shown in Figure 1 were 
prepared by a quaternization reaction of TV-methyl imidazole and 3,4,5-
tris(alkyloxy)benzyl chloride, followed by anion exchange with silver 
tetrafluoroborate (31). A l l of Im-w show hexagonal columnar liquid crystalline 
phases (Colh) both on heating and cooling. The phase transition behavior of Im-
w is summarized in Table I. Figure 2 shows transition temperatures as a function 
of the aliphatic chain length (w) of Im-w on heating. Only Im-6 and Im-8 form 
glassy phases forming C o l h order. On the increase of the chain length (w = ΙΟ
Ι 8) the melting points increase from -10 to 88 °C. The clearing points show a 
maximum point for w = 14. It is found that the thermal température range of the 
C o l h phase is tunable by changing the alkyl chain length for the salts. 

Figure 1. Molecular structure of l-methyl-3-{3,4,5-
tris(alkyloxy)}benzylimidazolium tetrafluoroborate salts Im-n, where η is the 

alkyl chain length (n = 6, 8, 10, 12, 14, 16, 18). 

Self-assembled columnar structures were examined by X-ray diffraction 
measurements. The results are summarized in Table II. Three peaks with the 
ratio of 1: 1Λ/3: 1/2 and a broad halo were obtained for all of Im-w, which 
indicate the formation of a disordered hexagonal columnar packing. The 
intercolumnar distance (a) was calculated with the following equation: a = 
2<d100>/V3, <dioo> = (dioo + V 3 d n o + 2d20o)/3. The number (μ) of molecules per 
unit cell in a hexagonal lattice was estimated to be about 4, except for Im-10 (μ 
= 5), from μ = ^l3NAa2hp/2M (49), where NA is Avogadro's number (6.02x10 2 3 

mol"1), h is 3.74 Â of the layer thickness taken from the halo of X-ray in a wide 
angle region, and M is molecular weight. The material density (p) was 
determined by a flotation method in D-(+)-sucrose/H20 at 20 °C. 

CH 3 (CH 2 ) M _ 7 0 
C H 3 ( C H 2 ) „ _ 7 0 . ^ 

C H 3 ( C H 2 ) M . ; 0 

Im-#i (#i = 6-18) 
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Table L Thermal properties of compounds Im-n 

η Phase transition behavior1^ 

6 G -35 C o l b 32 I 
(0.4) 

8 w G -29 C o l h 133 I 
(1.0) 

10 Cr -10 C o l h 162 I 

(6.1) (1.2) 
Cr 17 Colh 183 I 

(29.3) (1.3) 
14 Cr 82 CoI h 185 I 

(61.8) (0.9) 
16 Cr 74 Colh 177 I 

(42.1) (1.5) 
18 Cr 88 Colh 148 I 

(87.4) (1.1) 

^Transition temperatures (°C) and enthalpies of transition (kJ mof1, in 
parentheses) determined by DSC (second heating scan, 10 °C min"1). Col h: 
columnar hexagonal; Cr: crystalline; G: glassy; I: isotropic. ^Data are from 
reference 31. 

8 10 12 14 16 

A l k y l chain length (n) 

18 

Figure 2. Transition temperatures of Im-n as a function of the alkyl chain length 
of imidazolium cation. Colh: columnar hexagonal; Cr: crystalline; G: glassy, I: 

isotropic. 
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Table IL X-ray results of compounds Im-n 

» Τ 
CQ 

dim 
(A) 

duo 
(A) 

^200 
(A) 

<P 
(A) (gem ) 

6 25 27.6 15.9 13.8 31.8 1.05 3.7 

8 » 25 30.4 17.5 15.2 35.1 1.05 3.9 

10 25 35.6 20.5 17.8 41.1 1.05 4.7 
1 2 » 25 32.9 19.0 16.5 38.0 1.13 3.9 

14 100 35.0 20.3 17.5 40.5 1.10 3.9 

16 100 36.8 21.2 18.4 42.5 1.10 3.9 

18 100 38.4 22.1 19.2 44.3 1.04 3.7 

^Hexagonal columnar lattice parameter a = 2<dno>/V3; <du o> = (dioo+V3d110+2d2oo)/3. 
^Experimental density at 20 °C. ^Number of molecules per unit cell in a hexagonal 
lattice. ̂ Data are from reference 31. 

Fan-shaped molecules Inwt form supramolecular columnar structures 
through self-organization via nano-segregation (14) and electrostatic interactions 
(37), as schematically shown in Figure 3. In these structures, the imidazolium 
part forms ionic channels inside the columns (57). 

Figure 5. Schematic illustration of a columnar selfassemhly offan-shaped 
imidazolium salts Im-n (n = 6-18) through nano-segregation and electrostatic 

interactions. 
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Macroscopic Alignment of the Columns 

These columnar ionic liquid crystals can be used as one-dimensional ion-
conductors (31,32). For this approach, the formation of oriented monodomains 
in the macroscopic scale is important because the boundary in the randomly 
oriented polydomains disturbs high and anisotropic ion conduction. 

These columnar materials are microscopically aligned by shearing on the 
glass substrate. Figure 4 shows the polarizing microscope images of Im-12 
before and after shearing (31). The monodomain of the columnar phase is 
formed between A u electrodes after the polydomain material (Figure 4a) is 
mechanically sheared in the sandwiched glasses without rubbing treatment. One-
dimensional ionic conductivities were measured by the cell with comb-shaped 
gold electrodes, which is described in the following section. In addition, we 
have achieved vertical alignment of the columns to the glass surface 
(homeotropic orientation) by using a chemically modified glass with 3-
(aminopropyl)triethoxysilane as shown in Figure 5. This alignment has been 
confirmed by the conoscopic observation on a polarized microscope. A cross-
shaped pattern is observed as shown in the inset of Figure 5a. A hexagonal 
diffraction pattern of X-ray is obtained for the homeotropic columns as seen in 
Figure 5b. This homeotropic alignment can be attributed to the interactions 
between the imidazolium moiety of Im-n and the amine-functionalized glass 
surface. We also reported (32) on the vertical alignment of the columns formed 
by a columnar ionic liquid having polymerizable groups on the surface modified 
with 3-(aminopropyl)triethoxysilane. 

Anisotropic Ionic Conductivities of Columnar Ionic Liquids (31) 

One-dimensional ion conduction is achieved for columnar ionic liquids Im-
8 and Im-12 (31). Anisotropic ionic conductivities were measured by an 
alternating current impedance method for the samples forming oriented 
monodomains between comb-shaped gold electrodes. In the macroscopically 
oriented states of these columnar materials, ionic conductivities parallel to the 
columnar axis (σ||) are higher than those perpendicular to the axis (σ ± ) . For 
example, compound Im-12 shows the conductivities of 3.1 χ 10~5 S c m - 1 (σ (|), 
7.5 χ 10"7 S cm" 1 (σ ± ) , and anisotropy (σ||/σ ±) of 41 at 100°C. No anisotropy of 
the ionic conductivity is seen when the compound forms the isotropic state. The 
formation of the columnar structures through the nano-segregation between 
ionic and non-ionic parts results in the spontaneous formation of anisotropic ion-
conductive pathways with long range order. These materials function as self-
organized electrolytes. They dissolve a variety of ionic species such as lithium 
salts. Compound Im-12 containing L i B F 4 (molar ratio of L i B F 4 to Im-12: 0.25) 
exhibits the conductivities of 7.5 χ 10"5 S cm - 1 (σ(|) and 8.0 χ 10"7 S cm" 1 ( σ ± ) at 
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Figure 4. Polarizing optical microscopic images and schematic illustrations of 
the oriented and self-assembled structures of lm-12 in the hexagonal columnar 

state: a) before shearing; b) after shearing the material along the direction 
perpendicular to the Au electrodes. Directions of A: analyzer; P: polarizer; S: 

mechanical shearing. (Reproduced with permission from reference 31. 
Copyright 2004 American Chemical Society.) 

Figure 5. Polarizing optical microscopic image (a) and 2D X-ray diffraction 
pattern (b) of Im-8 in the Colh phase at 25 °C. The columns are aligned 
perpendicular to an amine-functionalized surface of a glass substrate. 
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Temperature / °C 

k 2 200 150 100 50 
> ι ι 1 1 r 

Figure 6. Anisotropic ionic conductivities ofIm-8 and Im-12 as a function of 
temperatures: (·) parallel and (m) perpendicular to the columnar axis for Im-8; 
(o) parallel and (n) perpendicular to the columnar axis for Im-12. The broken 

lines denote the Colh-Iphase transition temperatures. (Reproduced with 
permission from reference 31. Copyright 2004 American Chemical Society.) 

100 °C. The value of σ^σ± at 100 °C is 94. It should be noted that the addition 
of the salts only enhance the conductivities of σ(|. 

Conclusion 

In this paper, we have described the preparation of a series of fan-shaped 
imidazolium salts and their liquid crystalline properties. Two types of columnar 
orientation parallel and perpendicular to the surface of substrates have been 
achieved by different techniques. Anisotropic ionic conductivities have been 
demonstrated for columnar liquid crystals aligned parallel to the surface of glass 
substrate. These anisotropically ion-active materials have great potentials as 
ordered solvents for catalytic reactions as well as electrolytes that 
anisotropically transport ions at the nanometer scale. Introduction of liquid 
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crystalline nanostructures into ionic liquids may open a new avenue in the field 
of material science and supramolecular chemistry. 
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Chapter 12 

Ionic Liquids as Versatile Media in Lanthanide 
Chemistry 

A.-V. Mudring 

Institut für Anorganische Chemie, Universität zu Köln, Greinstrasse 6, 
D-50939 Κöln, Germany 

Despite intense research in the field of ionic liquids, 
solvation processes even of simple inorganic salts like 
lanthanides halides are still poorly understood. A combination 
of absorption and emission spectroscopy together with single 
crystal X-ray structure analysis can help to elucidate these 
processes. 

Lanthanides in ionic liquids may be interesting optical 
materials, as ionic liquids can be designed in such a way that 
the luminescent lanthanide centres are not only well shielded 
from any ligands containing low frequency oscillators but also 
from themselves. In consequence the probability of a 
radiationless decay is reduced so that high luminescence 
lifetimes even at unusually high lanthanide concentrations are 
achievable. 

Furthermore, ionic liquids offer the possibility to generate, 
stabilize and work with highly reducing species like divalent 
lanthanides. Carefully chosen ionic liquids not only have a 
high electrochemical window, but can diminish the reducing 
power of divalent lanthanides compared to conventional 
organic solvents (VOCs). This should open the way to both, 
new inorganic coordination/organometallic chemistry as well 
as synthetic organic chemistry. 

172 © 2007 American Chemical Society 
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Trivalent lanthanides in ionic liquids - structural 
characterizations 

The dissolution and solvation of simple inorganic compounds as for 
example halide salts in conventional inorganic solvents like water or liquid 
ammonia, or organic solvents like tetrahydrofuran or acetonitrile, is quite well 
understood and extensive studies have appeared in the past. In contrast, despite 
the large interest in ionic liquids as a new class of solvents, investigations of the 
solvent-solute interaction are still scarce especially when it comes to simple 
inorganic salts.1 Considering the dissolution of an inorganic salt (AB) in a given 
ionic liquid (XY) , the interaction of the cation A with the anion of the ionic 
liquid Y which is present in excess and the interaction of the anion Β of the salt 
to be dissolved with the cation of the ionic liquid X has to be studied. From 
conventional solvent system studies and studies of molten salt systems it might 
be anticipated that the solvation of the cation A is generally the energetic driving 
force of the reaction and, hence, plays the most important role. Among 
tetrahaloaluminates, halides, and triflate (CF 3 S0 3 " = OTf) 
bis(trifluoromethanesulfonyl)amide (N(S0 2 CF 3 )" = Tf2N") in particular is 
currently the most popular anion used in ionic liquids. 

As for most metal cations the formation of halogeno-complexes is well 
described and structural data are readily available,2 our research focuses on 
studying the interaction of cations with the triflate or the 
bis(trifluoromethanesulfonyl)amide anion. In order to investigate the solvation 
and coordination of lanthanide cations in ionic liquids various di- and trivalent 
lanthanide iodides, triflates and bis(trifluoromethanesulfonyl)amides as well as 
alkaline earth salts as model compounds for divalent lanthanides were dissolved 
in the respective ionic liquids. To obtain structural data single crystals of 
lanthanide complex compounds were grown out of the ionic liquid. Many 
traditional crystallization techniques, such as isothermal evaporation of the 
solvent, fail due to the unique properties of ionic liquids (negligible vapour 
pressure), but traditional solid state techniques are successful. By supersaturating 
the ionic liquid with the respective salt in the heat and cooling, the desired 
reaction products were obtained. Special attention has to be paid to a careful 
cooling procedure as the high conformational flexibility and charge 
derealization of the ions, which are desired for an ionic liquid, often either lead 
to glass formation rather than crystallization or to a high degree of structural 
disorder in the crystals. 

The results for the dissolution of simple iodides in pyrrolidinium 
bis(trifluoromethanesulfonyl)amides can be rationalized as follows: 

A l l lanthanide triiodides form as the least soluble product in [bmpyr][Tf2N] 
compounds of the general composition [bmpyr]4[LnI6][Tf2N] containing the 
trivalent lanthanide cation in a nearly ideal octahedron of iodide anions. The 
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Lnî+= Pr-Tb 
2 Lnl3 + 6 [bmpyr][Tf2N] — • [bmpyr]4[Tf2N] [LnlJ + [bmpyr]2[Ln(Tf2N)5] 

Ln3*= Pr-Tb 
2 Lnl3+ 5 [bmpyr][Tf2N] — • [bmpyr]4[Tf2N] [Lnl6] + [bmpyr][Ln(Tf2N)4] 

M 2 + = Ca, Sr.Yb 
MI2 + 4[mppyr][Tf2N] — • [mppyr«M(Tf2N)J + 2 [mppyr][l] 

mppyr= 1-methyl-1-propylpyrrolidinium; bmpyr= 1-butyl-1-methy!pyrrolidinium 

Figure 1, Lanthanide and alkaline earth iodides in pyrrolidinium 
bis(trifluoromethanesulfonyl)amides. 

crystal structures show above each of the triangular faces of the [Lnl 6] 
octahedron a cation of the ionic liquid. 3 Interestingly, this structural feature was 
predicted by molecular dynamical studies to be present in similar ionic liquid 
systems.4 In [bmpyr]4[NdI6][Tf2N] one formula unit of the ionic liquid itself is 
included in the compound to achieve optimal packing in the solid. This can be 
illustrated by rewriting the formula as [bmpyr]3[NdI6][bmpyr][Tf2N]. According 
to Figure 1, after formation of [bmpyr]4[LnI6][Tf2N] from L n l 3 the other half of 
the lanthanide ions that remain in solution have to be coordinated by 
bis(trifluoromethanesulfonyl)amide ligands. In order to obtain structural 
information on those species we have prepared in a first step the respective 
anhydrous compounds, Ln(Tf 2N) 3 , and subsequently grew crystals from the same 
ionic liquid ([bmypr][Tf2N]). Figure 2 shows the coordination environment for 
Pr-Tb in [bmpyr]2[Ln(Tf2N)5] and Dy-Lu in [bmpyr][Ln(Tf2N)4], respectively. 

In both cases, the trivalent lanthanide cations are exclusively coordinated by 
oxygen atoms belonging to the Tf 2 N ligand.5 The larger lanthanide cations L n 3 + 

= Pr-Tb exhibit a nine-fold oxygen coordination which can best be described as 
a monocapped square antiprism (Fig. 2, (1)). The oxygen surrounding of the 
lanthanide cation is formed by four bidentate bis(trifluoromethanesulfonyl)amide 
ligands and one monodentate ligand. While for the monodentate 
bis(trifluoromethanesulfonyl)amide ligand a transoid conformation (with respect 
to the S—Ν—S plane) is observed, for the bidentate ligands both conformations 
are observed. One of the four ligands adopts a cisoid conformation and another 
one a transoid conformation while the other two ligand positions show a mixed 
occupation by ligands in cisoid and transoid conformations. The smaller 
trivalent lanthanide cations Dy-Lu prefer an eightfold coordination by oxygen 
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Figure 2. Lanthanide coordination in the compounds [bmpyr]2[Ln(Tf2N)5] (Ln 
= Pr-Tb, CF3 groups omitted for clarity) (I), [bmpyr][Ln(Tf2N)4] (Ln = Dy-Lu) 

(2), [mppyr][Yb(Tf2N)4] (3) and [bmypr]3[Yb(OTf)6]. bmpyr = 1-butyl-1-
methylpyrrolidinium, mppyr = 1-methyl-1-propyl-pyrrolidinium,Tf2N = 

bis(trifluoromethanesulfonyï)amide. 
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(Fig. 2, (2)) which resembles a trigonal dodecahedron. This coordination 
polyhedron is generally preferred over a cube whenever ligand-ligand repulsion 
becomes important for coordination number eight. The oxygen coordination of 
the smaller lanthanide centers is accomplished by eight bidentately coordinating 
bis(trifluoromethanesulfonyl)amide ligands which adopt both, the cisoid and 
transoid conformations. In case of the trivalent Ln-Tf 2 N complexes a small but 
distinct change of about 6 pm in the S—Ο interatomic distances within the 
bis(trifluoromethane-sulfonyl)amide ligand can be detected upon coordination. 
With only 2-3 pm this change in the S—Ο bond distance is far less pronounced in 
the complex compounds of divalent cations [mppyr]2[M(Tf2N)4], M = Ca, Sr 6 and 
Y b . 7 Raman spectra of [mppyr]2[M(Tf2N)4], M = Ca, Sr, Yb show how the S-0 
modes of the Tf 2 N anion are affected upon coordination to the metal (Fig. 3). 

The divalent metal cations in [mppyr]2[M(Tf2N)4], M = Ca, Sr, Y b 
principally feature the same coordination environment as it is observed for the 
smaller trivalent lanthanides in [bmpyr][Ln(Tf2N)4] (Ln = Dy-Lu) with the major 
difference that all the Tf 2 N ligands around the divalent cations adopt exclusively 
a cisoid conformation. It is noteworthy that ytterbium both in the divalent and 
the trivalent oxidation state shows nearly the same coordination by Tf 2 N (cf. 
Fig. 1 (2) and (3)). [bmpyr]3[Yb(OTf)6] (Fig. 1 (4)) represents the first example 
of a structure featuring a lanthanide in a (homoleptic) triflate environment. In 
this case Y b 3 + is surrounded by an only slightly distorted octahedron of triflate 
ligands. The compound was obtained from solution of Yb(OTf) 3 in 
[bmpyr][OTf].8 

Optical Properties of Lanthanides in Ionic Liquids 

In order to correlate the solid state structure with structures present in the 
liquid state optical absorption and emission spectra of lanthanide ions have been 
studied in the liquid state and compared with the respective solid state structures. 

Upon dissolution of lanthanide triiodides in a Tf2N-based ionic liquid two 
lanthanide species form according to Figure 1 - one contains the lanthanide 
cation surrounded solely by iodide anions and in the other one the cation is 
exclusively coordinated by the oxygen atoms belonging to the Tf2N-anions. 
Indeed, this finding is not only backed by single X-ray structure analysis but can 
also be confirmed by absorption spectroscopy. Fig. 4, left, shows the absorption 
spectrum of a solution of neodymium triiodide in [C 1 2mim][Tf 2N] (Ci 2mim = 1-
dodecyl-3-methylimidazolium). Comparison of the shape of the 4 l 9 / 2 -* 4 G 5 / 2 

hypersensitive transition reveals that the line shape can be explained by à 
superposition of the absorption spectra of NdBr 3 in [hmim][Br] (hmim = 1-
hexyl-3-methylimidazolium) where neodymium is exclusively found in a halide 
enviroment, and Nd(OTf) 3 in [emim][OTf] (emim = l-ethyl-3- methyl-
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Figure 3. Raman spectra of [mppyr][Tf2N] and [mppyr]2[M(Tf2N)4], M = Ca, 
Sr and Yb. 

imidazolium), where neodymium is solely coordinated by oxygen atoms of the 
triflate ligands. 

Spectroscopic investigations of trivalent lanthanides in ionic liquids cannot 
only help to establish the coordination environment but also show that these 
solvents are promising media for generating liquid or liquid crystalline 
luminescent materials. Evaluation of the luminescence spectra of N d l 3 in 
[C l 2mim][Tf 2N] show a luminescence lifetime of 15.3 μβ for the most intense 
4 F 3 / 2

 4In/2 transition. The quantum yield amounts to 1.5 ± 0.2 %. While the 
quantum yield is in the typical range when the lanthanide ion itself is excited, 
the lifetime of the excited state is astonishingly high, especially when taking into 
account that the spectrum was recorded at room temperature in the liquid state 
for an ion that emits in the near-infrared. Especially these low energy transitions 
are prone to radiationless quenching by multiphonon relaxation processes. For 
the \\si2 —* %3/2 emission of E r l 3 which also lies in the near infrared, a lifetime 
of 10.4 μ8 was measured. In case of D y l 3 which shows a green luminescence in 
the visible region of light, a lifetime of even 63.3 for the 4 F 9 / 2

 4In/2 
transition could be determined.10 The reasons for the comparatively high 
lifetimes of excited states of lanthanide ions in the liquid state in Tf2N-based 
ionic liquids compared to conventional solvents origins from a combination of 
different factors. First, the lanthanide ion in these systems is either coordinated 
by halide or T f 2 N ligands. In both cases no C-H, N - H and O-H oszillators are 
introduced into the inner coordination sphere of the lanthanide ion which would 
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Figure 4. Absorption spectra ofNdI3 in [Cj2mim][Tf2N] (left). Absorption 
spectra ofNdBr3 in [hmimJfBrJ, NdBr3 in [emimJfTosJ andNd(OTf)3 in 

femimJfOTfl according to K. Binnemans, K. Driesen, P. Nockemann, 
Chem. Phys. Lett. 2004, 4, 306. 
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readily lead to a quenching of the luminescence due to vibronic coupling. 
Furthermore, energy transfer between the lanthanide center and the ligand is 
minimized because of the weakly coordinating power of the bis-
(trifluormethanesulfonyl)amide anion and the heavy halide ligand. This also 
becomes evident when studying the emission spectra of both Pr(Tf 2N) 3 and P r l 3 

in [bmpyr][Tf2N] (Fig. 5). Comparatively well resolved and intense emissions 
from the 3 P levels in the low energy region of the spectrum (455 - 555 nm) can 
be observed in solution. In case of the solid compounds [bmpyr]2[Pr(Tf2N)5] and 
[bmpyr]4[PrI6][Tf2N] these transition naturally become more intense as the 
lanthanide environment is more rigid in the solid. In case of solid 
[bmpyr]4[PrI6][Tf2N] where the iodide anions provide a rigid environment 
together with a high oscillator mass these transitions become even the most 
intense. Owing to the careful shielding of the lanthanide centres not only from X -
H bonds but also from each other, unusually high dopant concentrations (both 
solid compounds have a lanthanide dopant concentration of 100%) can be 
achieved without observing any concentration quenching.11 

Low Valent Lanthanides in Ionic Liquids 

Reduction reactions are one of the most basic types of chemical 
transformation reactions. For organometallic and especially for organic 
synthesis, reducing agents that can tolerate certain functional groups, but are still 
powerful reductants, are desirable. Kagan's reagent, Sml 2 , is a mild reducing 
agent which has the advantage that it can withstand certain functional groups. 
Because of this, it and its derivatives have found widespread application in 
organic synthesis for the selective reduction of functional groups and C-C bond 
formation.12 To a lesser extent than Sm(II), Eu(II) and Yb(II) have found use as 
reducing agents. The application of divalent lanthanides other than Eu(II), Yb(II) 
and Sm(II) as reductants for chemical transformations appear promising as the 
reduction potential can be nearly continuously tuned by the choice of the 
lanthanide cation. Theoretical calculations together with thermodynamic 
estimations and optical measurements draw a coherent picture: The redox 
potentials of L n 3 7 L n 2 + span a range of approximately 0.5 to 4 V vs. N H E . 1 3 

Many binary halides of divalent lanthanides are known to exist in the solid state 
and have been well characterized: the fluorides LnF 2 (Sm, Eu, Yb), the chlorides 
L n C l 2 (Nd, Sm, Eu, Dy, Tm, Yb), the bromides LnBr 2 (Nd, Sm, Eu, Dy, Tm, Yb) 
and the iodides L n l 2 (La, Ce, Pr, Nd, Sm, Eu, Gd, Dy, Tm, Yb) . 1 4 Although the 
divalent state has not been established for Tb, Ho, Er and Lu, subvalent 
compounds with metal-metal bonds like [Tb 1 0 (C 2 ) 2 ]Br 1 8 , 1 5 [Ho[Ho 6 C]Ii 2 , 1 6 

Cs^utLUéCJClig 1 7 and [Er 1 0 (C 2 ) 2 ]Br i 8

1 8 are known. Consequently, valence states 
lower than the "traditional" oxidation state of +III have been identified for all 
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(non-radioactive) lanthanides. So far solution chemistry is only known for the 
divalent lanthanide cations which form salt-like binary halides. Unfortunately, for 
the plethora of other divalent lanthanides (La, Ce, Pr, Nd, Gd, Dy, Tm), little to no 
solution chemistry and hence organometallic chemistry is known. Reasons for this 
can be found in the comparatively difficult synthesis and high reactivity of the 
divalent state of these lanthanides in solution. In the past few years, enormous 
advancements were made with the characterization of divalent Tm, Dy and Nd 
compounds in solution19. Recently it was shown that DyI 2(THF) 5 is able to couple 
halogenoalkanes in contrast to Sml 2 due to its more negative redox potential.20 

DyI 2 (DME) 3 was also used as a reductant in organic synthesis.21 Similarly, Tml 2 

can function as a much more powerful replacement for SmI 2/HMPA. Ketone 
coupling can be accomplished with N d l 2 . 2 2 In order to perform this chemistry -
which is already known in the solid state - also accessible in solution, we aim at the 
synthesis of specifically designed ionic liquids. 

Cyclic voltammetry studies of the redox potential of the lanthanides in ionic 
liquids show that the reduction potentials are lower in bis(trifluoro-
methanesulfonyl)amide based ionic liquids in comparison to conventional 
solvents like THF. Sml 2 , the only lanthanide iodide for which reliable 
electrochemical data are available in various solvents, shows in the ionic liquid 
[mppyr] [Tf 2N] (mppyr = Λ^-methyl-yV-propyl-pyrrolidinium) a reduction potential 
of -0.222 V vs. F C T F C , Fig. 6. Upon addition of an equimolar amount of 
[mppyr][OTf] (OTf = triflate) the potential is increased to -0.493 V . For 
comparison, Sml 2 exhibits in THF a reduction potential of -1,51 V . An increased 
reduction potential upon addition of triflate anions can also be observed in THF: 
Sm(OTf)2 has a reduction potential of -2.01 V in THF. An analogous shift of 
reduction potentials is observed for E u 2 + when comparing the reduction 
potentials of Eu(Tf 2N) 3 in [bmpyr][Tf2N], Eu(OTf) 3 in [bmpyr][Tf2N] and 
Eu(OTf) 3 in [bmpyr][OTf].23 The weaker the ligand that coordinates to the 
divalent lanthanide the weaker its reducing power. 

In summary, divalent lanthanides seem to be far less reducing in weakly 
coordinating ionic liquids based on Tf 2 N than in THF. Thus it can be expected 
that it is possible to stabilize other, higher reducing low valent lanthanides in 
these media. Electrochemical measurements indicate that in the case of the 
trivalent lanthanide bis(trifluoromethanesulfonyl)amides Dy(Tf 2N) 3 and 
Nd(Tf 2 N) 3 the lanthanide can be reduced to the metal in [bmpyr][Tf2N] and 
deposited as a thin film.24 The use of triethylsulfonium based ionic liquids which 
were claimed by other groups to have a large stability towards reduction lead in 
the presence of Sml 2 and N d l 2 only to decomposition of the ionic liquid. 2 5 

Acknowledgements 

This research was supported by the Deutsche Forschungsgemeinschaft 
within the framework of the priority program "Lanthanide Specific 

 
  

In Ionic Liquids IV; Brennecke, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



183 
1.00E-05 

8.00E-06 

β,ΟΟΕ-Οβ 

4.00E-08 

< 2.0OE-O6 

-4—' 
C 
s> 

Ο,ΟΟΕ+ΟΟ 

C
ur

 

-2.00Ε-08 

-4.00Ε-08 

-β,ΟΟΕ-Οβ 

-β,ΟΟΕ-Οβ 

-1.00Ε-Ό5 

Ε 1 β = -0.493V 

Sml2 in [mppyr][Tf2N] 
Sml2 in [mppyr][Tf2N] + [mppyr][OTf] 

-0.5 0 0,5 

Potenial / V vs. Fc/Fc+ 

Figure 6. Dependence of the Sm3+/Sm2+ redox potential on the counterion of the 
ionic liquid. 

Functionalities" and the Fonds der Chemischen Industrie. A V M thanks the 
Universitât zu Kôln and especially Prof. Dr. Gerd Meyer for generous support. 

References 

1. See for example: V . Gutmann, Coordination Chemistry in Non-Aqueous 
Solutions, Springer Verlag, Wien, New York, 1968; Ch. Reichard, Solvents 
and Solvent Effects in Organic Chemistry, Wiley-VCH, Weinheim, 2003. 

2. ICSD data base. 
3. A . Babai, A . - V . Mudring, Chem. Mat. 2005, 17, 6230 ;A. Babai, A . - V . 

Mudring, J. Alloys Compd. 2006, 418, 204; A . Babai, A . - V . Mudring, 
Inorg. Chem. 2006, 45, 4874. 

4. A . Chaumont, G. Wipff, Chem. Eur. J. 2004, 10, 3919; A . Chaumont, G. 
Wipff, J. Phys. Chem. Β 2004, 108, 3311; A . Chaumont, G. Wipff, Inorg. 
Chem. 2004, 43, 5891; A . Chaumont, G. Wipff, Phys. Chem. Chem. Phys. 
2005, 7, 1926; C. Gaillard, I. Billard, A . Chaumont, S. Mekki, A . Ouadi, 
M . A . Denecke, g. Moutiers, G Wipff, Inorg. Chem. 2005, 44, 8355; N . 
Sieffert, G. Wipff, J. Phys. Chem. A 2006, A S A P . 

5. A . Babai, A . - V . Mudring, Dalton Trans. 2006, 1828. 
6. A . Babai, A . - V . Mudring, Inorg Chem., 2005, 44, 8168. 

 
  

In Ionic Liquids IV; Brennecke, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



184 

7. A . Babai, A . - V . Mudring, Angew. Chem. Int. Ed. 2005, 44, 5485. 
8. A . Babai, A . - V . Mudring, publication in progress. 
9. S. Arenz, A . Babai, K . Binnemans, K . Driesen, R. Giernoth, A . - V . Mudring, 

P. Nockemann, Chem. Phys. Lett., 2005, 402, 75. 
10. A . Babai, A . - V . Mudring, S. Arenz, R. Giernoth, P. Nockemann, Z. Anorg. 

Allg. Chem. 2004, 630, 1697; A . - V . Mudring, A . Babai, S. Arenz, R. 
Giernoth, K . Binnemans, K . Driesen, P. Nockemann, J. Alloys Comp. 2006, 
418, 204. 

11. A . Babai, A . - V . Mudring, Chem. Mat. 2005, 17, 6230. 
12. A . Kreif, A . M . Laval, Chem. Rev. 1999, 99, 745; G.A. Molander, B . La 

Belle, B . Hahn, J. Org. Chem. 1986, 51, 5259; K . Otsubo, J. Inanaga, M . 
Yamaguchi, Tetrahedron Lett. 1987, 28, 4437; M . Miyashita, M . Hoshio, T. 
Suzuki, A . Yoshikoshi, Chem. Lett. 1988, 507; P. Girard, J.-L. Namy, 
Kagan, J. Am. Chem. Soc. 1980, 102, 2963; M . Matsukawa, Tabuchi, J. 
Inanaga, M . Yamaguchi, Chem. Lett. 1987, 2101; T. Tabuchi, J. Inanaga, 
M . Yamaguchi, Tetrahedron Lett. 1986, 27, 601; J. Inanaga, Ishikawa, 
Yamaguchi, Chem. Lett. 1987, 1485; G.A. Molander, B . Hahn, J. Org. 
Chem. 1986, 51, 1125; B . Hamann-Gaudinet, J. L . Namy, H . B . Kagan, J. 
Organomet. Chem. 1998, 567, 39; J. Souppe, J.-L. Namy, H.-B. Kagan, 
Tetrahedron Lett. 1984, 25, 2869; J. Collin, J.-L. Namy, F. Dalemer, H.-B. 
Kagan, J. Org. Chem. 1991, 56, 3118; K . Kusuda, J. Inanaga, M . 
Yamaguchi, Tetrahedron Lett. 1989, 30, 2945; T. Imamoto, N . Takiyama, 
Tetrahedron Lett. 1987, 28, 1307; (b) B . Molander, L . S. Harring, J. Org. 
Chem. 1989, 54, 3525; H.-B. Kagan, J.-L. Namy, P. Girard, Tetraherdron 
Lett. Suppl. 1981; 37, 175; T. Tabuchi, K . Kawamura, J. Inanaga, M . 
Yamaguchi, Tetrahedron Lett. 1986, 27, 3889; G. A . Molander, J. B . Etter, 
J. Am. Chem. Soc. 1987, 109, 6556; Y . Kamochi, T. Kudo, Chem. Lett. 
1991, 893; A . S. Kende, J. S. Mendoza, Tetr. Lett. 1991, 32, 1699; J.-L. 
Namy, J. Souppe, H.-B. Kagan, Tetahedron. Lett. 1983, 24, 765; E. J. 
Enholm, D. C. Forbes, D. P. Holub, Synth. Commun. 1990, 20, 981; 
Imamoto, Nishimura, Chem. Lett. 1990, 1141; Y . Kamochi, T. Kudo, 
Tetrahedron Lett. 2000, 41, 341; L . Lu, H . Y . Chang, J. M . Fang, J. Org 
Lett. 1999, 1, 1989. 

13. D.A. Johnson, J. Chem. Soc. Dalton 1974, 1671; L.R. Morss, Chem. Rev. 
1976, 76, 827; L.J . Nugent, R.D. Bayarz, J.L. Burnett, J.L. Ryan, J. Phys. 
Chem. 1973, 77, 1528; N .B . Mikheov, Zh Neorg. Khim. 1984, 29, 450; P. 
Strange, A . Svane, W . M . Temmerman, Z. Szotek, H. Winter, Nature 1999, 
399, 756, P. Dorenbos, Chem. Mat. 2005, 17, 6452. 

14. G. Meyer, Chem. Rev. 1988, 88, 93. 

 
  

In Ionic Liquids IV; Brennecke, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



185 

15. F. Steffen, G. Meyer, Z. Naturforsck 1995, 50Β, 1570. 
16. C. Hohnstedt, G. Meyer, Z Anorg. Allg Chem. 1993, 619, 1374. 
17. H . M . Artelt, G. Meyer, J. Chem. Soc., Chem. Comm. 1992, 460. 
18. S. Uhrlandt, G. Meyer, Z. Anorg. Allg. Chem. 1994, 620, 1872. 
19. M . N . Bochkarev, I.L. Fedushkin, A . A . Fagin, T.V. Petrovskaya, J.W. Ziller, 

R.N.R. Broohall-Dillard, W.J. Evans, Angew. Chem. Int. Ed. 1997, 36, 133; 
M . C. Cassani, M . L . Lappert, F. Saschi, Chem. Commun. 1997,· 1563; M . 
C. Cassani, D. J. Duncalf, M . L . Lappert, J. Am. Chem. Soc. 1998, 120, 
12958; M . N . Bochkarev, A . A . Fagin, Chem. Eur. J. 1999, 5, 2990; W. J. 
Evans, N . T. Allen, J. Am. Chem. Soc. 2000; 122, 2118; W. J. Evans, N . T. 
Allen, J. W. Ziller, J. Am. Chem. Soc. 2000, 122, 11749; M . N . Bochkarev, 
I. L . Fedushkin, S. Dechert, A . A . Fagin, H . Schumann, Angew. Chem. 
2001, 113, 3268; I.L. Fedushkin, M . N . Bochkarev, S. Dechert, H . 
Schumann, Chem. Eur. J. 2001, 7, 3558; W.J. Evans, N.T. Allen, J.W. 
Ziller, J. Am. Chem. Soc. 2001, 123, 7927; W.J. Evans, N.T. Allen, J.W. 
Ziller, Angew. Chem. 2002, 114, 369; W.J. Evans, J. Organomet. Chem. 
2002, 647, 2; W.J. Evans, G. Zucchi, J. W. Ziller, J. Am. Chem. Soc. 2003, 
125, 10; D. Turcitu, F. Nief, L . Richard, Chem. Eur. J. 2003, 9, 4916; M . N . 
Bochkarev, G.V. Khoroshenkov, H . Schumann, S. Dechert, J. Am. Chem. 
Soc. 2003, 125, 2894; W.J. Evans, D.S. Lee, J.W. Ziller, J. Am. Chem. Soc. 
2004, 126, 454; M . N . Bochkarev, Coord Chem. Rev. 2004, 248, 835; U . 
Groth, M . Jeske, Synlett 2001, 129; U . Groth, M . Jeske, Angew. Chem. 
2000, 39, 574. 

20. W. J. Evans, Coord. Chem. Rev. 2000, 206/207, 263. 
21. W.J. Evans et al., J. Am. Chem. Soc. 2000, 122, 11749. 
22. W.J. Evans, P.S. Workman, N.T. Allen, Org Lett. 2003, 5, 2041. 
23. A . Babai, A . - V . Mudring, publication in progress. 
24. A . Babai, A . - V . Mudring, publication in progress. 
25. A . Babai, A . - V . Mudring, Inorg. Chem, 2005, 44, 8168. 

 
  

In Ionic Liquids IV; Brennecke, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



Chapter 13 

Electropolishing and Electroplating of Metals Using 
Ionic Liquids Based on Choline Chloride 
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Eutectic based ionic liquids containing choline chloride are 
shown to be useful for electrochemical applications that 
currently use aqueous solutions. It is shown that an ionic liquid 
composed of ethylene glycol (HOCH 2 CH 2 OH) and choline 
chloride (HOC 2 H 4 N(CH 3 ) 3

+ Cl˙) offers the first practical 
alternative to the use of phosphoric and sulphuric acid mixtures 
for the electropolishing of type 316 stainless steel. The 
mechanism has been elucidated and it is shown to be 
significantly different in an ionic liquid from that observed in 
aqueous solutions. Results from large-scale testing show, that 
for several types of steel, surface finishes at least as good as 
aqueous solutions can be obtained. A recycling protocol has 
been developed for the ionic liquid, which allows full metal 
recovery. We also demonstrate that these mixtures and the 
corresponding analogue with urea can be used for the 
deposition of a wide range of metals and alloys. Judicious 
choice of ionic liquid can, not only affect the morphology of 
the deposit obtained but also the composition of metals in the 
alloy. 
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Introduction 

Over the last twenty years ionic liquids have been of considerable interest 
for a wide variety of electrochemical and synthetic applications. [1-4] Most of 
the studies have concentrated on imidazolium and pyridinium cations, however 
their high cost and sensitivity to water has made them of little practical use for 
large-scale metal finishing applications. We have developed a variety of eutectic 
type ionic liquids based on choline chloride. This salt is of particular interest 
because it is simple tomake in a one-step, gas phase reaction with a quantitative 
yield from widely available precursors (trimethylamine, ethylene oxide and 
HC1). The salt is widely available, biodegradable and non-toxic. Eutectic 
mixtures of this quaternary ammonium salt with metal salts [5-7] or hydrated 
metal salts [8,9] can be used for the efficient electrodeposition of metals such as 
zinc and chromium. 

The principle of forming an ionic liquid by complexation of the halide 
anion has been extended by mixing quaternary ammonium salts with compounds 
that form hydrogen bonds. This has been demonstrated with a range of hydrogen 
bond donors (HBDs) including amides such as urea [10] and carboxylic acids 
such as oxalic acid [11]. We have previously shown that these liquids can be 
used for the dissolution of metal oxides [12] and with a eutectic mixture of 
ethylene glycol as the hydrogen bond donor; choline chloride can be used for the 
electropolishing of stainless steel. [13] This process has the advantage that high 
current efficiencies are obtained with negligible gas evolution at the anode/ 
solution interface. The liquid is comparatively benign and non-corrosive 
compared to the current aqueous phosphoric and sulphuric acid solutions used. 

In the present study we use a.c. impedance, linear sweep voltammetry and 
chronoamperometry to investigate the mechanism of electropolishing in these 
glycol mixtures. The dissolution mechanism is complex making steady-state 
measurements difficult because the surface is etched up to 1 μιη during the 
measurement timescale. We also show that choline chloride based ionic liquids 
can be used for the electrodeposition of zinc alloys. 

Experimental 

Choline chloride (ChCl) (Aldrich 99%) was recrystallised from absolute 
ethanol, filtered and dried under vacuum. Urea (Aldrich >99%) was dried under 
vacuum prior to use. Ethylene glycol (EG) (Aldrich 99+%) was used as 
received. The eutectic-based ionic liquid 'Ethaline 200' was formed by stirring 
the two components (1 ChCl: 2 EG) at 75°C until a homogeneous colourless 
liquid was formed. Voltammetry and impedance were carried out using an 
Autolab PGSTAT12 potentiostat fitted with an FRA impedance module and 
controlled using GPES software. Frequency spectra were collected in the range 
10000 - 0.01 Hz. A three-electrode system consisting of a type 316 stainless 
steel (SS316) disc working electrode (0.5 mm radius), sealed in glass, a 
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platinum counter electrode and a silver wire reference electrode were used. The 
working electrode was abraded with 150 grit glass paper, rinsed and dried prior 
to all measurements to ensure reproducible voltammetric behaviour. 
Electrochemical measurements were performed at 20°C and a scan rate of 20 
mVs"1 was used in voltammetric experiments except where stated. 

Surface analysis was carried out using scanning electron microscopy (SEM) 
(Philips XL30 ESEM). Atomic Force Microscopy (AFM) images were obtained 
using a Digital Instruments Nanoscope 4 run using contact mode in the ionic 
liquid. In the Hull cell experiments a stainless steel anode plate was used with a 
nickel plate as the cathode. Both electrodes were degreased using hexane and 
dried prior to use. Bulk electrolysis experiments were performed using a 
Thurlby Thandar power supply. Following electrolysis the anode was washed 
with deionised water and dried. 

Results and Discussion 

Electropolishing 

Figure 1 (dotted line) shows the voltammetry of a type 316 stainless steel 
wire disc electrode abraded then immersed in a sulphuric, phosphoric acid and 
water mixture (volume ratio = 3:1:1). The current reaches a maximum at 
approximately 1.1 V before decreasing and then increasing again. This is due to 
the formation of a film at the electrode surface. The dissolution process has been 
described by two main models; the duplex salt model, which describes a 
compact and porous layer at the iron surface, [14] and an adsorbate-acceptor 
mechanism, which looks at the role of adsorbed metallic species and the 
transport of the acceptor which solubilises them. [15] Voltammetry of the same 
electrode, pre-treated by the same procedure, in an ionic liquid lChCl:2EG 
(Ethaline 200) shows negligible current over the voltage range suggesting that 
the metal does not dissolve. When the surface is abraded in-situ a peak shaped 
response is observed showing that the metal does dissolve once the oxide film is 
removed. Hence it can be concluded that oxide removal is vital to the 
electropolishing mechanism. 

Impedance spectroscopy confirms that the dissolution mechanism in an 
ionic liquid is different from that in aqueous acidic solutions. Preliminary results 
suggest that a diffusion limited process in the viscous ionic liquid appears to be 
responsible for electropolishing [16]. Impedance spectroscopy has also shown 
that one of the main differences between the electropolishing mechanism in the 
ionic liquid and the aqueous solution is the rate at which the oxide is removed 
from the electrode surface. 

A highly polished surface could be obtained with current densities between 
ca. 70 and 50 mA cm' 2 with an applied voltage of 8 V . Below this current 
density a milky surface was obtained and above this range some pitting of the 
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Figure 1. Linear sweep voltammograms (scan rate 20mVs~1) for a type 316 
stainless steel wire disc electrode abraded then immersed in sulphuric/ 

phosphoric acid mixture (dotted line), and abradedin-situ in fresh IChCl: 2 EG 
mixture (dashed line). 

surface was obtained on an otherwise bright surface. It should be noted that the 
polishing region was narrower than that in aqueous phosphoric/ sulphuric acid 
mixtures, however the current density requirements were considerably lower 
using the ionic liquid. In acidic solutions typical current densities are 100 mA 
cm - 2 but much of this results in gas evolution at the anode. With the ionic liquid 
negligible gas evolution was observed suggesting that there are negligible side 
reactions occurring with the ionic liquid. The current efficiency of the IChCl: 
2EG (Ethaline 200) electrolyte has been determined using coulommetry and 
gravimmetry and was found to be in excess of 90% which is significantly higher 
than the aqueous based electrolytes which are typically -30 %. Given that the 
current density used for the IChCl: 2EG electrolyte is considerably lower than 
that used in the aqueous solution the slight difference in the conductivity of the 
two solutions does not lead to a significance in the ohmic loss through the 
solution. In fact preventing a passivating layer at the electrode surface during 
polishing decreases the overall ohmic resistance of the non-aqueous system. 
Hence the current going to metal dissolution is probably similar for the two 
systems explaining why the polishing process takes approximately the same 
time. 

Similar experiments were carried out using different grades of stainless 
steel (410, 302, 304, 316 or 347) and it was found that the mechanism of metal 
dissolution and the oxidation potentials for the metals were very similar. The 
slight exception was the 410 series steel (which has no N i unlike the 300 series 
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steels which have 8-14 %). The 410 steel required a more positive oxidation 
potential to break down the oxide in the ionic liquid whereas once the oxide was 
removed the metal was more easily oxidised than the other grades of steel. This 
shows why the 410 steel was more likely to pit during the polishing process. The 
pitting could be reduced, however, by chemically picking the steel with a 
proprietary phosphoric acid etch before electropolishing. 

This technology has been scaled-up to a 1.3 tonne plant. Results have 
shown that the technology can be applied in a similar manner to the current 
technology. The ionic liquid has been found to be compatible with most of the 
materials used in current electropolishing equipment i.e. polypropylene, nylon 
tank and fittings, stainless steel cathode sheets and a titanium anode jig. The 
ionic liquid is kept at ca . 50°C in an open facility, which is the same as that used 
for aqueous electropolishing. Figure 2 shows the adsorption of water into a 
sample of Ethaline 200 at 25 and 45 °C as a function of time. While the liquid is 
naturally hydroscopic (as is the current phosphoric acid/ sulphuric acid mixture) 
the composition of water is ca . 5 wt % and under these conditions a good polish 
is obtained particularly on cast steel pieces. The quality of the finish is actually 
relatively unaffected until the water content reaches ca . 10 wt %. This is 
common to most chloride based eutectics as the high charge around the anion 
decreases the activity of the water in the mixture. This contrasts strongly with 
ionic liquids with discrete, highly fluorinated anions where the presence of 
traces of water have a significant effect on the potential windows of the liquids. 

The ionic liquid electropolishing process is a true drop in technology using 
the same power supply, tank, fittings and electrodes as the conventional process. 
The polishing time is also the same as the aqueous process viz. 10 minutes. The 
only parameter that changes is the current density. Figure 3 (overleaf) shows the 
test facility set up with an electropolishing company in Birmingham, U . K . 
(Anopol Ltd.) 

Extended electropolishing using the same solution leads to a dark 
green/brown solution arising from the dissolved iron, chromium and nickel. The 
solubility of the metals in the ionic liquid is relatively high at 50 °C (Fe = 66746, 
Cr = 9150 and N i = 3135 ppm). Metal in excess of this concentration 
precipitates as a dense sludge to the base of the tank. The metals are present as 
glycolate and chloride complexes and numerous solvents have been tested to 
determine their efficacy at precipitating the metal salts. 

Figure 4 shows samples of the ChCl;2EG (Ethaline 200) ionic liquid 
saturated with electropolishing residue and the effect that various molecular 
solvents (in 1:1 volume ratios) have upon the phase behaviour of the metal 
complexes. It can be seen that acetone and acetonitrile are immiscible with the 
ionic liquid and while acetonitrile (ACN) brings about precipitation of some of 
the metal complexes, the solution is still intensely coloured with some of the 
iron entering the A C N phase. 
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Figure 3. Pilot plant operating at Anopol Ltd using 1.3 tonnes of Ethaline. 
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The addition of water and ethanol both result in homogeneous liquids and in 
the case of water the resulting solution was completely transparent and almost 
all of the metal complex precipitates to the base of the cell. The water could be 
distilled from the mixture to leave a dry ionic liquid, which had lost only ca . 
15% ethylene glycol, mostly in the form of the metal complex. The residual 
concentration of each metal in the ionic liquid was less than 5 ppm. Hence not 
only has it been demonstrated that electropolishing can be carried out in this 
non-corrosive liquid, but also that the liquid can be completely recycled and all 
of the metal can be recovered. 

Figure 4. Samples of Ethaline 200 containing electropolishing residue to 
which equal volumes of (from I to r) ethanol water, acetonitrile and acetone 

have been added 

Electroplating of Alloys 

Zinc and zinc alloys can be electrodeposited from eutectic mixtures of ChCl 
and ZnCl 2 . These liquids are, however, extremely viscous and have relatively 
low conductivities. The ethylene glycol (EG) and urea based eutectics have 
higher conductivities and demonstrate high metal solubilities. Alloys of zinc, 
particularly with tin are found to have better corrosion resistance than pure zinc, 
particularly in high humidity conditions and are superior to cadmium deposits in 
marine environments. It has recently been shown that ionic liquids formed with 
choline chloride and either urea or ethylene glycol can be used for the 
electrodeposition of zinc, tin, and zinc-tin alloys. Judicious choice of the 
hydrogen bond donor affects the type of alloy and the electrochemistry of the 
components in solution. [17] 

Figure 5 shows the voltammetry of Z n C l 2 and SnCl 2 in both the urea and 
E G mixtures. It is interesting to note that the reduction potential for the tin salt is 
approximately constant in both liquids but the potential for zinc is shifted to 
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more negative overpotentials. When the two metal salts are combined in the 
same solution the electrochemical signal obtained is markedly different to the 
separate solutions. In E G the deposition of separate phases of Zn and Sn can be 
observed together with a signal, which appears to be the stripping of a tin rich 
alloy at ca . 0 V . For urea, however, only one stripping and one main deposition 
process were observed. 

F A B mass spectra showed no significant cationic metal-containing species 
are formed. The negative ion spectra showed that when just tin was present, 
[SnCl3]" was the major species. For the zinc containing liquids a significant 
difference is observed between the urea and E G systems. In urea the only zinc 
containing species is ZnCl 3 " whereas in E G ZnCl 3~, Zn 2 Cl 5 " and Zn 3 Cl 7 ~ were 
detected. 

The most probable explanation for the observed differences between zinc 
chloride in these two liquids is the ligand properties of the two complexing 
agents. Urea is a stronger ligand than ethylene glycol for ZnCl 3". The absence of 
the H B D from the F A B - M S spectrum is not unexpected as it is rarely seen in 
metal complexes with this technique. No mixed metal complexes (e.g. ZnSnCl5") 
were observed in either the urea or E G liquids, which is in contrast to what was 
found in the ZnCl 2 /SnCl 2 /ChCl eutectic where it was the dominant species. [5,6] 
Eutectic mixtures between ChCl and ZnCl 2 are reported to contain ZnCl 3", 
Zn 2 Cl 5 " and Zn 3 Cl 7 ". The relative proportions of each species have been 
quantified using potentiometry. [6] It was found that Zn 2 Cl 5 " was the 
predominant species. The observation that no Zn 2 Cl 5 " was observed in the urea 
based liquid suggests that urea acts as a better complexing agent than Z n C l 2 for 
Z n C l 3 \ 

The difference in the species present must change the thermodynamics of 
metal reduction. Figure 5 shows that the mixed zinc species present in IChCl: 
2EG are easier to reduce than ZnCl 3 " in urea, which supports these ideas. Figure 
5 shows that when both metals are combined in the same solution the H B D has a 
significant effect on the voltammetry (or on the voltammetric response). In the 
ethylene glycol based ionic liquid, separate deposition and stripping signals are 
observed for tin and zinc. The zinc deposition response is not as sharp as that 
observed in Figure 5 for pure zinc, but this would be expected as the deposition 
of zinc is now occurring on a fresh tin surface rather than platinum. The two 
stripping potentials occurring on the anodic sweep occur at approximately the 
same potentials as the individual metals suggesting that this is stripping of the 
pure metals and that this is a two-phase alloy i.e. discrete zinc and tin phases. 
When the reductive limit is extended to more negative potentials a third 
stripping peak is observed at +50 mV which could be due to a third phase 
consisting of predominantly tin with some zinc. The relative areas under the 
oxidation peaks vary with the lower reduction limit. The data in Figure 5 
compares favourably to the 2 ZnCl 2 / ChCl eutectic with 3 wt % SnCl 2 described 
previously. [18] However, the difference between the reduction potentials of the 
two metals in the 2 ZnCl 2 / ChCl eutectic is only 0.341 V which is less than that 
observed in either of the two solvents seen here and less than the standard 
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aqueous reduction potentials (0.62 V) . Interestingly, this could be due to the 
presence of mixed metal complexes i.e. ZnSnCl 5" which are known to exist in 
these systems. [7] 

Using urea as a H B D , a single anodic process is observed at a voltage that is 
in between those for the zinc and tin processes. Interestingly no stripping of a tin 
rich phase is observed which probably means that the use of urea in the ionic 
liquid tends to lead to less of the separate zinc and tin phases and instead yields 
a zinc rich phase. 

Bulk deposition of zinc from both E G and urea based liquids leads to zinc 
deposits with small crystallites (ca. 5 μιη) that have negligible residual chloride 
[17] and this was relatively unaffected by the current density. We have 
previously shown that zinc can be deposited as a crack free film with high 
current efficiency from a IChCl: 2ZnCl 2 liquid. [7] These films are white in 
appearance and are made up of crystallites that are slightly larger (ca. 10-25 
μιη). [7] The morphology is also similar to that obtained from deposition from 
the 2 Z n C l 2 / ChCl eutectic with 3 wt % SnCl 2 . [18] The issue associated with the 
use of these zinc eutectics is the low conductivity (36 μ8 cm"1 at 40°C) whereas 
the two H B D eutectic mixtures used in this work have much higher 
conductivities (ChCl:2urea = 1.8 mS cm"1 and ChCl:2EG = 11 mS cm' 1 both at 
40°C). [10,12] 

The deposition of tin from the urea and E G based eutectics produced more 
dendritic clusters, which are built up of simple cubic crystals. The deposition of 
whisker-like deposits, which is common for the deposition of tin from aqueous 
solutions, was not observed in either ionic liquid when the current density 
applied was 10 mA cm"2. 

Table 1 shows the morphologies and compositions of Zn/Sn alloys 
deposited from the solutions shown in Figure 5. It can be seen that the H B D 
changes both the morphology and composition of the alloy, which we propose is 
due to the change in metal speciation occurring in the two liquids. 

Table 1. Morphologies and compositions of deposits obtained by deposition 
of the solutions shown in Figure 5.  
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Conclusions 

This work has shown that eutectic mixtures based on choline chloride and 
hydrogen bond donors can be used in metal finishing applications. The use of 
chloride based mixtures makes the liquids relatively insensitive to water content 
and hence "drop-in" replacements for aqueous solutions can be produced. For 
the electropolishing process the application of ionic liquid technology to tonne 
scale processes has been demonstrated and a recycling protocol for the liquid 
has been developed. For electrodeposition applications it can be seen that this 
type of eutectic based ionic liquid can be used to control both deposit 
morphology and composition. 
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Chapter 14 

Ionic Liquids as Vehicles for Reactions 
and Separations 
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Ionic liquids possess interesting properties as reaction and 
processing solvents, but large-scale implementation is 
hampered by potential difficulties associated with product 
recovery. We have explored several applications of ionic 
liquids with a keen focus on the separations accompanying 
organic synthesis. One exciting new possibility involves the 
reversible formation of ILs using gaseous C02. This molecular 
"switch" allows us to turn the polarity of the solvent on and 
off. We have also developed applications utilizing ILs as 
phase-transfer catalysts for multiphase organic synthesis; this 
process enables us to use the solvent as a catalyst, enhancing 
the reaction efficiency. The solvatochromic behavior of 
C02/IL systems is also reported, providing insight into the 
effect of dissolved C02 on the solvent properties, an important 
consideration for designing C02-based processes using ILs. 

198 © 2007 American Chemical Society 
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Room temperature ionic liquids are an exciting class of solvents for 
chemical processes. Recent interest in the use of these media as solvents for 
organic reactions has led to the demonstration of a wide variety of chemical 
transformations in ILs (/), while somewhat less attention has been paid to the 
efficient recovery of products from these media. The use of supercritical C 0 2 as 
an extraction solvent has been used to demonstrate the recovery of volatile 
organic compounds from ILs without detectable loss of the ionic reaction solvent 
(2). This paper highlights results pertinent to each of these issues: (1) the use of 
an ionic liquid as both solvent and catalyst for nucleophilic displacement; (2) the 
effect of pressurized carbon dioxide on the solvent properties of ionic liquids; 
and (3) the recent development of reversible ionic liquids as an exciting new 
class of solvents with built-in separation "switches." 

Experimental 

Nucleophilic Substitution Reactions 

Materials. The ionic liquid, l-n-butyl-3-methylimidazolium hexa-
fluorophosphate, was provided by S A C H E M , Inc. Of two bottles used, one 
indicated that it contained 3% water, and the other gave no information 
regarding its purity. The benzyl chloride (99%) and potassium cyanide (97%, 
A C S Reagent) were obtained from Aldrich Chemical Company. The acetonitrile 
and the benzyl cyanide (99+%) used for H P L C calibration were also from 
Aldrich. 

Apparatus and Procedure. The nucleophilic substitution reactions were 
carried out in a 25 ml volumetric flask set in a temperature-controlled jacketed 
beaker and stirred with a magnetic stir bar. The fluid in the jacketed beaker was 
ethylene glycol recirculated through a heated bath with control (in reaction flask) 
of ±0.5°C. The concentration of benzyl chloride in the ionic liquid was 1 M , and 
the amount of potassium cyanide was three times the stoichiometric amount of 
benzyl chloride. While all of the benzyl chloride was visually observed to be 
soluble, solid potassium cyanide was present in the systems at all times. Before 
introduction of benzyl chloride, the salt was stirred overnight in the ionic liquid 
so that particles of uniform size would form and the salt would reach an 
equilibrium concentration. 

Analysis. After the introduction of benzyl chloride, samples of about 0.1 
mL volume were drawn with a Pasteur pipette and dissolved in cold acetonitrile 
before being analyzed by H P L C equipped with a UV-Vis detector. The 
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wavelength monitored by the detector was 248 nm, where both the reactant and 
product absorb strongly. 

Physical Property Measurements 

Materials. The IL [bmim][PF6] was provided by S A C H E M (purity of 
97%). To eliminate possible moisture, [bmim][PF6] was held under vacuum at 
ambient temperature for approximately a week prior to use. Carbon dioxide was 
the product from Matheson (SFC grade, 99.99% purity). The solvatochromic 
indicator #,A^dimethyl-4-nitroaniline (Aldrich, 97%) and the fluorescence probe 
D C V J (Molecular Probes) were used as received. A l l organic solvents were of 
the highest purity available from Sigma-Aldrich and used without further 
purification. 

Apparatus. A stainless-steel vessel with three sapphire windows (6.4 mm-
thick) was constructed for the UV-Vis and the fluorescence spectroscopy. The 
windows were sealed with Teflon gaskets capable of withstanding pressures 
exceeding 250 bar. The path length of the cell is 2.2 cm and the internal volume 
is 9.6 cm 3 at room temperature. The temperature control unit (Omega) for the 
cell consists of heating cartridges inserted into the body, a microprocessor 
thermometer, and a temperature controller. The temperature variation was 
maintained within ±0.1 °C of the setpoint. Pressure was monitored by a pressure 
transducer and a pressure readout (Druck) with an uncertainty of 0.01% in the 
range of 0-207 bar. A Teflon-coated spin bar constantly agitated the contents in 
the cell throughout measurements to facilitate equilibrium. The solvatochromic 
measurements and spectrum processing were performed on a Hewlett-Packard 
8453 diode array UV-Vis spectrophotometer (1 nm resolution and ±0.2 nm 
wavelength accuracy). A Shimadzu RF-5301PC spectrofluorophotometer 
provided all the fluorescence spectra with ±1.5 nm wavelength accuracy. 

Procedure. The dried [bmim][PF6] solution with an indicator of an 
appropriate concentration was loaded into the high-pressure vessel and degassed 
under vacuum at a given temperature for at least 24 hours prior to measurement. 
The solution visible through the optical windows was the IL phase. Initial 
spectroscopic measurements were conducted in the absence of C 0 2 and then 
C 0 2 was pressurized into the cell with a syringe pump (ISCO). Phase 
equilibrium was ensured by observation that spectrum and pressure no longer 
changed with time (equilibration took longer to achieve at lower C 0 2 pressures). 
C 0 2 was added repeatedly until the highest pressure was reached at each 
temperature. Reproducibility was tested with continuously decreasing pressure 
for the same content by releasing C 0 2 and conducting spectral measurements 
when each equilibrium was achieved. A l l the solvatochromic spectra were 
subtracted by with the spectrum of the corresponding pure solvent. The initial 
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concentrations of N,N-dimethyl-4-nitroamline and D C V J in [bmim][PF6] without 
added C 0 2 were 2.0 χ 10'5 and 4.5 χ 10"6 mol/L, respectively. The density of 
pure C 0 2 was calculated by an equation of state (3). The viscosity and dielectric 
constant for conventional liquids were obtained from DIPPR 801 
Thermophysical Properties Database (2002 Public Release). 

Nucleophilic Substitution Reactions 

Nucleophilic displacements are often carried out using phase-transfer 
catalysis (PTC) to facilitate reaction between nonpolar organic reactants and 
polar inorganic salts(^). The phase-transfer catalyst, often a tetraalkylammonium 
salt or a crown ether, acts as a shuttle to transfer the nucleophilic anion between 
the polar (liquid or solid) salt phase and the non-polar organic phase. This 
technique not only overcomes the problem of contacting the reactants, but also 
activates the nucleophilic anion, since it is much less tightly electrostatically 
bound to a tetraalkylammonium cation than it would be to a metal cation. In 
conventional PTC typical organic media are sometimes environmentally 
undesirable solvents such as methylene chloride or o-dichlorobenzene, and 
catalyst separation and recovery are significant challenges. Because ionic liquids 
are comprised of bulky organic cations, similar to tetraalkylammonium salts, 
they seem well suited for use as both solvent and catalyst in many traditional 
PTC applications. This would combine solvent and catalyst removal into one 
step, reducing the separations costs for the process. The ionic liquid cation might 
not be as effective a catalyst as most PTCs; however, as a solvent its high 
concentration should overcome this limitation, yielding a high reaction rate. 

We demonstrated the utility of ionic liquids for PTC-type applications using 
a well-characterized (5-9) model reaction: the nucleophilic displacement of 
chloride ion by cyanide ion from benzyl chloride, shown in Figure 1 (10). The IL 
used in this application was 1 -n-butyl-3-methylimidazolium hexafluorophosphate 
(Figure 1), often called [bmim][PF6], one of the most widely used ILs. 

Figure 1. (a) The IL [bmim][PF6]; (b) cyanide displacement on benzyl chloride 

Results and Discussion 

+ KCl 
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Reactions were carried out at 40, 60, and 80°C, and conversion vs. time is 
plotted in Figure 2. Reaction rates were high, with the reaction at 80°C reaching 
complete conversion in less than half an hour. Although the reactions at 60 and 
80°C show the expected pseudo-first-order kinetic behavior (since the amount of 
cyanide available for reaction should be constant), the reaction at 40°C appears 
to be of zero order. This behavior indicates that mass transfer of CN" into the 
solvent is probably the rate-limiting step at the lower temperature. This behavior 
is likely due to slow dissolution of the salt into the IL being the rate-controlling 
step at lower temperatures, rather than simple ion exchange within the solvent. 

90 120 150 180 

Time (min) 

Figure 2. Conversion of benzyl chloride to benzyl cyanide (Φ 80°C, 
m 60°Q • 40°C) (10) 

The rate constants for each temperature are listed in Table I. Using the 
pseudo-first order rate constants obtained at 60 and 80°C, an effective activation 
energy of 19 kcal/mol is calculated. This activation energy includes several 
factors other than the temperature dependence of the intrinsic reaction rate, most 
especially the rate of solubilization of potassium cyanide in the IL. 

Table I. Rate constants for reaction of benzyl chloride with K C N (10) 

Temperature Rate Constant " Units 
40°C "(4.76 ± 0.12) χ 10*5 M o l L" 1 s'1 

60°C c ( 5 . 4 5 ± 0 . 3 8 ) x 10"4 s ' 
80°C c ( 2 . 5 4 ± 0 . 1 0 ) x l 0 ' 3 s 1 

uncertainty is represented by 95% confidence intervals 
bZero order cPseudo-first order 
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For the sake of comparison, the same reaction was run at 60°C using two 
dipolar aprotic solvents, dimethyl sulfoxide (DMSO) and propylene carbonate. 
In D M S O , the reaction was slightly faster than in the ionic liquid, with the rate at 
60°C comparable to that at 80°C in the ionic liquid. In propylene carbonate, the 
reaction was very slow, with minimal conversion achieved in 24 hours. Thus, the 
ionic liquid compared favorably with these polar, aprotic organic solvents, even 
though cyanide salt solubility is much higher in those systems. 

There are several points that are important to address. (1) The reaction in 
the ionic liquid is a heterogeneous reaction. Both the potassium cyanide reactant 
and the potassium chloride product have limited solubilities in the ionic liquid. 
In fact, most of the potassium cyanide remains as a solid phase and only a very 
small portion dissolves at the start of the reaction. As such there are at least 
three steps in the reaction process for the major portion of the reaction. The first 
step is the dissolution of the salt into the ionic liquid phase, the second step is the 
nucleophilic reaction, and the third step is the transport of the leaving group 
anion from the ionic liquid phase to the solid salt phase. The observations of 
pseudo-zero order kinetics at the lower temperature clearly indicates that the 
dissolution process must be rate controlling. The switch to pseudo-first order 
kinetics at higher temperatures suggests that now the rate controlling step must 
be the nucleophilic substitution process and that the rate of dissolution is fast 
compared to the rate of reaction. (2) Phase transfer catalysis requires at least 
three conditions. First, the quaternary cation must ion pair with the nucleophilic 
anion to transport it from one phase to another. In our case, the anion is being 
transported from the solid salt phase to the ionic liquid phase. Second, the 
nucleophilic anion in the ionic liquid phase must be ion paired with the 
quaternary cation in such a way that it is reactive toward the benzyl chloride. In 
general, bulky quaternary cations are quite good in separating the centers of 
positive and negative charges in order to activate the nucleophilic characteristics 
of the anion. Third, the chloride ion leaving group, derived from the benzyl 
chloride, should be transported from the ionic liquid phase into the solid salt 
phase in order to complete the phase transfer catalytic cycle. (See a detailed 
discussion of the entire process in reference 4.) (3) Finally, the rate of reaction 
in the ionic liquid compared with other solvent systems (Dimethyl carbonate, 
D M S O , etc.) is not an indication of PTC. PTC exists i f the three steps discussed 
above are mechanistically operating. The observed kinetics indicates that this is 
the case. A l l this being said, what we have shown is a "PTC-type process"- a 
process somewhat different from the classical PTC processes described in the 
literature. Here the catalyst and the reaction phase are one and the same. 

Physical Property Measurements 

Mass transfer limitations, such as those exhibited by the nucleophilic 
displacement reaction, could potentially be overcome by reducing the viscosity 
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of ILs. Since C 0 2 can be used to extract products out of the IL solution, the 
presence of C 0 2 in the system to reduce viscosity would add a processing benefit 
at low cost. C 0 2 dissolution in organics can often lead to antisolvent 
precipitations as high concentrations of C 0 2 vastly lowers the polarity of organic 
solvents. In order to study these two effects in ILs we examined the Kamlet-Taft 
dipolarity/polarizability (π*) and microviscosity of C02-expanded ionic liquids. 

The Kamlet-Taft π* parameter provides a comprehensive measure of the 
ability of a solvent to stabilize a solute molecule based on the dielectric effects 
(//) . It is a quantitative index of solvent dipolarity/polarizability that also 
provides insight into the local solvent environment surrounding an indicator 
molecule. Figure 3 displays π* parameters for [bmim][PF 6]/C0 2 mixtures as a 
function of C 0 2 pressure at 35 °C and 50 °C (12). Similar measurements for 
other ILs were recently made by A k i et al. (13) The π* of pure [bmim][PF6] at 
35 °C is higher relative to that at 50 °C, and agrees with the previously published 
temperature-dependence (14). With the isothermal addition of C 0 2 to 
[bmim][PF6], the π* parameter undergoes minimal decrease at up to 200 bar at 
35 °C (0.95 to 0.94) or 230 bar at 50 °C (0.92 to 0.90). This stands in stark 
contrast to the results of Wyatt et al. (15) for the π* values of C02-expanded 
methanol and acetone. These solvents experienced an approximately 80% 
decrease in π* at pressure around 80 bar. The results for C02-expanded ionic 
liquids would seem to indicate that local polarity in these systems in unaffected 
by the presence of C 0 2 . It is important to note in interpreting these results that 
preferential solvation of the IL around the indicator may be responsible for the 
insignificant effect of substantial amounts of C 0 2 on the apparent polarity of 
[bmim][PF6]. Baker and coworkers reported a decline in the value of the Py 
scale for fluorescent pyrene (nonpolar) in [bmim][PF 6]/C0 2 as the pressure of 
C 0 2 increases (16). The Py scale measures the ratio of the first and third 
fluorescence bands (I1/I3) of pyrene and relates this quantity to local polarity. 
The existence of solute-specific solvent effect in I L / C 0 2 could account for the 
discrepancy between these two studies. 

Microviscosity using a fluorescent molecular rotor 

The high viscosity of [bmim]fPF6] and many other ILs could be a limitation 
for practical application because multiphasic reaction processes (such as PTC-
type reactions) may move into the transport-limited regime. C 0 2 can act as an 
effective diluent to reduce the viscosity, thereby promoting mass transfer into the 
viscous ILs. We investigated the influence of C 0 2 on the local viscosity of 
[bmim][PF6] using the fluorescence probe D C V J (Figure 4) (12). D C V J is a 
well-described solvent-dependent molecular rotor characterized by two 
photophysical phenomena: a microviscosity-dependent fluorescence intensity 
and a polarity-dependent emission maximum (17-20). 
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Figure 3. Kamlet-Taft π* parameter (dipolarity/polarizability) for conventional 
organic solvents andfor [bmim] [PF6]/ C02 as a function of C02 pressure 

(Reproduced from reference 12. Copyright 2003.) 

Figure 4. Chemical structure of DCVJ 

The fluorescence quantum yield (${) for D C V J emission is expressed as 

φ Γ = Μ ( Μ ω (1) 

where k r and are the radiative rate and the nonradiative deactivation rate, 
respectively. The nonradiative deactivation of the singlet-excited-state can occur 
rapidly through intramolecular torsional relaxation about the donor-acceptor 
bond. A n increase in rigidity and viscosity of surrounding medium tends to 
inhibit the internal molecular rotation and, as a consequence, the radiative decay 
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rate (k r) increases. The resultant fluorescence quantum yield is enhanced in such 
a highly constrained microenvironment (i.e., high microviscosity). 

The microviscosities were correlated to fluorescence intensity of D C V J 
using a series of conventional liquids spanning a broad range of viscosity at 
25 °C (Figure 5). We assume that negligible heterogeneity on a molecular scale 
exists in these incompressible liquids, thus microviscosity is assumed to be 
equivalent to the bulk viscosity. Figure 5 also shows an excellent correlation 
between relative fluorescence intensity (FI) of D C V J and viscosity of these 
solvents (η). The same fluorescence spectral measurements were conducted for 
[bmim][PF 6]/C0 2 in the pressure range of 0-205 bar and at 35 °C. The 
fluorescence spectra were corrected by multiplying the expansion factor under 
corresponding conditions (obtained from the intensity reduction of the π* probe) 
to ensure that all the intensities are evaluated for the same concentration of the 
probe. 

Figure 6 shows several representative spectra for [bmim][PF 6]/C0 2 at 
several pressures, which reveal that the fluorescence intensity decreases 
remarkably with increasing C 0 2 pressure. The pressure dependence is also 
depicted in Figure 6 and reveals that the microviscosity of [bmim][PF6] is 
reduced significantly in the presence of C 0 2 . The local viscosity decreases from 
425 cP to 65 cP as the pressure increases from 0 to 68 bar at 35 °C, and then 
flattens out as the pressure further increases. This result is in agreement with the 
work of Baker et al. who reported about 5-fold reduction in viscosity (16), 
although their estimated viscosity for neat [bmim][PF6] is lower than our results 
and other published data (21). The added C 0 2 appears to have the capability of 
"lubricating" the viscous IL even at moderate pressures, which could 
dramatically minimize transport resistance and facilitate separation in I L / C 0 2 

mixtures. For example, reductions in viscosity of ILs could reduce the time 
required for substrate dissolution, gas solubilization or product crystallization, as 
the time required to reach equilibrium in these types of processes is a function of 
viscosity. As a result, the reaction or crystallization kinetics of these processes 
would be markedly enhanced. 

Local dielectric using a fluorescent molecular rotor 

Because the π* excited-state for D C V J contains a considerable amount of 
charge transfer character, the excited-state and the ground-state have 
substantially different dipole moments (μ* « 24 Debyes, μ β « 9 Debyes) (20). As 
a result, the fluorescence emission maximum is strongly dependent on the 
polarity of the solvent, which allows for probing the "microscopic dielectric 
property" in the vicinity of the fluorophore. It is evident from Figure 5 that the 
emission maximum (Xem) shifts to a longer wavelength with an increase in 
solvent polarity. The correlation of X e m and the dielectric constant (ε) of the 
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Figure 5. Left: Fluorescence emission spectra of DCVJ in several organic 
alcohols at 25 °C (CDCVJ = 4.5 χ 10"6 mol/L); Right: Viscosity-dependence of 

fluorescence intensity (FI) of DCVJ for the alcohols listed on the left 
(Reproduced from reference 12. Copyright 2003.) 

500 

λ (nm) Pco2 (bar) 

Figure 6. Left: Fluorescence spectra of DCVJ (correctedfor volume expansion) 
in [bmim][PF6]/CO2 at different pressures and 35 °C (CDCVJ = 4.5 xlO'6 mol/L); 
Right: Microviscosity for [bmim][PF6]/C02 calculatedfrom the peak maxima 

on the left. The arrow indicates the critical pressure of pure C02 (73.8 bar) 
(Reproduced from reference 12. Copyright 2003.) 
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corresponding solvent (Figure 7) shows a satisfactory linear relationship, from 
which the dielectric constant of [bmim][PF 6]/C0 2 at different pressures at 35 °C 
was calculated. The results shown in Figure 7 demonstrate that the local 
dielectric constant in the immediate surroundings of the probe is independent of 
the C 0 2 solubility, with values from 41-44. The general shape of the local 
dielectric constant for [bmim][PF 6]/C0 2 is consistent with that of the Kamlet-
Taft π* parameters. Both methods show that the polarity of [bmim][PF 6]/C0 2 is 
slightly weaker than water and DMSO, but stronger than acetone and methanol, 
and nearly independent of C 0 2 concentration. 

Figure 7. Left: Correlation offluorescence emission maximum of DCVJ 
with dielectric constant for the same alcohols as in Figure 6 at 25 °C; 

Right: Estimated dielectric constants for [bmim] [PF6]/C02 as a function of 
pressure of C02 at 35 °C (Reproducedfrom reference 12. Copyright 2003.) 

Reversible ionic liquids 

Chemical production processes often involve multiple reaction and 
separation steps, and the type of solvent that is optimum for one step may not be 
viable for the next. This often necessitates removal of the solvent between each 
step in a multistep synthesis, greatly increasing the cost and the waste generated. 
This could be avoided i f the properties of a solvent could be adjusted between 
reaction steps by a simple trigger, enabling use of the "same" solvent -with 
different properties- for several consecutive reaction or separation steps. 
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Moderate changes in temperature or pressure are incapable of triggering 
significant changes in the properties of conventional solvents, and the tunability 
of supercritical fluids (22) and C0 2/organic solvent mixtures (25) is only 
sufficient at substantial pressures. 

As an alternative, we have developed a simple switch between nonionic 
organic solvents and a polar ionic liquid under very mild conditions. Exposure of 
a 1:1 mixture of the two non-ionic liquids D B U (l,8-diazabicyclo-[5.4.0]-undec-
7-ene) and 1-hexanol to gaseous C 0 2 at one atmosphere and room temperature 
causes conversion of the organic liquid mixture to an ionic liquid (Figure 8) (24). 
The resulting IL is readily converted back into a nonionic liquid by bubbling an 
inert gas, such as N 2 or argon, through the liquid. These changes were confirmed 
by chemical shifts in key protons, as revealed by 1H-NMR spectroscopy, and by 
a large solvatochromic shift characterized by the dye Nile Red. This dye 
suggests a switch in polarity from something similar to chloroform (before C 0 2 ) 
to properties approximating dimethylformamide in the IL form. The reaction is 
exothermic and causes a marked increase in the viscosity of the liquid. The 
choice of alcohol is critical; for example the 1-hexylcarbonate salt is a viscous 
liquid at room temperature, whereas the bicarbonate and methylcarbonate salts 
are solids. The polarity changes in this switchable solvent system is exemplified 
by the dramatic reversal in solubility of nonpolar species such as decane, which 
is miscible with the liquid under N 2 but immiscible under C 0 2 . C 0 2 is a useful 
"switching" agent because it is nonreactive, benign and easily removed. The use 
of "switchable" solvents could open up a wide range of new opportunities for 
simplified chemical processing. 

Figure 8. Reversible IL (right) formedfrom DBU, an alcohol and C02 at 1 atm 
and25°C(24) 

Chemical processing with ionic liquids represents an important step along 
the road to a more environmentally benign chemical industry. We report here 
several examples highlighting the important intersection of chemical reactions, 
physicochemical properties and separations in the development of processes 

H 

Conclusions 
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using these new solvents. We have shown a nucleophilic displacement reaction 
using an ionic liquid as both solvent and catalyst. The success of this reaction is 
somewhat hampered by mass transfer limitations at low temperatures. The 
transport and solvent properties of an ionic liquid were measured using 
solvatochromic techniques in order to better understand these limitations. We 
found that the viscosity of [bmim][PF6] could be dramatically lowered using 
dissolved C 0 2 without compromising the solvent strength. We also reported on 
the development of "reversible" ionic liquids that could be formed by bubbling 
C 0 2 through a mixture of nonpolar organic liquids. This represents a potential 
"switch" for easy separation of ionic liquid solvents; making processes utilizing 
these solvents more facile. 
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Chapter 15 

Mesoscopic Dye Sensitized Solar Cells Using 
Hydrophobic Ionic Liquid Electrolyte 
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A new binary ionic liquid electrolyte for dye sensitized solar 
cell was prepared by mixing 1-propyl-3-methylimidazolium 
iodide (PMII) with a low viscosity hydrophobic ionic liquid, 
1-ethyl-3-methylimidazolium bis(trifluoromethyl sulfonyl) 
imide (EMITFSI). Using this new binary ionic liquid 
electrolyte in combination with amphiphilic sensitizer Z907Na 
we obtained 6.6 % photovoltaic energy conversion efficiency 
at full sunlight. These devices showed excellent stability after 
long-term acceleration test under visible light soaking at 60 
°C. Electrochemical impedance spectroscopy was performed 
to analyze the photovoltaic parameters variations during 
visible light soaking. 
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Introduction 

In recent years mesoscopic dye sensitized solar cell (DSC) has been paid 
intensive attentions as an alternative to silicon technology and progresses have 
been made in the development of efficient dyes, electrolytes and T i 0 2 films to 
enhance the device performance.1"5 Encapsulation and leakage of high vapor 
pressure organic solvents based electrolytes is a major challenge for the 
commercialization of DSC. A number of efforts have been paid to replace the 
volatile organic solvent of the electrolyte with hole conducting materials and 
solid electroyltes.6,7 Photovoltaic performance of solid-state devices are not high 
enough to compete with the organic solvent-based electrolytes. 

Room temperature ionic liquids (ILs) are attractive alternative to replace the 
volatile organic solvents due to their negligible vapor pressure and high ionic 
conductivity.8'9 Imidazolium iodide ILs are very viscous and the high 
concentration of iodide ions in these electrolytes creates a loss channel through 
reductive quenching of the excited sensitizer and hampering device 
performance. 1 0 Use of binary ionic liquid electrolytes for DSC reduces the 
viscosity of the electrolyte and the reductive quenching effect. Various binary 
ionic liquid electrolytes have recently been applied to DSC reaching over 7.0 % 
photovoltaic conversion efficiency with a good stability under accelerated light 
soaking tests at 60 ° C . 5 ' 1 0 , 1 1 In this study, we applied a low viscous hydrophobic 
ionic liquid electrolyte for DSC and monitored the long-term stability of devices 
under light soaking at 60 °C. 

Experimental 

The amphiphilic sensitizer Z907Na was synthesized as reported earlier 1 0 

and the molecular structure is shown in Figure lb. Ionic liquids including 1-
propyl-3-methylimidazolium iodide (PMII), l-ethyl-3-methylimidazolium bis-
(trifluoromethylsulfonyl) imide (EMITFSI) were prepared according to 
literature methods and their purity confirmed by 1 H N M R spectra. 1 2 The co-
adsorbents 3-phenylpropionic acid (PPA) and guanidinium thiocyanate 
(GuNCS) were purchased from Aldrich and Fluka, respectively were used as 
received. N-methylbenzimidazole (NMBI, from Aldrich) was recrystallized 
from diethyl ether before use. 

The double layer structured mesoporous T i 0 2 films and the DSC devices 
were fabricated as reported earlier.5 Film thickness was also optimized in the 
ionic liquid electrolyte system.5 Here, the photoanode consisting of a double 
layer structure, with a transparent layer (20 nm particle) of 6.8 μιη and scattering 
layer (400 nm particle) of 4 μπι thickness, respectively, was dipped into 300 μπι 
Z-907Na dye solution or a mixture of 300 μπι Z-907Na and 300 μιη 3-
phenylpropionicacid in a mixture of acetonitrile and terf-butyl alcohol (volume 
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Scheme L The structure of DSCs. 

ration: 1:1) at room temperature for 14 h. Dye coated double layer films were 
assembled and sealed with counter electrode (Pt on FTO glass). The DSC 
investigated below employed a binary ionic liquid composed of 0.2 M I 2 , 0.5 M 
N-methylbenzimidazole and 0.1 M guanidinium thiocyanate in a mixture of 
PMII and EMITFSI (volume ratio: 13:7), in combination with the amphiphilic 
sensitizer (Z-907Na). The typical structure of DSCs is shown in scheme 1. 

Impedance spectra of DSCs were measured in the dark at -0.70 V applied 
forward bias using a computer controlled potentiostat ( E G & Q M273) equipped 
with a frequency response analyzer ( E G & Q M1025). The spectra were scanned 
in a frequency range of 0.005 Hz -100 K H z at room temperature with 
alternating voltage amplitude set at 10 mV. 

The measurement of current-voltage curves of the cells were obtained by 
using a Keithley model 2400 digital source meter (Keithley, USA) under an 
applied external potential bias as reported.5 Hermetically sealed cells were used 
to check the long-term stability under thermal stress (60 °C) and visible light 
soaking. The cells were covered with a polymer film of 50 μιη thickness 
(Preservation Equipment Ltd, U K ) , which acts as a U V cutoff filter and were 
illuminated at open circuit under a Suntest CPS lamp (ATLAS GmbH, 100 
mW/cm 2, 60 °C). The cells were taken out at regular intervals to record the 
photocurrent-voltage curve measured over a period of 1000 h. 

Results and Discussion 

The molecular structure of l-ethyl-3-methylimidazolium bis(trifluoro-
methylsulfonyl)imide, (EMITFSI) is shown in Figure la . EMITFSI is a 
hydrophobic ionic liquid having a viscosity of 35 cP at 20 °C, which is much 
lower than that of PMII viscosity. The low viscosity of EMITFSI is due to the 
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Figure 1. The molecular structures of (a) EMITFSI and (b) Z907Na. 

extensive derealization of negative charge on the TFSI anion, which is 
responsible in reducing the ion pair effect. 

In a binary ionic liquid electrolyte by increasing the concentration of PMII 
in the electrolyte the dye regeneration increases and the photovoltaic efficiency 
increases. After increasing the concentration of PMII more than 65% by volume 
the efficiency goes down due to the reductive quenching of excited state of 
sensitizer, creating another loss channel of deactivation. 1 0 Hence we prepared 
the new binary ionic liquid electrolyte with 65% of PMII and 35% of EMITFSI. 

The short-circuit photocurrent density (Jsc), open-circuit photovoltage 
(V o c ) , and fill factor (FF) of the device A with Z907Na alone are 12.1 mA cm"2, 
726 mV, and 0.725, respectively, obtaining a photovoltaic conversion efficiency 
of 6.3 %. In presence of 3-phenylpropionicacid (PPA) as co-adsorbent (device 
B), the corresponding photovoltaic parameters (J s c , V o c , FF, η) are 12.5 mA cm" 
2 , 743 mV, 0.712 and 6.6, respectively. The photocurrent density-voltage curves 
of device Β under different light intensities are shown in Figure 2. At the lower 
light irradiance of 52 and 30 mW cm"2, the efficiencies are 7.2 % and 7.5 %, 
respectively. The detailed photovoltaic parameters of the device A and Β under 
various light intensities are shown in Table 1. 

Devices employing Z907Na in conjunction with present binary ionic liquid 
electrolyte showed excellent long-term stability, when subjected to accelerated 
light soaking test at 60 °C. Figure 3 presents the stability data of the device 
containing Z907Na dye and PPA co-adsorbent which kept 91 % of the initial 
performance after the 1000 h light soaking test at 60 °C. During this aging, the 
V o c decreased by 60 mV but this was compensated by a gain in fill factor 
without much change in the short circuit current density. 
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Figure 2. Photocurrent density-voltage curves of EMITFSI binary ionic liquid 
electrolyte at different light intensities with Ζ 907Na dye and PPA co-adsorbent. 

Table. 1 Photovoltaic parameters of DSC based on Z907Na with or without 
PPA co-adsorption under A M 1.5 simulated full sunlight (100 mW cm 2) 

illuminations.0 

Sensitizer Light intensity JJmA cm2 VJmV FF η/% 

1.0 sun 12.1 726 0.725 6.3 

Z907Na 0.52 sun 6.74 710 0.765 6.9 

0.3 sun 3.96 694 0.783 7.1 

1.0 sun 12.5 743 0.712 6.6 

Z907Na/PPA 0.52 sun 7.0 724 0.755 7.2 

0.3 sun 4.16 708 0.771 7.5 

8 The spectral distribution of the xenon lamp simulates air mass 1.5 solar light. 1.0 sun 
corresponds to 100 mWcm"2. 
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Recent studies have revealed electrochemical impedance spectroscopy 
(EIS) is a powerful technique for characterization of the electrochemical 
interface variation in DSC during the aging process. 1 1 , 1 3 1 4 EIS investigation was 
performed on the fresh and aged cells after 1000 h acceleration test at 60 °C with 
1 sun irradiance. A typical EIS spectrum exhibits three semicircles in the 
Nyquist plots or three characteristic frequency peaks in a Bode phase angle 
presentation as indicated in Figure 4a and Figure 4b. In the order of increasing 
frequency the features are attributed to the Nernst diffusion in electrolyte, 
electron transfer at the Ti02/electrolyte interface and charge transfer at the 
counter electrode, respectively. Figure 4a and 4b shows the Nyquist plots and 
Bode phase diagrams of the DSC device measured in dark at -0.70 V bias 
before and after the aging at 60 °C with 1 sun irradiance for 1000 h. Upon aging, 
the middle-frequency peak position slightly shifts to higher frequency (Figure. 
4b) revealing a decrease in the electron recombination time (τ) from 37.4 ms to 
16.9 ms. The decrease of electron lifetime explains the drop of V o c observed 
upon aging the cells. The position of high frequency peak corresponding to the 
charge transfer reaction at counter electrode (I3" + 2e=3F) also shift to a little 
higher frequency for aged cell, indicating a faster charge transfer at the counter 
electrode. Hence, there was an increase in the fill factor of devices during the 
aging process. 
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• · ·• φ * · 
20Ô 400 600 800 1000 
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Figure 3. Evolution ofphotovoltaic parameter of device during continued 
aging under visible light at 60 °C 
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Figure. 4 Impedance spectra of the fresh cell (black) and aging cell (red) 
under light soaking at 60 °C for 1000 h, measured at -0.7 V bias in dark, 

(a) Nyquist plots; (b) Bode phase plots. 

Conclusions 

In conclusion, we have obtained 6.6% energy conversion efficiency at full 
sunlight by employing a novel ionic liquid electrolyte composed of PMII and 
EMITFSI. These devices show excellent stability when subjected to visible light 
soaking at 60°C for 1000 h. EIS measurements of devices show that the decrease 
in the electron recombination time is responsible for the drop in the V o c of 
device during lOOOh light soaking test. The stable device performance of IL 
based DSC at accelerated light soaking test will stimulate the practical 
applications of DSC, particularly flexible devices. 
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Chapter 16 

The Application of Trialkyl-Imidazolium 
Ionic Liquids and Salts for the Preparation 

of Polymer-Clay Nanocomposites 
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Increasing the thermal stability of organically modified layered 
silicates (clays) is essential for the application of polymer-clay 
nanocomposites on the industrial scale. Trialkyl-imidazolium 
ionic liquids and salts were investigated as more thermally 
stable alternatives to the current alkyl ammonium clay 
treatments. Imidazolium treated montmorillonite clays were 
prepared by ion exchange and their thermal stabilities and 
structural properties evaluated. Tri-imidazolium treated clays 
were also melt blended with polystyrene (PS) and 
poly(ethylene terephthalate) (PET) to form nanocomposites. 
Results showed that the imidazolium treated clays have 
significantly higher thermal stabilities than current clay 
treatments, and they exhibit excellent compatibility with PS 
and PET. 

220 © 2007 American Chemical Society 
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Introduction 

The significant flammability of many organic polymers has lead to 
extensive work dedicated towards improving their fire retardant capabilities. 
For commodity polymers, cost considerations limit fire retardant solutions 
primarily to additive type approaches. These additives or fillers must be low 
cost, easily processed with the polymer to form a composite, not significantly 
degrade polymer performance properties in the resulting composite, and not 
create environmental problems at the time of final disposal or recycling. 
Unfortunately, current conventional additives often require loadings of 20 to 30 
wt. % f to achieve significantly reduced polymer flammability, and at these 
loadings the reduced flammability is often at the expense of other polymer 
properties. 

Recent nano-scale approaches to polymer composites, employing layered-
silicate (clay) additives, have shown significant promise towards improving 
polymer properties at very low filler levels.1'2 These polymer layered-silicate 
nanocomposites exhibit the unusual combination of greatly enhanced flame-
retardant properties3 , 4 , 5 in combination with considerable improvements in 
mechanical,6 thermal,7 and barrier8 properties. Furthermore, only 2 to 5 wt. % 
of organically modified clay is necessary to observe these property 
enhancements. 

Figure 1. A molecular representation of sodium montmorillonite showing two 
aluminosilicate layers with Na+ cations in the interlayer gallery5 

Montmorillonite (MMT) is the most commonly used layered silicate in 
polymer-clay nanocomposites (Figure I). 9 M M T consists of clay layers stacked 

+ Wt. % is used here in this paper and is equivalent to mass fraction % 

 
  

In Ionic Liquids IV; Brennecke, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



222 

upon each other with a "deck of cards" like registry. Each layer is a sandwich 
of silica tetrahedra on the outside with aluminum oxide octahedra in the center. 
The gap between the clay layers is referred to as the gallery spacing and is 
dependent on the size of the species intercalated in the clay gallery. Isomorphic 
substitution within the clay layers (i.e. Fe 2 + or M g 2 + replacing A l 3 + ) results in a 
net negative charge that is compensated by N a + or K + ions residing in the gallery 
space. 

Figure 2. Schematic representation of the preparation of a polymer-layered 
silicate nanocomposite via melt blending. 

A wide variety of methods have been employed by researchers to prepare 
polymer-clay nanocomposites. However, melt blending is the preferred method 
for large scale preparation of nanocomposites from thermoplastics (Figure 2). 9 

Melt blending involves the high-shear mixing of the neat polymer and clay at 
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temperatures above the polymer melt. The optimal properties of polymer-clay 
nanocomposites are generally obtained when the clay is fully dispersed into the 
polymer matrix. Two terms are often used to describe the relative dispersion of 
the clay in the polymer matrix, exfoliation and intercalation. Exfoliated clays 
are fully dispersed in the polymer matrix such that the clay particles have 
separated into single clay layers randomly oriented with respect to each other. 
Intercalated clays are less dispersed and exist as well ordered multi-layered 
structures where the extended polymer chains are inserted into the gallery 
spacing between the individual silicate layers. 

Figure 3. Schematic representation of the preparation of treated MMT clay via 
ion exchange with an organic modifier (quaternary ammonium bromide). 

In its natural state, M M T clay does not exfoliate or intercalate in most 
polymers. Therefore, the clay must be treated with an "organic modifier" 
(commonly a quaternary alkylammonium salt) before it can be melt blended with 
a polymer to form a nanocomposite. Treatment most often consists of ion 
exchanging the natural cations in the M M T clay galleries with the organic cations 
(Figure 3) of the organic modifier. This gives rise to an increase in the gallery 
spacing (1.7 nm to 3.0 nm) of the treated clay due to the larger steric size of the 
organic cation. Furthermore, the organic cation improves the polymer and 
inorganic clay sheet interaction by acting, in essence, as a "surfactant" for the 
clay thus improving its compatibility with the polymer (Figure 4). Consequently, 
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the choice of organic modifier strongly impacts the degree of organoclay 
dispersion during melt blending, and, therefore, it strongly impacts the degree of 
property enhancement observed in the resulting polymer-clay nanocomposites. 

Figure 4. Diagram of the structure of a fully exfoliated polymer-clay 
nanocomposite 

A significant limitation of the current quaternary alkylammonium 
treatments for M M T is their relatively low thermal stability. Most commercial 
alkylammonium treatments have an onset of thermal decomposition at or below 
200 °C. 1 0 The melt processing temperatures for many important engineering 
polymers such as polyamide-6 (PA-6), poly(ethylene terephthalate) (PET), and 
polycarbonate (PC) are significantly above this temperature. For example, PA-6 
is generally processed in the lab (injection molded, extrusion, etc.) near 250 °C. 
However, industrially PA-6 is processed near 300 °C in order to increase 
product output. Current quaternary ammonium clay treatments are not stable at 
these elevated temperatures, and their decomposition appears to have a 
significant negative impact on the properties of the resulting 
nanocomposite. 1 0 1 1 1 2 Consequently, there is a significant need for new organic 
cation treatments that wil l be stable at the elevated temperatures used for 
processing many engineering polymers. 
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Recent studies have shown that many imidazolium based ionic liquids and 
salts possess high thermal stabilities, often in excess of 300 ° C . 1 3 ' 1 4 ' 1 5 ' 1 6 ' 1 7 ' 1 8 ' 1 9 ' 2 0 

In the present work we evaluate several tri-alkylimidazolium salts as thermally 
stable alternatives to the current alkylammonium salts used for treating layered 
silicates. In this paper we will discuss the thermal stability of various tri-
alkylimidazolium treated M M T clays, and we will present examples of the 
preparation and characterization of polymer/clay nanocomposites synthesized 
via melt blending from tri-alkylimidazolium treated M M T clays. 

Experimental* 

Materials 

The tri-alkylimidazolium ionic liquids and salts were prepared as previously 
described. 2 1 , 2 2 ' 2 3 , 2 4 ' 2 5 A total of five 1,2-dimethyl-3-R-imidazolium (R = alkyl 
groups from C3 to CI8) treated montmorillonite organoclays were synthesized 
via a standard ion exchange procedure.26 Either the BF 4 ~ or PF 6~ salt of the 
imidazolium cation were used for the ion exchange process. The nomenclature 
used for the alkylimidazolium cations in this study is given in Table I. The 
imidazolium-MMT clays were analyzed and then used to prepare polymer-clay 
nanocomposites. For comparison purposes, we also treated M M T with one of 
the most thermally stable organic modifiers, JV,iV-dimethyl-iV,iV-dioctadecyl-
ammonium bromide (DMDOdABr) . 2 1 In addition, because of the known 
negative effect of the Br" ion on thermal stability we rigorously washed the 
D M D O d A / M M T to remove residual NaBr. 1 2 The l,2-dimethyl~3-R-
imidazolium-MMT clays were melt blended with polystyrene (PS) and 
poly(ethylene terephthalate) (PET) as previously described using a mini twin-
screw extruder.21'27 

Instrumentation 

Thermal gravimetric analysis (TGA) data were collected from 30 °C to 800 
°C at 10 °C/min under N 2 and air atmosphere using a T A Instruments SDT 2960. 
Each sample was run in triplicate and the mean value was taken. The results are 
reported in terms of the onset decomposition temperature (5% mass fraction 
loss) and the peak decomposition temperature; both of them have an uncertainty 

* The identification of any commercial product or trade name does not imply endorsement or 
recommendation by the National Institute of Standards and Technology or the Air Force Office of 
Scientific Research. 
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of 1.2 °C (2 sigma). X-ray diffraction data (XRD) were collected on a Philips 
diffractometer using Cu Κα radiation, (λ = 0.150 594 5 nm). The standard 
uncertainty in the d spacing was ± 0.03 nm (2σ). Transmission electron 
microscopy (TEM) was performed on a Philips 400T electron microscope, using 
Kodak SO-161 film. T E M samples were ultra-microtomed at either room-
temperature (PS) or -110 °C (PET) to cut 70-nm-thick sections. The sections 
were transferred onto carbon-coated Cu grids of200 mesh. 

Table 1: Nomenclature used in this study 

Abbreviation Definition 

DMDOdA iV^-dimethyl-A^^V-dioctadecylammonium 

DMPI 1,2-dimethyl-3-propylimidazolium 

D M B I 1 -butyl-2,3-dimethylimidazolium 

DMDI 1 -decyl-2,3-dimethylimidazolium 

D M H d l l-hexadecyl-2,3-dimethylimidazolium 

D M E i l l,2-dimethyl-3-eicosylimidazolium 

Results and Discussion 

Imidazolium treated layered silicates. 

The l,2-dimethyl-3-R-imidazolium treated M M T (IM-MMT) clays were 
analyzed by X R D to evaluate changes in interlayer spacing (d spacing) and these 
data are given in Table 2. In addition, Figure 5 shows X R D data from several 
representative I M - M M T clays. In all cases the d spacing for the I M - M M T clays 
is greater than that for the untreated sodium-MMT (1.12 nm, 7.8° 2-theta). 
Furthermore, the I M - M M T d spacing increases as the length of the imidazolium 
R group increases (C3 to CI8). The lone exception to this trend is seen for the 
butyl and propyl derivatives of I M - M M T clays where approximately the same d 
spacing is found for both derivatives. 

The results of T G A analysis of I M - M M T clays under N 2 and air atmosphere 
are given in Table 2. These data clearly show significant enhancement in the 
thermal stability of the I M - M M T clays over the D M D O d M / M M T . For example, 
the T G A peak decomposition temperature of all the I M - M M T clays shows an 
improvement of almost 100 °C over that of the D M D O d M / M M T . 
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Na MMT(d=l. 12 nm, 7.8° 2-theta) 
2- T H E T A (degrees) 

Figure 5. X-ray diffraction data showing the effect of imidazolium alkyl chain 
length on d spacing between layers for several treated MMT clays. 

Table 2: XRD and TGA Data for l,2-DimethyI-3-R-ImidazoIium and 
Quaternary Ammonium Treated Montmorillonite Clays. 

Sample 
TGA, "C 

(under N2) 
TGA, "C 

(under air) 
Organic 
content i/-spacing 

Tonset Tpeak Tonset Tpeak Theor. Air N 2 

DMDOdA/MMT 280 308 226 299 34.11 34.43 31.15 2.61 
DMPI/MMT 340 445 305 422 11.57 10.30 8.77 1.32 
DMBI/MMT 340 448 303 381 12.59 11.60 9.17 1.28 
DMDI/MMT 320 432 234 312 18.26 17.14 13.63 1.61 

DMHdI/MMT 343 406 250 298 23.21 23.50 20.53 1.84 
DMEil/MMT 308 409 250 317 26.20 27.10 26.09 2.06 

Standard uncertainty ± 1.2 °C (2 σ) 
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Table 2 shows the influence of oxygen on the thermal decomposition of the 
I M - M M T clays. The oxygen atmosphere significantly diminishes the thermal 
stability of the I M - M M T clays as evidenced by the decrease in both the onset 
decomposition temperature and the peak decomposition temperature. However, 
the thermal stabilities of the I M - M M T clays are still higher than that of 
quaternary ammonium treated montmorillonite under the same conditions. Table 
2 also shows the theoretical and experimental organic fractions. The total 
organic content was lost in the temperature range 200-500 °C and was 
determined by accounting for the mass loss corresponding to the 
dehydroxylation process of montmorillonite. Good agreement was observed 
between the calculated values and those determined by oxidative decomposition. 
Nonetheless, the results also indicated that tri-alkylimidazolium and quaternary 
ammonium cations may be taken up in amounts exceeding cation exchange 
capacity. This is evident from the higher values for montmorillonite clay treated 
with DMDOdA, D M H d l , and D M E i l cations. A possible explanation is that for 
the polar cations (small R group), the excess salt accumulated in interlayer space 
may be easily extracted by washing with water or alcohol-water mixtures, but for 
less polar cations (long chain R group) the excess resists extraction. 2 8 , 2 9 

Polymer Layered Silicate Nanocomposites 

To investigate the ability of the new imidazolium treated clays to form 
nanocomposites, we synthesized several IM-MMT/polymer nanocomposites via 
melt blending. The polymers used for this, study were polystyrene (PS) and 
polyethylene terephthalate) (PET). The PS and PET were melt blended with the 
I M - M M T in a twin-screw mini-extruder at 225 °C and 285 °C, respectively. 
Figure 6 shows the X R D data for D M B I - M M T and DMHdI -MMT clays before 
and after melt blending with PET. The X R D data for the D M B I - M M T shows no 
significant change upon melt blending with PET other than a decrease in x-ray 
intensity due to dilution by the polymer. This result is consistent with poor 
dispersion of the D M B I - M M T clay in the PET. In contrast, the X R D data for 
the D M H d I - M M T shows a complete loss of the peak for the treated clay upon 
melt blending. This result indicates good dispersion of the clay sheets in the 
nanocomposite. Overall observations from X R D analysis of melt blended I M -
MMT/polymer indicated that the quality of clay dispersion improved as the 
length of the imidazolium R-group increased. Essentially no clay dispersion was 
observed for either PS or PET with R < 10, and the best clay dispersion was 
observed for R > 16. 

The T E M image (Figure 7) of the DMHdI-MMT/PS nanocomposite shows 
that the l,2-dimethyl-3-hexadecyI-imidazolium-MMT successfully dispersed and 
exfoliated in the PS matrix. Similar quality nanocomposites were synthesized 
under the same conditions using the quaternary ammonium-MMT, indicating 
that the D M H d l cation interacts as well with PS as the quaternary ammonium 
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Figure 6. X-ray diffraction data for DMBI-MMT and DMHdI-MMT treated 
clays before and after melt blending with PET 
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Figure 7. TEM image of PS/5 % DMHdI-MMT nanocomposite 

Figure 8. TEM image of PET/5 % DMHdI-MMT nanocomposite 
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cation. PET is a more challenging polymer because it is moisture sensitive at 
elevated temperatures and quaternary ammonium clays degrade at 50 °C below 
the PET processing temperature (285 °C). Thus, there is no report of any 
PET/clay nanocomposite directly synthesized via melt mixing with an organo-
clay in literature. The T E M image (Figure 8) shows that melt mixing DMHdlm-
M M T in PET yields a highly dispersed and exfoliated nanocomposite. The 
average clay aggregate size was 2 to 4 M M T sheets, indicating this 
nanocomposite contains intercalated clay particles, therefore this nanocomposite 
would be referred to as a mixed exfoliated and intercalated system. Our 
previous attempts to prepare PET nanocomposites with quaternary ammonium-
M M T gave black products,27 with GPC analysis that indicated the PET 
molecular mass had significantly decreased, presumably resulting from the 
quaternary ammonium degradation. The DMHdI-MMT/PET nanocomposite is 
evidence that with a more thermally stable organic modifier, new polymer/clay 
nanocomposites can be synthesized from polymers that require high temperature 
processing. 

Conclusions 

In this contribution we have discussed the oxidative and nonoxidative 
thermal stability of several tri-alkylimidazolium-treated M M T layered silicates. 
M M T clays treated with imidazolium salts showed superior thermal properties 
compared to the quaternary alkyl ammonium treated M M T . More importantly, 
M M T clays treated with tri-alkylimidazolium cations with longer alkyl (R) 
groups exhibited excellent compatibility with both PS and PET. Finally, these 
results show the significant promise of tri-alklyimidazolium ionic liquids and 
salts in terms of their potential application for the preparation of polymer-clay 
nanocomposites from polymers that require high temperature processing. 
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Chapter 17 

Ionic Liquids as Modifiers for Cationic 
and Anionic Nanoclays 
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of Technology, Newark, N J 07102 
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As part of a broader effort to develop nanoclays functionalized 
with different heterocyclic aromatic structures for novel 
applications, preliminary data are reported on the modification 
of sodium montmorillonite, a cationic clay, and hydrotalcite, 
an anionic clay, with four low molecular weight pyridinium 
and imidazolium-based ionic liquids. Commercially available 
unmodified montmorilonite was treated with aqueous 
solutions of three ionic liquids: Ν-ethyl pyridinium 
tetrafluoroborate, 1-ethyl 3-methyl imidazolium bromide and 
1-hexyl 3-methyl imidazolium chloride. Commercially 
available hydrotalcite was treated with N-ethyl pyridinium 
tetrafluoroborate and its amorphous calcined version was 
regenerated in the presence of N-ethyl pyridinium 
tetrafluoroborate and N-ethyl pyridinium trifluoroacetate 
aqueous solutions The modified materials were characterized 
qualitatively and quantitatively by FTIR, T G A , E D X , W X R D 
and elemental analysis. The cationic clay data show an overall 
increase in interlamellar spacing as a result of sodium cation 
exchange with the cations of the ionic liquids (in spite of their 
relative small size) and improved thermal stability vs. 
commercial nanoclays modified with long chain quaternary 
ammonium salts. The effects were dependent on the type of 
the ionic liquid. The anionic clay data showed no anion 
intercalation for the commercial hydrotalcite and mostly 
surface absorption, rather than intercalation, for the calcined 
clay; this is possibly due to the relatively small size of the 
anions and the presence of a strongly bound carbonate anion, 
not easily amenable to exchange. 

234 © 2007 American Chemical Society 
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Introduction 

Ionic Liquids (ILs) are organic salts with melting points below 100°C. 
They can be produced with a variety of cations and anions. The most common 
organic cations are imidazolium and pyridinium derivatives, but also 
phosphonium or tetra-alkyl-ammonium compounds. Anions are based on 
nucleophilic inorganic anions such as [BF 4]", [PF 6 ] , and organic anions such as 
[CF3COO]", [CF3SO3]", etc. 

Because of their insignificant vapor pressures, low melting points, good 
solvent characteristics for organic, inorganic and polymeric materials, adjustable 
polarity, selective catalytic effects, chemical and thermal stability, non-
flammability and high ionic conductivity, ionic liquids have generated 
significant interest for a wide range of industrial applications. Examples include 
organic synthesis where they are employed as green solvents replacing volatile 
organic compounds (VOC) or substituting for various organic solvents, 
catalysis, polymerization, bio-processing operations (1,2), liquid-liquid 
extraction, gas separation, electrochemical processes, and heat transfer fluids. 
ILs have also the attractive benefits of easy recovery since organic molecules 
can be easily separated by direct distillation without loss of the ionic liquids (3). 

Modification of nanoclays or nanofibers are among the emerging new 
applications for ionic liquids, due to their high thermal stability and ability to 
tune their structure as needed for a given application. Cationic nanoclays such as 
smectites (e.g. montmorillonite) and anionic nanoclays or layered double 
hydroxides (e.g. hydrotalcite), having expandable interlayer spacing, are known 
to be highly reactive to polar compounds containing exchangeable ions and, 
hence, are ideal candidates for modification with ionic liquids. The high thermal 
stability of ILs and the ability to tailor the structure of their cations/anions to 
match the application requirements have been in the center of recent research 
activities, mostly related to cationic clays. 

Modification of montmorillonite (MMT) clay with imidazolium-based long 
aliphatic chain molten salts (4) showed significantly greater thermal stability 
(100°C improvement) than that of conventionally M M T s modified with long 
chain quaternary ammonium ions. The M M T s treated with alkyl-imidazolium 
also showed an expansion of the basal spacing (up to 1.49nm) by X R D analysis 
(5). M M T s modified with quaternary alkylphosphonium salts (trihexyl, 
tetradecyl, phosphonium tetrafluoroborate) also showed an expansion of the 
basal spacing (1.8nm compared to 1.1 nm in pristine M M T ) and improved 
thermal stability up to 330°C (6,7). Incorporation of such M M T s modified with 
long chain aliphatic imidazolium cations (e.g. 1, 2-dimethyl-3-hexadecyl 
imidazolium) in polyamide or polystyrene matrices produced composites with 
better clay exfoliation, enhanced clay compatibility and superior thermal 
stability versus composites containing commercial M M T s modified with alkyl 
ammonium cations of limited thermal stabilities (4,7,8,9). 

With respect to other nanofillers, ILs have been used as modifiers for 
carbon nanotubes (8). However, to our knowledge, no data have been reported 
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for IL modified anionic clays (e.g. hydrotalcite, HT) in spite of their potential to 
accommodate a variety of anions in its basal spacing from anionic surfactants 
(e.g. alkyl carboxylates, alkylsulfates or alkyl sulfonates) which modify their 
absorptive characteristics towards a variety of organic molecules including 
polymers (10). 

In this Chapter, we report on the modification of a sodium montmorillonite, 
cationic clay and a hydrotalcite, carbonated anionic clay with four, low M W 
ionic liquids, based on imidazolium and pyridinium cations having relatively 
short chain length substituents, in combination with different anions. Emphasis 
is placed on the comparison of the ionic liquids in terms of their degree of 
modification of the clay interlayer spacing, their efficiency of cationic 
exchange/anchoring and thermal stability. The short alkyl lengths of the cations 
and the small size anions are not expected to significantly promote 
compatibility/dispersion of the modified clays with most polymer matrices in 
nanocomposites, where bulky cations or anions are required. However, a variety 
of potential applications exist in the pharmaceutical, medicinal, cosmetic, 
pesticide or catalysis industries where clay fiinctionalization with small 
heterocyclic aromatic structures could be accomplished through exchange with 
appropriate, low molecular weight ionic liquids. 

Experimental 

Materials 

Montmorillonite (MMT-Na + ) , a hydrated aluminum silicate with sodium as the 
predominant exchangeable cation (trade name: Cloisite-Na+, CAS# 1318-93-0, 
Southern Clay Products Inc.) was obtained as a powder with typical particle size 
less than 2μπι. As per supplier's information, specific gravity of M M T - N a + is 
between 2.8-2.9, pH value of a 10% suspension is 10 and its cation exchange 
capacity (CEC) as reported by the supplier is 92.6meq/100g clay. In some 
experiments, commercial clays modified with tallow based quaternary 
ammonium salts [Cloisite 15A, modifier 2M2HT (Dimethyl, dehydrogenated 
tallow quaternary ammonium chloride); and Cloicite 30B, modifier MT2EtOH 
(Methyl tallow bis-2-hydroxyethyl quaternary ammonium chloride), Southern 
Clay Products Inc.] were used for comparison. 

A synthetic hydrotalcite (HT), aluminum magnesium hydroxyl carbonate, 
with carbonate as the predominant exchangeable anion (trade name: Pural M G 
61 HT, CAS# 1344-28-1, Sasol) was obtained as a white powder with a reported 
average particle size of 2μπι and a weight % ratio for MgO to A 1 2 0 3 of 61:39. 
The weight % of carbon in the hydrotalcite used is 2.04 wt % (10.2 wt% 
carbonate ion). pH value of a 10% suspension was reported to be in the range of 
7-9 and the theoretical anion exchange capacity (AEC) was calculated as 
340meq/100g. In some experiments a calcined hydrotalcite (CHT) produced by 
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heating HT at 450°C for 3 hrs to remove carbonate ions and water was used. 
This calcined hydrotalcite, which can be regenerated by hydration in an aqueous 
solution (10,11) was treated with solutions of ionic liquids. 

Ionic liquids used for clay modification by ion exchange included two 
imidazolium based ( 1 -ethyl-3-methylimidazolium bromide and l-hexyl-3-
methylimidazolium chloride), and two pyridinium based (N-ethyl pyridinium 
tetrafluoroborate and N-ethyl pyridinium trifluoroacetate] materials as shown in 
Table 1. IL-1 and IL-2 were obtained from Fluka whereas IL-3 and IL-4 were 
synthesized in our laboratories. 

Table 1. Ionic Liquids used as Organic Modifiers 

Ionic 
liquid 

Abbrevi
ation 

[ E M I M f 
[Br]" 1 L - * 
[ H X M I M f 

[cir 
[Etpyf 
[BF4r 
[Etpyf 
[CF 3 COO]-

Formula MW 
State Used in ion 
atR. T. exchange 

IL-2 

IL-3 

IL-4 

C 6 H , , B r N 2 191.07 solid Cationic 

C I 0 H 1 9 C 1 N 2 202.72 [ . ^ U S Cationic 

C 7 H 1 0 N B F 4 194.80 solid 

C 9 H , 0 N F 4 O 2 221.01 liquid 

Cationic/ 
Anionic 
(HT, CHT) 
Anionic 
(CHT) 

Modification of Clays 

Ionic exchange of M M T - N a + , HT and CHT was carried out with aqueous 
solutions of the ILs at different temperature/time conditions and at I X (one 
equivalent) and 2X (two equivalent) concentrations of the clay based on the 
C E C or I X based on the A E C . After filtration, all modified clays were 
repeatedly (more than 10 times) washed with distilled water. For M M T s 
modified with IL-1 and IL-2, washing was continued until no residual halogen 
anion was detected by adding 0.1 M silver nitrate solution in the filtrate. It is to 
be noted that filtration time for all treated clays was significantly shorter than 
that for the unmodified one. After 24 hrs at room temperature, drying continued 
at 80°C for 24 hrs under vacuum. Sample designations and abbreviations are 
included in Tables 2 and 3. 

Characterization 

FTIR spectra of untreated clays, ionic liquids and modified clays were 
obtained using a Spectrum One FTIR Spectrometer® (Perkin Elmer 
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Table 2. Description of MMTs Modified with Ionic Liquid 

Exchange 
MMT 
abbreviation * 

Modifier Ionic Liquid * 
Temp.,°C/ 
Time, hrs/ 
CEC amount used 

MMT-0/(a) - - -
MMT-l / (b ) only H 2 0 - 80/6/-
MMT-3/(c) [EMIM] + [Br] ' 

[EMIM] +[Br]" 
[HXMIM] + tCl]-
[Etpy]+[BF4]-

IL-1/(I) 80/6/1X 
MMT-5/(d) 

[EMIM] + [Br] ' 
[EMIM] +[Br]" 
[HXMIM] + tCl]-
[Etpy]+[BF4]-

IL-1 80/6/2X 
MMT-7/(e) 

[EMIM] + [Br] ' 
[EMIM] +[Br]" 
[HXMIM] + tCl]-
[Etpy]+[BF4]-

IL-2/(II) 80/6/2X 
MMT-9/(f) 

[EMIM] + [Br] ' 
[EMIM] +[Br]" 
[HXMIM] + tCl]-
[Etpy]+[BF4]- IL3/(III) 80/6/2X 

MMT-2/(g) only H 2 0 - 60/1/-
MMT-4/(h) [EMIM] +[Br]" 

[EMIM] +[Br] 
[HXMIM] +[C1]-
[Etpy]+[BF4]-

IL-1 60/1/1X 
MMT-6/(i) 

[EMIM] +[Br]" 
[EMIM] +[Br] 
[HXMIM] +[C1]-
[Etpy]+[BF4]-

IL-1 60/1/2X 
MMT-8/(j) 

[EMIM] +[Br]" 
[EMIM] +[Br] 
[HXMIM] +[C1]-
[Etpy]+[BF4]-

IL-2 60/1/2X 
MMT-10/(k) 

[EMIM] +[Br]" 
[EMIM] +[Br] 
[HXMIM] +[C1]-
[Etpy]+[BF4]- IL-3 60/1 /2X 

MMT-15/(m) 2M2HT - N / A 
MMT-30/(n) MT2EtOH - N / A 

* Letters and numbers in parentheses indicate respective designation in all subsequent 
Figures. 

Table 3. Description of HTs and CHTs Modified with Ionic Liquids 

Hydrotalcite 
Abbreviations* Modifier Ionic liquid* 

Exchange 
Temp.,°C/ 
Time, hrs/ 

AEC amount used 
HT-0/(a) - - -
HT-l/(b) only H 2 0 - 80/1 

HT-3/(c) [Etpy]+[BF4]- IL-3/(III) 80/1/1X 

HT-2/(d) only H 2 0 - 60/1 

HT-4/(e) [Etpy]+[BF4r IL-3 60/1/1X 

CHT-0/(b) - - -
CHT-l/(c) [Etpy]+[BF4]" IL-3/(III) RT/24/1X 

CHT-2/(d) [Etpy] +[CF 3COO]- IL-4/(IV) RT/24/1X 

Letters and numbers in parentheses indicate respective designation in all subsequent 
Figures. 
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Instruments). Thermal stability of the untreated clays, ionic liquids and modified 
clays was studied by T G A (TA Instruments' Q A 50 thermogravimetric analyzer) 
from room temperature to 500°C, at a heating rate of 15°C/min in a nitrogen 
atmosphere. Wide Angle X-Ray Diffraction (WXRD) with a Philips PW3040 
diffractometer (Cu K a radiation λ=0.154 mm, generator voltage = 45 kV, current 
= 40 μΑ) was used to calculate d-spacing of unmodified and modified clays. 
Morphology and surface atomic analysis of clays were studied by S E M / E D X 
(LEO 1530VP Emission Scanning Electron Microscope). Quantitative elemental 
analysis of modified clays for nitrogen and fluorine was performed by standard 
analytical techniques. 

Results and Discussion 

Cationic clays 

Figures 1-3 compare FTIR spectra of unmodified M M T - N a + (MMT-0), 
pure ionic liquids IL-1, IL-2 and IL-3 and clays modified at 2X the clay's C E C 
concentration with IL-1 (MMT-5), IL-2 (MMT-7) and IL-3 (MMT-9). A l l 
compositions were prepared at 80°C/6hrs conditions. Not shown are spectra 
obtained at I X the clay's C E C by using IL-1 (MMT-3) since the spectrum of the 
latter was identical to that of M M T - 5 . A l l spectra of the modified clays contain 
characteristic peaks of the ionic liquids (pyridinium and imidazolium cations) 
shown by arrows, an indication of anchoring or intercalation. Spectra obtained at 
60°C/lhr conditions were very similar to the ones obtained at 80°C/6hrs and are 
not included here. This is an indication that cation exchange takes place fairly 
rapidly and that different treatment times and temperatures may not be important 
factors for the modification of MMTs . 

Figures 4-5 show T G A data for pure ionic liquids and (Figure 4) and for 
modified clays (Figure 5). Thermal stability of the ionic liquids is ranked as IL-
3>IL-l>IL-2. The same trends are followed in the stability of the modified 
clays, MMT-9>MMT-5>MMT-7. This may suggest that exchange with the Etpy 
ion results in more stable organoclays than exchange with E M I M or H X M I M , 
assuming, of course that the residual temperature stable B F 4 ion has been fully 
removed from our samples by washing. Note that the overall weight losses are 
lower for M M T - 3 (produced at I X the clay CEC) than M M T - 5 (produced at 2 X 
the clay CEC). Figures 4-5 also contain data for the unmodified M M T - 0 and two 
commercial organoclays (MMT-15 and MMT-30) that are modified with large 
amounts of thermally unstable tallow based quaternary ammonium salts. 

Figure 6 shows shifting of the rf-spacing of the IL modified clays to lower 
diffraction angles by comparison to the unmodified MMT-0 (as received) or its 
washed version (MMT-1). The higher extent of intercalation corresponding to 
the largest interlayer distance of 1.41 nm in MMT-7 is obtained with IL-2, 
which has a relatively bulkier cation than the other two ionic liquids. Results are 
comparable with those reported in (4) for dimethyl imidazolium ionic liquids 
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Figure 1. FTIR spectra of (a) MMT-0, (d) MMT-5, and (I) IL-1 

Figure 2. FTIR spectra of (a) MMT-0, (e) MMT-7, and (II) IL-2 
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Figure 3. FTIR spectra of (a) MMT-0, (f) MMT-9, and (III) IL-3 

Figure 4. TGA results of(I) IL-1, (II) IL-2, (III) IL-3, and (a) MMT-0 
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Figure 5. TGA results of(c) MMT-3, (d) MMT-5, (e) MMT-7, φ MMT-9, 
(m) MMT-15, and (η) MMT-30 

Figure 6. (A) WXRD results of (a) MMT-0, φ) MMT-1, (d) MMT-5, (e) MMT-7, 
(f) MMT-9, (I) IL-l, (II) IL-2, and (III) IL-3; (B) Insert of WXRD results of 

Ionic Liquids: (I) IL-1, (II) IL-2, and (III) IL-3 
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with variable alkyl chain length where M M T organoclay rf-spacings increased 
from 1.28 m for a propyl group to 1.61 m for a butyl substituents. It should be 
noted that the rf-spacing of a commercial organoclay (MMT-15) containing 
inercalants with long alkyl chain was found to be significantly higher (3.13 nm) 
than the spacings of all the IL modified clays. 

Theoretical C :N weight ratios for the three ionic liquids used in this work as 
well as their cations were as follows: IL-1, 2.57; IL-2, 4.3; IL-3, 6.0. In the E D X 
results of M M T s modified with ionic liquids (Table 4) duplicate samples 
obtained at different surface locations show C:N weight ratios differing by 10-
20% of the above values and total absence of the exchangeable sodium. These 
results indicate that M M T s modified with ionic liquids can be purified by 
washing and that the IL cations become part of the M M T s structure. Nitrogen 
content was determined on single organoclay samples and wt% cation was 
calculated as: M M T - 5 , 9.3%, MMT-7 , 13.6%, MMT-9 , 8.4%. These values are 
in reasonably good agreement with weight loss values obtained by T G A 
analysis: 7.96 wt % for M M T - 5 , 13.10 wt% for MMT-7 , and 10.09 wt% for 
M M T - 9 at 480°C (see Figure 5). 

Table 4. E D X Results of M M T s Modified with Ionic Liquids. 

Clay MMT-5 MMT- 7 MMT-9 

Location 1 2 1 2 I 2 

Element Wt% Wt% Wt% Wt% Wt% Wt% 

C 11.39 10.05 13.05 13.90 17.53 17.85 
Ν 3.64 3.29 3.22 3.62 3.32 3.70 
Ο 49.89 52.50 47.91 45.10 40.78 50.21 

M g 1.32 1.14 1.23 0.17 1.24 0.77 
A l 9.33 9.07 9.00 9.68 9.13 7.32 
Si 24.43 24.40 25.59 26.53 28.00 20.15 

Anionic clays 

Hydrotalcites treated with IL-3 under different conditions (see Table 3) 
were also characterized by FTIR, T G A , and W X R D . The data did not show any 
differences from those of HT-0 (untreated HT-61), thus, confirming the 
difficulty in exchanging the strongly bound carbonate anion as reported by 
several authors (10). 

FTIR data of calcined hydrotalcite treated with IL-3 and IL-4 indicated the 
presence of characteristic peaks due to the anions of the pure ionic liquids; this 
suggests their strong attachment to the hydrotalcite structure that was 
reconstituted during treatment with the ionic liquid solutions. T G A results in 
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Figure 7 confirmed the presence of ILs in CHT-1 and CHT-2. Note the 
similarities of the shape of the T G A curves of CHT-1 and CHT-2 with the curve 
of the non-calcined hydrotalcite and the absence of the first degradation step 
which corresponds to the removal of the carbonate ion in the CHT-0 (non-
hydrated) curve. It appears that our treatment conditions did not prevent C 0 2 

from the atmosphere or from the aqueous solution to reenter in the hydrotalcite 
structure during reconstitution. 

W X R D results shown in Figure 8 indicate the collapse of the hydrotalcite 
structure by calcination (compare HT-0 and CHT-0) and only slight shifts of the 
rf-spacings of HT-0 after treatment with the solutions of the ionic liquids. This 
may be due to the relatively small anions of the ionic liquids used and/or the 
competing effects of hydroxyl groups absorbed from solution preventing 
intercalation. 

E D X results of HT-0 indicated the presence of C, O, Mg, A l at the expected 
concentrations. Analysis of both CHT-1 and CHT-2 showed the presence of 
fluorine, an indication of absorption or intercalation of the IL anion into the 
interlayers of CHTs. Based on fluorine concentrations of 1.5-1.6 wt% obtained 
by elemental analysis, calculations showed that the wt% of the ionic liquids on 
the clay were about 1/3 of the theoretical anion exchange capacity. Carbon and 
nitrogen content analysis of CHT-1 and CHT-2 suggested that the cations were 
still part of the modified structure. Exact determination of the cation content 
from carbon and nitrogen analysis presented difficulties, since a small 
concentration of the carbonate anion reappearing in the reconstitution of the 
hydrotalcite structure could only be approximated; while in the case of IL-4 
carbon was also present in its anion. 

Conclusions 

Cationic clavs: Intercalation of three ILs containing small cations in M M T , 
through exchange with interlamellar sodium ions, was achieved and confirmed 
by qualitative and quantitative techniques. Highest thermal stability of the 
modified M M T s was obtained after treatment with N-ethyl pyridinium 
tetrafluroborate. The highest degree of intercalation was obtained with the long 
side chain 1-hexyl, 3-methyl imidazolium cation. 

Anionic clavs: As received carbonated hydrotalcite, treated under different 
conditions with two N-ethyl pyridinium ionic liquids ([BF 4 ] ' and [CF 3COO]") 
anions, showed no intercalation or even the presence of anions as confirmed by 
FTIR, T G A , and W X R D analysis. Calcined hydrotalcite having a amorphous 
structure was regenerated in its crystalline form by treatment with aqueous 
solutions of the ionic liquids to produce IL modified hydrotalcites. 
Characterization data and elemental analysis of such modified structures suggest 
mostly surface absorption of the anions of the ionic liquid rather than 
intercalation, but also the presence of the corresponding cations. 
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Figure 7. TGA results of (a) HT-0, (b) CHT-0, (c) CHT-1, and (d) CHT-2. 

Figure 8. (A) WXRD results of (a) HT-0, (b) CHT-0, (c) CHT-1, 
(d) CHT-2, (III) IL-3, and (IV) IL-4. (B) Insert of WXRD results of 

Ionic Liquids: (III) IL-3, and (IV) IL-4. 
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Chapter 18 

Solution Chemistry of Cm(III) and Eu(III) 
in Ionic Liquids 

S. Stumpf1, I. Billard1, and P. J. Panak2 

1institut Pluridisciplinaire Hubert Curien, 23 Rue de Loess, P.O. Box 28, 
67037 Strasbourg, France 

2Forschungszentrum Karlsruhe, Institut für Nukleare Entsorgung, 
P.O. Box 3640, 76021 Karlsruhe, Germany 

Ionic liquids (ILs) are discussed to replace traditionally used 
organic solvents in view of reprocessing of radioactive waste. 
In this context the separation of lanthanides and actinides is of 
great importance. The objective of this work is to understand 
classical solution reactions in ILs in view of their application 
in actinide/lanthanide reprocessing and to answer the 
questions: "Do ILs behave as normal solvents?" OR "Do 
lanthanides behave different in ILs compared to actinides?" 
Time-resolved laser fluorescence spectroscopy (TRLFS) is 
used to clarify the influence of Cu(II) on the fluorescence 
emission of Eu(III) and Cm(III) comparatively in BumimTf 2N 
and in water. The investigations show that solvation chemistry 
has definitely a great influence on solution chemistry/ 
reactivity of lanthanides and actinides in ILs. 

© 2007 American Chemical Society 247 
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The management of highly radioactive waste actually represents a very 
important concern and is discussed in terms of its ultimate disposal and/or its 
reprocessing by partitioning and further transmutation. In contrast to the 
traditionally used extracting phases, low melting organic salts known as Ionic 
Liquids (ILs) represent a new class of "green" solvents that are inherently safer 
(I). Because of their tunable physical properties ILs can be designed for specific 
tasks and therefore become a suitable extracting phase (2). By grafting 
extracting moieties on the organic skeleton new ILs can be synthesized that 
possess both the "green" aspect and the properties suited for a given 
actinide/lanthanide extraction/partitioning goal. It is clear that the potential for 
the use of ILs in extraction processes is great but there is a necessary yet missing 
fundamental understanding of the coordination chemistry and the extraction 
mechanisms. Especially the potential of ILs to be used in actinide/lanthanide 
separation schemes is largely unemployed. The intent of the presented studies is 
to clarify solution reactions (e.g. quenching processes) of the lanthanide Eu(III) 
and the actinide Cm(III) in BumimTf 2N (l-buthyl-3-methylimidazolium-
bis(trifluoromethylsulfonyl)imide) compared to the aqueous case. 

Time resolved laser fluorescence spectroscopy (TRLFS) represents a well-
known experimental method that is suited for studying chemical reactions of 
Eu(III) and Cm(III) in solution (3). The different Eu(III) and Cm(III) species 
that are formed by the dissolution in BumimTf 2N are characterized by their 
emission spectra and fluorescence emission lifetimes. The position and shape of 
the fluorescence emission spectra provides information on the ligand field of the 
Eu(III) and Cm(III) metal ions in solution. This makes the determination of 
different solution species possible. Moreover ligands that are coordinated to the 
fluorescing central ion can have an influence on the fluorescence emission 
lifetime by quenching processes. It is known from literature that water quenches 
the fluorescence by vibration transfer processes. Ligands with N - H oscillators, 
having vibronic frequencies similar to the O-H ones, are also effective as 
nonradiative de-activators of the Eu(III) and Cm(III) excited states (4). The 
resulting correlation between emission lifetime and the number of quenchers in 
the first coordination sphere of europium and curium allows a further 
characterization of different Eu(III) and Cm(III) species (5). In literature also the 
influence of cations like Fe(III), Cu(II) and Mn(II) on the fluorescence emission 
of Eu(III) and Cm(III) in aqueous solution has been reported (6). Here the 
quenching is primarily a result of dipole-dipole interactions between the donor 
and acceptor. This kind of interaction results in a decrease of fluorescence 
emission intensity as well as the fluorescence emission lifetime. In this study the 
latter described quenching reaction should serve as basis for understanding 
'simple" solution reactions in ILs. The actual investigations of the interaction 
between the fluorophore Eu(III) and Cm(III) respectively and the quencher 
Cu(II) should give an idea of solvation of Eu(III) and Cm(III) in BumimTf 2N. 
Moreover the investigations should clarify the impact of solvation onto solution 
chemistry. 
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Experimental Section 

Mesurements in H 2 0 

To avoid hydrolyses of Eu(III) and Cm(III) quenching experiments in water 
(MilliQ) were performed at pH 1. Therefore all used solutions were acidified 
with HCIO4. 

Eu(OTf) 3 (Sigma Aldrich) was dissolved in water. The final Eu(III) 
concentration was 1*10"2 M . The concentration of Cm(III) in water was about 
1.2*10"7 M (stock solution composition: 89.68% 2 4 8 C m , 0.07% 2 4 7 C m , 9.38% 

2 4 6 C m , 0.14% 2 4 5 C m , 0.30% 2 4 4 C m , and 0.43% 2 4 3 C m ; concentration: 6*10"6 

mol/L Cm(C10 4) 3). 
Cu(OTf) 2 (Sigma Aldrich) solutions were prepared for further quenching 

experiments with different concentrations of Cu(II): 1*10^ M , 1*10"3 M , 1*102 

M , l * 1 0 " l M , 1 M , 2 M . 
For quenching investigations of the Eu(III) fluorescence the Cu(II) 

concentration in the Eu(OTf) 3 solution was raised in steps from 0 M to 0.25 M 
Cu(II). For each step the fluorescence emission and lifetime was measured by 
TRLFS. The same procedure was performed for the Cm(III) sample. Here the 
Cu(II) concentration was varied from 0 M up to a value of 5.35*10"1 M . 

Measurements in BumimTf 2 N 

Eu(OTf) 3 salt was dissolved in BumimTf 2N (Solvionics) (1*10"2 M Eu(III)). 
In order to dry the sample it was put to the vacuum line for 2 h at 70°C and 2 
mbar. 

Samples with different concentrations of Cu(OTf) 2 in BumimTUN were 
prepared as described above. The Cu(II) concentration was: 1*10° M , 1*10" 2M 
andl*10" 4M. 

To perform a series of data points for the influence of Cu(II) on the Eu(III) 
fluorescence emission the Cu(II) concentration of the same Eu(III) sample was 
raised in several steps from 0 M Cu(II) up to a value of 1*10"4 M Cu(II). For 
each concentration fluorescence emission spectra and lifetimes were recorded. 
The measurements were performed within a day. 

In order to check that the water content of the samples stays constantly at its 
minimum, it was determined after each addition of Cu(II) solution by Karl 
Fischer titration (Mettler Toledo D L 32; detection limit < 5x 10"3 M ) and 
Infrared Spectroscopy (Bruker Equinox 55). No macroscopic uptake of water 
could be detected. 

A droplet of the Cm(III) stock solution was put directly into a quartz cuvette 
and evaporated by heating on a heating surface at 100°C for 30 minutes. After 
evaporation dry BumimTf 2N was added. The final Cm(III) concentration of this 
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sample was 1.2*10"7 M . After the addition of BumimTf 2N the sample was put 
into an oven for 1 h at 70°C and 2 mbar to get it as dry as possible. 

In order to record the quenching influence of Cu(II) onto the Cm 
fluorescence the concentration of added Cu(II) to the same Cm(III) sample was 
raised from 0 M up to 4.6 *10"4 M . Before measuring the fluorescence emission 
and fluorescence emission lifetime the fluorescence sample was put in the oven 
for 1 h at 70°C and 2 mbar to avoid the influence of minimal amounts of 
absorbed water during opening the cuvette. 

T R L F S 

Emission spectra of all Eu(III) samples were recorded with a 
spectrofluorimeter (Photon Technology International). The measurements were 
not time resolved. Samples were excited at 394 nm and recorded in a range from 
570 nm to 635 nm and a step size of 0.5 nm. 

Lifetime measurements were performed using a N d . Y A G laser set up 
(10Hz, 6 ns pulse duration, 1.2 mJ, G C R 11, Spectra Physics). The fluorescence 
emission signal was detected by a monochromator (Jobin-Yvon, H20, precision 
± 05 nm) connected to a photomultiplier (Philips, XP2254B) and an oscilloscope 
(Tektronik, 500 MHz , 10000 channels, 8 bit resolution). Eu(III) was excited at 
266 nm. The decay was analyzed at 612 nm. 

The Cm(III) speciation by TRLFS was performed using an excimer-pumped 
dye laser system (Lambda Physics, E M G 201 and F L 3002). Cm was excited at 
375 nm and the resulting fluorescence emission was measured in the spectral 
range of 580 nm - 620 nm, using a delay time of 1.2 at a gate width of 1.3 
ms. A n optical multichannel analyzer was used for detection, which consists of a 
polychromator (Jobin Yvon, HR 320) with a 1200 lines/mm grating and an 
intensified photodiode array (Spectroscopy instruments, ST 180, IRY 700G). 

Results and Discussion 

Eu(III) and Cm(III) Fluorescence Quenching by Cu(II) in H 2 0 

The most suited solution reaction that can be easily monitored by TRLFS is 
the quenching of fluorescence emission. The energy transfer by interaction of the 
fluorophore (e.g. Eu(III), Cm(III)) with metal ions like iron (7) or copper (8,9) is 
primarily a result of dipole-dipole interactions between the donor and acceptor 
caused by collisional encounters (dynamic quenching) (10). For the described 
process a decrease in fluorescence emission yield and lifetime occurs because 
the quenching rate depopulates the excited state without fluorescence emission. 
The quenching process can be described by the Stern-Volmer-equation (9): 
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X = Xo + k s v [Q] (1) 

[Q] concentration quencher 
k Sv bimolecular quenching constant 
λ decay rate of the fluorophore 
λο decay rate of the fluorophore in absence of a quencher 

In the presented study the quenching influence of Cu(II) on the fluorescence 
emission has been comparatively performed for Eu(III) and Cm(III) in water at 
pH 1. The intend was to clarify i f Eu(III) and Cm(III) can be considered as 
homologues in view of their solution chemistry. Moreover a comparison to the 
same reaction performed in BumimTf 2N should highlight a change of chemical 
behaviour of the lanthanide and actinide by changing the solvent. With this a 
characterization of ILs as a new solvent class is possible. Emission spectra of 
Eu(III) at different Cu(II) concentrations are presented in Figure la . In the 
absence of Cu(II) the Eu fluorescence emission with two maxima at 588 nm and 
612 nm shows a monoexponential decay behaviour. That can be explained by 
the presence of only one Eu(III) species in the system. The calculated lifetime 
has a value of 116.9 μβ which corresponds to the Eu(III) aquo ion coordinated 
by nine water molecules (5). With increasing copper concentration the 
fluorescence emission intensity and the fluorescence emission lifetime 
respectively are decreasing. The ratio of the two emission maxima as well as the 
monoexponential decay behavior of the fluorescence emission stay constant for 
the whole series. That is, the Eu speciation is not changing during the quenching 
process. From the data the Stern-Volmer has been determined to be 1.2*104 M " 
ls~l (Figure lb). The same reaction was performed with Cm(III). The peak 
maximum of the Cm fluorescence emission is at 593.8 nm. It's position does not 
change with increasing Cu(II) concentration. Also the fluorescence decay 
behaviour is monoexponential for the whole series. A lifetime of 66.2 μβ 
determined for Cm(III) in water (pH 1) in absence of the Cu quencher 
corresponds to the curium aquo ion again coordinated by nine water molecules 
(5). The increase of copper concentration in this system again leads to a decrease 
of the Cm(III) fluorescence emission. The lifetime decreases to a value of 41.9 
μ$ at a Cu(II) concentration of 0.5 mol/L. The calculated quenching constant 
(Figure 2) of this reaction is the same as it was determined for Eu(III) and has a 
value of 1.27*104 M " V ! . 

These results show that in an aqueous system solvation as well as solution 
chemistry of the lanthanide Eu(III) and the actinide Cm(III) are the same. 

Eu(III) and Cm(III) solvation in BumimTf 2 N 

As it is already described in literature the water content of BumimTf 2 N has 
a great influence on the speciation of Eu(III) in this IL because water can be 
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Figure 2. Stern-Volmer plot of the Cm(IIl) fluorescence quenching by Cu(Il,) 

considered as a competitive ligand for the first coordination sphere of Eu(III) 
(11). Lifetime measurements show that the solvation of Eu(III) and Cm(III) in 
BumimTf 2N always results in a biexponential decay behavior that is two species 
with two different lifetimes for each metal ion are formed in BumimTf 2N 
(Figure 3a and 3b). The fit of the biexponential decay of the Eu(III) fluorescence 
leads to a value of 2.5 ms for the first species and 1 ms for the second species. 
The value of 2.5 ms was already determined by Billard et al. (11) and 
corresponds to a Eu(III) species that is solely coordinated by the solvent ligands. 
A value of 1 ms for the second species indicates the Eu coordination by another 
ligand in the first Eu(III) coordination sphere which quenches the Eu 
fluorescence. The water content of the sample determined by Karl Fischer 
titration is < 50 ppm. That is to say, the maximum coordination of Eu(III) by 
water is 1. With this, the conclusion is allowed that an emission lifetime of 1 ms 
corresponds to an Eu(III)-BumimTf2N species with one water molecule in the 
first coordination sphere resulting in an additional quenching effect. 

The Cm(III) fluorescence decay behavior in dry BumimTf 2N is again 
biexponential. Lifetimes of 1 ms and 300 \as are determined. A comparison of 
these values with Cm(III) lifetimes cited in literature shows that 1 ms 
corresponds to a Cm(III) species without water in the first coordination sphere 
while 300 μβ indicate a coordination of 1 water molecule (5). 

At this point one can make a first statement. That is, europium and curium 
can be regarded as good homologues what solvation/coordination in 
BumimTf 2N is concerned. 
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Figure 3b. biexponential decay behavior of the Cm (III) fluorescence 
emission in BumimTf2N 

Eu(III) and Cm(III) Fluorescence Quenching by Cu(II) in BumimTf 2 N 

After having characterized the different Eu(III) and Cm(III) species in 
BumimTf 2N it was our interest to investigate solution reactions of the lanthanide 
and actinide in this IL. The influence of Cu(II) on the europium fluorescence 
emission is shown in Figure 4a. With increasing copper concentration the 
fluorescence emission signal is decreasing. This effect can be again assigned to 
quenching by Cu(II). As expected for quenching reactions, Cu(II) also 
influences the fluorescence emission lifetime of the two different Eu(III)-
BumimTf 2N species. A decrease from 2.46 ms to 1.73 ms and from 1.1 ms 
to785 μ 8 is detected. Figure 4b shows the Stern-Volmer plot of the described 
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Figure 4. a) Influence of Cu(II) on the europium fluorescence emission 
b) correspondingStern-Volmerplot 

process. According to the coexistence of two different Eu(III)-BumimTf2N 
species two different slopes result from the fitting of the plotted data points. The 
calculated value of k S v 1.54e6 M ' V corresponds to Eu(III) in BumimTf 2N 
without water in the first coordination sphere (species 1) while k s v 2.70e6 M ' V 1 

is determined for thé species additionally coordinated by one water molecule 
(species 2). A comparison of the calculated constants with the one determined 
for the same reaction in water shows that the interaction of Eu(III) and Cu(II) is 
accelerated in the IL even though this is the solvent with the higher viscosity. 
The accelerated quenching reaction in IL can be a result of the Eu(III) solvation 
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by BumimTf 2N which causes the shielding of positive charge and facilitates the 
approach of Cu(II). 

The same quenching experiment has been performed with Cm(III) in 
BumimTf 2N. The TRLFS measurements show that Cu(II) has no influence on 
fluorescence emission intensities and lifetimes. According to this there is no 
quenching detectable. That is, solvation/coordination chemistry of Eu(III) and 
Cm(III) in BumimTf 2N is comparable but not solution chemistry. This result is 
of great importance regarding the separation of lanthanides and actinides in the 
nuclear fuel cycle. 

In the abstract the question was raised: "Do ILs behave as normal 
solvents?" The presented results show that this is definitely not the case 
regarding Eu(III) and Cm(III) chemistry in BumimTf 2N compared to water. In 
the aqueous system Eu(III) and Cm(III) can be regarded as homologues. 
Coordination chemistry as well as solution chemistry is the same for both metal 
ions. The investigations performed in BumimTf 2N show that solvation 
chemistry has a great influence on solution chemistry and finally reactivity of 
lanthanides and actinides in ILs. This result represents a great step towards the 
separation of actinides and lanthanides in the nuclear fuel cycle which requires a 
difference in the chemical behaviour of both metal classes. 
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Introduction 

Ionic liquids have gained wide popularity during the last decade because of 
their unique properties. More and more, ionic liquids are used as solvent 
substitutes and as innovative liquid materials in academic and industrial research 
laboratories. They have been applied in a broad variety of synthetic1 , catalytic2, 
engineering3 and electrochemical applications.4 Other reported applications deal 
with the role of ionic liquids as active materials in sensors5 and analytical 
devices6 or as performance additives for paints7. In particular, their extremely 
low vapor pressure at ambient conditions makes ionic liquids extremely 
interesting for many technical purposes. 

Given the wide variety of different ionic liquid materials, the selection of the 
right cation/anion combination is a key factor for success for all different 
applications. In recent years some of the traditionally used "working horses", 
namely tetrafluoroborates and hexafluorophosphates, have been found to be of 
restricted suitability in practical and industrial use due to their sensitivity vs. 
hydrolysis forming highly toxic and corrosive HF.8 Due to this reason 
bis(trifluoromethylsulfonyl)imide ([Tf2N] -) is mostly used today if a hydrophobic 
and hydrolysis stable ionic liquid is required.9 However, the relatively high price 
of this anion and related fluorinated anions will limit the use of these systems in 
large scale applications. Also the presence of fluorine may still be problematic 
for an environmental friendly disposal. 

Given this importance of the anion's chemical nature on the practical 
applicability of an ionic liquid, one focus of our research group in recent years 
centered on the development of new synthetic approaches towards modified 

258 © 2007 American Chemical Society 

 
  

In Ionic Liquids IV; Brennecke, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



259 

anions in ionic liquid material development. Two different approaches that 
showed some promise will be presented in this paper. Both approaches allow and 
intend for a combinatorial research approach which means that the basic 
synthetic concept leads from a key-intermediate to a large number of different 
derivatives. With this strategy we have left the traditional reaction sequence for 
ionic liquid manufacturing (1. alkylation; 2. ion exchange). The latter was 
replaced by a sequence that includes the transformation of an ionic liquid key-
intermediate in a reaction that forms one ionic liquid from another one. 

Synthesis of functionalized alkylsulfate ionic liquids 

The proposed synthetic approach to functionalized alkylsulfate ionic liquids 
comprises two steps. First an amine is alkylated using a short chain alkylsulfate 
like dimethylsulfate or diethylsulfate, followed by a transesterification of the 
anion (see Scheme 1). This second transformation is performed by reacting the 
short chain alkylsulfate ionic liquid with an alcohol under slightly acidic 
conditions. 

l.step: quaternization 

NR 3 + R' 2 S0 4 — • [NR3R ,][R ,OS03] 

2. step: transesterification 
H + 

[NR3R'][ROS03] + R ' O H — • [NR3R'][R'OS03] + R'OH 

R'=Me, Et 

Scheme 1. Two step synthesis of functionalized alkylsulfates ionic liquids. 

Quaternization step 

The first step of this synthesis is a classical quaternization reaction with 
dimethyl- or diethylsulfate, leading to ionic liquids. A wide variety of 
commercially available nucleophiles such as alkylimidazoles, substituted 
pyridines, tertiary phosphines or tertiary amines can be used. 

Typically, the quaternization of 1-methylimidazole with diethylsulfate is 
carried out without a solvent under efficient temperature control in order to 
prevent hotspots, which would lead to a product of lower quality. By cooling the 
neat reaction mixture with a cold water- or ice bath nearly white products can be 
obtained70. 

 
  

In Ionic Liquids IV; Brennecke, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



260 

It is important to note in this context that l-ethyl-3-methylimidazolium 
ethylsulfate ([EMIM][EtOS0 3] is a commercial ionic liquid, produced on a ton-
scale in excellent quality by Solvent Innovation/Degussa (marketed as E C O E N G 
212 / y) and also from BASF. This ionic liquid proved a non-toxic nature in the 
registration process and must be regarded today as the most economic and 
reasonable access to ionic liquids carrying the [EMIM] cation. 

Transesterification step 

The key step of this strategy to functionalize the ionic liquid's anion is a 
transesterification reaction.72 For this reaction, a long chain or functionalized 
alcohol is reacted under slightly acidic conditions with e.g. [EMIM][EtOS0 3 ] . 
Liquid acids, such as methanesulfonic acid, or solid acids, such as Dowex® 
MSC-1 can be used as transesterification catalysts. Alcohols that have been 
applied so far include primary alcohols (from «-butanol to w-octanol) and some 
ethyleneglycol based alcohols as depicted in Scheme 2. 

2-methoxyethanol 

2-butoxyethanol 

" O H 

O H 

- O H 
diethyleneglycolmonomethylether 

" O H 
2-ethoxyethanol 

N c r " O H 
diethyleneglycolmonoethylether 

1-octanol 

Scheme 2. Alcohols applied so far for the transesterification of 
[EMIMJ[EtOS03J. 

The different alcohols have been found to lead to the formation of diverse 
functionalized alkylsulfate ionic liquids with different properties (e.g. viscosity, 
density). The motivation for choosing oligoether groups stems from the fact that 
the replacement of alkyl groups by oligoether groups at the ionic liquids cation 
has been shown to decrease the ionic liquids viscosity to a significant extent. 
Therefore, we were interested to look for similar effects on the anion side by 
replacing the alkyl group in higher alkylsulfate anions by different 
alkyloligoether groups. The properties of selected products are described later in 
this contribution. 

 
  

In Ionic Liquids IV; Brennecke, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



261 

In order to enable production of larger amounts (> 10 kg) of functionalized 
alkylsulfate ionic liquid, using the here described method, the reaction kinetics 
of the transesterification reaction were investigated in detail. 

Kinetics of the transesterification reaction and concepts for scale-up 

The transesterification reaction is a relatively fast reaction that is 
limited by equilibrium. For an equimolar mixture of [EMIM][EtOS0 3 ] and 
1-butanol (1.4 mol-% methanesulfonic acid as catalyst) the equilibrium was 
fully reached at 40 °C within less than 3 hours, at 60 °C in 90 minutes, 
70 °C in 50 minutes, 80 °C in 25 minutes and in only 15 minutes at 90 °C. 
The values for the equilibrium constants were between 0.95 and 1.01 for the 
temperatures mentioned above. For the reaction system [EMIM][EtOS0 3 ] 
and 1-hexanol (1.4 mol-% methanesulfonic acid as catalyst) the equilibrium 
was reached in 60 minutes at 60 °C, in 40 minutes at 70 °C, in 15 minutes at 
80 °C and in only 10 minutes at 90 °C. Here the equilibrium constants were 
0.96±0.03 for all temperatures between 60 °C and 90 °C. 

In order to obtain complete conversion, the equilibrium has to be shifted 
towards the desired products. This can be done by removing the lower boiling 
alcohol constantly under reduced pressure and by adding a large excess of the 
high boiling alcohol. For example, a conversion higher than 90% was obtained 
within 4h by using a mixture of [EMIM][EtOS0 3] and 1-butanol in a ratio of 
1:10 stirred at 60 °C under slightly reduced pressure. After removing the excess 
alcohol by an evaporation process, the desired product [EMIM][BuOS0 3 ] was 
obtained in quantitative yield (>99%) and high purity. 

The transesterification reaction has been found to be a second order 
reaction, first order with respect to [EMIM][EtOS0 3] and the higher alcohol, 
respectively. The reaction has been carried out, under otherwise identical 
conditions, at different temperatures. The results of this set of experiments are 
displayed in form of an Arrhenius plot in Graph 1. From this plot the activation 
energies for the transformation of [EMIM][EtOS0 3] with 1-hexanol and 1-
butanol can be easily obtained. 

The activation energies were determined to be 73.01 KJ/môl for the reaction 
with 1-butanol and 92.58 KJ/mol for the reaction with 1-hexanol. The reaction 
enthalpies were 0.72 KJ/mol and 2.02 KJ/mol, indicating that the 
transesterification is a slightly endothermic reaction. 

The described reaction of the commercial available [EMIM][EtOS0 3] and 
1-butanol was carried out in lab-scale (-250 g product) using a rotavap as 
reaction vessel. Applying this equipment, the reaction mixture can easily be 
reacted at controlled temperature and reduced pressure with some film formation 
for improved evaporation of the low-boiling coupling product ethanol. 
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Graph L Arrhenius plot of transesterfication of [EMMJ[EtOS03J with 
1-hexanol and 1-butanol. 

Figure 1. Proposed set-up for an up-scaling of the transesterification reaction 
combining a reaction vessel with a thin film condenser. 
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For the scale-up of the reaction we propose the combination of a reaction 
vessel with a thin film evaporator as displayed in Figure 1. 

In such a set-up the transesterification reaction is carried out in the stirred 
tank reactor followed by continuous removal of the low boiling alcohol (e.g. 
ethanol) in the thin film evaporator. The starting material ([EMIM][EtOS0 3], 
BuOH) and the product ([EMIM] [BuOS0 3] are cycled between both apparatus 
of the overall set-up until full conversion is obtained and the remaining alcohols 
are completely removed. 

The complete synthetic procedure can be regarded as very environmental 
benign. No volatile organic solvents are needed for both the quaternization and 
the transesterification step. Moreover, almost no waste is produced during the 
very atom-efficient synthesis as the excess of alcohol used can easily be 
recycled. With respect to many applications the fact that these novel substances 
do not contain any halides like chlorides or bromides (as the whole synthesis 
process is virtually halogen-free) is also a very important and attractive feature. 

Selected physical-chemical properties of functionalized 
alkylsulfate ionic liquids 

The physical-chemical properties of the following ionic liquid (produced 
according to the above described methodology) a presented. 

[EMIM][BuOS0 3 ] , [EMIM][HexOS0 3], [EMIM][OcOS0 3 ] , [EMIM] meth-
oxyethylsulfate ([M(EG)OS0 3]), [EMIM] ethoxyethylsulfate ([E(EG)OS0 3], 
[EMIM] butoxyethylsulfate ([B(EG)OS0 3]), [EMIM] 2-(2-ethoxyethoxy)-ethyl-
sulfate ([E(EG) 2 0S0 3 ]) and [EMIM] 2-(2-methoxyethoxy)ethylsulfate 
([M(EG) 2OS0 3]). The properties of some corresponding l-butyl-3-methyl-
imidazolium ([BMIM]) based ionic liquids are given for comparison. 

A l l properties were obtained using alkylsulfate melts with water content 
below 600 ppm as determined by Karl-Fischer-Titration. 

Viscosity 

The viscosity of the different ionic liquids were measured in a 
temperature range from 20 to 100 °C. Graph 2 summarizes the viscosities 
obtained at 30 °C. 

A clear trend can be seen for all ionic liquids under investigation. The 
viscosity increases drastically with an increasing chain length of the 
alkylsulfate anion due to increasing van-der-Waals interactions.7 3 For 
example, [BMIM][BuOS0 3 ] shows a viscosity of 386 mPa s, whereas for 
[BMIM] [HexOS0 3 ] a viscosity of 481 mPa s was measured. Comparing the 
same anion and different cations the same effect can be seen with an 
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Graph I. Viscosities of different alkylsulfate ionic liquids at 30°C. 

increasing chain length at the cation: [BMIM] based ionic liquids are always 
more viscous, e.g. ( [EMIM][OcOS0 3 ] has a viscosity of 349 mPa s at 30°C 
while the viscosity of [BMIM][OcOS0 3 ] was determined to be 675 mPa s at 
the same temperature. 

Concerning the ionic liquids with ethyleneglycol-functionalized anions, 
an interesting effect can be observed. By replacing CH 2-moieties by O-atoms 
(while keeping the overall chain length constant), the viscosity can be 
reduced to great extent. We assume that this effect has to do with the 
increasing flexibility of the side chain carriying the ether functionality. 

For example, the viscosity at 30°C was determined to be 116 mPa s for 
[EMIM][E(EG) 2 OS0 3 ] whereas the corresponding non-oxygen-
functionalized [EMIM][OcOS0 3 ] shows a almost three times higher value at 
the same temperature. 

These examples clearly illustrate the great role of anion modification on 
the viscosities of ionic liquids. 

Density 

The densities of all ionic liquids presented in Table 1 were measured at 
25 °C using a pyknometer. 
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Table 1. Densities of different alkylsulfate ionic liquids at 25°C. 

I L Density [g mL"1] 
[EMIM][EtOS0 3] 1.22 
[EMIM][BuOS0 3 ] 1.18 

[EMIM][HexOS0 3] 1.13 
[EMIM][OcOS0 3 ] 1.10 

[EMIM][M(EG)OS0 3 ] 1.32 
[EMIM][E(EG)OS0 3] 1.30 
[EMIM][B(EG)OS0 3 ] 1.21 

[EMIM][M(EG) 2 OS0 3 ] 1.23 
[EMIM]tE(EG) 2 OS0 3 ] 1.23 

[BMIM][OcOS0 3 ] 1.05 
[BMIM][M(EG) 2 OS0 3 ] 1.19 

As can be seen from the table, the density of [EMIM] based ionic liquid 
decreases with increasing alkyl chain length of the anion. For example, the 
density drops from 1.22 g mL*1 for [EMIM][EtOS0 3] to 1.10 g mL"1 for 
[EMIM][OcOS0 3 ] . 

The comparison of functionalized with non-functionalized ionic liquids 
shows, that the substitution of carbon atoms by oxygen atoms leads to an 
increase of density. For example, [EMIM][OcOS0 3 ] has a density of 
1 .10gmL- l whereas for the functionalized analogue [EMIM]-
[M(EG) 2 OS0 3 ] a value of 1.32 gmL" 1 was obtained. This behavior can be 
explained by the formation of inter- and intramolecular Η-bonds. Therefore 
the molecules show a more dense arrangement of the molecules per volume 
unit. 

Synthesis of vinylsulfonate ionic liquids and further 
functionalization 

Introducing an ionic liquid with a double bound function either in the cation 
or in the anion offers the possibility of further functionalization reactions using 
standard catalytic transformations like hydroformylation, hydrosilylation or even 
polymerization. Using unsaturated alkylhalides as alkylating agents, a double 
bound can be easily introduced in the cation during the alkylation of a 
nucleophile. For example, vinyliodide was used for quaternization of 
methylimidazole in order to synthesize a new iodide source for dye sensitized 
solar cells . N 
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In this paper we present the synthesis of vinylsulfonate ionic liquids which 
contain a double bond in the anion and thus can be further functionalized using 
different (catalytic) reactions. Sodium vinylsulfonate is a large scale industrial 
product which is commercially available in form of an aqueous solution. The 
corresponding acid was used by Yoshizawa et al. in a neutralization reaction 
with 1-vinylimidazol in order to form an ionic liquid monomer.75 A radical 
polymerization with A I B N yielded a polymer electrolyte which showed good 
electric conductivity. 

To obtain dialkylimidazolium vinylsulfonate the aqueous solution of sodium 
vinylsuphonate was applied in metathesis reactions with e.g. [EMIM]C1 or 
[EMIM]Br. As shown in Scheme 3, two different synthetic approaches can be 
applied to obtain the desired product [EMIM][vinylsulfonate]. 

Scheme 3. Synthesis of vinylsulfonate ionic liquids. 

Ion exchange in dry acetone 

This synthetic approach uses the known very low solubility of sodium 
chloride in cold, dry acetone. Therefore, the aqueous solution of sodium 
vinylsulfonate is first dried under vacuum, obtaining the salt as a white powder. 
Together with [EMIM]C1, dry sodium vinylsulfonate is suspended in the dry 
acetone in a 1:1 ratio. The whole mixture is stirred for 3 days at ambient 
temperature. Afterwards, the mixture is cooled down using an ice-bath and 
filtered over Celite. After evaporating the solvent, the ionic liquid was obtained 
as a clear, colorless liquid. The corresponding [BMIM] [vinylsulfonate] has been 
obtained using the same procedure. 
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Ion exchange using an ion exchange resin 

A commercial ion exchange resin has also been used for the synthesis of 
vinylsulfonate ionic liquids. This technique can be applied directly from the 
aqueous solution without drying. The ion exchange resin is placed in a column 
and is loaded by rinsing it with a diluted solution of sodium vinylsulfonate until 
the eluent is halide free (as checked by silver nitrate titration). Afterwards it is 
washed with a larger amount of distilled water to remove all sodium cation form 
the system. The so loaded resin is then slowly flushed with an aqueous solution 
of [EMIM]Br. The eluent is collected in small portions until first traces of 
bromides are found. The combined solutions are dried under reduced pressure 
yielding the desired ionic liquid as a clear, colorless liquid. Ion chromatography 
of the obtained product showed a halide content below 1000 ppm. 

Selected physical-chemical properties of 
[EMIM]/[BMIM] [vinylsulfonate] 

A l l properties were obtained using [EMIM] and [BMIM] [vinylsulfonate] 
with a water content below 1000 ppm as determined by Karl-Fischer-Titration. 
The ionic liquids were regarded to be halide-free as tested with a 1 M solution of 
aqueous silver nitrate and ion chromatography (halide content <1000 ppm). 

Thermal properties 

The temperatures of decomposition of both ionic liquids were investigated 
using a thermo gravimetric analysis with a heating rate of 10 K/min in an argon 
flushed chamber. The sample was heated from room temperature to 500 °C. 

The temperatures of decomposition were obtained by the TG-onset method, 
which gave 310 °C for [EMIM][vinylsulfonate] and 306 °C for [BMIM]-
[vinylsulfonate]. Though, the thermal stability seems to be rather independent of 
the cation structure. Obviously, the vinylsulfonate anion determines the 
temperature of decomposition. 

It is worth notifying, that significant decomposition occurs in long-term 
measurements already approx. 50 °C below the measured TG-onset temperature 
as found for many other ionic liquids. 1 6 The melting points of both ionic liquids 
were below 0 °C, exact values were not accessible by DSC measurements, as the 
substances formed super-cooled melts in this temperature range. 
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Viscosity 

The viscosities of [EMIM]/[BMIM] [vinylsulfonate] were measured 
between 20 and 80 °C. The results are given in Graph 3. 

At 20 °C, [EMIM] [vinylsulfonate] shows a viscosity of 113 mPa s, which is 
comparable to [EMIM][EtOS0 3 ] . Though, the double bond functionality does 
not have a great influence on the viscosity. As expected, the viscosity decreases 
with increasing temperature, reaching 16 mPa s at 80 °C. 

As expected, the viscosity of [BMIM] [vinylsulfonate] is always significant 
higher compared to that of the [EMIM] based ionic liquid. 

Transformations of Vinylsulfonate Ionic Liquids 

As mentioned above, double bound functionality in the ionic liquid's anion 
offers a wide variety of different catalytic and non-catalytic way for further 
structural modification. A selection of possible transformations of a 
vinylsulfonate ionic liquid is given in Scheme 4. 

For example, vinylsulfonate ionic liquids (1) can be polymerized using a 
radical starter like A I B N . The so formed ionic gel (2) could have applications as 
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Scheme 4. Possible transformations of vinylsulfonate ionic liquids by 
anion modification. 

electrolyte in electrochemical devices like dye-sensitized-solar-cells or lithium-
ion batteries. So far, conductive gel electrolytes are mainly obtained by mixing 
poly(vinylidenefluoride-cohexa-fluoropropylene)(PVDF-HFP) polymers with an 
ionic liquid. 7 7 Another possible transformation is the catalytic hydrosilyation, 
leading to an ionic liquid with silyl functionality in the anion (3). 

In the following chapters, two catalytic reactions to further transform the 
vinylsulfonate anion of an ionic liquid will be described in more detail. Both, 
hydrogénation and hydroformylation are standard catalytic reactions. 

Hydrogénation of vinylsulfonate 

The hydrogénation of [EMIM] [vinylsulfonate] (1) was carried out using 
methanol as a solvent and Ruthenium on active carbon as the heterogeneous 
catalyst. The reaction mixture was kept at 60 °C for 3 h with a hydrogen pressure 
of 80 bar. Afterwards, the catalyst was removed by filtration and the product was 
obtained after solvent evaporating as a colorless clear liquid in quantitative yield. 

The ionic liquid [EMIM][ethylsulfonate] (4) was characterized by *H and 
1 3 C NMR-spectroscopy. 

In comparison to the corresponding [EMIM][ethylsulfate], the 
ethylsulfonate ionic liquid is expected to be much more stable versus hydrolysis, 
due to the absence of the relatively labile carbon-oxygen-sulfur linkage. It is 
known that from the latter alcohol and hydrogensulfate can be liberated under 
aqueous, acidic conditions at elevated temperatures. Therefore, we anticipate 
that [EMIM] [ethylsulfonate] may find use as an engineering fluid in applications 
where a halogen-free and highly hydrolysis stable ionic liquid is required. 
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Hydroformylation of vinylsulfonate 

AH hydroformylation experiments with [BMIM] [vinylsulfonate] (1) were 
carried out in water as solvent using an Rh(acac)(CO)2 precursor in combination 
with a TPPTS ligand as the homogenous catalyst. The reaction mixture was kept 
at 100 °C for 12 h with an overall pressure of 40 bar C O / H 2 . After cooling to 
ambient temperature, the reaction mixture was filtered through Celite. Removing 
the solvent yielded the product as a highly viscous liquid. *H NMR-spectra 
showed complete conversion and a surprising wo/w-ratio of the produced 
aldehydes of greater than 18 indicating a highly selective formation of the 
branched aldehyde. 

The obtained ionic liquid (5) can be directly used as a functionalized ionic 
liquid offering the new feature of a carbonyl group in the anion. The latter may 
be of use for selective coordination or even further anion reactions. As one 
example of such a further reaction the hydrogénation of the aldehyde function 
was already carried out leading to the corresponding hydroxysulfonate anion. 
The reaction was successfully carried out using again a heterogeneous 
hydrogénation catalyst under high pressure conditions. 

Conclusion 

The results discussed in this contribution demonstrate that a large variety of 
functionalized ionic liquids is indeed accessible by further chemical 
transformation of ionic liquid key-intermediates such as [EMIM][EtOS0 3] or 
[cation] [vinylsulfonate]. 

The solvent-free synthesis of different, functionalized alkylsulfate melts by 
transesterification is an environmentally friendly way of producing large 
quantities of ionic liquids with a chance to tune properties like viscosity, density 
or solubility by the proper choice of the alcohol to be introduced. The cheap 
starting material and the possibility of an easy up-scale underline the potential of 
anion functionalized alkylsulfates in future bulk ionic liquid applications. 

The new class of vinylsulfonate based melts is very interesting starting 
materials to generate new task-specific ionic liquids. The vinylsulfonate anion 
can be further transformed using standard reactions, such as hydrogénation, 
polymerization or hydroformylation opening-up a very attractive access to many 
new anion structures for ionic liquids. 
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Chapter 20 

Spatial Heterogeneity in Ionic Liquids 

Yanting Wang, Wei Jiang, and Gregory A. Voth 

Center for Biophysical Modeling and Simulation and Department 
of Chemistry, University of Utah, 315 South 1400 East Room 2020, 

Salt Lake City, UT 84112-0850 

Electronically polarizable atomistic molecular dynamics 
models have been developed for the 1-alkyl-3-
methylimidazolium nitrate ionic liquids with the alkyl-chain 
length ranging from 2 to 12. The molecular dynamics 
simulations with these models confirm the spatial 
heterogeneity previously discovered by the multiscale coarse
-grained models (Wang & Voth, J. Am. Chem. Soc. 2005, 127, 
12192). The global structures are monitored by a 
heterogeneity order parameter. The tail groups of cations are 
found to aggregate and distribute more heterogeneously than 
the headgroups of cations and the anions, forming discrete tail 
domains. The anions always stay close to the headgroups. The 
charged groups retain their local structures relatively 
unchanged, forming a continuous polar network, and leading 
to different global structures when varying the side-chain 
length. The ionic diffusion is slower with increasing alkyl
-chain length. Based on these simulation results, a refined 
mechanism can be proposed, considering the competition 
among the Coulombic interactions, the collective short-range 
interactions, and the geometrical constraint from the 
intramolecular bonds. This mechanism can explain many 
experimental and simulation results, and is expected to be 
general for most kinds of ionic liquids. The finite size effects 
due to the limited simulation size are also discussed. 

272 © 2007 American Chemical Society 
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Introduction 

Understanding the structural properties of ionic liquids is essential for the 
systematic design and application of ionic liquids. 

Ionic liquids are room temperature molten salts which may be used as a 
potential substitute for the traditional environment-unfriendly organic solvents. 
They have a much lower melting point compared to the inorganic molten salts, 
which is achieved by involving a bulky organic cation (7). Generally most of the 
partial charges on the cation are distributed around its headgroup. When the side 
chain is short, the tail groups also have non-zero effective partial charges. With 
increasing side-chain length, the partial charges on the tail groups become 
smaller, and the amphiphilic feature for cations increases accordingly. Because 
there are numerous ionic liquid systems (2) to be chosen from to meet specific 
applications, a theoretical understanding of the "tunability" of ionic liquids, such 
as the changes of their physical properties with various side-chain lengths, is 
important for guiding their efficient design and applications. 

Experiments have been done to investigate the behavior of ionic liquids 
with various cationic side-chain lengths. A liquid crystal phase has been 
observed for pure ionic liquids with long side chains (5-<5). This mesophase 
affects the selectivity of the reaction products taken in ionic liquids (6). Tokuda 
et al (7) reported for [C n MIM] + (CF 3 S0 2 ) 2 N' that the summations of the 
diffusion coefficients for the cations and the anions follow the order C 2 > C i > C 4 

> Q > C 8 . (Here and thereafter, C w refers to the ionic liquid system having an 
imidazolium cation with η carbon groups on its side chain.) Seddon et al (8) and 
Huddleston et al (9) reported similar experimental results for the systems with 
different anions. The above three papers (7-9) have also found a decreasing 
mass density with increasing side-chain length. Wakai et al (10) observed that 
the dielectric constant of ionic liquids decreases with increasing side-chain 
length of cations. Bonhôte et al (11) also studied the importance of viscosity 
and ion size on conductivity of ionic liquids. 

Molecular dynamics (MD) simulations have also been done to 
computationally investigate this issue. By M D simulations, Urahata and Ribeiro 
found that the diffusion increases from Cj to C 4 , and then decreases when the 
side chain is longer (12). With static structure factor calculations, the same 
authors found a long-range ordering in their M D results (13). The M D 
simulations by Margulis (14) found that the systems are more structured with 
longer side chains. Del Popolo and Voth (75) found evidence for dynamical 
heterogeneity, which should be indirectly related to spatial heterogeneity. Most 
recently Lopes and Pâdua (16) used an all-atom model to report the microscopic 
separation of polar and nonpolar domains in ionic liquids. However, the authors 
did not give a clear mechanism to systematically explain their simulation results. 
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Recently we have successfully applied the multiscale coarse-paining (MS-
CG) approach (17, 18) to the EMIM^NCV (C 2) ionic liquid (19). The M S - C G 
model for EMIM^NCV was then extended to qualitatively study the physical 
properties of ionic liquids with various lengths of side chains. By using these 
M S - C G models, we have revealed the spatial heterogeneity in ionic liquids 
formed by the aggregation of tail groups on side chains (20). The suggested 
mechanism is that the competition between the electrostatic interactions among 
the charged groups and the collective short-range interactions among the neutral 
tail groups results in the aggregation of tail groups, while the headgroups 
distribute as uniformly as possible (which does not mean completely uniformly). 
To verify the above mechanism, in this study polarizable atomistic models with 
full atomic detail have been developed for imidazolium cations with various 
side-chain lengths along with extensive M D simulations. In the past, we have 
shown (21) that electronic polarizability can be important to include in atomistic 
M D simulations. 

In this work, our approach (27, 22) for developing the polarizable model for 
C 2 has been applied to develop the all-atom models for C 4 , C 6 , C 8 , C 1 0 , and C i 2 . 
Here only cations with even number carbons on the alkyl chain have been 
studied, because those with odd number carbons are more expensive to prepare 
in experiments, and they have different trends for some physical properties (5). 
The M D simulations have then been carefully carried out to ensure that the 
systems with 512 ion pairs have good equilibration at Τ = 400 Κ. It has been 
found that, with increasing cationic side-chain length, the system mass density 
and the diffusion of both the cations and the anions decrease; the tail groups 
aggregate to form isolated tail domains; and the charged groups retain their local 
structures relatively unchanged for different systems. By using a newly defined 
heterogeneity order parameter, the degrees of heterogeneous distribution have 
been quantified for different atom groups. With increasing side-chain length, 
both the headgroups and the tail groups distribute more heterogeneously. 
However, the tail groups distribute more heterogeneously than the headgroups 
of cations and the anions for all systems. Based on these observations, a 
mechanism is proposed to refine our previous one (20) based on the M D 
simulations using the M S - C G models. 

Models and Methods 

In this section the procedure of building the polarizable atomistic models is 
first described. A heterogeneity order parameter is then defined, deigned to 
quantify the spatial heterogeneity in a finite-size simulation box. What follows 
are the definitions for diffusion constant and radial distribution function. Finally 
the M D simulation procedure for equilibration and sampling is given. 
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Polarizable atomistic models 

A polarizable atomistic model (21, 22) has been developed for the 
EMIIVfNCV ionic liquid, based on the A M B E R force field (23). In this model, a 
fast extended Lagrangian approach (24) similar in spirit to the Car-Parrinello 
method (25) has been used to treat the many-body polarizable model. In this 
method, the induced dipole degrees of freedom are coupled to a heat bath with a 
very low temperature (~ 0.1 K ) separated from the system heat bath to help 
keep them evolving on the adiabatic surface. This algorithm leads to an 
increased simulation time (about a factor of two for C 2 ) , but the polarization 
caused by the induced dipoles has been shown (21, 22) to have a significant 
influence on both the structural and the dynamical properties of ionic liquids, 
and is thus considered to be essential. The polarizable model also brings the 
atomistic simulation results into closer agreement with the experimental data in 
the cases we have examined (21,22). 

The total potential of the polarizable model Vpoi is the sum of the bonded 
interaction, VB, the short-range van der Waals interaction, VVDW> the long-range 
Coulomb interaction, VEI, and an induction term, VIND, i.e., 

The bonded interaction VB generally has the typical bond, valence angle, 
and dihedral angle terms among atoms 

Vh = Σ -k(r-rS) + Σ -ϊΛθ-θΛ + Σ V Γΐ + cos(ηφ- yS\ m 
b bonds2 r X 0 J angles2 & X 0 J dihedrals V W 

where kn Kq, V„ are force constants, r, θ, φ are bond length, valence angle, and 
dihedral angle, respectively, r0, θ0, and γ are equilibrium positions, and η is an 
integer number. 

The short-range interaction generally takes the 12-6 Lennard-Jones potential 
form 

/ j>i 
(3) 

where ε is the depth of the energy minimum, σ is the minimum energy distance, 
r,y is the distance between atom / and atom j. 

In the Coulomb potential Vei, the charge g, on atom / is the partial charge 
including the permanent dipole effect. The partial charges can be obtained 
from an ab initio study of the ions as described below, satisfying the constraint 

Σ% = 1 f ° r cation, and ^q. = -1 for anion. With those partial charges, the 
i i 

Coulomb potential is written as 
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r.-ΣΣψ 
i J>> ij 

(4) 

The induced term V. . is expressed as 

In the above equation E^ = ^ q r g J Ί i s the electric field on atom i , 

generated by the partial charges of all other atoms, excluding those within the 
same ion of atom /. The dipole field tensor is calculated from the 

the electric field on atom /. The isotropic atomic polarizabilities {or,} are 
determined by fitting the anisotropic molecular polarizabilities of the ions, 
which can be obtained by an ab initio simulation. Note that the induced dipole 
on each atom depends on the positions of all atoms, so the polarizability is a 
many-body effect. 

The polarizable atomistic models for C 4 , C 6 , C 8 , C 1 0 , and C 1 2 were 
constructed by extending the force field parameters for C 2 . The methylene 
groups were added to the cationic side chains. The standard A M B E R force field 
parameters (23) for the bonded (bond, angle, and dihedral) interactions and the 
V D W interactions were assigned to the new degrees of freedom accordingly. 
The isotropic atomistic polarizabilities fitted for C 2 (/9, 22) were assigned to the 
added atoms on the cations. These parameters are given in the Appendix. 

The standard one-configuration two-step procedure (26) of fitting partial 
charges for the A M B E R force field was followed to obtain the partial charges 
for those cations. The Gaussian package (27) was first used to obtain the ab inito 
optimized structure of the cations at the theoretical level of mp2/6-31g*. The 
same theoretical level was then used to obtain the partial charges fitted to the 
electrostatic potential at points selected according to the Merz-Singh-Kollman 
scheme (28, 29). The RESP package as a part of the A M B E R software was 
finally used to obtain the partial charges compatible to the A M B E R force field 
parameters. Our fitted partial charges for C 4 are very close to those reported by 
de Andrade et al. (30). The fitted partial charges for the cations are also listed in 
the Appendix. 
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Heterogeneity Order Parameter 

A new order parameter has been recently defined (31) to quantify the spatial 
heterogeneity continuously. This Gaussian-like heterogeneity order parameter 
(HOP) is defined for each site as 

A = ] T e x p ( - r 2 / 2 ^ ) (6) 
j 

where rtj is the distance between sites / and j , corrected with the periodic 

boundary conditions, σ - n #5 with L the side length of the cubic simulation 
box and Ν the total number of the sites. 

For a given configuration, the average HOP is computed by averaging over 
all Ns sites of interest, such that 

* 1 A 

IVs f=l 

The HOP is so defined that it is topologically invariant with the absolute 
distances between sites, thus independent of the simulation box size L. Because 
the weights of the sites far from the target site decrease quickly with distance, 
the HOP approaches a constant with increasing number of sites. Some ideal 
systems with Ν = w3, η = 1, 2, 3, sites uniformly distributed in a cubic box 
were constructed, and the HOP was computed for these systems with periodic 

boundary conditions applied. The values for the ideal systems hQ are given in 
Table I. The HOP takes a fixed number of 15.7496 when the number of sites is 
larger than 1000. 

In order to let the HOP take some values around zero when the sites 
distribute almost uniformly, a reduced HOP for each configuration is defined as 

Α = Λ-Λ 0 (8) 
The HOP defined above actually characterizes the instantaneous density of 

sites. To measure the ensemble-averaged density of sites, a lattice HOP is 
defined to calculate the average density for all configurations from one constant 
NVT trajectory. In order to calculate the lattice HOP, the cubic simulation box is 
divided into small cubic cells. For one configuration, in each cell i , the lattice 
HOP Ci is the HOP averaged over all sites of interest in this cell, such that 

1 A * 

with M the number of sites in cell /, hr die HOP of the jth site in cell /. Note 

that the regular HOP , rather than the reduced HOP hy, is used here, so that 

the two cases of having no sites and having uniformly-distributed sites in a 
given cell are distinguishable. 
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Table I. Heterogeneity Order Parameter t\ for Uniformly Distributed 

Systems with Different Number of Sites Ν . 

Ν 
s Κ 

1 1.0000 
8 4.1464 

27 10.8388 
64 12.9513 
125 15.3220 
216 15.5285 
343 15.7368 
512 15.7431 
729 15.7495 
1000 15.7495 

1728 and larger 15.7496 

If a cell contains no sites of interest, the lattice HOP in this cell takes the 
average value of all neighboring cells, weighted by the inverse value of their 
center-center distance, such that 

Here, Mc is the number of neighboring cells for cell /, Cy is the lattice HOP for 
the jth neighbor of cell i , r,y is the center-center distance from cell / to cell j. The 
neighboring cell is defined as the cells with their center-to-center distance from 
the target cell less than a cutoff of 5.9 Â, the same as that chosen in Ref. (31). 

The ensemble-averaged lattice HOP (c,) for cell ι is the average value of 
instantaneous lattice HOP over all configurations for one trajectory, such that 

1 N f 

<C/) = TTZs ( i i ) 
where Nt is the number of configurations, c,y is the lattice HOP for cell ι in the 

 
  

In Ionic Liquids IV; Brennecke, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



279 

yth configuration. The ensemble-averaged lattice HOP for one trajectory is then 
obtained by averaging over all cells, given by 

<*> = 1Τ-ί> (> 02) 
where Nc is the number of cells in the system. 

Diffusion and local structure 

The mean square displacement of particles is defined as 

^Δ/*2 (t^ = ^|r. (ί 0 + i ) - r (tQ^, with r,(t) the position of particle / at time f, 

averaged over all particles and initial times t0. The diffusion constant is then 
calculated (32) by fitting the linear part of the mean square displacement 

(^2(0) 
D = . In this work, only the self-diffusivity of ions has been measured. 

6t 
So the term "diffusion" will be unambiguously used to refer to the self-
diflusivity of ions. 

One widely-used method of characterizing the local structure of a liquid is 
through the radial distribution function (RDF), which is defined as (52), 

*>£(ΣΣ»Ε- ' . ) < 1 3 ) 

where V is the system volume, Ns is the total number of sites, r is the radial 
distance, and ty is the distance vector between sites i and j. When the side chain 
is long, calculating the RDFs for the center of mass of the cations has less 
meaning. Alternatively the partial site-site RDFs between the center of masses of 
the subgroups of cations and the anions were calculated for ionic liquid systems. 

Molecular Dynamics Procedure 

With increasing cationic side-chain length, the number of atoms is larger 
with a given number of ion pairs, and the diffusion is slower (7-9). On the other 
hand, systems with longer alkyl chains may have a more significant finite size 
effect in a finite simulation box, which may be big enough for systems with 
shorter chains. Considering the above facts, obtaining the fully equilibrated ionic 
liquid systems with a reasonably large simulation size is not an easy task. In this 
study, a strategy aimed at accelerating the equilibration in the M D simulations is 
taken, as described below. The integration time interval of 0.45 fs for each M D 
step was used for all M D simulations. 
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A n initial configuration containing 64 ion pairs was first manually 
constructed, with the ions periodically placed on the lattice positions in a very 
large cubic simulation box. The initial configuration was then equilibrated at T= 
1000 Κ by a Hoover barostat (33) with a pressure of Ρ = 1 atm for 106 steps (450 
ps). At such a high temperature the memory from the initial configuration was 
easily lost. The equilibrated configuration at Γ = 1000 Κ was then cooled down 
sequentially to 400 K , with an interval of 200 K . At each temperature the system 
was equilibrated with the constant NPT simulation with Ρ = 1 atm for 106 steps 
(450 ps). The obtained configuration at Τ = 400 Κ was then equilibrated at this 
temperature with the constant NVT simulation by a Nosé-Hoover thermostat 
(34), with the system density fixed to be the one averaged from the previous 
constant NPT simulation. This equilibration was done for more than 5 χ 106 

steps (2.25 ns). The final configuration was confirmed to be fully equilibrated by 
observing that the diffusion of ions reaches a constant value. 

The fully equilibrated configuration with 64 ion pairs at T= 400 Κ was then 
duplicated once in each dimension to get an initial configuration with 512 ion 
pairs. This initial configuration then went through a constant NPT simulation 
with Ρ = 1 atm at T= 400 Κ for 106 steps (450 ps) to allow the system to relax 
from the periodic image interactions in the smaller-size simulation, and to 
eliminate the margin area between the duplicated images. With the system size 
fixed to be that averaged from the above constant NPT simulation, the system 
with 512 ion pairs then underwent a production run with a constant NVT 
simulation at T= 400 Κ for 106 steps (450 ps). During this production run 1000 
configurations were sampled evenly with a time interval of 0.45 ps. 

Results 

The procedure described in last section was performed to obtain the M D 
data for the ionic liquid systems C 2 , C 4 , C 6 , C8> Cio, and C ! 2 with 512 ion pairs at 
Τ = 400 Κ. The finite size effect was first evaluated based on the C 6 systems 
with 64 and 512 ion pairs. Analyses were then performed for the obtained data 
to get the structural, dynamical, and thermodynamical properties. The 
heterogeneity order parameter was applied to these systems to quantify the 
global heterogeneity in the liquids. 

Below the term "headgroup" is used to specifically refer to the imidazolium 
ring of the cation, and the term "tail group" is used to refer to the terminal 
methyl group of the alkyl chain on the cation. The term "polar group" refers to 
the anion in addition to the headgroup and the adjacent methyl and methylene 
groups with non-negligible net partial charges, while the term "nonpolar group" 
refers to the methylene and methyl groups on the alkyl chain with negligible net 
partial charges. Here a net partial charge on a group of atoms is considered to be 
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negligible i f its absolute value is smaller than 0.03 elementary charges, which, 
when apart about 5 Â from another group with the same type, roughly generates 
a Coulombic potential energy of less than 10% of the typical minimum short-
range potential -0.03 eV. The polar groups are dominated by the Coulombic 
interactions, while the nonpolar groups mainly have the collective short-range 
interactions. By this criterion, the third methylene group and other groups 
farther from the imidazolium ring on the side chain are considered nonpolar, 
while the remaining groups of the cation are considered polar. 

Finite Size Effects 

For ionic liquids, the quantities of interest are the physical and chemical 
properties of macroscopic samples containing ~10 2 3 molecules. In atomistic M D 
simulations with today's computers, however, only systems ~10 3 molecules with 
periodic boundary conditions can be studied. When the side length of the 
simulation box is smaller than twice the characteristic correlation length of 
interest, finite size effects will significantly distort the simulated properties. 
Generally the magnitudes of correlation lengths for different physical properties 
are not the same. Below the results for the C 6 systems with 64 and 512 ion pairs 
wil l be compared to show qualitatively different correlation lengths in ionic 
liquid systems. 

In Figure 1 the RDFs between headgroups, tail groups, and anions for the 
C 6 systems with 64 and 512 ion pairs are compared. According to the four plots 
in Figure 1, while the peak positions remain the same, the finite size tends to 
suppress the peaks in the tail-tail RDF, but to raise the peaks in the head-head, 
anion-anion, and head-anion RDFs. This means that in an insufficiently large 
simulation box, the tail groups appear to distribute more uniformly, while the 
headgroups and anions appear to be more structured. 

The mean square displacements for these two systems are shown in Figure 
2. For both systems, the cations diffuse slower than the anions. This may be 
qualitatively understood by taking into account the fact that, besides the 
Coulombic interactions between the ions, the cations are also bound by the 
collective short-range interactions between the nonpolar groups. In contrast to 
the case of C 2 (22), the ions diffuse faster in the 64 ion-pair system than in the 
512 ion-pair system. This is possibly due to the fact that the tail aggregation for 
C 6 in the smaller size system is reduced, as can be seen in Figure la . 

Although quantitatively different, the RDFs and the diffusion for these two 
sizes give the same qualitative results for local structures and dynamics. In 
contrast, the finite size effect is so large for the global heterogeneity 
distributions in ionic liquids that the results from the small-sized systems would 
give a false impression. The reduced HOP defined in eq (8) was applied to these 
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Figure 1. (a) Tail-tail, (b) head-head, (c) anion-anion, and (d) head-anion 
radial distribution functions for the C6 systems with 64 and 512 ion pairs, 

respectively. 

two C 6 systems, and their values are plotted in Figure 3. For the 64 ion-pair 
system, the HOPs fluctuate considerably and do not show much difference for 
the distributions of the tail groups from those for the headgroups and anions. For 
the 512 ion-pair system, however, the HOPs are stable and the tail groups take a 
value larger than those for the headgroups and the anions, indicating that the tail 
groups distribute more inhomogeneously. Thus the finite size effect has a large 
influence on the global heterogeneity of ionic liquids. It also likely suggests that 
the characteristic correlation length for global heterogeneity is longer than that 
for local structure and that for diffusion. It can be expected that, with increasing 
length of cations, the characteristic correlation length for heterogeneity becomes 
larger, and the required simulation size exhibiting little finite size effect should 
increase correspondingly. 
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t(ps) 

Figure 2. Mean square displacements for the C6 systems with 64 and 512 ion 
pairs, respectively 

In order to evaluate approximately the influence of the finite size effect on 
the systems with various lengths of the alkyl chain, the distributions of their 
cationic lengths d were calculated for 512 ion-pair systems. Here the cationic 
length d is defined as the distance from the center of mass of the methyl group 
not on the alkyl chain to the center of mass of the tail group. The distributions 
are shown in Figure 4. With increasing number of methylene groups on the alkyl 
chain, the most probable value of the cationic length dM increases, but the 
probability of having this value decreases, and the distribution broadens, 
reaching very small values of d. This indicates that longer alkyl chains are more 
flexible and can bend to form many different shapes, so that the distance 
between the two terminals can range more widely. 

The side length L of the cubic simulation box in the constant NVT 
simulations for the systems with 512 ion pairs was then divided by the most 
probable cationic length dM. The plot of this ratio is drawn as the inset in Figure 
4. The ratio decreases with increasing side-chain length, showing that, by taking 
the same simulation size of 512 ion pairs for all of the simulated systems, the 
finite size effect is more significant for the systems with longer side chain 
lengths. However, because no quantitative measurements have been done for the 
correlation lengths, no theoretical criterion can be used to gauge which systems 
are almost free of the finite size effect. Thus for the results shown below, the 
finite size effect is always considered in our data analyses. 
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Figure 3. Instantaneous heterogeneity order parameter for the C6 systems with 
(a) 64 and φ) 512 ion pairs, respectively. 
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Figure 4. Distributions of cationic length for different ionic liquid systems. 
The inset is the ratio of the side length of the cubic simulation box with 512 
ion pairs divided by the most probable cationic length, roughly showing the 

significance of the finite size effect. 

Structural, Dynamical, and Thermodynamical Properties 

The average mass densities obtained with 512 ion pairs are shown in Figure 
5. Those obtained with 64 ion pairs are within 0 . 8 % deviation from the data 
shown. The densities obtained for C 4 and C 6 are very close to the experimentally 
reported 1.1120 g/cm3 for C 4 and 1.0769 g/cm3 for C 6 at T= 90 °C (8). Thus the 
finite size effect should have little influence on the mass density measurements. 
The density plot indicates that the mass density decreases as the alkyl chain 
length increases and approaches a constant value. This suggests that, at 
equilibrium, the methylene groups on the side chain have a larger space-to-mass 
ratio than the heavier head groups and anions. Increasing side-chain length 
includes more less-densely packed methylene groups in the cations. As the 
number of the methylene groups approaches infinity, the contribution from 
heavier atoms vanishes, and then the system density approaches a constant. The 
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monotonie decrease of mass density with increasing alkyl chain length is 
consistent with the experimental observations (7-9). 

The diffusion constants for different ionic liquid systems are shown in 
Figure 6. Since the product runs are relatively short, the obtained diffusion 
constants may not be very accurate. They are shown here to illustrate the 
qualitative trend of the diffusion with various side-chain lengths. For all 
systems, the cations move slower than the anions. With increasing side-chain 
length, the ions move slower, except C12 and the anion of C10, which we believe 
is due to the finite size effect. The slow down of the diffusion can be 
qualitatively understood by noting that the collective short-range attractive 
interactions increase with longer side-chain lengths, and the attractive 
interactions bind the cations more tightly than the systems with shorter side 
chains. The tendency that longer chain systems diffuse slower has also been 
found in experiments (7-9). 

In order to reveal the characteristics of the local structures, the site-site 
RDFs for different ionic liquid systems are shown in Figure 7. For all of the 
systems studied, the main peak for the tail-tail RDF is higher than that for the 
head-head and anion-anion RDFs, indicating that the tail groups aggregate more 
than the headgroups and the anions. From C 4 to C 8 , with longer side chains, the 
main peak for the tail-tail RDFs is higher, showing that, for longer side-chain 
systems, more tail groups tend to aggregate. The characteristic second peak 
demonstrates an inhomogeneous distribution of the formed tail domains. Since 
the finite simulation size tends to lower the peak heights as shown in Figure la, 
the decrease of the peaks for Qo and Ci2 may be attributed to the finite size 
effect. 

The head-head, anion-anion, and head-anion RDFs retain their shapes 
relatively unchanged for various systems. This means that the polar groups 
always retain their local structures, no matter how long the side chain is. We 
attribute this to the very strong Coulomb interactions between the headgroups 
and the anions. The peak heights for those RDFs grow with the length of the 
alkyl chain. This may correspond to the slower diffusion for a longer side-chain 
system, so the system appears more structured. Nevertheless, the finite size 
effect might also contribute at this feature, since the finite system tends to 
increase the peak heights for those RDFs, as shown in Figure lb -d . In Figure 7d 
the head-anion RDFs have a high peak at a short distance of about 5 Â. This is 
strong evidence that the anions are always distributed very closely to the 
headgroups, and the polar groups containing the headgroups and the anions are 
more localized in the longer side-chain systems. 

Spatial Heterogeneity 

The above site-site RDFs reflect the local structures in the ionic liquids. The 
local distributions should in some ways relate to the global structures. Below 
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Figure 5. Mass densities for ionic liquids with various side-chain lengths. 

Figure 6. Diffusion constants for ionic liquids with various side-chain lengths. 
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Figure 7. (a) Tail-tail, (b) head-head, (c) anion-anion, and (d) head-anion 
radial distribution functions for ionic liquids with various side-chain lengths. 
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one representative configuration of C 8 is taken as an example to show the global 
heterogeneous distributions for different sites in a visual way. The heterogeneity 
order parameter is then calculated for all the systems to show the tendency of the 
global heterogeneous distributions with various cationic alkyl-chain lengths. 

One instantaneous configuration of C 8 is shown in Figure 8. Consistent with 
the head-anion RDFs shown in Figure 7d, the anions always stay close to the 
headgroups. In order to retain their local structures, when the alkyl chain is long, 
the headgroups and the anions can not distribute as uniformly as they do in the C 2 

system, but span to form an inhomogeneous network with vacancies, such that the 
nonpolar groups connected with the headgroups by the chemical bonds can fill in. 

By visual examination of Figure 8b and c, the tail groups form tail domains, 
and distribute more heterogeneously than the headgroups, due to the collective 
short-range interactions. Although both the tail groups and the headgroups 
distribute heterogeneously, the mechanisms they follow are different. The tail 
groups "actively" take a heterogeneous distribution due to the collective short-
range interactions between the nonpolar groups, while the polar groups 
"passively" distribute heterogeneously due to the Coulomb interactions retaining 
their local structures and the geometrical constraint coming from the long alkyl 
chains. The degree of heterogeneity for tail groups is always larger than that for 
polar groups. Looking back to Figure 4, it can be seen that the cations curl in 
some complicated ways to satisfy the equilibrium requirements for both the tail 
groups and the headgroups. 

Figure 8d shows the same snapshot including the tail groups, the 
headgroups, and the anions. Because the headgroups and the anions are attracted 
by the strong electrostatic interactions to maintain their local structures, they 
form a continuous polar network, as observed previously by Lopes and Pâdua 
(16). In contrast, the tail groups aggregate to form several discrete tail domains, 
surrounded by the continuous polar network. 

The reduced HOP has been performed on all of the systems to get the 
instantaneous HOP values for tail groups, headgroups, and anions, similar to 
those shown in Figure 3b. The average values and their standard deviations for 
these instantaneous HOPs are plotted in Figure 9. For all of the systems, the 
average HOP for the tail groups is larger than that for the headgroups. This 
demonstrates that the tail groups always globally distribute more 
inhomogeneously than the headgroups. The average HOP for anion is very close 
to that for headgroups, because the anions are always very close to the 
headgroups. Except C i 0 and C i 2 , for which the finite size effect appears to be 
significant, the average HOPs for both the tail groups and the headgroups 
increase. However, the reasons for this increase are different. With increasing 
side-chain length, the tail groups distribute more heterogeneously because of the 
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Figure 1. One instantaneous configuration showing the heterogeneous 
distribution of tail, head, and anion groups for the C8 system with 512 ion pairs, 

(a) All atoms, (b) Tail groups only, (c) Headgroups only, (d) Tail groups 
(white), headgroups (light), and anions (dark). 
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Figure 9. Average heterogeneity order parameters for the ionic liquid systems 
with various alkyl-chain lengths. The error bars are the standard deviations. 

stronger collective short-range attractive interactions between the nonpolar 
groups. On the other hand, the more heterogeneous distribution of the 
headgroups is due to the fact that the growing size of the alkyl chains requires 
more space, so the requirement of maintaining the local structures forces the 
distribution of the polar groups to be more localized. 

The behavior of the methylene groups on the side chain between the 
headgroups and the tail groups were then investigated. The methylene groups on 
the side chain of C 8 are denoted by M„, where η is the position of the methylene 
group away from the headgroup. The RDFs between the same groups are drawn 
for M 2 , M 4 , and M 6 in Figure 10a. The RDFs for the headgroups and the tail 
groups are also plotted in the same figure for comparison. The main peak of the 
RDFs grows as the methylene groups come closer to the tail groups, showing 
that more groups aggregate. However, the RDFs are in no way similar to the 
RDFs for the tail groups of C 2 , C 4 , and C 6 , as shown in Figure 7a. 

The HOPs have also been calculated for M 2 , M 4 , and M 6 and are plotted in 
Figure 10b. The HOPs grow from M 2 to M 4 to M 6 . They are all smaller than 
those for the tail groups, and only M 6 has larger HOPs than the headgroups. This 
suggests that the methylene groups in the middle of the side chains seem to act 
globally in a way compromising the heterogeneities in the two ends. It is 
interesting that the HOPs are very close to the values for the corresponding tail 
groups, i.e., M 2 takes the HOP values close to the tail groups of C 2 , and vice 
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Figure 10. (a) Radial dhtribution functions and (b) instantaneous heterogeneity 
order parameter values for several atomic groups on the cations in the Q system. 
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versa, although their RDFs are quite different. This seems to suggest that, with a 
growing side chain, although the system volume expands, the existing groups on 
the side chain topologically retain their global heterogeneity. The additional 
nonpolar groups fill in the added space in a more aggregating manner. At the 
same time, the polar groups change their global distributions with their local 
structures unchanged. Below more analysis will be presented to make this point 
clear. 

The HOP calculations shown above characterize the instantaneous spatial 
heterogeneity of individual atom groups. In order to see how the ensemble-
averaged domains behave, the lattice HOP (cf) was performed on the ionic 
liquid systems with different side-chain lengths. The three dimensional 
illustration of the lattice HOPs for the tail groups and the headgroups for C 2 and 
C 8 systems are shown in Figure 11. In these pictures, each small sphere 
represents the lattice HOP value in the corresponding cell. The warmer is the 
color, the larger the lattice HOP value. Figure 1 l a and b shows that, on average, 
both the tail groups and the headgroups in C 2 distribute almost uniformly, 
despite the fact that the tail groups have some instantaneous spatial 
heterogeneity, as seen in Figure 9. Nevertheless, Figure 11c and d have many 
highly populated cells as well as many poorly populated cells. This means that, 
even on average, the polar and tail domains in Cg are distributed very non-
uniformly. 

By using the lattice HOP calculations, with the M S - C G models, we have 
qualitatively investigated (31) the phase transition of tail domains with 
increasing temperature. It has been found that, below the tail-domain-diffusion 
transition temperature, the tail domains formed have relatively unchanged 
positions; above the transition temperature, although the tail domains still form 
instantaneous domains, on average they distribute uniformly. In the all-atom 
simulations reported here, because the tail aggregation is stronger with longer 
side chain, it seems reasonable to assume that the longer-chain system has a 
higher domain-diffusion transition temperature. The pictures in Figure 1 l a and c 
are very likely to suggest that the C 2 system at Τ = 400 Κ is above its tail-
domain-diffusion transition temperature, while the Cg system at Τ = 400 Κ is 
below its transition temperature. Although Figure 1 lb and d seem to suggest the 
same phenomena for headgroups, more work will be required to understand the 
phase behavior of the polar groups in ionic liquids. 

The average lattice HOP averaging over all cells was calculated to show the 
trend of ensemble-averaged spatial heterogeneity with increasing side-chain 
length. The average lattice HOPs for tail groups, headgroups, and anions are 
shown in Figure 12. The error bar on each point indicates its standard deviation. 
From C 2 to C 8 , the standard deviations grow for all three groups, meaning that 
the lattice HOP values are more different for longer side-chain systems. This 
indicates that, with increasing side-chain length, both the tail groups and the 
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Figure 11. Three dimensional illustration of the lattice heterogeneity order 

parameters {(c,)} for (a) tail groups of C2, (b) headgroups of C2, (c) tail groups 

of C8, and (d) headgroups of Q . The spheres are colored according to the scale 
shown in this figure. 

polar groups form more stationary domains. For the C i 0 and Cn systems, the 
finite size effect surely suppresses their standard deviations. 

Mechanism 

The results obtained by the all-atom polarizable models qualitatively agree 
with those by the primitive M S - C G models, but coincide more quantitatively 
with experimental results. A refined mechanism is thus proposed here to explain 
the behavior of ionic liquids with various lengths of cationic side chain. The 
main difference of this mechanism from our previous one (20) is the behavior of 
the polar groups. In this study the headgroups are found to retain their local 
structures, due to the very strong Coulombic interactions with the anions, rather 
than to push each other away as far as possible. Similar behavior has been 
suggested by the simulations of Lopes and Padua (16). 
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Figure 12. The average lattice HOP (c) for (a) tail groups, (b) headgroups, 
(c) anions for different systems. The error bars are the standard deviations. 
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There are mainly two kinds of competing non-bonded interactions between 
ions in ionic liquids: The Coulombic interactions and the collective short-range 
interactions. For the polar groups, the Coulomb interactions are very strong, 
such that the short-range interactions are only significant when the groups come 
very close and the short-range interactions are repulsive. The Coulomb 
interactions dominate the local behavior of the polar groups. These interactions 
are so strong that the polar groups retain their local structures and form 
continuous polar domains in different ionic liquid systems with various side-
chain lengths (16). By contrast, the Coulomb interactions on the nonpolar 
groups are negligible compared to their collective short-range interactions. The 
tail groups distribute with their average distance around the equilibrium distance 
of the collective short-range interactions. Because the headgroups and the tail 
groups are connected by chemical bonds, the competition of these two groups 
leads to a balanced spatial distribution of ionic liquids, in which the tail groups 
of cations tend to aggregate to form isolated tail domains, while the polar groups 
adjust their global behavior to retain their local structures. The methylene groups 
between the headgroups and the tail groups adjust their structures in some 
complicated ways to compromise the different requirements from the two ends 
but, in general, the closer they are to the tail groups, the more heterogeneously 
they distribute. However, they do not necessarily distribute more 
heterogeneously than the headgroups. Also due to the very strong attractive 
Coulomb interactions between the headgroups and the anions, the anions always 
distribute closely around the polar headgroups. 

With longer side-chain length, the collective short-range interactions from 
the nonpolar groups are larger, leading to more aggregated domains of the tail 
groups. On the other hand, more methylene groups on the side chains require 
larger portions of the space to be filled in by them. Along with the requirement 
that the local strucutures of the polar groups remain unchanged, the distribution 
of the headgroups is more localized, resulting in a more localized continuous 
polar network. Nevertheless, the distribution of the tail groups is more 
heterogeneous than the headgroups, no matter how long the side chain is. 

It should be noted that the above mechanism should be somehow modified 
to describe the C 2 system, in which the tail groups still have a non-negligible 
partial charge distribution, such that the short-range interactions do not 
dominate. Nevertheless, by calculating the average HOPs as shown in Figure 9, 
the tail groups in C 2 have also been found to distribute more heterogeneously 
than the headgroups. This may result from a subtle balance between the 
repulsive and attractive Coulombic interactions between the whole cations and 
the anions, considering the tail groups have a much smaller partial charge than 
the headgroups. The short-range interactions between the tail groups, which are 
comparable to the Coulombic interactions, might have some influence as well. 

Our all-atom simulations with the polarizable models also give more 
evidences to support the tail aggregation (20) and domain diffusion mechanism 
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(57) based on the primitive MS-CG models. They also suggest that the domain-
diffusion transition temperatures are higher for longer side-chain systems. 
Atomistic simulations at different temperatures will likely be necessary to 
quantitatively investigate in detail the phase behavior of the polar and nonpolar 
domains in ionic liquids. 

With this tail aggregation mechanism, some experimental results can 
immediately be rationalized, despite the fact that many experiments were done 
for ionic liquids with anions other than nitrate. The competition between the 
different distributions of tail groups and headgroups results in a liquid crystal
like structure similar to those observed in experiments (5-6). The experimentally 
observed heterogeneity, however, is at mesoscopic scales and with longer side 
chains ranging from C n — C , 8 . More quantitative comparisons can only be 
obtained when simulations are performed at a much larger scale with longer side 
chains than the current study. 

When the alkyl chain is short, the cations distribute almost uniformly in the 
space, so the diffusing behavior of the ions is similar to simple isotropic liquids. 
With a longer alkyl chain, the heterogeneously distributed domains formed by 
the tail groups bind groups of cations together instantaneously, effectively 
adding an energy barrier between cation groups. Thus the ions move in a more 
hop-like fashion (/J) rather than the free style in a simple liquid. The longer the 
alkyl chain is, the higher the energy barrier, and the slower the diffusion. The 
contribution from the polar groups is almost fixed since their local structures 
remain relatively unchanged. This explains the experimentally observed 
diffusion decrease, or equivalently, viscosity increase, with longer alkyl chains 
(7-9). The diffusion of the anions is somehow associated with that of the cations, 
since they are attracted to be around the headgroups of the cations. 

Wakai et ai (10) observed experimentally that the dielectric constant of 
ionic liquids decreases with increasing side-chain length of cations. This can be 
understood by noting that, with increasing side-chain length, the portion of 
nonpolar groups on the cations increases. Consequently the ionic liquid is more 
difficult to polarize. 

One interesting experimental observation is that, for the ionic liquids with 
the different anion BF 4 ", the C 2 to C 9 systems have a very strong tendency to 
form glasses, and are very difficult to crystallize. In contrast, the C 1 0 and longer 
side-chain systems are easier to crystallize. This phenomenon might be 
interpreted by our mechanism as follows: When the side-chain length is not very 
long, the Coulombic interactions dominating the polar groups and the collective 
short-range interactions dominating the nonpolar groups are comparable; the 
competition between these two different interactions leads to the self-generated 
glassy state independent of the cooling rate (55). When the side chain is long 
enough, the charged groups are greatly localized, so the global behavior of the 
system is dominated by the collective short-range interactions. The competition 
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between these two interactions with different length scales is weaker, so the 
tendency of self-generation of the glassy state is attenuated. 

Discussion and Conclusions 

By using the newly developed all-atom polarizable models (27, 22) based 
on the A M B E R force field, the spatial heterogeneity in ionic liquids previously 
investigated (20) by the M S - C G models (77-7P) has been confirmed. The tail 
groups are found to aggregate, while the polar groups retain their local structures 
relatively unchanged. A refined mechanism coming from the contribution from 
the Coulomb interaction, the collective short-range interaction, and the 
geometrical constraint from the chemical bonds has been proposed. The 
simulation results are quantitatively consistent with experimental ones, and the 
proposed mechanism can explain many experimental observations. Although 
our simulations have only been for the ionic liquid systems containing cations 
with an imidazolium ring and a nitrate anion, the mechanism should be 
applicable to most organic ionic liquids, independent of the specific choice of 
cation and anion species. 

Our mechanism can also be reconciled with the M D simulation results of 
other researchers. Urahata and Ribeiro (72) found that the diffusion increases 
from C i to C 4 , and then decreases when the side chain is longer. This is 
qualitatively consistent with the experiments and our simulations. The difference 
for C 2 and C 4 might be explained by the differences of the anions and the 
simulation model used. The M D simulations performed by Margulis (14) and 
Urahata and Ribeiro (75) found that the systems are more structured with longer 
side chains. These are also consistent with our simulations, and can be explained 
by the inhomogeneous distribution of tail groups and slower diffusion with 
increasing side-chain length due to the tail aggregation mechanism. Our spatial 
heterogeneity mechanism may also closely relate to the dynamical heterogeneity 
(75, 36). 

Lopes and Pâdua (16) have reported some all-atom M D simulation results 
similar to ours for ionic liquids with different anions, which can also be 
interpreted by the refined mechanism proposed here. They imply that the 
continuous polar network is due to the hydrogen bonding. Although hydrogen 
bond network exists in both solid and liquid phases (37-41), our results suggest 
that it is the large ionic net charges, rather than the hydrogen bonds, that bind 
the polar groups together. The hydrogen bonds should instead have some 
influence on the details of the local structures of ions. Although these authors 
showed some evidences of tail aggregation, they did not investigate the isolated 
tail domains. The statistical characteristics of the tail and polar domains have 
been quantified in the present study by ensemble-average calculations using a 
recently defined heterogeneity order parameter. It should also be noted that 
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finite size effect may also exist in their results, since they used smaller 
simulation sizes up to 350 ion pairs. Since Lopes and Pâdua used a non-
polarizable atomistic M D model, it seems clear that the many-body polarization 
effect does not have a significant influence on the global spatial heterogeneity, 
although it does have an effect on the local structures and diffusion for ionic 
liquids. 

With increasing alkyl-chain length, the diffusion at a given temperature is 
slower. On the other hand, ionic liquids with longer cationic side-chain lengths 
require larger simulation sizes to eliminate the finite size effect. In addition, the 
formation of tail domains may further complicate the phase diagram of ionic 
liquid systems. The complete phase diagram of ionic liquids along with the 
formation of a mesoscopic liquid crystal-like phase can only be studied with M D 
simulations in very large scales. Such simulations using all-atom models are far 
beyond the current computational capabilities. The M S - C G approach (19) for 
ionic liquids is therefore expected to be a powerful tool for the large scale 
simulations for ionic liquids. The phase diagram of ionic liquids may also be 
investigated by some analytical theories, similar to the methods used by 
Wolynes and co-workers (35, 42) to study systems with competing interactions. 
This research is currently underway in our group. 
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Appendix 

A l . Isotropic Atomic Polarizabilities 

The isotropic atomic polarizability a takes an identical value for the same 
type of atoms in one ion. 

Cation Anion 

Atom Ν C Η Ν 0 
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I H I C T 0 . 0 5 4 ^ X / χ / χ / X 

^v . 0 . 0 3 5 3 C T ^ 0 0 1 8 2 C T - n n n n C T 0 . 0 1 7 4 C T 0 . 0 0 6 9 ° T 0 . 0 3 6 3 H C 

0 . 0 5 8 7 ^ ^ \ M / ^ / \ / \ / \ 0 . 0 2 5 0 

H 1 H 1 H 1 H 1 H 1 H 1 H 1 H 1 

0 . 0 1 4 4 0 . 0 1 4 4 0 . 0 0 3 1 0 . 0 0 3 1 - 0 . 0 0 1 5 - 0 . 0 0 1 5 0 . 0 0 1 9 0 . 0 0 1 9 

-0.1001 C T V 

0 . 1 1 6 5 0 . 0 5 9 6 V © J 

•0.0956 C W C W - 0 . 1 5 9 2 
/ \ 

0 . 2 1 0 1 H 4 H 4 0 . 2 3 9 4 

H I 

0 . 0 9 0 0 

A2.6. C12 

0.0037 0.0037 0.0013 -0.0013 -0.0067 -0.0067 0.0013 00013 0.0211 0.0211 
0.0238 0 0238 H1 H1 H1 HI H1 HI H1 H1 HC HC 

0 2 2 0 1 H1 HI \ / \ / \ / \ / \ / 
n i 1 , 0

 0 1 1 5 9 H 5 0 0 9 0 9 \ / CT 0.0053 CT 0.0091 CT 0.0147 CT 0.0080 CT -0.0899 
H1 Τ I Hi J * ™ " , X / ^ s / X / ^ / \ 

-0.0977V / \ « » 5 '^0229 7^.0005 0 0 0 8 1 * 0 0 1 6 4 * ™™ j* 

01159 0 0 5 9 5 HI H1 H1 H1 HI H1 H1 H1 Hi HI 
0.0127 0.0127 0.0011 0.0011 -0 0032-0.0032 -0.0052-0.0052 0.0000 0.0000 

-0.1023 CW CW -0 1549 
/ \ 

0.2129 H4 H4 0.2374 
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A 3 . Force Field Parameters 

Bond parameters [kr in kcal/(mol À 2 ) and req in A] . 

bond Κ req bond Κ feq 

C R - N A 954.0 1.343 C W - N A 854.0 1.381 
C T - N A 674.0 1.475 CT-CT 620.0 1.526 
CW-H4 734.0 1.080 CT-H1 680.0 1.090 

C W -
C W 

1040.0 1.370 CR-H5 734.0 1.080 

CT-HC 680.0 1.090 NA-OS 600.0 1.260 

Angle parameters [kein kcal/(mol radian2) and 0eq in degree]. 

angle ke 0eq 
angle ke 

C R - N A - C W 140.0 120.0 C W - N A - C T 140.0 125.8 
N A - C R - N A 140.0 120.0 NA-CR-H5 70.0 120.0 

NA-CW-H4 70.0 120.0 CW-CW-H4 70.0 128.2 

NA-CT-H1 70.0 109.5 CT-CT-H1 100.0 109.5 

H1-CT-H1 70.0 109.5 HC-CT-HC 70.0 109.5 

C R - N A - C T 140.0 125.8 N A - C W - C W 140.0 120.0 

N A - C T - C T 160.0 111.2 CT-CT-HC 100.0 109.5 

CT-CT-CT 80.0 109.5 OS-NA-OS 300.0 120.0 
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Dihedral angle parameters [V„ in kcal/mol and χ in degree]. 

dihedral v„ r η dihedral v„ r Ν 

HC-CT-CT-
N A 

0.156 0.0 3 
HC-CT-CT-

H l 
0.156 0.0 3 

C T - N A - C R -
H5 

2.325 180.0 2 
C T - N A -
C R - N A 

2.325 180.0 2 

C T - N A -
C W - C W 

1.500 180.0 2 
C T - N A -
CW-H4 

1.500 180.0 2 

N A - C R -
N A - C W 

2.325 180.0 2 
C R - N A -
CW-H4 

1.500 180.0 2 

C W - N A -
CR-H5 

2.325 180.0 2 
C R - N A -
C W - C W 

1.500 180.0 2 

N A - C W -
C W - N A 

5.375 180.0 2 
N A - C W -
CW-H4 

5.375 180.0 2 

CT-CT-CT-
H l 

0.156 0.0 3 
CT-CT-CT-

CT 
0.156 0.0 3 

H l - C T - C T -
H l 

0.156 0.0 3 
N A - C T - C T -

CT 
0.156 0.0 3 

N A - C T - C T -
H l 

0.156 0.0 3 
HC-CT-CT-

CT 
0.156 0.0 3 

H l - C T - N A -
C W 

0.0 0.0 2 
H l - C T - N A -

CR 
0.0 0.0 2 

C W - N A -
CT-CT 

0.0 0.0 2 
C R - N A -
CT-CT 

0.0 0.0 2 

H4-CW-
CW-H4 

5.375 180.0 2 
H5-CR-NA-

NA° 
1.100 180.0 2 

C R - C W -
N A - c r 

1.100 180.0 2 
H4-CW-
C W - N A " 

1.100 180.0 2 

OS-OS-NA-
OS° 

50.000 180.0 2 

"Improper torsions. 
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Van der Waals parameters [ε in kcal/mol and σ ί η Â]. 

pair ε σ pair ε σ 
C W — 
CW* 

0.0860 3.400 
C W — 

N A 
0.121 3.325 

CW—H5 0.0359 2.911 
C W — 

HC 
0.0371 3.025 

C T — C T 0.109 3.400 CT—HI 0.0418 2.936 

C T — H C 0.0418 3.025 CT—H4 0.0404 2.955 

C T — C W 0.0968 3.400 H I — H I 0.0160 2.471 

H I — H C 0.0160 2.560 HI—H4 0.0155 2.491 

H5—H5 0.0150 2.422 H5—HC 0.0155 2.536 

H 5 — N A 0.0505 2.836 H C — H C 0.0160 2.650 

H C — N A 0.0522 2.950 H4—H4 0.0150 2.511 
C W — H I 0.0371 2.936* C W - - H 4 0.0359 2.955 

C T - - H 5 0.0404 2.911 CT-- -NA 0.136 3.325 

HI—H5 0.0155 2.446 H I — N A 0.0522 2.861 
H5—H4 0.0150 2.466 HC—H4 0.0155 2.580 
H 4 — N A 0.0505 2.880 OS—OS 0.170 3.001 

N A — N A 0.170 3.250 N A — O S 0.170 3.125 
HI—OS 0.0522 2.736 H4—OS 0.0505 2.756 

CW—OS 0.121 3.200 CT—OS 0.136 3.200 
H5—OS 0.0505 2.711 HC—OS 0.0522 2.825 

6 C R type atom has the same van der Waals parameters as C W atom. 
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Chapter 21 

Taylor Cones of Ionic Liquids as Ion Sources: 
The Role of Electrical Conductivity 

and Surface Tension 

C. Larriba1, D. Garoz1, C. Bueno1, I. Romero-Sanz1, S. Castro1, 
J. Fernandez de la Mora1,*, Y. Yoshida2, G. Saito2, R. Hagiwara3, 

K. Matsumoto3, and J. Wilkes4 

1Mechanical Engineering Department, Yale University, 9 Hillhouse Avenue, 
P.O. Box 208286, New Haven, C T 06520-8286 

2Division of Chemistry, Graduate School of Science, Kyoto University, 
Sakyo-ku, Kyoto 606-8502, Japan 

3Department of Fundamental Energy Science, Graduate School of Energy 
Science, Kyoto University, Sakyo-ku, Kyoto 606-8502, Japan 

4Department of Chemistry, U.S. Air Force Academy, CO 80840 

A purely ionic regime (PIR) of charge emission from Taylor 
cones of ionic liquids (ILs) held in a vacuum exists, giving ion 
beams of high quality. This regime is favored by ionic liquids 
of high electrical conductivity Κ and high surface tension γ. 
The present search for such ILs relies on an improved form of 
the capillary rise method using sample volumes smaller than 
0.1 cm3. Prior and new observations are used to confirm the 
important role of both γ and Κ for PIR operation from 
conventional capillary electrospray sources. 

308 © 2007 American Chemical Society 
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Introduction 

When the meniscus of a conducting liquid is charged to a high voltage with 
respect to surrounding electrodes, it becomes conical and its sharp tip emits 
charged particles (1, 2, 3, 4, 5). For liquids having electrical conductivities 
typically below 1 S m"1 the cone apex ejects a jet that breaks into a spray of 
charged drops. The drops have diameters of a few microns in the case of 
deionized water or other liquids having electrical conductivties in the range of 
10"4 S m*1. For this reason the phenomenon is commonly named an electrospray, 
though one should appropriately distinguish between the spray and the meniscus, 
often denoted a Taylor cone (4). The more precise term cone-jet has been 
introduced by Cloupeau and Prunet-Foch (5) to refer to the special regime of 
greatest practical interest, where a steady jet issues from the cone apex. In the 
case of liquids with exceptionally high electrical conductivities such as liquid 
metals held in a vacuum, regimes exist where the emissions are essentially in the 
form of metal ions, so that the conventional long and unstable jet is replaced by a 
short stable tip from which metal ions are field evaporated. Such systems are 
referred to as liquid metal ion sources (LMIS) and are in wide use in applications 
such as writing and etching on electrical circuits (6), as well as electrical 
propulsion (7). In between ion-emitting metals having electrical conductivities 
Κ of many thousands of S m"1 and drop-producing dilute electrolytes with Κ 
values below 10"3 S m' 1 , a transition from one behaviour to the other would be 
expected. It does indeed arise at conductivities in the range of 1 S m"1 (8), but its 
investigation has been hampered by several difficulties. One is that the ions 
generated in the presence of high electric fields accelerate to sufficient energies 
to ionize the surrounding gas, leading to electrical discharges that disrupt the 
process. This problem may be overcome by operating under a vacuum. But a 
second difficulty then arises due to the lack of good solvents with the low vapor 
pressure required to withstand the vacuum. Some polar but viscous solvents such 
as glycerol have been widely used as sources of drops and ions (9) in a vacuum, 
but they can barely reach Κ values approaching 0.02 S m"1, which are 
insufficient to produce high quality ion beams. Only two neutral solvents capable 
of withstanding a vacuum and forming electrolytes reaching conductivities of 1 S 
m"1 have been identified to date: formamide (FM) (8) and propylene carbonate 
(PC) (10). Their Taylor cones in vacuum produce a mixture of ions and drops, 
where the current of ions may be up to ten times higher than the drop current. 
These electrolytes, however are unsatisfactory because their finite volatility 
limits their practical value as electrical propellants in space applications, and 
precludes also well controlled terrestrial experiments. The presence of a finite 
fraction of drops also leads to poor performance in electrical propulsion devices 
and other ion sources. 
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Taylor cones of ionic liquids as sources of ions in vacuum 

In view of these difficulties, and encouraged by the promising results 
reported long ago with H 2 S 0 4 (//), we have been studying the emissions from 
Taylor cones of similar (though less corrosive) purely ionic materials. Room 
temperature ionic liquids offer obvious advantages over salts melting at much 
higher temperature. For this reason, and also because most ionic liquids are 
essentially involatile and a fair number among them are known with room 
temperature electrical conductivities in excess of 1 S m*1, we undertook their 
study (12) prior to that of high temperature molten salts. A first exploration (13) 
showed that the ionic liquid l-ethyl-3-methylimidazolium bis(trifluoro-
methanesulfonyl)imide (EMI-Tf 2N) produced an undesirable mixture of ions and 
drops at comparable currents (mixed regime). However tests of the more 
conductive ionic liquid EMI-BF 4 (14) revealed for the first time the existence of 
the sought purely ionic regime (PIR). Subsequent investigations have confirmed 
this point with greater generality, and further shown a narrow ion energy 
distribution centered very close to the voltage of the emitting needle (15,16,17). 
However, the behavior of E M I - B F 4 was not easily generalized to other ionic 
liquids. Among the considerable number of those studied by I. Romero (18, 19), 
included in Table I together with EMI-TfO (studied subsequently by C. Bueno), 
only EMI-BF4 exhibited the purely ionic regime at room temperature. 
Nonetheless, most of these liquids did reach the PIR at the temperatures 
indicated in Table I. Note that these measurements sampled few temperatures, so 
the value reported in Table I is a relatively rough upper bound (18, 19). 
Although raising the temperature decreases the surface tension and even more 
the exponential term associated to the field in the ion evaporation rate (~E , / 2 /kT), 
the corresponding thermal activation effect (-AG/kT) apparently dominates the 
picture, facilitating ion evaporation at increasing temperatures. 

Subsequently, Garoz (20) synthesized, characterized and tested as ion 
emitters several new ionic liquids based on reactions of amines with acids, 
including RnNH 4 . n -COOH (n = 1-3; R = ethyl and methyl), with some physical 
properties shown in Table II (note, however, that the water content was not 
measured, and most salts contained a slight excess of base). This work was 
inspired by an earlier study by Xu and Angell (21), showing very high 
conductivities in such salts. These ionic liquids, however, are somewhat volatile, 
and this poses limitations to their use in a vacuum. Furthermore, none of these 
formates reached the purely ionic regime at room temperature, even though 
several had singularly high electrical conductivities, well above that of EMI-BF4. 
Garoz studied a few other nonvolatile ionic liquids whose properties are also 
included at the bottom of Table II. These turned out to be less conducting, and 
none achieved PIR operation. 
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Table I. Ionic Liquids studied in (75), including key physical constants 
at room temperature from the literature, and an upper bound to the 

temperature T P I R at which their Taylor cones achieve the purely 
ionic regime. 

Liquid Y 
dyn cm' 1 

Ρ 
gem"3 

μ 
cP 

K 
S m' 1 

Reference TpiR 
° c 

EMI-BF4 45.2 1 1.24 e 43 1.3 (22) 26°C 23 
EMI-TfO b 35.8 f 1.39 45 0.86 (2J)20°C - 2 3 
EMI-Tf 2 N 34.9a 1.52 34 0.88 (23) 20°C 82 

E M I - ( C 2 F 5 S 0 2 ) 2 N 1.6e 61 0.34 (22) 26°C 119 
EMI-Tf 3 C 32.4" 1.5" 195d 0.13 (24) 216 

B M I - ( C 2 F 5 S 0 2 ) 2 N 27.6 a 1.51 87 0.19 (38) 30° C 204 
D M P I - ( C 2 F 5 S 0 2 ) 2 N 29.7" 1.51" 0.252 (25) 25°C 212 

DMPI-Tf 3 C 37.8" 1.55 726 d 0.046 (25) 25°C None 
Cyphos-Tf 2N 27.4" 1.07e 429 e None 

Cyphos-N(CN) 2 29.2" 0.90h None 
PMI-PF 3 (C 2 F 5 ) 3 33.3"'c 1.59 e 140 e 0.166 (26) 20°C 157 

Cations: EMI = l-ethyl-3-methyIimidazolium; DMPI = l,2-dimethy!-3-propyl-
imidazolium; BMI = l-butyl-3-methylimidazolium; PMI = l-pentyl-3-methyl-
imidazolium; Cyphos = trihexyltetradecylphosphonium. Anions: TfO = CF 3 S0 3 ; Tf 2N = 
(CF 3S0 2) 2N; Tf3C = (CF 3S0 2) 3C 
a Rough measurements of (18) without drying precautions; b This liquid was not studied 
by Romero. Its PIR operation was later discovered by C. Bueno.c See revised values in 
Table IV. d Private communication, V. Koch, Covalent. e Merck home page. f New 
measurements with dry samples. 8 Fuller, J.; Carlin, R. T.; Osteryung, R. Α.. J. 
Electrochem. Soc. 1997,144, 3881-3886.h home page of Sigma Aldrich. 

This early work provided clear evidence that the electrical conductivity was 
not the only parameter distinguishing between purely ionic or mixed regime at 
room temperature. This was evident from a variety of observations, including the 
fact that the low surface tension ILs EMI-Tf 2 N (γ = 35.8 dyn cm*1; Table IV) and 
(CH 3 ) 2 NH 2 -COOH (γ = 37.3 dyn c m 1 ; Table IV) do not reach the PIR at 
temperatures at which their electrical conductivity is substantially larger than the 
room temperature conductivity of EMI-BF 4 . 

Subsequent investigations by C. Bueno contributed further indications that 
the singular behavior of E M I - B F 4 was partly due to its relatively high surface 
tension. He first discovered that EMI-TfO operated also fairly near the PIR, 
while having the highest γ value following E M I - B F 4 in Table I. He also studied 
mixtures of the low and high surface tension liquids (C 2 H 5 ) 3 NH-Tf 2 N and E M I -
B F 4 as a function of EMI-BF4 concentration. His results are summarized in 
Table III, and show an almost discontinuous transition to PIR conditions at a 

 
  

In Ionic Liquids IV; Brennecke, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



312 

Table II. Room temperature properties of the ILs studied in (20)c 

Liquid Ρ 
(gem 3 ) 

Y 
(dyn cm"1) 

Κ 
(S m"1) 

C H 3 N H 3 - C O O H 1.12±0.01 2.9±0.3 
(CH 3 ) 2 NH 2 -COOH 1.06±0.02 37.6" 6.7±0.9 
(CH 3 ) 3 NH-COOH 1.092±0.002 3.8±0.8 
C 2 H 5 N H 3 - C O O H 1.1±0.02 43.8a;39.5b 1.4±0.1 

( C 2 H s ) 2 N H 2 - C O O H 1.02±0.02 0.96±0.09 
(C 2 H 5 ) 3 NH-COOH 1.061±0.005 1.04±0.09 
( C g H 1 7 ) 3 N H - C O O H 0.84±0.01 0.014±0.001 

(C 2 H 5 ) 3 NH-TfO 1.19±0.01 0.46±0.06 
(CH 3 ) 2 NH 2 -Tf 2 N 1.48±0.01 0.61±0.04 

(C 2 H 5 ) 3 NH-Tf 2 N 1.41±0.01 30.2" 0.52±0.06 
a Garoz's data without drying the sample. b New data with dry samples. 
c For the properties of a large number of related ILs see T. L. Greaves, A. Weerawardena, 
C. Fong, I. Krodkiewska, C. J. Drummond, J. Phys. Chem. Β (Web edition, Aug. 2006) 

Table III: Room temperature characteristics of mixtures of 
(C 2 H 5 )3NH-Tf 2 N + EMI-BF4 as a function of EMI-BF4 concentration. 

V o l % 0 10 30 50 60 65 70 80 100 
K(S m"') 0.39 0.53 0.65 0.66 0.74 0.72 0.82 0.99 1.3 
y(dyn cm'1) 30.19 35.3 37.7 45.2 
Regime M M M M M both PIR PIR PIR 

M = mixed regime; PIR = purely ionic regime; M& PIR means that both regimes are 
attainable at low and high Taylor cone voltages, respectively. 

volume concentration of about 65%. Although the surface tension of these 
mixtures was unknown then, we have now measured it for several having low 
concentration of EMI-BF 4 , and found them to be relatively small (Table II). 

A l l these early studies strongly suggested the proposition that both high 
surface tension and high electrical conductivity favor PIR operation. This 
hypothesis is also in accord with what one would expect on purely theoretical 
grounds. The scaling laws for the structure of cone-jets indicate that the 
maximum electric field on the surface of the meniscus varies as (8) 

E r a a x = ç ( 8 ) Y , V 2 / 3 ( K / Q ) , / 6 , (1) 

where ε 0 is the electrical permittivity of vacuum, γ is the surface tension of the 
charged interface, Κ is the electrical conductivity of the conducting liquid and Q 
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is the flow rate of conducting liquid pushed through the meniscus tip and the jet. 
φ(ε) is a proportionality coefficient of order unity that depends on the dielectric 
constant ε. This law (1) has been recently confirmed numerically (10) with a 
value of φ = 0.76 for propylene carbonate (ε = 65). Q cannot be arbitrarily small 
due to the finite range of stability of Taylor cones. The smallest value it can take 
scales as 1/K (27), whence E m a x ~ γ 1 / 2 Κ ι / 3 , confirming the role expected of both γ 
and Κ to attain high surface electric fields. The importance of the surface electric 
field itself follows of course from its reduction of the activation barrier for an ion 
to evaporate. Because this barrier is typically 1.8 eV, in the absence of intense 
electric fields, ion evaporation rates are astronomically small at room 
temperature (28). 

In conclusion, both theory and observations suggests that PIR operation 
requires liquids with high surface tension and high electrical conductivity. The 
goal of this study is therefore to identify ionic liquids with such characteristics, 
which in turn has required selecting materials having high electrical 
conductivities, and measuring their surface tensions. Since the ionic liquids in 
most cases were available only in relatively small quantities, we have introduced 
improvements over the capillary rise technique to minimize the volume of the 
sample used for an accurate measurement. 

Surface tension measurement 

The surface tension measurement method is essentially that of (29), with 
several improvements. Briefly, the ionic liquids are dried at room temperature 
for several hours under vacuum, and a small volume (typically less than 0.1 cm 3) 
is put inside a small vial into which a capillary tube with a radius of 0.27 mm 
( A C E glass microcapillary) is introduced (Figure 1). The liquid then rises inside 
the capillary to a certain equilibrium height h, and wets the glass surface at a 
certain wetting angle θ. θ and h are measured with a cathetometer (h directly, θ 
indirectly through the shape of the meniscus) providing the ratio of the surface 
tension over the liquid density γ/ρ. The liquid transfer and the measurement are 
done under atmospheric (humid) conditions. However, the active gas-liquid 
interface at the top of the capillary is kept dry by a gentle flow of dry gas. 
Because small levels of hydration tend to produce substantial increases in 
surface tension, this precaution is of even greater importance than pre-drying the 
liquid, particularly in the case of hydrophilic salts. The reason is that the surface 
is dried (or humidified) much faster than the bulk due to the higher diffusivity of 
water in the vapor than in the liquid phase. This point is readily seen because the 
height measured for dry liquids rises steadily when the meniscus is kept in 
ambient air, while that of an imperfectly dried liquid decreases upon bathing the 
meniscus in a dry gas. Such changes occur within a time frame of the order of 
ten minutes. Note that all the data shown in Table I except for those in rows 1 

 
  

In Ionic Liquids IV; Brennecke, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



314 

Figure 1. Illustration of the shape of 
the wetting meniscus at the liquid-
glass capillary interfaces (internal 
top and external bottom), and the 
non-wetting meniscus at the 
polypropylene reservoir (bottom). 
The volume of sample is less than 
0.1cm3 

and 2 were taken in the open atmosphere without drying gas. However, all the 
liquids below row 2 are hydrophobic, and only rather modest humidity effects 
are expected for them (29). 

The main source of measurement error in Martino et al. (29) was the 
imperfectly defined origin of heights on the small liquid reservoir below the 
capillary. This problem was caused by wetting of the liquid both on the outer 
capillary wall and the inner wall of the glass reservoir. Due to the small 
diameter of this reservoir (necessary to minimize sample consumption), these 
two menisci merged with each other allowing for no intermediate region of 
negligible curvature from which to define precisely the origin of heights. The 
associated error was estimated at 5%. This problem has been greatly reduced in 
our new measurements by use of commercial polypropylene vials with a conical 
bottom, of the type used to hold samples during centrifiigation. As shown in the 
photograph of Figure 1, the wetting angle at the polypropylene surface is about 
90°, leading to negligible uncertainty in the origin of heights. The improved 
method has been used to revise some of the prior data of (29), as well as those 
for EMI-(C 2F 5S02)2N and PMI-(C 2F 5)3PF3, all of which are reported in the 
bottom rows of Table IV. The most significant revision is the surface tension of 
DMI-N(CN) 2 . In this case one sees an initial reduction of the meniscus height, 
clearly showing that the vacuum drying method is not adequate, perhaps due to 
the fact that this salt melts above room temperature. The relative error inferred 
from repeated measurements is at most 3%, probably associated to errors in the 
measurement of the wetting angle and to slight variations in the diameter of the 
capillary diameter. The improved measurement technique has been used to 
obtain the surface tension of a new group of materials described in the following 
section (Table IV). 
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Ionic Liquids 

EMI-F(HF) 2 . 3 was synthesized by the reaction of EMI-C1 with a large excess 
H F gas (30), and EMI-NbF 6 and EMI-TaF 6 were synthesized by the reaction of 
the EMI-F (HF) 2 3 and appropriate M F 5 (M: Nb and Ta) (31). EMI-SbF 6 was 
prepared by the metathesis of EMI-C1 and K-SbF 6 in anhydrous acetone (32). 
Also the metathesis of each RMI-C1 and K-Au(CN) 2 in anhydrous acetone gave 
pale yellow liquids RMI-Au(CN) 2 [R = butyl (B), hexyl (C 6) and octyl(C8)] (33). 
The FeCU and FeBr 4 salts were prepared by the neat reaction of equivalent 
amount of R M I - X and appropriate FeX 3 (X: CI, Br) (34). BMI-N(CN) 2 and 
C 6 MI-N(CN) 2 were prepared by the metathesis of RMI-Br and Ag-N(CN) 2 in 
distilled water, in the same manner as earlier publication for EMI-N(CN) 2 (35). 

Performance of the ionic liquids as ion sources 

The experimental system is essentially that of Gamero and Hruby (18% 
where the Taylor cone is located inside a vacuum chamber and is charged at a 
certain high voltage V . Facing perpendicularly the meniscus is a grounded 
electrode (the extractor) with a perforation coaxial with the Taylor cone, through 
which the beam of ions and charged drops emitted pass into a larger chamber in 
the vacuum system. The charge over mass ratio q/m of the various particles 
produced is determined by time of flight mass spectrometry (TOF-MS), by 
interrupting the spray at time t = 0 and recording the arrival time distribution of 
current I(t) received at a collector electrode located a distance L along the axis 
away from the Taylor cone. On the assumption that all the particles have a 
kinetic energy per unit charge equal to the voltage difference V , the I(t) curve 
yields the distribution of q/m, providing in particular the masses and associated 
current of each ion. 

Our work described above was carried out with conventional electrospray 
sources, with the Taylor cone supported at one open end of a capillary tube fed 
through its other end with a steady liquid flow rate Q externally imposed. The 
conclusions on the type of emission (PIR or mixed) discussed so far relate 
exclusively to this type of source. However, Lozano (36) has recently discovered 
that the emission regime depends on the characteristics of the ion source. Lozano 
and Martinez-Sanchez (15) have in particular introduced what they refer to as 
ionic liquid ion sources (ILIS), inspired by their liquid metal ion source (LMIS) 
analogs (6). Remarkably, although EMI-Tf 2 N had in all prior work produced a 
mixture of ions and drops at comparable currents, Lozano (37) reports that it 
produces only ions from their ILIS system. These sources are externally wetted 
tungsten needles with sharp tips (radius - 1 μιη), and with electrochemically 
roughened surfaces that facilitate arrival of the liquid to the tip by capillary 
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Table IV. Surface tensions for the new liquids studied, including in the 
bottom rows revisions of previously reported values 

Liquid γ (at 23°C) 
(dyn cm'1) 

Ρ 3 

(gem' 3) 
Κ 

( S m 1 ) 
T m 

(°C) 
Ref 

EMI-NbF 6 51.7 1.67 0.85 -1 (31) 

EMI-TaF 6 51.3 2.17 0.71 2 (31) 

EMI-F(HF) 2 . 3 48.0 1.13 10 -65 e (30) 

EMI-SbF 6 47.8 1.85 0.62 10 (32) 

BMI-FeBr 4 47.1 1.98 0.55 -2 (34) 

BMI-N(CN) 2

d 46.6 1.06 1.1 -10 d 

C 6 MI-FeBr 4 42.0 1.86 0.28 -82(Tg) (34) 

C 6 MI-N(CN) 2

d 40.5 1.04 0.51 -90(1^ d 

CeMI-FeCU 39.4 1.33 0.47 -86(Tg) (34) 

C 6 MI-Au(CN) 2 39.3 1.65 0.081e 13 (33) 

C 8 MI-FeBr 4 38.1 1.74 0.14 -8KTg) (34) 

C 8 MI-FeCl 4 37.2 1.28 0.22 - 8 4 ^ (34) 

C g MI-Au(CN) 2 36.0 1.59 0.056e -6KT,) (33) 
EMI-GaCl 4 48.6(50)"· b 1.53 2.2 11 (39) 
EMI-FeCI 4 47.3(47.7) a - b 1.42 2.0 18 (39) 
BMI-GaCl 4 43.6(41.5)* 1.43e 0.95e -88(1*) (39) 
E M I - ( C 2 F 5 S 0 2 ) 2 N 28.7b 1.6e 0.34 -1(37; (22,36) 
PMI-(C 2F 5) 3PF3 30.3 1.59" 0.166 <-50 (26) 
EMI-TfO 38.3(39.2)" 1.39 0.86 -9 (23) 
E M I - B F 4 45.2(44.3)" 1.24 f 1.36 11 (22) 
EMI-Tf 2 N 35.8(35.2)" 1.52 0.88 -1 (23) 
D M I - N i C N ) / 54.9(61.6)" 1.14 3.6 34 d 

8 γ values in brackets are from (29) and are less reliable than the new values. b 21°C; 
c Rough measurements without drying precautions. d See Y. Yoshida, O. Baba, G. Saito, 
to be submitted to J. Phys. Chem. B . e Y. Yoshida, unpublished data.fFuller, J.; Carlin, 
R. T.; Osteryung, R. Α.. J. Electrochem. Soc. 1997, 144, 3881-3886. 8 R. Hagiwara, K. 
Matsumoto, Y. Nakamori, T. Tsuda,Y. Ito, H. Matsumoto, K. Momota, J. Electrochem. 
Soc. 2003,150 (12), D195-D199.h Merck home page 
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action. In this system the flow Q of liquid cannot be controlled independently of 
the applied voltage (at least not for a fixed source), though it can be inferred 
from the TOF traces (75). 

The details of our tests will be published elsewhere. However, we can 
advance here a complete confirmation of the hypothesis that both high Κ and 
high γ do favor PIR operation in capillary electrospray sources. For instance, 
EMI-N(CN) 2 behaves similarly as EMI-BF 4 , while EMI-GaCl 4 behaves even 
better. 

A more extensive series of tests in collaboration with P. Lozano (MIT) has 
been completed with externally wetted ILIS sources. Pending a more detailed 
report, we confirm that EMI-Tf 2 N emits nothing but ions. Interestingly, the same 
behavior is found for more viscous liquids such as E M I - ( C 2 F 5 S 0 2 ) 2 N 
(commercialized by Covalent) and PMI-(C 2 F 5 ) 3 PF 3 (commercialized in Europe 
by Merck), which emit ion beams of high quality (sharply defined energy 
distributions), confirming and extending the prior findings of Lozano (37). 
However, the currents emitted at room temperature are rather small, and 
decrease with increasing viscosity, taking values in the range of 20 nA in the 
case of E M I - ( C 2 F 5 S 0 2 ) 2 N and P M H C 2 F 5 ) 3 P F 3 . 
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Chapter 22 

How to Make Ionic Liquids More Liquid 

Nikolai V. Ignat'ev1,*, A. Kucheryna2, G. Bissky2, and H. Willner2 

1 Merck K G a A , PLS R&D LSS, Frankfurter Strasse 250, 
D-64293 Darmstadt, Germany 

2University of Wuppertal, FB C, Inorganic Chemistry, Gauβstrasse 20, 
D-47097, Wuppertal, Germany 

The syntheses of new room temperature ionic liquids (ILs) 
possessing low viscosity are described. The strong influence of 
the nature of the anions on the viscosity of ionic liquids is 
demonstrated. A model, which rationalizes the influence of 
intra-ionic interactions on the viscosity of ionic liquids, is 
presented. 

Room temperature ionic liquids were intensively studied in the last decade 
as potentially new reaction media for chemical synthesis (1), and they are 
attractive for applications in electrochemistry. These new materials exhibit 
unique properties: they are liquid over a wide temperature range, non-volatile, 
non-flammable, and show high thermal and electrochemical stability. Ionic 
liquids dissolve many organic and inorganic compounds, but they are much more 
viscous then conventional organic solvents (see Table I). During flow of ionic 
liquids the friction between the ions are in general stronger than between neutral 
molecules, because the interionic Coulomb forces are in general stronger then 
van der Waals or hydrogen bonding forces. On the basis of this approach, we 
developed a model, which may estimate the influence of the nature of the ions on 
the viscosity of ionic liquids. 

320 © 2007 American Chemical Society 
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Table I. Viscosity of Common Ionic Liquids 

Viscosity Density 
Ionic Liquid (20° C) 

mm2 s "y gem3 

1 -Hexyl-3-methylimidazolium Chloride 7453 1.05 
1 -Hexyl-3-methylimidazolium [PF6]" 548 1.30 
1 -Hexyl-3-methylimidazolium [BF 4]" 195 1.15 
Water 1.0 1.0 
Methanol 0.73 0.79 

Results and Discussion 

The high viscosity of ionic liquids results in low current response in 
electrochemical processes and causes low bimolecular reaction rates, controlled 
by diffusion. In accordance to the Fick's first law (2), the diffusion (J) depends 
on the diffusion coefficient (D) and gradient of concentration (c): 

J d i f - - D ά χ 

dc 

0) 
The diffusion coefficient (D) of the solute in common solvents depends on the 
viscosity of medium as demonstrated by the Stokes-Einstein equation 2. 

k T 
D = 

ο · π · η · Γ 8 (2) 

k - Boltzmann constant 
Τ - abs. Temperature 
η - dynamic viscosity 
r s - hydrodynamic (Stokes) radius 
C - coefficient, typically 6 for the solute in common solvents 

Furthermore the diffusion coefficient depends on the geometry (size) of the 
diffusing particles in the liquid medium, assuming that they are spheres with the 
radius (r). By the diffusion in liquid media the solute involves part of the solvent 
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into the motion and forms a sphere with the hydrodynamic (Stokes) radius (rs). 
Typically, for common solvents r s is > r. However, ionic liquids consist in 
anionic and cationic species, which do not have a solvation shell. From this point 
of view, it is not clear, which radius (r) we should consider to calculate the 
diffusion coefficient (D) of ions in ionic liquids. Can we apply the Stokes-
Einstein equation in its classical form to calculate the viscosity of ionic liquids? 
Probably not, because in ionic liquids several types of moveable ion or ion-pairs 
are present. 

Practically, an IL is a solute of ions in ionic media. Typically, the cationic 
part of ILs is a bulky organic cation with low charge density on the outer sphere 
due to the good charge derealization (imidazolium, pyridinium, guanidinium, 
ammonium, phosphonium etc. cations). If the counter-anion is sufficiently 
nucleophilic (for instance chloride), it can coordinate on the cation to form 
contact ion-pairs, ion-clusters or even solid salts. In this case we should take into 
account a co-operative diffusion of anion and cation in the liquid state, and we 
should consider such ion-pairs as single particle (Model 1, Figure 1). According 
to Model 1, calculation of the self-diffusion coefficient (D s) of these particles 
should be made in this case with the radius O C A ) of the sphere which encloses 
both cation and anion. 

If the counter-anion belongs to the group of weakly coordinating anions (for 
instance tetrafluoroborate), with distinctly delocalized negative charge and low 
charge density on the outer sphere, we can consider such anions as 
independently moving particles (Model 2, Figure 1). In this case the radius (rA) 
and (r c) are much smaller than (Γ€,Α) and consequently the self-diffusion 
coefficient (D s) and mobility of the ions are much higher. Practically, in ionic 
liquids we have three different kinds (probably more, i f the anions and cations 
are able to form cluster structures) of moveable particles; ion-pairs, cations and 
anions, having different self-diffusion coefficients (D s) and different mobility, 
which determine the viscosity of whole system (ionic liquid). 

The number of free ions in an ionic liquid depends on the dissociation rate 
of the ion-pairs (equation 3). 

Cat* A* i z î r Cat* + A' ( 3 ) 

The equilibrium constant (K) and rate of dissociation (ion separation) in 
ionic liquids strongly depends on the nature of anions and cations. We can 
assume that in the case of weekly coordinating anions and well stabilized cations 
(for example, imidazolium) the equilibrium is strongly shifted to the right side. 
But in any case, to estimate the fluidity of ionic liquids, we should take into 
account the mobility of different species: cations, anions, ion-pairs (or clusters). 
To understand the influence of all these particles on the macroscopic viscosity of 
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Model 2 

Figure 1 

ionic liquid, we modified the classical Stokes-Einstein equation in the following 
way (equation 4): 

T|'L = 
k Τ 

bA' L\A>' rA + b c-D s ( C )-r c + b A C -D s ( A C ) -r A C (4) 

η - dynamic viscosity 

Γ - radius of the anion, cation or ion-pair 

D S(A)~ self-diffusion coefficient of anion 

D S ( C ) - self-diffusion coefficient of cation 

^ S ( A c)~ seif-diffusion coefficient of ion-pair 

b A = / 7 Α 4 . 5 π 

b c = nc 3.5 π 

B A , c = " A , C 6 0 π 

η - transference number 

The coefficients (b) reflect the partial influence of all moveable species: 
cations, anions, ion-pairs on the viscosity and includes the transfer numbers (ri) 
and factors 3.5 (cations) (3,4); 4.5 (anions) (3) and 6.0 (ion-pairs) 
correspondingly. The last value is the value from the classical Stokes-Einstein 
equation, describing the diffusion of rigid spherical particles in common 
solvents. Assuming, that ion-pairs diffuse in ionic liquids in a similar manner, we 
can probably remain the value 6.0. Nevertheless, the experimental determination 
of this factor (6.0), as well as self-diffusion coefficients of ion-pairs (or ion 
clusters) in ionic liquids are still required. The diffusion of anions and cations in 
ionic liquids proceeds in a different way. Tokuda et al.(3,4) have shown, that 
factor (c) in the classical Stokes-Einstein equation is not any more 6.0, but of 
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about 3.5 for imidazolium cations (in between 2.9 and 3.8, depending on the 
nature of counter anion) and of about 4.5 for [(CF 3S0 2) 2N]", [ C F 3 S 0 3 ] \ [PF6]" 
and [BF 4 ] ' anions in corresponding ionic liquids. We have used these values in 
equation 4, but additional studies are still required to obtain accurate factor (c) 
for different species in ionic liquids. 

The transfer number (n) depends on the rate of ion separation in ionic liquid 
and can be estimated from the ratio of A i m p / A N M R (3-6), which can provide 
quantitative information about ion dissociation/association in ionic liquids 
according to equilibrium 3. For different room temperature ionic liquids 
(RTILs) this ratio ("tonicity" of ionic liquids (4) was found to be in between 
0.55 - 0.75, depending on the nature of the cations and anions forming an ionic 
liquid (3,6) Taking into account the average value of 0.65 and assuming that 
(nA) + (n c) + (ΠΑ,Ο) = 1, we can estimate the transfer number of ion-pairs (nA,c) in 
RTILs equal to 0.35 (or in between 0.25 and 0.45 depending on the "tonicity" 
rate of ionic liquid). The remaining 0.65 can be divided between the anionic (nA) 
and cationic (n c) transfer number in proportion approximately 2 : 3, found by 
Tokuda et û.(3,4,6) from the relation Ό^ύοηΙφ^οη + Dmïon). That gives the 
average values (nA) = 0.26 and (n c) = 0.39. A l l these estimations are based on 
the data available in the literature for limited number of RTILs. For precision 
quantization of (nA), (nc) and (n^c) further studies are required. 

O f course, even in the case of Model 2, both cations and anions are 
interacting by their electric fields (according to the Debye-Hiickel theory), and 
their diffusion (motion) is influenced by Coulombic forces. As a result of this 
interaction, the diffusion of the ions in ionic liquids is not an uniform motion. 
The motion of an ion can be accelerated i f it is approaching the ion of opposite 
charge (counter-ion) or leaving the sphere of influence of an ion with the same 
charge. On the other hand, an ion will be slowed down upon approaching an ion 
of the same charge or moving away from an ion with the opposite charge. 
Consequently, the motion of the ions in ionic liquids is chaotic - their velocities 
being modulated by their local environment. That is probably the reason for a 
relatively low value of self-diffusion coefficients (for the room temperature ionic 
liquids the sum of self-diffusion coefficients of the cations and anions are in 
between 1.6 to 6.0 χ 10"7 cm 2 s"1), which were determinate recently by H . 
Tokuda et al (6) via PGSE-MNR method. 

The greater the distance between two ions, the lower (in quadratic relation) 
are the forces between these ions. The Coulombic law describes the interaction 
between two point charges. Thus, the interaction between the ions in ionic 
liquids is strongly dependent on the derealization of the charge over their outer 
spheres. The more localized the negative charge in an anionic species, the 
stronger they can interact with cations. Opposite, the anions with well delocalize 
charge (weakly coordinating anions, for example [PF 6]" and [BF4]") form ionic 
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liquids with high "ionicity" rate. From the equation 4 we can conclude, that in 
this case the influence on the viscosity of RTILs from the side of ion-pairs or 
clusters, which presumably have a much smaller self-diffusion coefficient in 
comparison to free cations or anions, is limited and we can expect ionic liquids 
with relatively low viscosity. 

A l l molecular impurities (polar organic solvents, water, etc.) increase the 
dissociation rate of ion-pairs or clusters (equation 3) via solvation (7). According 
to equation 4, this also leads to decrease in viscosity. The influence of water on 
the viscosity of hydrophilic ionic liquids (for example in the case of 
thiocyanate's IL) is well known. 

In our study we have compared the viscosity of room temperature ionic 
liquids having anions with the same central atom (phosphorus or boron) and 
possessing similar shape which is roughly spherical. In the case of spherical 
symmetry, the charge density on the outer sphere of the anions is a decisive 
factor for the formation of contact ion-pairs with cations (Model 1, Figure 1). 

Table I presents the viscosity data for three commonly used, room 
temperature ionic liquids having the same cation but different anions: chloride, 
hexafluorophosphate and tetrafluoroborate. Remarkably, in spite of the 
significantly bigger ion's radius of the hexafluorophosphate anion (0.254 nm (5), 
ionic liquids with this anion show a much lower viscosity than chloride based 
ionic liquids. This is due to the relatively weak coordinating properties of the 
hexafluorophosphate anion. Nevertheless, the hexafluorophosphate, [PF 6]" 
anion is sensitive to attack by strong electrophiles such as protons. That explains 
the hydrolytic instability of the hexafluorophosphate anion by protonation of a 
fluorine atom and HF elimination upon reaction with water (8,9). To increase the 
hydrolytic stability and decrease the coordination ability of fluorophosphates, the 
replacement of some fluorine atoms in the hexafluorophosphate anion by 
hydrophobic perfluoroalkyl-groups is a promising approach to new weakly 
coordinating anions (10-14). 

F 

F 

R - ~ p F 

F ^ W 

Scheme 1 

Ionic liquids with (perfluoroalkyl)fluorophospate (FAP) anions were 
developed by Merck KGaA (Darmstadt, Germany) (15-20) and has been 
described recently (21). They can be prepared in three separate steps starting 
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with the industrially available trialkylphosphines, which are converted via 
electrochemical fluorination into tris(perfluoroalkyl)-difluorophosphoranes (I) 
(22-25). The second step is the formation of tris(perfluoroalkyl)-
trifluorophosphoric acid (II) by the addition of HF to tris(perfluoro-
alkyl)difluorophosphoranes (15,16). 

(C 2 F 5 ) 3 PF 2 + HF [(C2F5)3PF3]"H+ · nH 20 

( I D 
Scheme 2 

Tris(perfluoroalkyl)trifluorophosphoric acid (II) is a strong acid, which is able to 
form salts by neutralization with organic or inorganic bases or via interaction 
with salts of other, weaker acids (/J). 

H*[(C2F5)3PFg~ + [ (C 4 H 9 ) 4 N ] O H " [ (0 4 Η 9 ) 4 Ν] + [ ( C 2 F 5 ) 3 P F 3 ] ~ + H 2 0 

M. p. = 62°C 

H + [ ( C 2 F 5 ) 3 P F 3 ] " + [ ( C 4 H 9 ) 4 P ] + C f ^ [ ( C 4 H 9 ) 4 P ] + [ ( C . F ^ P F , ] ^ + HCI 

M. p. = 73-74° C 

Scheme 3 

Not only the acid (II), but also the alkali metal salts of 
tris(perfluoroalkyl)trifluorophosphoric acid (II) are convenient starting materials 
for the synthesis of ionic liquids with the FAP anion (20). For example, 1-ethyl-
3-methylimidazolium tris(pentafluoroethyl)trifluoro-phosphate ( E M I M FAP) is 
formed in high yield simply by mixing aqueous solutions of potassium 
tris(pentafluoroethyl)trifluorophosphate and 1 -ethyl-3-methylimidazolium 
chloride. 

K ^ C a F s f e P F a ] " + C 2 H 5 - ^ ^ ^ - C H 3 — - C 2 H 5 - l ^ ^ ^ l - C H 3 | + KCl 

(aqueous solution) (aqueous solution) EMIM FAP [(C2F5) 3PF^]"" 

Scheme 4 

E M I M F A P is a hydrophobic room temperature ionic liquid with low viscosity, 
44 m m V 1 at 20 °C (density: 1.71 gem"3). The kinematic viscosity of this ionic 
liquid is comparable to those of E M I M SCN; 41 m m V 1 at 20 °C (density: 1.15 
gem"3), in spite of the big difference in the van der Waals radia of F A P and S C N 
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anions. Viscosity and density data were obtained for the samples of E M I M S C N 
and E M I M FAP with 160 ppm and 20 ppm of residual water correspondingly. 

Table II presents a comparison of the viscosity data of room temperature 
ionic liquids with F A P anions to that of hexafluorophosphate and chloride based 
IL. 

Table II. Viscosity of FAPs Ionic Liquids 
Viscosity Density 

Ionic Liquid (20° C) 
mm2 s gem3 

l-Hexyl-3-methylimidazolium Chloride 7453 1.05 
l-Hexyl-3-methylimidazoIiura [PF 6] ' 548 1.30 
1 -Hexyl-3-methylimidazolium [(Cy^fcPFs]" 74 1.56 
1 -Hexyl-3-methylimidazolium [(C3F7)3PF3]" 227 1.62 
1 -Pentyl-3-methylimidazolium [ ( ^ F . , ) ^ ] ' 594 1.69 

Despite the molecular weight and large ion radius of the 
tris(pentafluoroethyl)trifluorophosphate anion, the ionic liquid with this anion 
shows much lower kinematic viscosity then ionic liquids with the 
hexaflurophosphate anion; 74 and 548 mm 2 s"1 respectively. This low viscosity 
can be explained by equation 4. The F A P ion is much weaker associated with the 
imidazolium cation than [PF 6 ] \ that increase the "tonicity" of RTILs with the 
F A P anion. The value (n A C ) becomes smaller and reduce the influence of ion-
pairs with low self-diffusion coefficient (DA,C) on the viscosity of whole system. 
The mobility of ions, which is generally much higher than that of ion-pairs or 
clusters, determines now the macroscopic viscosity of the ionic liquid. Even 
ionic liquids containing the bulky tris(heptafluoropropyl)trifluorophosphate 
anion is less viscous than that of hexafluorophosphate (Table II). These results 
clearly demonstrate that, the coordination ability of the anion is the crucial point 
for the viscosity of ionic liquids. The same approach was used by W. Kantlehner 
et al. (24) to explain the low viscosity of ionic liquids with the 
tricyanomethanide anion. 

The Table II also shows that with increasing radius of ions of the same 
nature (with similar coordinating ability) leads to increasing viscosity of RTILs 
in accordance with equation 4. We have observed this phenomenon not only in 
the case of RTILs with F A P anions, but also for alkylsulfate's ionic liquids 
(Table III). The data presented in Table III are very interesting. Increase in the 
chain length of alkylsulfates (from Cj to C 4 ) leads to higher viscosity of 
imidazolium and pyrrolidinium ionic liquids due to increase in the anion radius. 
That is in agreement with equation 4. Tokuda et al. (4) have observed the same 
phenomenon in the case of imidazolium ionic liquids having the same anion 
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Table III. Viscosity of Alky lsulfates Ionic Liquids 

Cation Anion 
Viscosity, mPa-s 

20 °C 40 °C 60 °C 80 °C 

CH3OSO3- 84 37 20 12 

C 2H5-N^/N-CH 3 
C2H5OSO3" 117 47 24 14 

C4H9OSO3" 261 90 40 22 

C H 3 O S 0 3 " 221 84 40 22 

C2H5 CH3 C4H9OSO3" 625 193 78 39 

([(CF 3S0 2) 2N]), but different alkyl groups (Ci to C 8 ) bonded at position 1 of 
imidazolium. Again, the increase of ion radius (of cation in this case) increase 
the viscosity of ionic liquids. That is also in agreement with equation 4. 

Another interesting point is the difference in the viscosity of imidazolium 
and pyrrolidinium ionic liquids with the same anion (Table III). Imidazolium 
RTILs are less viscous than pyrrolidinium ones with the same alkyl substituents 
at nitrogen. Tokuda et al. (6) have reported the same observation for l-butyl-3-
methylimidazolium and N-butyl-N-methyl-pyrrolidinium ionic liquids with 
[(CF 3 S0 2 ) 2 N] anion. It seems that better derealization of the positive charge 
over the conjugated system of the imidazolium ring reduces its coordination 
ability and increase the "tonicity" of imidazolium RTILs, which in accordance 
with equation 4 leads to a less viscous system. Again, the coordination ability of 
ions, or tendency to form ion-pairs and clusters, has major impact on the 
viscosity of ionic liquids. The van der Waals radius of ions, their symmetry (or 
asymmetry) and tendency to form hydrogen bonding have only the secondary 
influence on the viscosity of ionic liquids. Below is one more example. 

Recently (25), we have synthesized new room temperature ionic liquids 
with, the bis[bis(pentafluoroethyl)phosphonyl]imide, {[(C 2F 5) 2P(0)] 2N}" anion. 
This anion is much bigger than the well known bis(trifluoro-
methylsulfonyl)imide, [(CF 3S0 2) 2N]" anion (see Scheme 5) or bis(pentafluoro-
ethylsulfonyl)imide, [ (C 2 F 5 S0 2 ) 2 N]. Nevertheless, the viscosity of l-butyl-3-
methylimidazolium (BMIM) {[(C 2F 5) 2P(0)] 2N}(76 mPa-s) is comparable to the 
viscosity of B M I M [(CF 3 S0 2 ) 2 N], and well below the viscosity of B M I M 
[(C 2 F 5 S0 2 ) 2 N] (146 mPa-s) (see Table IV). 

 
  

In Ionic Liquids IV; Brennecke, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



329 

f F F ^ r 
F ^ p / ^ p - ' ^ F ^ F 

N 

F F F F J 
PFPI 

F 
F I 0 

N 

F 

TFSI 

Scheme 5 

Table IV. Viscosity of Bis[bis(pentafluoroethyI)phosphonyl]imides 
Ionic Liquids 

Cation Anion Viscosity, mPa- s (20 °C) 

[CF3S02]2N- 63 (3) ; 61 

C 4 H g - N 4 l ^ N - C H 3 [C2F5S02]2N- 146 (3) 

[(C2F5)2P(0)]2N- 76 

It seems, that bis[bis(pentafluoroethyl)phosphonyl]imide, {[(C2F 5 ) 2 P(0)] 2 N}" is 
much less coordinating than bis(trifluoromethyl-sulfonyl)imide, [(CF 3S0 2) 2N]". 

Tetrafluoroborate based ionic liquids have been intensively studied in last 
years. Syntheses of these ionic liquids are well developed (/) and they are 
commercially available from different companies. Room temperature ionic 
liquids with the tetrafluoroborate anion are less viscous then corresponding IL 
with [PF6]" (Table I), but the viscosity and limited hydrolytical stability of 
tetrafluoroborate based ionic liquids still restrict their broad practical 
applications. We have improved the properties of the RTILs by replacement of 
some fluorine atoms in [BF 4]" with perfluoroalkyl groups. 

The data, listed in the Table V , show that replacement of the first fluoro 
ligand in [BF 4]" by a perfluoroalkyl group reduces dramatically the viscosity of 
imidazolium ionic liquids. Remarkably, the influence of the C 2 F 5 group on the 
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F 
ι 
Β F - Β - F 

ι 
F 

Scheme 6 

viscosity is stronger than that of the C F 3 group. Again, the coordination ability of 
the anion over compensates the influence of ion radius. 

Table V. Viscosity of Perfluoroalkylborates Ionic Liquids 

Viscosity Density 
Ionic Liquid 

mm2 s "' 
(20°C) 

mm2 s "' gem3 

l-Hexyl-3-methylimidazolium [BF 4 ] ' 195 1.15 
1 -Hexyl-3-methylimidazoliutn [CF 3 BF 3 ]" 80 1.21 
l-Butyl-3-methylimidazolium [BF 4]" 120 1.21 
1 -Butyl-3-methylimidazolium [C 2 F 5 BF 3 ] ' 47 1.47 
1 -Butyl-3-methylimidazolium [(C 2 F 5 ) 3 BF]' 31 1.51 

Furthermore, three pentafluoroethyl groups in the borate anion decrease the 
viscosity of ionic liquids more effectively then one C 2 F 5 group (Table V) . 

The syntheses of ionic liquids with [CF 3 BF 3 ]" and [C 2 F 5 BF 3 ] ' anions were 
described recently (26-30). The method is based on ion exchange with 
K [ C F 3 B F 3 ] or K [ C 2 F 5 B F 3 ] (26-31). Both salts can be synthesized via application 
of Ruppert's reagent (CH 3 ) 3 SiCF 3 (32-34) or (CH 3 ) 3 SiC 2 F 5 (35). For the 
syntheses of these compounds, chemicals are required, which are restricted by 
the Montreal Protocol. 

Recently, we have found that tris(perfluoroalkyl)phosphines (36,37) 
tris(perfluoroalkyl)phospineoxides (37,38) or tris(perfluoroalkyl)-trimethyl-
silylphosphazenes (37,39) can be used as convenient perfluoroalkyl transfer 
reagents. The last compound appears to be especially suitable for the synthesis of 
perfluoroalkyltrifluoroborates. It can be obtain in a very simple way from 
tris(perfluoroalkyl)trifluorophosphoranes (39). 

Compound (III) is a stable liquid material, which can be stored for a long 
time and used as convenient reagent for the synthesis of ionic liquids with 
pentafluoroethyltrifluoroborate anion, [C 2 F 5 BF 3 ]" (39). 

Compounds (IV) and (V) have a different solubility in organic solvents and 
water, and they can be separated via extraction processes. They also can be used 
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2 (C 2 F 5)3PF2 + 3{(CH3)3Si]2NH — 2(C2F5)3P=NSi(CH3)3 
(I) nil) Y'eW: 8 7 % 

. U ' B.p. 143-145° C 
+ 4(CH3)3SiFt + NH3t 

Scheme 7 

(C2F5)3P=NSi(CH3)3 + B(OCH3)3 + KF + nHF + ( + 

RT-eo-c, / \ 
DME ^ n 3

 u 4 n 9 

• n [C2F5BF3]- [(C2F5)2PF4r 
CH3 C4H9 CH3 C4Hg 

( I V ) Yield: 73% ( V ) 

M p . 79-81° C 

Scheme 8 

in the mixture as a two component's ionic liquid. It is interesting to note that, 
introduction of only one C 2F 5-group completely changes the nature of the 
fluoroborate anion. The [C 2 F 5 BF 3 ]" anion makes the ionic liquids of type (IV) 
hydrophobic and thermally more stable. 

The properties of tetrafluoroborate based ionic liquids can be improved not 
only by the replacement of fluorine atoms with perfluoroalkyl groups but also via 
introduction of the cyano group to boron. Ionic liquids with tetracyanoborate 
anion (40) are hydrophobic and show high thermal and electrochemical stability 
and low viscosity (see Table VI). 

Table V I . Viscosity of Tetracyanoborate Ionic Liquid 

Viscosity Density 
Ionic Liquid 

mm7 s '' 
(20° C) 

mm7 s '' gem3 

1 -Hexyl-3-methylimidazolium Chloride 7453 1.05 
1 -Hexyl-3-methylimidazolium [PF6]" 548 1.30 
l-Hexyl-3-methylimidazolium [BF 4]" 195 1.15 
1 -Hexyl-3-methylimidazolium [B(CN) 4]" 65 0.99 
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Again, derealization of negative charge over four cyano groups reduces the 
coordination ability of [B(CN) 4]" anion and reduces the viscosity by a factor of 
three in comparison to the BF 4 " based IL (Table VI). 

The examples described above demonstrate that viscosity of room 
temperature ionic liquids can be significantly reduced by incorporating a new 
generation of weakly coordinated anions, such as [ (C 2 F 5 ) 3 PF 3 ] \ [C 2 F 5 BF 3 ]" or 
[B(CN) 4 ] \ These low viscosity ionic liquids should serve as a new reaction 
media for the different applications, for instance in organic synthesis. For 
example, the kinetics of palladium catalyzed Heck coupling between p-
methoxyphenyldiazonium and 2-ethylhexylacrylate is much faster in F A P ionic 
liquids then in [PF6]" based IL (41). 

Experimental 

Chemicals 

Ionic liquids with FAP-anions were prepared in accordance with the 
procedures, described in the patents (15,17-20) and in the article (21). Syntheses 
of ionic liquids with perfluoroalkyl- and teracyano-borate anions were carried 
out by the methods, described in the patents (39,40). 

Analytical procedures 

Ή , ! 9 F and 1 *B N M R spectra were measured on a Bruker Avance 250 (250.13 
M H z for ! H , 235.36 for 1 9 F and 80.25 for n B ) in acetonitrile-D3. CC13F and TMS 
were used as internal references for 1 9 F N M R and the proton spectra correspondingly. 
1 LB N M R spectra were recorded with BF3-Etherat as external standard. 

The purity (quality) of ionic liquids was checked by measuring the residual water 
(Karl-Fischer titration; 831 KF-Coulometr, Metrohm) and chloride or bromide (ion-
chromotography, Metrohm Advanced IC System; stationary phase: Metrosep A 
SUPP4 - 150). Residual water in FAP, perfluoroalkylborates and alkylsulfates ionic 
liquids was below 60 ppm and chloride content was below 40 ppm. 

Viscosity and density of ionic liquids were measured with the use of 
Viscosimeter S V M 3000 (Anton Paar). 
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Chapter 23 

Molecular Dynamics Study of the Mechanism 
of Cellulose Dissolution in the Ionic Liquid 
1-n-Butyl-3-methylimidazolium Chloride 

Zhiwei Liu1,2, Richard C. Remsing2, Preston B. Moore1,2, 
and Guillermo Moyna1,2 

1West Center for Computational Chemistry and Drug Design 
and 2Department of Chemistry and Biochemistry, University of the Sciences 

in Philadelphia, 600 South 43rd Street, Philadelphia, PA 19104-4495 

N,N'-Dialkylimidazolium ionic liquids (ILs) show promise as 
non-derivatizing 'green' solvents for the dissolution and 
processing of cellulose. To better understand how these ILs 
solvate this and other, polysaccharides at the molecular level, 
we have performed molecular dynamics (MD) simulations of 
neat 1-n-butyl-3-methylimidazolium chloride ([C4mim]Cl) at 
298, 313, 333, 343, 353, 363, and 373 K , as well as 5 and 10 
wt% cellobiose solutions in [C4mim]Cl at 363 K . Static, 
dynamic, and thermodynamic quantities have been derived 
from the collected data. Our findings agree well with 
experimental data from various sources. In particular, analysis 
of structural features and hydrogen bonding patterns between 
[C4mim]Cl and cellobiose are consistent with results from 
N M R relaxation studies which indicate that the IL C l ֿ ions 
interact with the carbohydrate O H groups in a ~ 1:1 ratio. 
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1. Introduction 

In addition to their now well-established role as alternative reaction and 
extraction media with 'green' potential (/), it.has been shown that certain ionic 
liquids (ILs) can dissolve polysaccharides very efficiently (2-4), Perhaps the 
most salient results in this regard have been those obtained with l-w-butyl-3-
methylimidazolium chloride ([C 4mim]Cl, Figure 1), an IL which dissolves 
cellulose in concentrations of up to 300 g/L (2). In a recent report, we studied the 
solvation of cellulose models, such as cellobiose (Figure 1), in [C 4mim]Cl by 
means of 1 3 C and 3 5 / 3 7 C l N M R relaxation measurements (J). Our results indicate 
that the solvation of carbohydrates in this IL involves the formation of hydrogen 
bonds between the non-hydrated chloride ions of the IL and the sugar hydroxyl 
protons in a ~ 1:1 stoichiometry (5). In the case of cellulose, these interactions 
disrupt the extensive hydrogen bonding network of the polymer and lead to its 
dissolution. However, a detailed model of this dissolution mechanism is still 
unavailable. Knowledge of this process at the atomic level is critical in the 
development of new IL-based solvents for the processing of polysaccharides. As 
evidenced by the growing number of reports on the subject, many of which are 
referenced in this chapter or appear elsewhere in this volume, molecular 
dynamics (MD) simulations can provide this atomistic depiction of ILs and 
IL-based systems. In this chapter we describe the application of this 
methodology to the study of cellulose solvation by [C 4mim]Cl using the 
cellobiose model system. As detailed below, results from our M D simulations 
agree with previous theoretical and experimental studies, and, more importantly, 
corroborate the solvation model proposed by us in earlier reports. 

2. Simulation Details 

Classical M D simulations of neat [C 4mim]Cl and cellobiose/[C4mim]Cl 
solutions were carried out using the C M 3 D package and the OPLS-AA force 
field modified as described in Section 3.1 (6,7). Partial charges were computed 
from fits to the electrostatic potential (ESP) derived from ab initio calculations 
at the B3LYP/6-311+G* level performed using Gaussian 03 (8). The geometries 
of an isolated [C 4mim]Cl pair and cellobiose, respectively, were optimized at the 
same level of theory prior to charge calculations. The optimized geometry of the 
single [C 4mim]Cl pair agrees well with results from ab initio M D simulations on 
[C 2mim]Cl (9), and shows that the chloride ion is localized above the plane of 
the imidazolium ring in close proximity to the C2 carbon. The charges computed 
for the cation and anion are +0.73 and -0.73, respectively. Following the 
approach employed in a reported M D study of [C 4mim]PF 6 (10), these partial 
charges were used to approximate the polarization of the ions in the liquid state 
in all our simulations. The disadvantage of this set of charges is that their 
distribution on the atoms of the cation is based on its gas phase geometry, which 
is likely to differ from its structure in the liquid state. However, and as pointed 
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out by Morrow and co-workers (10% this charge distribution gives no 
preferential orientation of the anions relative to the cations. Furthermore, the 
extent of polarization of the [C 4mim]Cl cation in the ion pair in vacuo relative to 
that of the isolated cation seen by us is similar to that observed for [C 4mim]PF 6 

(70). Therefore, we tentatively conclude that the charges derived from ab initio 
calculations on the [C 4mim]Cl pair in vacuo are suitable for liquid phase 
simulations. While further tests will be conducted to verify this charge model, 
the results presented below validate these assumptions. 

b β 

Figure 1. Structure and numbering of [C4mim]Cl (a) and cellobiose (b). 

The neat IL systems were simulated at seven temperatures, including 298, 
313, 333, 343, 353, 363, and 373 K . The cellobiose/IL solution simulations were 
performed at 363 Κ with disaccharide concentrations of - 5 and ~ 10 wt%. 
These temperatures and sugar concentrations correspond to those from our 
previous N M R studies (5). Each system contained 216 ion pairs, totalling 5616 
atoms. In addition, there were 6 and 12 cellobiose molecules for the 5 and 10 
wt% cellobiose/IL systems, respectively. Periodic boundary conditions were 
employed, using the Ewald method to treat long-range electrostatic interactions 
(11,12). The reversible reference system propagator algorithm (r-RESPA) with 
time steps of 0.5 and 2 fs was employed to evaluate short-range intramolecular 
forces and long-range interactions, respectively (13). The neat [C 4mim]Cl system 
was constructed using the ab initio optimized ion pair as seed to create a cubic 
lattice with a final density of 1.0 g/cm3. The system was then simulated at high 
temperature for at least 100 ps to randomize the ions in the cell. Constant 
temperature and pressure (NPT) simulations ranging from 100 ps to 1 ns were 
then carried out at each of the above temperatures and 1 atm to stabilize cell 
sizes. The cellobiose/IL model systems were created by patching the 
disaccharides on the sides of the equilibrated neat IL simulation box, and the 
resulting cells were randomized and their sizes stabilized as described above. 
The different systems were equilibrated at constant temperature (NVT) for times 
ranging from 700 ps to 1.5 ns. The neat IL systems were then simulated for an 
additional 2 ns at each temperature. For each cellobiose/IL system, 6 ns 
simulations were carried out. Coordinate files were saved every 0.1 ps in all 
cases, leading to 20,000 and 60,000 conformations used for the analysis of 
structural and dynamic properties of the neat IL and cellobiose/IL systems, 
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respectively. In addition, simulations for both cellobiose/IL systems were 
performed in duplicate from different initial configurations. 

3. Neat [QmimJCl Simulations 

3.1. Optimization of Non-bonded Parameters 

Our exploratory studies were carried out using default OPLS-AA parameters 
for the chloride ion (6,14). The density computed from NPT simulations at 298 
Κ using these parameters was 0.80 g/cm3, considerably lower than the value of 
1.08 g/cm3 determined experimentally at this temperature (75). We thus 
investigated the factors affecting the calculation of non-bonded interactions, 
which for two species a and b are represented by the sum of Coulomb and 
Lennard-Jones energy terms as shown in Equation 1 (14), 

ι J [ ru 

where combining rules are used such that a y = ( σ ^ ) 1 7 2 ande,y = (ε /%) 1 / 2 . 
Simulations starting from different initial configurations and various ion charge 
sets led only to minor changes on the density of the system. However, variations 
of the chloride ion Lennard-Jones parameters, σ and ε, had a pronounced effect 
on the computed densities. Not surprisingly, low densities were obtained by 
using default chloride ion OPLS-AA parameters ( σ = 4.42 Â and ε = 0.12 
kcal/mol), as these were optimized to fit interaction energies of ion-water 
complexes assuming an anion charge of -1.0. Based on our ab initio calculations, 
the partial charge for chloride in an ion pair has dropped to -0.73, indicating a 
reduction in the anion electron density and size. Similar reductions in size are 
likely for chloride ions in the IL, and thus Lennard-Jones parameters optimized 
for carbon-bound chlorine, σ = 3.40 Â and ε = 0.30 kcal/mol (14), could in 
principle be better suited to represent the free anion in molten [C 4mim]Cl. 
Indeed, repeating the NPT simulations at 298 Κ using these non-bonded 
parameters yields a density of 1.05 g/cm3, which agrees well with the 
experimental density at this temperature. Figure 2 shows the simulated densities 
of neat [C 4mim]Cl as a function of temperature. As expected, the density 
decreases linearly with temperature, and volume expansions of less than 5% are 
observed as the system goes from 298 to 373 Κ (10). 

As described in the following sections, the structural and dynamic properties 
obtained from our M D simulations for neat [C 4mim]Cl agree well with 
experimental as well as classical and ab initio M D studies on similar systems. 
This has further validated our choice of force field and simulation conditions. 

V 2 
σ (1) 
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Figure 2. Density of neat [C4mim]Cl as a function of temperature computed 
from MD simulations. 

The detailed analyses of the data summarized below are too vast to be presented 
here in full and will be made available elsewhere. 

3.2. Structural Features of Neat [C 4 mim]Cl 

Figure 3 shows the cation-anion and cation-cation isotropic radial 
distribution functions (RDFs) computed from the center of mass of the 
imidazolium ring, gca(r) and gcC(r), at the seven temperatures considered in our 
study. Their general characteristics agree well with those from previously 
reported M D simulations of ILs (9,10,19-23). Namely, gca(r) and gcC(r) are out of 
phase, and also reveal that weak ordering due to long-range Coulombic 
interactions persists beyond 20 Â, which is approximately half of the unit cell 
and includes up to three coordination shells. 

The first peak in the cation-anion RDF, located around 4.5 - 4.8 À, 
represents the first coordination shell of chloride anions and is consistent with 
results from experimental and theoretical studies (16,19-23). The coordination 
number is 3 when the RDF is integrated up to 5 Â, and 5 when integrated up to 
6.5 Â, which corresponds to the first minimum of gca(r). The sharpness of the 
peak indicates that the local structure is well defined, and coordination numbers 
of 3 to 5 point to the formation of ion clusters rather than pairs. This agrees with 
a structural model for iV^-dialkylimidazolium salts based on an overview of 
experimental data proposed recently by Dupont (17). This author suggests that 
these ILs are hydrogen-bonded polymeric supramolecules, in which each cation 
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is surrounded by three anions that are approximately coplanar with the 
imidazolium ring and forming hydrogen bonds with its H2, H4, and H5 
hydrogens. Similarly, each anion has three cations in its first coordination shell. 

Figure 3. Cation-anion (a) and cation-cation (b) RDFs for neat [C4mim]Cl at 
temperatures ranging from 298 to 373 K. 

The cation-cation RDFs show a broad peak at 8 - 8.5 Â, and a clear 
shoulder, or 'bump,' around 4 - 6 Â with coordination numbers ranging from 1 
to 2. A similar feature in the cation-cation RDF was detected experimentally and 
observed in theoretical studies for [C 2mim]Cl (16,20,23), While detailed 3D 
structural analyses of this salt in the liquid phase have not been reported, it has 
been postulated that these 'bumps' on g<.c(r) are the result of π-π stacking 
interactions between imidazolium cations (17). Based on our analyses of the 3D 
distribution and angular distribution fonctions (ADFs) of cations (vide infra), we 
have indeed confirmed that the imidazolium rings π-π stack in [C 4mim]Cl. 

As evidenced in Figure 3, the RDFs remain virtually unchangd as the system 
goes from 298 to 373 K . Similarly, there is only a minor decrease in the 
coordination numbers as the temperature increases, consistent with a slight 
decrease in the ordering of the system. This minimal increase in randomness 
agrees well with experimental findings which show that the ordering observed in 
crystals of Λ^^ΛΓ-dialkylimidazolium salts is conserved in the liquid phase (17). 

The RDFs provide short- and long-range structural features of the systems, 
but information regarding the spatial arrangement of ions is lost upon integration 
over angular space. To gain insights into the 3D structure of neat [C 4mim]Cl in 
the liquid phase, we computed 3D configuration probability distribution 
isosurfaces of ions relative to the center of a reference imidazolium ring. Figures 
4a and 4b show, respectively, the chloride ion distribution isosurface drawn at 5 
times the average anion density, and the imidazolium ion distribution isosurface 
drawn at 1.5 times the average cation density. 
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Figure 4. 3D configuration probability distribution isosurfaces of [C4mim]Cl 
anions (a) and cations (b) relative to the center of an imidazolium ring. 

In addition to 3D distribution isosurfaces such as the ones shown above, the 
ion ADFs with respect to a reference cation were analyzed in detail (data not 
shown). By combining the visual inspection of the distribution isosurfaces with 
quantitative analyses of RDFs and ADFs, the 3D structural features of 
[C 4mim]Cl can be summarized as follows. The ordering of the first coordination 
shells of an imidazolium cation is highly directional for anions and somewhat 
directional for cations. While the cation-anion and cation-cation RDFs indicate 
that weak ion ordering persists up to 20 Â, there is little preference in their 
angular distribution beyond the first coordination shells. The first anion 
coordination shell consists, on average, of five chloride ions, three of which are 
at less than 5 Â from the center of the ring and form hydrogen bonds with its 
H2, H4, and H5 hydrogens. These correspond with the three major lobes 
directed roughly along the C2-H2, C4-H4, and C5-H5 bonds observed in the 
anion distribution isosurface (Figure 4a). The probability of forming hydrogen 
bonds with H2 is significantly larger than with H4 and H5. The two additional 
anions in the first shell, located between 5 and 6.5 A from the ring center, 
interact with the iV-alkyl group hyrogens. The coordination number for the first 
shell of cations is 14.5. The majority of these cations coordinate to chloride ions 
in the first anion shell. Therefore, the cation distribution isosurface also shows 
three large lobes directed roughly along the C2-H2, C4-H4, and C5-H5 bonds, 
but at nearly twice the distance from the center of the ring than the first anion 
shell (Figure 4b). Finally, there are on average two cations whose rings lie 
parallel to that of the reference imidazolium ion located at only 4 to 6 Â from 
the ring center. These give rise to two lobes on the isosurface located above and 
below the ring, and reveal clearly that the imidazolium cations in [C 4mim]Cl are 
involved in π - π stacking interactions. 
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3.3. Dynamic Properties of Neat [C 4 mim]Cl 

The ability of our simulations to reproduce the dynamic behavior of the 
neat [C 4mim]Cl systems was assessed by comparing ion self-diffusion 
coefficients measured by P F G - N M R techniques to those computed from the 
M D trajectories using the Einstein relation (Equation 2): 

<|ΔΓ(/)2Ι> represents the average mean square displacements (MSDs) of the 
ions, which were calculated from the M D trajectories using the center of mass 
of the cation or anion (Figure 5). Cations and anions show similar diffusive 
behaviors and three distinct dynamic regimes. At very short times (< 0.1 ps) 
their motion is ballistic. Between 1 and 300 - 500 ps, the ions are sub-diffusive 
or 'caged,' with (|Ar(/)2|> oc ^ (β < 1). After 500 ps, anions and cations display 
normal self-diffusivity, with (|Ar(02|> °c t. The dynamic behavior described here 
has been observed for other ILs studied by M D simulations (10,19-21,24). It is 
worth noting that the current study reveals that ions in [C 4mim]Cl are trapped in 
a super-cooled sub-diffusive regime for at least 100 ps even at temperatures 
nearly 40 Κ above its melting point. 

Figure 5. Average MSDs for cations (a) and anions (b) versus time for neat 
[C4mim]Cl at temperatures ranging from 298 to 373 K. 

Diffusion coefficients were estimated by fitting the linear self-diffusive 
regions of the MSDs to Equation 2 (10,19,20). Figure 6 shows a comparison of 
computed diffusion coefficients with those measured by N M R between 298 and 
363 K . Below ~ 343 Κ (70 °C), our estimations for the imidazolium ion agree 

(2) 
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remarkably well with experiment. As expected, measured and computed 
diffusion coefficients increase markedly after 343 K , slightly above the melting 
point of [C 4mim]Cl. While the computed values overestimate experiment above 
this temperature, the two sets of data remain in good semi-quantitative 
agreement. These results indicate that long-time quantities such as diffusion 
coefficients can be computed with reasonable accuracy in the simulation times 
considered in our study (70), and further validate our choice of force field 
parameters and simulation conditions for these systems. 

Figure 6. Computed and experimental diffusion coefficients fur ions in neat 
[C4mim]Cl as a function of temperature. 

4. CeIlobiose/[C4mim]Cl Simulations 

4.1 Solute-Solvent Interactions 

The results presented in Section 3 indicate that our M D simulations are 
capable of reproducing structural and dynamic features of neat [C 4mim]Cl 
adequately, and we therefore turned our attention to the study of 5 and 10 wt% 
cellobiose/[C4mim] solutions. As stated earlier, two independent 6 ns M D 
trajectories at 363 Κ were carried out for these systems. These parallel 
simulations led to virtually identical predictions, and therefore the analyses 
described here are based on results obtained for one of them. 

The cellobiose-anion and cellobiose-cation center-of-mass RDFs show that 
the coordination shell closest to the disaccharide is within 4 - 6 Â of its center 
and contains mostly chloride ions. The first peak in the cellobiose-cation RDF is 
located at approximately 8 À. This is in agreement with results from our recent 
N M R studies, which reveal that anions have a more important role than cations 
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in the dissolution of carbohydrates by this IL (5). However, the center-of-mass 
RDFs alone are ill-suited to describe the distribution of solvent ions around 
functional groups of the carbohydrate or specific solvent-solute interactions. 
Thus, we computed the RDFs from the hydroxyl protons to the chloride anions 
(goH ci(r)> Figure 7a). Since the mobilities of the secondary and primary 
hydroxyl groups of the sugar are different, their §OH ct(r) functions were 
considered separately. However, normalization over the number of equivalent 
hydroxyl groups yields RDFs that can be readily compared. 

Figure 7. OH Ci RDFs (a) and coordination numbers (b) for 5 and 10 wt% 
cellobiose/[C4mim]Cl solutions at 363 K. 

Irrespective of die type of hydroxyl group or sugar concentration» a single 
sharp peak at - 2 Â was observed in all goe ci(r) functions, strongly suggesting 
the formation of hydrogen bonds between the disaccharide hydroxyl protons 
and the chloride anions. Although their intensities are lower for primary 
hydroxyl groups, the position of the peaks is identical in all cases. Similarly, the 
coordination numbers of chloride ions to either primary or secondary hydroxyl 
protons plateaus at ~ 2.3 Â and remains almost constant up to - 4 Â (Figure 7b). 
Beyond that distance, the coordination numbers increases due to interactions 
between ions in the first anion shell and protons in neighboring hydroxyl 
groups. For the 5 wt% cellobiose/[C4mim]Cl solution, the coordination numbers 
of secondary and primary hydroxyl groups to chloride ions in the first shell are 
0.93 and 0.60, respectively. In the 10 wt% solution these values are 0.82 and 
0.59, consistent with the decrease in anion supplies at higher carbohydrate 
concentrations. The variations in coordination numbers observed for the 
different types of hydroxyl groups indicate that the chloride ions have a higher 
probability of forming hydrogen bonds with secondary hydroxyl protons. 
Additionally, the anion to primary hydroxyl proton coordination numbers 
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remain nearly constant at both sugar concentrations, revealing that the average 
number of hydrogen bonds between these two species is not affected by changes 
in the supplies of chloride ions. 

The geometry of the hydrogen bonds formed between hydroxyl protons and 
anions was investigated by analysis of the probability distribution of O - H CI 
angles. Since the O H CI coordination numbers are less than 1 in all cases, the 
O - H ' C l angles were calculated using the chloride ions located closest to the 
hydroxyl protons. As shown in Figure 8, almost all O - H CI angles are within 
150 and 180°, and thus in near-perfect hydrogen-bonding geometry. Combined 
with the analysis of O H CI RDFs presented above, these results confirm 
conclusively that medium to strong hydrogen bonds form between the sugar 
hydroxyl protons and the chloride ions of the IL. 

Figure 8. Probability distribution of O-H CI angles in 5 and 10 wt% 
cellobiose/[C4mim]CI solutions at 363 Κ 

Averaging the anion to hydroxyl proton coordination numbers over all 
types of hydroxyl groups yields O H CI hydrogen-bonding stoichiometrics of 
1:0.85 and 1:0.76 for the 5 and 10 wt% cellobiose/[C4mim]Cl solutions, 
respectively. These values depart slightly from the ideal 1:1 ratio expected for 
these systems. Analysis of several saved conformations from the M D 
trajectories indicates that this is due to the occasional formation of intra- or 
inter-molecular hydrogen bonds between sugar hydroxyl protons and oxygen 
atoms on other hydroxyl or ether groups. Both types of hydroxyl groups can do 
this, but the added flexibility of the hydroxymethyl side chains allows for more 
intra-molecular hydrogen-bonding interactions, and thus lower coordination 
numbers for these groups. 

As shown in the next sections, the cellobiose/IL systems have slower 
dynamics than the neat IL systems. Thus, the minor deviations in our predicted 
O H CI hydrogen-bonding stoichiometrics from the theoretical 1:1 ratio could 
be due to insufficient sampling times. However, it should also be noted that this 
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ideal OH:Cl ratio can only be achieved in solutions with a large execss of 
chloride ions (i.e., infinite dilution), which is not the case in these systems. 
Despite this, our predictions are in excellent agreement with results from earlier 
N M R relaxation measurements on the cellobiose/[C4mim]Cl system, which also 
indicate that O H CI interactions are nearly stoichiometric (J). Combined, our 
previous experimental findings and those presented here demonstrate 
conclusively that hydrogen-bonding interactions between non-hydrated chloride 
ions and sugar hydroxyl protons play a key role in the dissolution of 
carbohydrates in [C 4mim]Cl. 

4.2. Solvent Structuring in Cellobiose/[C4mim]Cl Solutions 

The effects on the structuring of [C 4mim]Cl due to the precense of sugar 
solutes was also investigated. The overall structural features of the solvent are 
very similar to those of the neat ILs in terms of positions of the first anion and 
cation coordination shells, coordination numbers, angular distributions, and 
hydrogen-bonding patterns between anions and imidazolium ring protons. 
Anion-cation and cation-cation coordination numbers decrease slightly relative 
to neat [ C ^ i m J C l , which is reasonable i f the solute-solvent interactions 
described in the previous section are taken into account. 

Figure 9. Cation-anion RDFs for neat [C4mim]Cl and cellobiose/[C4mim]Cl 
solutions at 363 K. 

Although the overall solvent structuring in the systems is similar, the 
cation-anion RDF for the 5 wt% cellobiose/[C4mim]Cl solution exhibits a 
feature that distinguishes it from the neat IL and 10 wt% cellobiose/IL systems. 
As shown in Figure 9, the first peak of cation-anion R D F in this system is split 
in two. Detailed analysis of the M D trajectories shows that this is caused by an 

 
  

In Ionic Liquids IV; Brennecke, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



347 

uneven distribution of disaccharides in the simulation box that leads to a 
cellobiose-rich region and one in which no sugars are present. By increasing the 
number of solutes in the unit cell from 6 (5 wt%) to 12 (10 wt%) their 
distribution becomes uniform, leading to a unique peak in the RDF. While these 
results could reflect the formation of solute clusters at lower sugar 
concentrations, they are more likely artifacts caused by inadequate equilibration 
and/or conformational sampling of the systems. Additional simulations are 
currently being carried out to address these issues. 

4.3. Dynamic Properties of CeIlobiose/|C 4mim]Cl Solutions 

The MSDs of the cellobiose/[C4mim]Cl solutions at 363 Κ are very similar 
to those presented in Section 3.3 for the neat [C 4mim]Cl systems, and display 
ballistic, sub-diffusive, and normal self-diffusive regimes. The cation, anion, and 
cellobiose self-diffusion coefficients were computed by fitting the linear regions 
of the MSDs in the normal diffusive regime to Equation 2 as described above. 
As mentioned earlier, two independent simulations for both 
cellobiose/[C4mim]Cl solutions were carried out. Since their differences are 
negligible, the diffusivities presented here are averages from both M D 
trajectories recorded for each system. Not surpisingly, the dynamics of the 
cellobiose/IL solutions are considerably slower than for the neat [C 4mim]Cl 
systems. The diffusion coefficient for the cation drops from 58.8 χ 10' l 2m 2/s for 
the neat IL to 19.8 χ 10"12 and 10.4 χ 10"12 m2/s at 5 and 10 wt% cellobiose, 
respectively. Similarly, the anion diffusion coefficient decreases from 
75.1 χ 10"12 in the neat IL to 21.9 χ 10' 1 2 m2/s at 5 wt% cellobiose, and to 
13.2 χ 10"12 m2/s at 10 wt% cellobiose. Consistent with its size, the self-
diffusivities computed for the disaccharide are 4.1 χ 10"12 and 2.6 χ 10"12 m2/s at 
5 and 10 wt% concentration, respectively. These results agree qualitatively with 
reported variations in the viscosity of cellobiose/[C4mim]Cl solutions versus 
sugar concentration (5), as well as with cation diffusion coefficients measured 
for these systems using PFG-NMR methods. However, the changes in 
diffusivities predicted from the M D simulations are nearly three-fold larger than 
those determined experimentally. As stated in the previous sections and 
discussed below, we believe that these deviations are due to improper and/or 
insufficient sampling of the conformational space available to the systems. 

5. Conclusions 

In this paper, M D simulations of neat [C 4mim]Cl at various temperatures 
and of cellobiose/[C4mim]Cl solutions were performed in an attempt to better 
understand how this IL dissolves carbohydrates at the molecular level. The 
calculated properties of the neat IL derived from our simulations agree well with 
those from previously reported experimental and theoretical studies on similar 
systems. Structural analysis shows long-range ordering of ions as well as 
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directional ordering of the first anion and cation coordination shells. Anions in 
the first shell form hydrogen bonds with the ring hydrogen atoms and also 
interact with hydrogens in the alkyl chains. Most of the first cation shell is 
located well outside the first shell of anions, but a small portion of it stays above 
and below the ring, revealing that the imidazolium cations in [C 4mim]Cl 
participate in π-π stacking interactions. The calculated self-diffusion coefficients 
at various temperatures agree semi-quantitatively with results from P F G - N M R 
measurements, indicating that the dynamic properties of the neat IL are 
described with reasonable accuracy by the M D simulations. 

M D simulations of cellobiose/[C4mim]Cl solutions reveal the formation of 
medium to strong hydrogen bonds between the disaccharide hydroxyl protons 
and the IL chloride ions in a near 1:1 ratio, in excellent agreement with results 
from previous N M R studies. More importantly, our findings demonstrate clearly 
that these hydrogen-bonding interactions are responsible for the high solubility 
observed for many carbohydrates and polysaccharides in this IL. While a recent 
report speculates that interactions between the imidazolium cations and the sugar 
hydroxyl oxygens play a critical role in the dissolution process (25), our 
experimental and theoretical studies provide no evidence in support of these 
claims. On the contrary, they show that the cations are far from the solute and 
interact solely with chloride ions in the first solvation shell of the sugar. 

The results presented here also indicate that while our current simulations 
reproduce trends in the dynamics of the cellobiose/[G4mim]Cl systems, they 
cannot yet predict these properties quantitatively. Although M D simulations of 
similar lengths have been used successfully to investigate dynamic properties of 
IL solutions (26,27), the solutes considered in these studies were small 
weakly-coordinating molecules such as acetonitrile or C 0 2 . In our case, the 
solvated molecule is significantly larger, flexible, and interacts strongly with the 
solvent, and as a result the dynamics of the systems are considerably slower. 
Thus, the sugar/IL solutions are likely to require more extensive system 
equilibration and conformational sampling times to yield accurate atomistic 
dynamic models. Work on the improvement of these aspects of our simulations 
is underway. Ultimately, the information gathered from our ongoing 
experimental and theoretical studies should facilitate the rational development of 
new, and potentially 'greener,' IL-based solvent systems for the dissolution and 
processing of polysaccharides with industrial applications. 
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Chapter 24 

New Class of Ionic Liquids Synthesized from Amino 
Acid and Other Bioderived Materials 

Hiroyuki Ohno, Kenta Fukumoto, and Junko Kagimoto 

Department of Biotechnology, Tokyo University of Agriculture 
and Technology, Koganei, Tokyo 184-8588, Japan 

A new series of ionic liquids have been synthesized from bio
-related compounds and their characteristics have been 
analyzed. Amino acid ionic liquids (AAILs), which contain 
amino acids as the anions, enable us to study the effect of 
substituent groups on the properties of ionic liquids. The 
mixing of different AAILs improved the polarity of the AAILs . 
This is attributable to interactions between the amino acids. 
Chiral amino acid derived cations have also been synthesized 
via regio-specific alkylation of histidine. These prepared 
imidazolium cations were mixed with lithium 
bis(trifluoromethane sulfonyl)imide (LiTf2N) to construct 
lithium cation conductor. Equimolar mixture of these gave an 
ionic conductivity of about 1 χ 10-4 Scm-1 at 50 °C. Mixture of 
zwitterions with L i T f 2 N provided effective dissociation of 
lithium ion in the mixture. Ionic liquids composed of choline 
and amino acids were newly prepared. Those AAILs with 
alanine or serine showed glass transition temperature at -53 °C, 
and -46 °C, respectively. 
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Since ionic liquids are composed of organic ions, there are potential 
possibilities to control physico-chemical properties, solvent properties, and even 
function (1,2). Nevertheless their possibility as designer liquids, the relationship 
between component ion structure and physico-chemical properties has not been 
clarified. One of factors to suppress the development of such research is the 
dissicult steps to prepare pure ionic liquids. We have proposed a conventional 
method to prepare model salts by mixing equimolar amount of tertiary amine and 
acid (3). This reaction, called neutralization method, generally gave salt without 
any byproduct. Also, cations having hydroxide anions were used to prepare salts 
by mixing corresponding acids. This research produced the desired salts and 
water (4). Purification of starting materials is much easier than that of 
synthesized salts. These procedures are convenient to prepare pure salts. Based 
on these procedures, we have prepared a variety of different salts. One of our 
target salts is a ionic liquid based on bio-related ions. There have been a few 
studies on the preparation of ionic liquids with bio-related ions. Ions in our body 
are great candidates to prepare new ionic liquids. In addition, these ions should 
be effective starting materials for functionalized ionic liquids. Some practical 
advantages of these bio-related ionic liquids is bio-degradability (J), decreased 
toxicity (6), and possibility of chirality (7). Amino acids are good models to 
study the relationship between ionic structure and properties. Recently, 
functional ionic liquids prepared from the amino acids have been reported (8-10). 
Before these reports, we first reported the successful preparation of ionic liquids 
from 20 different natural amino acids (7 7). Most amino acids contain functional 
groups, therefore they are regarded as excellent starting materials for task-
specific ionic liquids. 

Room temperature ionic liquids composed of 
amino acid anions 

Amino acids are good starting materials for designer ionic liquids because 
they possess a variety of side chains. However, intricate modification processes 
make it difficult to synthesize pure ionic liquids that retain their chirality. We 
have suggested ionic liquids containing an amino acid anion, hereafter AAILs 
(77). The synthetic process is very simple and the neutralized amino acids were 
easily obtained by the mixing corresponding amino acids with imidazolium 
hydroxide solution (Figure 1). A l l the amino acids were mixed with equimolar 
amount of cation, regardless of side chain structure. Thus the obtained AAILs 
are not only halogen-free but also designer ionic liquids. 

By the combination with the [emim] cation, 20 different natural amino acids 
produced room temperature ionic liquids. Although prepared the AAILs had 
the same carboxylate anions, the difference between the lowest Tg for 
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Figure 1. Preparation of amino acid ionic liquids. 

([emim][Gly]) and the highest T% for ([emim][Glu]) were over 70 °C. It is clear 
that the amino acid side chain affected the Tg considerably. In addition, these 
AAILs exhibited different solubility to organic solvents. For example, the 
AAILs prepared from amino acids containing two carboxyl groups, such as 
glutamic acid and aspartic acid, were insoluble in chloroform. There are amino 
acid species which depend on several physico-chemial factors such as melting 
point, glass transition temperature, viscosity, etc. These amino acids are useful 
to analyze the relationship between structure and physico-chemical properties of 
the corresponding ionic liquids. 

Although imidazolium based A A I L s have fascinating characteristics, 
viscosity and thermal stability need improvement. A A I L s that have strong 
hydrogen bonding such as carboxyl generally showed high viscosity. This high 
viscosity is attributed to the hydrogen bonding among the amino acid anions and 
hydrogen atom on the 2 position of imidazolium cation ring. To find an 
effective cation structure to decrease the viscosity of AAILs, ammonium ( N 4 4 4 4 ) , 

pyrrolidinium ( P H ) , pyridinium (Py4), and phosphonium ( P 4 4 4 4 ) cations were 
investigated (Table 1). These ammonium cations are known to be suitable 
components of general RTILs. A A I L s composed of ammonium cations and 
alanine were obtained as a solid at room temperature, and the thermal stability 
was not sufficient (bellow 200 °C). On the contrary, phosphonium-based ionic 
liquids exhibited a lower melting point and a lower viscosity than imidazolium-
based ionic liquids (12). In spite of their excellent thermal and chemical stability 
(13,14), the phosphonium cation is generally not superior to the imidazolium 
cation to provide thermal stability and low viscosity. Additionally, the 
symmetric structure of the cation also tends to elevate the melting point of ILs 
due to easier crystallinity. For example, [P4444][Tf2N] exhibited a relatively high 
melting point at 86 °C in spite that the [Tf 2N] anion is known to give a less 
viscous ILs . Amino acid anions are revealed to be good partners to 
phosphonium cations. Generally, in case of imidazolium-based ionic liquids, 
hydrogen bonding between hydrogen atom on the 2 position of imidazolium ring 
and anion affect the physico-chamical properties. On the other hand, [P4444] was 
a moderately large cation and the weakened electrostatic interaction among ionic 
liquids was expected. In addition, there are no effective hydrogen bonding 
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Table 1. Physico-chemical properties of prepared onium-alanine salts. 

TJ°C 7V°C 
[emim] -57 N D 212 

[N4444] Bu + 

Bu-N-Bu 
Bu 

N D 76 162 

[PM] Q 
Me Bu 

-64 77 176 

m 

1 
Bu 

- - -

[P4444] 
Bu + 

Bu-P-Bu 
Bu 

-70 N D 286 

ND; not detected, - not stable. 
SOURCE: Data from references 3 and 12. 

with the anions. The x-ray structure of [P4444][Glu] indicated no specific 
interaction, including hydrogen bonding, between cation and anion. 

Furthermore, AAILs are confirmed to be more polar liquids than 
conventional ionic liquids by the polarity measurement using Kamlet-Taft 
parameters (15,16). Hydrogen bond basicity is stronger than that of chloride 
anion. Since hydrogen bond basicity mainly dominates the solvation of ionic 
liquids to bio-polymers such as cellulose (17), these AAILs are expected to be 
polar solvents for bio-polymers. 

Binary mixtures of amino acid ionic liquids 

Although the mixing with volatile organic solvents induced a large change 
of solution properties, the AAILs lost normal advantages of ILs such as non-
flammability, non-volatility, and so on. On the other hand, when mixing 
different ILs is often difficult to change their properties dramatically (18,19). 
The mixtures of general ionic liquids such as [emim][Tf2N], [emim][BF4] 
exhibited a linear change of physico-chemical properties such as melting point, 
viscosity, and polarity. We expected that the additional interaction between ions 
could shift the physico-chemical properties of the ionic liquids. Therefore, 
prepared binary mixtures of these AAILs to improve the ionic conductivity and 
polarity. We studied three mixtures i.e., ([emim][Asp]+[emim][Lys], 
[emim][Asp]+[emim][His], and [emim][Ala]+[emim][Val]) to understand the 
effect of mixing on the ionic conductivity, phase transition temperature and 
polarity of the above mixtures. Although these mixtures showed linear changes 
of the ionic conductivity with their composition, the [emim][Asp]+[emim][Lys] 
systems showed dramatic increase of polarity (π*; polarity/dipolarity parameter 
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in Figure 2). These results show that the physico-chemical property is tunable 
and can be improved by mixing specific anion species. 

055 US 075 ι 
Mole fraction of (B) 

Figure 2. Ionic conductivity (a) and polarity (b) of amino acid ionic liquids 

mixtures. 

A + Β 

m[emim][Asp]+[emim][Lys] 

A [emim] [Asp]+[emim] [His] 

ο [emim] [Ala]+[emim] [Val] 

Zwitterions derived from amino acid 

As one derivative of AAILs , we synthesized novel zwitterions based on 
amino acids. We have already reported some imidazolium based zwitterions and 
their mixtures with L i T f 2 N and HTf 2 N (20-22). These mixtures formed 
transparent liquids at room temperature, and we confirmed that the zwitterions 
accelerated the dissociation of additives in the mixture. Mixtures with lithium 
salt have been expected as a matrix for lithium ion conduction because of their 
high transport number of lithium ions. These mixtures with a Bronsted acid 
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were expected to be Bronsted acidic ionic liquids (23), and they are applicable 
as catalysts as well as matrix for selective proton conduction. Although amino 
acids are natural zwitterions, they are melting salts even after mixing with 
lithium salts because of the short distance between the cation and anion. A 
zwitterion needs a longer space between cation and anion to lower the melting 
point. Furthermore, aliphatic ammonium-based zwitterions exhibited a relatively 
high melting point in our previous studies. Therefore, among various natural 
amino acids, we focused on a histidine because of the imidazole side chain. The 
alkylation of the imidazole unit expected to provide zwitterions with low melting 
points. Furthermore, by the addition of Bronsted acid, the zwitterion derived 
from histidine was expected to be chiral Bronsted acidic ionic liquid. However, 
the histidine derived zwitterion is difficult to prepare from histidine by direct 
alkylation of the imidazole side chain (24): The carboxyl group and the amino 
group on α-carbon of histidine would disturb the alkylation of imidazole group, 
and the pure zwitterion could not be obtained. 

We synthesized novel zwitterions by the quaternization of the imidazole unit 
on the histidine by blocking both the amino and carboxylic groups as seen in 
Figure 3. The zwitterions were synthesized by regio-specific alkylation (25) of 
the imidazole via intermediate cyclic urea. The regio-specific alkylation of the 
imidazole units provides some advantages. For example, this systematic 
alkylation provides homogeneous zwitterion. In addition the asymmetric alkyl 
chains on the imidazolium cation should produce zwitterions with lower melting 
point. 

Histidine-derived zwitterion 1 (Ri=Me, R2=Et) was obtained as white 
crystals with a melting point of a 183 °C. The melting point was similar to that 
of zwitterion containing carboxyl group reported previously. On the other hand, 
zwitterion 2 ( R ^ M e , R 2=Allyl) provided no effective melting point. The 

COO C O O C H 3 C O O C H 3 

Y 

N H Î / ^ χ NH Π NH 
N^NH 3 - N ^ N - V R r N ^ N ^ 

Ο χ " Ο 

C O O C H 3 .COO 

R( y R 2 R( R 2 

Zwitterion 1 R^Me, R2=Et 
Zwitterion 2 R^Me, R2=Ally! 

Figure 3. Synthesis of histidine-based zwitterion by regio-specific alkylation. 

 
  

In Ionic Liquids IV; Brennecke, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



357 

effectiveness of the allyl group(s) on the imidazolium cation ring has already 
been discussed in our previous paper (26). 

Then, the performance of the zwitterion as an ion conductive matrix was 
evaluated after mixing with L i T f 2 N . The mixtures with L i T f 2 N provided 
transparent ionic liquids, and exhibited no melting point but a glass transition 
temperature. By adding equimolar amount of L i T f 2 N , Tg of the mixture was 
found at 20 °C. By increasing the concentration of L i T f 2 N in the mixtures, 
induced gradual lowering was observed in Tg. On the other hand, the ionic 
conductivity of these mixtures did not obey the values expected from their Tg 

(Figure 4). 

Figure 4. Effect of LiTf2N concentration on a, (triangle) and Tg (square) of 
zwitterion 1 /LiTf2N mixtures. 

To analyze the dissociation degree of L i T f 2 N in the mixture, Raman spectra 
of the mixtures was recorded. A scattering at 740 cm"1 represents the C F 3 

symmetric deformation vibration of the dissociated Tf 2 N anion (27). Up to 
equimolar addition of L i T f 2 N , Tf 2 N anions were confirmed to be dissociated 
efficiently by the peak at 740 cm"1 (Figure 5). 

On the other hand, excess L i T f 2 N increased the scattering intensity at 745 
cm"1, this peak was attributed to associate salts like solid state L i T f 2 N . Therefore, 
relatively low ionic conductivity was attributed to the insufficient degree of 
dissociation of L i T f 2 N . The lowering of the ionic conductivity seen in Figure 4 
was attributed to the insufficient degree of dissociation of L i T f 2 N . 
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Figure 5. Raman spectra for zwitterion 1 /LiTf2N mixtures. 

Zwitterions derived from histidine exhibited suitable performance similar to 
conventional imidazolium-based zwitterions (28). Furthermore, these 
zwitterions have the potential to be chiral Bronsted acidic ionic liquids as well as 
reaction solvents. Viscosity is still a serious drawback, and efforts will be made 
to decrease it. 

Fully natural ionie liquids containing amino acids 

Since AAILs already have bio-related anions, we expected to prepare 
completely bio-related ionic liquids using amino acids. If both cation and anion 
were bio-derived materials, fully natural ionic liquids would be less toxic, bio
degradable ILs and even though they would be applicable for medical science. 
Although these ILs have many applications, fully bio-related ILs have not been 
reported previously. The difficulty to prepare ILs is the selection of component 
ions from various bio-related materials. Generally these ions have functional 
groups to contribute hydrogen bonding, which increase rm and/or T% of the ILs. 
Different from conventional ILs, AAILs sometimes prefer to unsuitable cation 
such as the symmetrical phosphonium cation (12). Among various natural 
cations, we selected the choline cation to form AAILs. There are several choline 
derivatives in our body. For example, dipalmitoyl-phosphatidylcholine is a 
typical cell membrane lipid. Phophorylcholine shows soft interaction on the 
membrane surface. Since these choline derivatives have some degree of 

 
  

In Ionic Liquids IV; Brennecke, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



359 

motility, choline may be used as a suitable cation to achieve lower Tg and 
toxicity. Some choline-based ionic liquids have already been reported (29,30). 
In spite of their expectation that choline should be better component of ionic 
liquids, choline salts exhibited higher melting point than those having 
conventional cations. Even i f T f 2 N was used as an anion, the choline salt 
became solid at room temperature. This relatively high melting point should be 
the effect of hydroxyl group, which induce hydrogen bonding with the 
component ion, and the short alkyl chains on the nitrogen atom. 

As a further study of amino acid ionic liquids, we prepared novel fully 
natural ionic liquids by the combination of amino acid with choline. The 
preparation method is almost the same that of AAILs we have reported. Choline 
hydroxide ([Ch][OH]) was prepared by anion exchange column, and was reacted 
with amino acids in an aqueous media. Most amino acids gave liquid salts 
except for glycine. [Ch][Gly] exhibited melting point at 90 °C. Other salts, e. g. 
[Ch][Ala] and [Ch][Ser], had no melting point but a Tg about -50 °C (Table 2). 
Other amino acids gave liquid salts by the combination with choline. A l l these 
[Ch][amino acid] were revealed to decomposed below 200 °C. In addition to 
less thermal stability, these ionic liquids exhibited higher Tg than conventional 
imidazolium based amino acid ionic liquids. These characteristics should be 
attributable to the terminal hydroxide group. However, these choline-based 
AAILs are first case of ILs composed of only natural materials as far as we know. 
We started couple other bio-related ions, in order to prepare less viscous fully 
natural ionic liquids. 

Table 2. Thermal properties of choline-based amino acid ionic liquids 

R rg/°c Tm/°c rdec/°c 
[Ch][Gly] 
[Ch][Ala] 

H 
C H 3 

C H 2 O H 

-73 
-53 
-46 

90 186 
181 
187 

Conclusions 

We have prepared various ionic liquids using amino acid and other bio-
related materials, and demonstrated that amino acids and bio-derived materials 
are potential candidates to prepare ionic liquids. The combination of symmetric 
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phosphonium cation and amino acids improved viscosity and thermal properties 
than those of conventional imidazolium-based AAILs . The modification of the 
amino acid enables us to provide novel functionalized ionic liquids. Regio-
specific alkylation of imidazole on histidine also produced novel zwitterions. 
Raman spectra suggested that these zwitterions dissociated to generate free 
lithium ions in the mixture. Furthermore, fully natural ILs composed of amino 
acid and choline were prepared, and these showed lower 7*g than imidazolium 
based AAILs . These bio-related ionic liquids should be useful for many 
scientific fileds. 
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Chapter 25 

Hydrophobic n-Alkyl-N-isoquinolinium Salts: 
Ionic Liquids and Low Melting Solids 

Ann E. Visser1,2, Jonathan G. Huddleston1,3, John D. Holbrey1,4, 
W. Matthew Reichert1, Richard P. Swatloski1, 

and Robin D. Rogers1,* 

1Department of Chemistry and Center for Green Manufacturing, 
The University of Alabama, Tuscaloosa, A L 35487 

2Current address: Savannah River National Laboratory, Aiken, SC 29808 
3Current address: Millipore Bioprocessing Ltd., Medomsley Road, Consett, 

County Durham DH8 6SZ, United Kingdom 
4Current address: QUILL, The Queen's University of Belfast, 

Belfast BT9 5AG, Northern Ireland, United Kingdom 

A series of hydrophobic n-alkyl-N-isoquinolinium ionic 
liquids (ILs) with a linear alkyl-chain substituent containing 
from 4-18 carbon atoms in combination with hexa
-fluorophosphate, bis(trifluoromethylsulfonyl)amide, and bis-
(perfluoroethylsulfonyl)amide have been synthesized and 
characterized (water content, density, DSC, T G A , and LSER). 
The crystal structures of [C2isoq][PF6] (prepared and isolated 
only for the comparative X-ray diffraction study), [C4isoq]-
[PF 6], and [C1 0isoq] [PF 6] illustrate the underlying interactions 
in the higher melting salts. The isoquinolinium-based ILs 
studied here are interesting due to their highly aromatic nature 
and physical and solvent properties. 
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Introduction 

The search for new ionic liquids (ILs) with the potential to interact with 
aromatic hydrocarbons for separation purposes, led us to the study of a new 
class of cations based on the isoquinoline molecule (/). Our previous study 
focused on bis(perfluoroethylsulfonyl)amide ([N(S0 2CF 2CF 3) 2;T or [BETA]") 
salts o f the w-alkyl-N-isoquinolinium ([Cnisoq]+) cation with alkyl chain lengths 
ranging from 4-18. We found that these ILs have an affinity over [C 4mim][PF 6] 
for aromatic solutes as demonstrated by their increased distribution ratios in 
IL/water biphasic systems. 

Here we expand this work with additional data for[C nisoq]+ salts of 
hexafluorophosphate ([PF6]*) and bis(trifluoromethylsulfonyl)amide) ([NTf2]"). 
Partitioning data was collected to study solvent properties based on 
interpretation of Abraham's linear solvation energy relationships (LSER) (2) 
and provides insight into how subtle changes in the cation, not only the anion, 
can affect the solvent properties. Solid-state analyses of the [PF6]" salts of 
[C 2isoq] +, [C 4isoq] +, and [Ci 0isoq] + were carried out to gain insight into the 
interactions responsible for the physical and solvent properties of these ILs (5). 

Experimental 

A l l aqueous solutions were prepared with deionized water that was purified 
with a Barnstead NANOpure water system (Dubuque, IA) and polished to 18.3 
ΜΩ/cm. A l l salt and acid solutions were prepared as molar concentrations by 
transferring a known amount of material to a volumetric flask and diluting to the 
specified volume with deionized water. When needed, pH adjustments of the 
aqueous phase were made using H N 0 3 or NaOH. H P F 6 was supplied by Ozark 
Mahoning (Tulsa, OK) and was used as received. Li[N(S0 2 CF 3 ) 2 ] (Li[NTf 2]) 
and Li [N(S0 2 CF 2 CF 3 ) 2 ] (Li[BETA]) were obtained from 3 M (Minneapolis, 
M N ) and used as received. A l l other chemicals were of reagent grade, obtained 
from Aldrich (Milwaukee, WI), and used without further purification. 

Synthesis of lC n i soq]Cl Salts 

The w-alkyl-TV-isoquinolinium chloride salts were prepared by alkylation of 
isoquinoline with an appropriate chloroalkane using a procedure developed for 
the alkylation of imidazoles to form 1-alky 1-3-methylimidazolium ILs described 
in the literature (4). Approximately 100 g batches were prepared by reaction of 
a 1:1 molar ratio of chloroalkane and isoquinoline with magnetic stirring at 70 
°C for 72 h. After 72 h, two phases had formed with the top layer being the 
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unreacted starting material and the bottom layer being the isoquinolinium IL. 
The top layer was decanted and the bottom layer washed with ethyl acetate. The 
wash was repeated two more times and the IL dried under vacuum with heating 
at 70 °C to remove any remaining ethyl acetate. 

Synthesis of [C nisoq][X] (X = [PF6]", [NTf 2l", and [BETA]") Salts 

|C n isoq][PF 6 ] : The salts below were prepared by metathesis from the 
appropriate w-alkyl-iV-isoquinolinium chlorides following the procedure 
described by Huddleston, et al. (4) for the preparation of 1,3-dialkylimidazolium 
salts. Approximately 100 g of [Cnisoq][Cl] was transferred to a 2 L container 
lined with a perfluorinated material followed by the addition of 500 mL 
deionized water. An aqueous solution of 60% HPF 6 in a 1.1:1 molar ratio of 
HPF 6:[C nisoq]Cl was added. Caution: the addition of HPF^should be done 
slowly to minimize the amount of heat generated. As H P F 6 was added, two 
phases formed, where [Cnisoq][PF6] formed the brown bottom phase and 
aqueous HC1 the top phase. The upper phase was decanted and 500 mL of water 
was added followed by vigorous shaking and mixing. After the mixture settled, 
the upper aqueous phase was decanted and the lower ionic liquid phase was 
washed again with deionized water. This procedure was repeated until the pH of 
the upper phase was ~7. 

[C„isoqJ[NTf2J: Approximately 100 g of [C nisoq]Cl was transferred to a 
250 mL plastic bottle and a 1.1:1 molar ratio of LipsfTf2]:[Cnisoq]Cl was added, 
followed by 50 mL of deionized water. After mixing, two phases formed where 
the brown bottom phase was [Cnisoq][NTf2] and the colorless top phase was 
aqueous L i C l . After decanting the top phase, 50 mL of fresh deionized water 
was added and the solution was thoroughly mixed. This washing step was 
repeated twice. 

[C n isoq][BETA]: Approximately 100 g of [C nisoq]Cl was transferred to a 
250 mL plastic bottle and a 1.1:1 molar ratio of Li[BETA]:[C nisoq]Cl was 
added, followed by 50 mL of deionized water. After mixing, two phases formed 
where the brown bottom phase was [C nisoq][BETA] and the colorless top phase 
was aqueous L i C l . After decanting the top phase, 50 mL of fresh deionized 
water was added and the solution was thoroughly mixed. This washing step was 
repeated twice. 

Physical Property Measurements 

After initial synthesis, the ILs were purified and dried. Since these ILs were 
prepared to study liquid/liquid partitioning from water, the physical properties of 
the hydrophobic ILs were studied after equilibration with an equal volume of 
water over a 24 h period. 
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The water content of each IL (Table I) was determined by Karl Fischer 
titration using a volumetric Aquastar Karl Fischer titrator ( E M Science, 
Gibbstown, NJ) with Composite 5 solution as the titrant and anhydrous 
methanol as the solvent. Each sample was water ' equilibrated before 
measurements were taken. Sample weights were at least 1 g and duplicate 
measurements were performed on each sample with results agreeing to within 
5%. 

The density of each water-equilibrated IL was determined by gravimetric 
analysis. After calibrating a 1 mL pipet (Rainin, Woburn, M A ) to dispense 1.0 g 
of water, that pipet was used to transfer 1.0 mL of each IL to determine the mass 
of that volume of liquid. Each measurement was repeated 10 times and the 
average value is reported. A l l measurements were taken at room temperature 
(25 =fc 1 °C). 

Melting point and glass transition temperatures were determined by 
differential scanning calorimetry (DSC) using a T A Instruments (New Castle, 
DE) model 2920 differential scanning calorimeter. Temperature calibration was 
performed on a sample of indium. Each sample was approximately 10 mg and 
analyzed in a hermetically-sealed aluminum pan. For each experiment, an empty 
hermetically-sealed pan was referenced as the blank. A ramp temperature of 
10 °C/min was employed over the temperature range of -150 to 100 °C. To 
ensure properly equilibrated transition temperatures, the samples were cycled 
through this cooling/heating method once before temperatures were assigned to 
transition peaks. Transition temperatures were recorded at the peak maximum of 
the thermal transition. 

X-ray Diffraction Studies 

Crystals suitable for single crystal X-ray diffraction of [C 2isoq][PF 6], 
[C 4isoq][PF 6], and [C 1 0isoq][PF 6] were obtained by recrystallization of the salts 
by heating above the melting point and allowing the ILs to slowly cool to room 
temperature. The [C2isoq][PF6] salt was prepared and crystallized only for the 
comparative X-ray diffraction study. Single crystals of each salt were mounted 
on a glass fiber and transferred to the goniometer of a Siemens S M A R T 
diffractometer equipped with a C C D area detector and graphite monochromated 
Mo-Κα radiation. The crystals were cooled to -100 °C with a stream of nitrogen 
gas. The data were corrected for absorption using S A D A B S (5) and S H E L X T L 
Version 5 was used for structure solution and refinement (6). 

In each structure, the atoms were readily located and the positions of all 
non-hydrogen atoms were refined anisotropically. In the [C 2isoq] + salt, the [PF6]" 
anion was found to be disordered. Four fluorine positions in one plane were 
modeled with alternate positions of 70%/30% occupancy. The two fluorine 
atoms (axial to the disordered atoms) are ordered. 
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The hydrogen atoms in the disordered [C 2isoq] + salt were added in 
geometrically appropriate positions and refined constrained in a riding model. 
The hydrogen atoms in the two other salts were added in geometrically 
appropriate positions and then fully refined isotropically. 

Partitioning Studies 

l 4C-labeled solutes were obtained from Sigma (St. Louis, MO). Liquid 
scintillation analyses were performed using Ultima Gold scintillation cocktail 
(Packard Instrument, Downers Grove, IL) and a Packard Tri-Carb 1900 TR 
Liquid Scintillation Analyzer. For each study, 1 mL of IL and 1 mL of an 
aqueous phase were mixed followed by vortexing (2 min) and centrifuging 
(2000 g, 2 min) to equilibrate the phases. When using ionizable solutes, the 
aqueous phase pH was adjusted (using either NaOH or H N 0 3 ) to a pH where the 
solutes would be neutral. Addition of the organic tracer (ca. 0.005 μ Ο , 5 μL) 
was followed by two intervals of vortexing (2 min) and centrifuging (2000 g, 2 
min) to ensure that the phases were fully separated. 100 μΐ, of each phase was 
removed for radiometric analysis. Since equal volumes of both phases were 
removed for analysis, the distribution ratios for the organic solutes were 
determined as in eq. 1 : 

Ρ = Activity in the IL lower phase ^ ̂  ̂  
Activity in the aqueous upper phase 

Each experiment was carried out in duplicate and the results agreed to ±5%. 

Results and Discussion 

Physical Properties 

We have synthesized a series of IL salts by straight chain N-alkylation (C n = 
4-18, all even) of isoquinoline followed by metathesis of the chloride salts 
resulting in pairing with [PF 6 ] \ fNTf2]", and [BETA]" anions (Figure 1). A l l 
[PF 6] ' salts were obtained as low melting solids, whereas the salts containing 
either of the fluorinated sulfonylamide anions ([NTf]" or [BETA]") were liquid at 
room temperature. Since these salts were prepared for possible use in I/I 
extraction, the reported water contents and densities (Table I) are for the salts 
after equilibration with water. 

The water contents of the saturated [C nisoq] + salts are in general higher than 
those reported for the same Ca-substituted methylimidazolium ([C„mim] +) 
derivatives (4). As observed with other cation classes, the trend in water content 
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c r χ 

Figure 1. The general synthesis and metathesis of the n-alkyl-N-isoquinolinium 
salts (n = 4-18 all even, X = [PFJ, [NTfJ, or [BETA]-): (a) CJi2n+,Cl; 

(b) HPF6, LifNTfJ, orLifBETA]. 

Table I. Water Content and Density of Water-Equilibrated 
[C„isoq]+ ILs 

η Anion 
Water content 

(ppm) 
Density 
(x/mL) 

4 [PF6Ï -
4 [NTfJ- 18600 1.26 
4 [BETA] ' 17700 1.23 
6 [PF 6 r - -
6 [NTf2]" 16900 1.23 
6 [BETA] ' 16200 1.20 
8 [PF 6y 18500 1.19 
8 [NTf2]" 15600 1.19 
8 [BETA] ' 14900 1.17 
10 [PF 6 r - -
10 [NTf2]" 7300 1.13 
10 [BETA]" 6900 1.09 
12 [PF6]- - -
12 [NTf2]" 6800 1.11 
12 [BETA] - 6600 1.08 
14 [PF«]- - -
14 [NTf2]" 6100 1.09 
14 [BETA]- 6100 1.07 
16 [PF6]" - -
16 [NTf 2]' 4800 1.06 
16 [BETA]- 4700 1.05 
18 [PF6]- - -
18 [NTf 2 r 4200 1.05 
18 [ΒΕΤΑ]· 4100 1.05 
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follows the order [PF6]* > [NTf2]" » [BETA]' . Table I also indicates that, for a 
series of cations with a particular anion, increasing the length of the alkyl chain 
appended to the cation decreases the water content of the IL phase (also as 
previously observed (4)). For the series [C„isoq][BETA], a noticeable change in 
water content occurs at η = 10, suggesting a change in internal liquid structure 
due to the intérdigitation of the alkyl chains, as has been observed for 
imidazolium cations (7,8). Such intérdigitation allows for the closer packing of 
the ions and establishes a charge-rich region and a hydrophobic region in the 
liquid, which increases the over all hydrophobicity. 

The DSC-determined glass transition temperatures and melting points are 
summarized in Figure 2. While cooling, no crystallization events were observed, 
and the ILs cooled directly to a glassy state. The glass transition temperatures 
generally increase progressively with increasing alkyl chain length with the 
[BETA]" salts uniformly having the lowest T g . 

Melting points also vary with the alkyl chain length as shown in Figure 2b. 
The trends of decreasing melting points with increasing alkyl chain length to a 
minimum at [C 6isoq][BETA], [C6isoq][NTf2], and [C 8isoq][PF 6], followed by 
increasing melting points for longer alkyl chain derivatives has been observed as 
a general feature of ILs containing an alkyl-chain substituent on quaternized 
imidazolium cations (9). Increasing chain lengths can lead to the formation of 
layered structures, often with the observation of thermotropic liquid crystalline 
phases on melting (10). 

Thermal decomposition of the salts was determined by T G A (Figure 3). 
Figure 3a illustrates the change in thermal stability of the [PF6]" salts as the alkyl 
chain length is varied. In all cases there was a 2-3% weight loss prior to 100 °C, 
which is attributed to the loss of water in the sample. After the initial loss of 
water, the weight of the sample remains relatively constant until a catastrophic 
weight loss between 325-375 °C corresponding to the decomposition of the 
cation. 

The effects of the anion on the decomposition of the [Cj 0isoq] + salts is 
shown in Figure 3b. The CI" salt has the lowest decomposition temperature, 
which is consistent with the literature where halide-containing ILs have been 
shown to exhibit low decomposition temperatures (4,12) due to nucleophilic S N 2 
attack of CI" on the N - C bond (//). The increase in anion size and 
nucleophilicity from CI" to [PF 6]' to [NTf2]" and [BETA]", results in an increase 
in the decomposition temperature, which produces more thermally stable ILs. 
The T G A results are similar to those of [1-alky 1-3-methylimidazolium]+ salts 
(4,12J 4). 

Single Crystal X-ray Diffraction Studies 

Details regarding the collection and treatment of the data and the structure 
solution and refinement are included in Table II. ORTEP illustrations of the 
three salts examined, [C 2isoq][PF 6], [C4isoq][PF6], and [C 1 0isoq][PF 6] are 
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2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20 

Alkyl Chain Length Alkyl Chain Length 

a) b) 

Figure 2. Glass transition temperatures (a) and melting point temperatures 
(b) for [C„isoqJ+ ILs as a function of increasing alkyl chain length. 

100 200 300 400 500 600 100 200 300 400 500 600 

Temperature (°C) Temperature ( ° Q 

a) b) 

Figure 3. TGA for [C„isoq][PF6] (a) and [CwisoqJ+ (b) ILs. 
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Table II. Summary of Crystallographic Data (15) 

fC2isoq]fPF6] fCisoqjrPFJ [Cwisoq][PF6] 
Formula C „ H 1 2 F 6 N P C 1 3 H 1 6 F 6 N P C 1 9 H 2 g F 6 N P 
Formula Weight 303.19 331.24 415.39 
Crystal Dimensions 0.42x0.20x0.18 0.32x0.22x0.10 1.10x0.50x0.30 
Γ(Κ) 173 173 173 
Crystal System Triclinic Triclinic Triclinic 
Space group P - l P - l P - l 
a (A) 7.1750(9) 9.2078(10) 6.821(3) 
b (A) 9.3151(12) 9.2084(10) 7.923(3) 
c(A) 10.4638(14) 10.3028(12) 18.985(7) 
α Ο 75.276(2) 104.173(2) 90.733(7) 
β Ο 70.407(2) 111.701(2) 94.716(5) 
γ Ο 87.602(2) 103.753(2) 97.942(6) 
ν (A 3 ) 636.50(14) 732.84(14) 1012.3(6) 
ζ 2 2 2 
Dcaic (g cm'3) 1.582 1.501 1.363 
μ(ΜοΚα) (mm-1) 0.274 0.245 0.193 
F(000) 308 340 436 
Omin-max ( ) 2.3,23.2 2.3,23.3 2.2, 23.3 
Reflections collected 2867 3405 4457 
Unique reflections, R i n , 1815, 0.0997 2103,0.0170 2882,0.0262 
[I > 2a(l)] data 1221 1666 1838 
Transmission factors 0.1355, 0.9703 0.6664,0.9702 0.6466, 0.9703 
Parameters varied 229 255 349 
G O F a 1.313 0.949 0.9 19 
R,h wR2

e [I > 2σ(Ι)] 0.1279, 0.3048 0.0334, 0.0843 0.0470, 0.1158 
R, wR2 (all data) 0.1509, 0.3 161 0.0447, 0.0894 0.0799, 0.1266 
"GOF = {£[w(F0 -F c ) ]l(n-p)} where η is the number of data and ρ is the number of 
parameters refined. *R = Z||F o | - |F c | | /X|F 0 | ; c v/R2 = {E[w(F0

2-F c

2)2]/L(w(F0

2)2]} l / 2 
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provided in Figure 4. Even though the majority of the [Cnisoq][PF6] salts melt 
above room temperature, finding suitable crystals was a challenge, complicated 
by formation of microcrystals, multiple crystals, etc. Nonetheless, in the three 
structures studied, all of the ions are ordered except for the anions in the 
[C 2isoq] + salt, which showed typical disorder for the spherical [PF6]" anion. 

The close contacts and packing diagrams of the three structures are shown 
in Figure 5. These interactions illustrate the dominant nature of the Coulombic 
interactions in these salts and the increasing hydrophobic effect as the alkyl 
chain length increases; observations previously reported for a larger series of 
dialkyl-imidazolium [PF6]" salts (3,76). 

c) 

Figure 4. Asymmetric units of (a) [C2isoq][PF6]t (b) [C4isoq][PF6]t and 
(c)[C10isoq][PF6]. 
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Figure 5. Close contact and packing diagrams of the cation environments top 
views (a), the cation environments side views (b), the π- π stacking (c), the anion 

environments (d), and packing diagrams (e,f). 
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With cation-anion interactions centered near the charge rich region of the 
cation (i.e., the carbon atoms nearest the nitrogen), the cations can and do pack 
with π-π interactions, something much less common in the imidazolium salts. In 
[C 2isoq][PF 6], the π-π interactions occur on the back side between C5*»eC6 at a 
distance of 3.54 Â (Figure 5c), while [C4isoq][PF6] exhibits a more eclipsed 
interaction with partial overlap of the cations between C5#**C9 and C3 e e *C7 at 
3.53 À and with the C6 carbon residing over the nitrogen containing ring of the 
isoquinolinium cation at a distance of 3.74 Â. In [Ci 0isoq][PF 6], the overlap is 
along the long edge between the €6···€9 and C7«"C8 positions at a distance of 
3.47 A . 

Solvent Properties 

Liquid/liquid partitioning of a series of organic solutes between water and 
the series of ILs consisting of [C nisoq][BETA] (where η = 6, 8, or 14) and, 
separately, [Qisoqf combined with [PF 6 ]\ [NTf2]", or [BETA]" (Figure 8) was 
carried out in order to determine the free energy of transfer of a methylene group 
(17,18) (-AG C H2> a measure of the relative hydrophobicity of the phases) and 
linear solvation energy relationships (19,21) (LSERs, to describe the 
intermolecular forces in the form of solvent-solute interactions that control 
solute partitioning in various liquid/liquid systems). Previously, we (22,23) and 
others (24,25) have reported that solute partitioning in IL/aqueous systems 
generally follows the 1 -octanol/water log Ρ value with the most hydrophobic 
solutes having the highest affinity for an IL, and that in a series of [l-alkyl-3-
methyimidazolium][PF6] ([Cnmim][PF6]) IL, the most hydrophobic IL will 
exhibit the highest distribution ratios for hydrophobic solutes. 

Distribution ratio data can also be used to further evaluate the solvent 
properties, the underlying interactions, and the polarity of ILs. [C nmim][X] salts 
have been investigated with solvatochromatic dyes which give insight into 
specific interactions such as polarity and hydrogen bond character 
(14,26,27,28,29). Others have used the LSER method to model IL behavior 
using GC and H P L C (24,30,31). Literature reports suggest a range of polarity 
for the [C nmim] + IL from more polar than acetonitrile (28) to similar to that of 
short chain alcohols (26). Variations in the [C nmim] + cation and choice of anion 
also affect the polarity where, as observed by Carmichael, et al. (26), ILs with 
short alkyl chains (n < 6 or 8) are most affected by the anion, whereas the cation 
has more of an influence for longer alkyl chains where hydrophobic interactions 
tend to dominate. 

The free energy of transfer of a methylene group (-AGCm), as developed by 
Zaslavsky (17,18,32), has also been proposed as a means to describe the relative 
hydrophobicity of biphasic systems and describes the cohesiveness of the 
solvent. It is a measure of the energy requirement involved in making a cavity in 
the non-aqueous phase. Traditionally, the partitioning of a series of dinitro-
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phenylated amino acids with aliphatic appendages has been used in the 
calculations. We have previously used a series of normal alcohols with 
increasing numbers of methylene groups to characterize IL phase behavior (33). 

The partitioning of a series of aliphatic alcohols (methanol, ethanol, 
propanol, isopropanol, butanol, pentanol, and octanol) is shown as part of the 
data in Figure 8. This subset of the data was plotted as ln D vs. the chain length 
of the w-alkyl substituent, and the slopes (E) of the resulting linear fits were used 
to calculate - A G C H 2 using eq. 2: 

- A G = RTE (2) 

where R is the universal gas constant and Γ is 298 Κ (Table III). 
The data indicate that neither a change in the length of the alkyl chain 

appended to the cation, nor a change in the anion has a significant affect on the 
relative hydrophobicity of the system as measured in this fashion. The data do, 
however, seem to indicate that the magnitudes of the - A G C H 2 values for 
[C nisoq] + ILs are larger than those for [C nmim] + ILs, and thus the [C nisoq] + ILs 
appear to be significantly more hydrophobic, as measured by the ease of relative 
cavity formation between the IL and water. 

Table III. Extracting solvent systems compared by -AG C H 2 

Solvent system -AGCH2 Water content 

Hexane (32) 1.02 
Chloroform (32) 0.85 
Benzene (32) 0.84 
Octanol (32) 0.73 
Xylene (32) 0.64 
Methylethyl ketone (32) 0.43 
[C 4mim][PF 6] (22) 0.45 11700 
[C 6mim][PF 6] (22) 0.50 8837 
[C6isoq][BETI] 0.62 16200 
[C8isoq][PF6] 0.58 18500 
[C8isoq][NTf2] 0.60 15600 
[Cgisoq][BETI] 0.62 14900 
[Ci 4isoq][BETI] 0.59 6100 

While the - A G C H 2 values are an indication of the relative energy needed to 
create a cavity in the respective phases, the interactions that actually occur 
between solute and solvent are complex. A more detailed model of these 
interactions can be obtained by using linear solvation energy relationships 
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(LSERs). Although a more complete set of solutes would be desirable, the 
distribution ratios of all the organic solutes given in Figure 8 were used in an 
L S E R model with Abraham's generalized solvation equation (19,20,21), eq. 3: 

LogD = c + rR2 + s%2 + αΣα2 + bZfi2 + vVx (3) 

whereD is the partition coefficient, R2 is the solute's molar refractivity, π" is a 
measure of the polarity/dipolarity of the solute, Σα2 is the solute's hydrogen 
bond acidity, Σβ2 is a measure of the solute's hydrogen bond basicity, and Vx is 
the solute's McGowan volume. The properties of the IL relative to water are 
obtained from multiple linear regression analysis which provides the 
coefficients: r, the ability of the IL to interact with π and non-bonding electrons, 
s, the IL's ability to interact with polar and dipolar solutes, a, the IL's hydrogen 
bond acceptor character, b, the IL's hydrogen bond donor character, and v, 
which can be thought of as the IL's molecular cohesion or the energy required to 
create a cavity in the solvent. The coefficient c is a constant. The sign and 
magnitude of the regression coefficients obtained from eq. 3 reflect the relative 
solvent properties of the two phases corresponding to the appropriate solute 
descriptors. 

This analysis for the IL/aqueous systems studied here and select other 
systems is given in Table IV. The results indicate that the b coefficient, 
corresponding to the relative hydrogen bond acidity between the two phases, is 
the most important contributor to the overall fit (Table V) . A comparison of 
these results to traditional organic solvents reveals that these ILs have similar 
hydrogen bond donor characteristics to octanol and chloroform. 

The b term, a measure of the hydrogen bond donor ability of the IL, is the 
most important parameter in the LSER equation for the isoquinolinium ILs 
which exhibit higher values than the imidazolium ILs. Since these coefficients 
are negative, solutes with hydrogen bond acceptor character will partition to the 
water phase over the IL. The increase in these values for the isoquinolinium ILs 
indicate that they are poorer hydrogen bond donors than the corresponding 
imidazolium ILs. Solvents with similar b coefficients include hexadecyl-
trimethylammonium bromide and a non-ionic surfactant Brij-35 (36). 

The volume parameter, v, is a measure of the relative energy needed to 
create a cavity in the solvents. A comparison of these values shows that the 
energy required to create a cavity in ILs, moderately structured liquids, is less 
then that of water, a highly ordered complex hydrogen bonded solvent. Based on 
the results presented here, the isoquinolinium ILs are less structured than their 
imidazolium counterparts, and an increase in anion size, [PF6]" < [NTf2]" < 
[BETA]", results in a increase in the volume parameter; indicating it is easier to 
form a cavity in the [BETA] ' ILs vs. the [PF6]" ILs. 

Lastly, but no less significant is the increase in the s parameter. A 
comparison with other IL/water partitioning systems, shows an increase in this 
parameter for the isoquinolinium ILs over the imidazolium ILs indicating the 
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Table IV. Abraham's solvent descriptors for various solvent systems 

Solvent r(R) s(n2

H) α(Σα2") 
Hexane (34) 0.58 -1.72 -3.60 -4.76 4.34 
Octanol (20) 0.56 -1.05 0.03 -3.46 3.81 
Benzene (35) 0.49 -0.60 -3.01 -4.63 4.59 
Chloroform (34) 0.16 -0.39 -3.19 -3.42 4.19 
[C 4mim][PF 6] (22)" 0.63 -0.004 -1.82 -1.63 2.14 
[C 6mim][PF 6] (22)b 0.14 0.27 -1.48 -2.15 2.31 
[C 4mim]Cl (31)c 0.24 2.24 7.03 -0.36 
[C 4mim][BF 4] (31)c 0 1.65 2.22 -0.102 
[C 4mim][PF 6] (31)c 0 1.91 1.89 0 
[C 4mim][NTf 2] (31)c 0 1.89 2.02 0.36 
[C4mim][PF6]/water (24)d 1.29 -0.73 -0.76 -2.39 0.64 
[C4mim][PF6]/heptane (24)d 3.28 -0.75 2.77 2.46 -2.80 
[C8isoq][PF6] 0.29 0.58 -1.03 -3.28 2.77 
tC 8isoq][NTf 2] 0.06 0.45 -0.87 -3.64 2.79 
[C gisoq][BETA] 0.24 0.29 -0.96 -3.73 2.93 
[C 6isoq][BETA] 0.16 0.51 -0.97 -3.77 2.85 
[C 1 4isoq][BETA] 0.61 0.11 -0.96 -3.52 2.81 

"Terms are defined in eq. 3. b Data obtained from solvent/water partitioning data. cData 
obtained using GC at 40 °C. ̂ Data obtained using a HPLC method to detect solutes 
partitioned in a liquid/liquid system. 

Tabïe V . Contribution of L S E R coefficients to the overall fit and R 2 

Coefficients 
[CeisoqJ-
[BETAJ 

[CgisoaJ-
[PF<J 

[Cgisoq]-
fNTfJ 

[Cgisoq]-
[BETA] 

[C,4isoq]-
[BETA] 

b 0.590 0.573 0.608 0.604 0.613 
b + v 0.907 0.901 0.928 0.929 0.924 
b+v+a+s+r 0.925 0.924 0.942 0.946 0.934 
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increased ability of the isoquinolinium ILs to interact with non-bonding and it 
electrons. This increase is a reflection of the increase π system of the 
isoquinolinium cation and it is this increase in π interactions that make these ILs 
interesting as solvents for the separation of aromatic molecules. 

A comparison of methods shows that in the G C method, the ILs have strong 
interactions with solutes possessing non-bonding or π electrons. The differences 
in magnitudes in the parameters may be indicative i f the different relative 
interactions that are present between the IL and a gas phase in the G C method 
vs. between the IL and an aqueous phase in our liquid/liquid method. 

Conclusions 

Three series of hydrophobic IL based on a homologous series of n-a\ky\-N-
isoquinolinium cations and the anions [PF 6]', [NTf 2 ]\ and [BETA]* have been 
synthesized and characterized. A l l the salts are hydrophobic and melt below 
100 °C and below room temperature for [C8isoq][PF6] and the [C„isoq][NTf2] 
and [C„isoq][BETA] series, rendering them suitable candidates for further study 
in separations and synthetic chemistry. 

Crystal structures of [C2isoq][PF6], [C4isoq][PF6], and [C I 0isoq][PF 6] 
indicate Coulombic solids with enhanced π-π stacking over similar N-
alkylmethylimidazolium salts. The cation-anion interactions tend to be localized 
to the charge bearing portion of the cation, which allows for the π-π interactions 
between the second aromatic ring of the isoquinolinium group. It is this type of 
interaction that offers unique opportunities for the separation of aromatic 
compounds in liquid/liquid systems of isoquinolinium ILs. 

Not surprisingly, - A G C H 2 and LSER analyses indicate that the ILs present an 
environment more hydrophobic than water and that the ILs are much weaker 
hydrogen bond donors or acceptors than water. While there are small variations 
in the hydrophobicities, the data collected here, does not appear to have 
sufficient resolution to quantify these differences, and specific trends with IL 
cation or anion are difficult to discern. Thus, a change in either the alkyl chain 
length on the cation or the anion identity readily affects the measurable physical 
properties, while the chemical properties and molecular-level interactions are 
either much less affected or appear nearly the same because of the lack of 
resolution of the techniques used to study them. 
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3-methylimidazolium 
heptafluorobutanoate and 1-butyl-
3-methylimidazolium 
trifluoroacetate, 41-42,45 

Actinide chemistry. See Solution 
chemistry of Cm(III) and Eu(III) 

Aggregates, ionic liquids forming 
supramolecular, 21-22 

Algal assays, ecotoxicology of ionic 
liquids, 16-17 

1-Alky 1-3-methylimidazolium [PF 6] 
family, end-carbon radial 
distribution functions, 93,94/ 95 

l-Alkyl-3-methylimidazolium cation 
(amim) 
force field development, 71 
nomenclature, 87, 88/ 
structure and atom type notations, 

72/ 

w-Alkyl-N-isoquinolinium salts. See 
Hydrophobic H-alkyl-JV-
isoquinolinium ionic liquids 

Alkylsulfate ionic liquids 
density, 264-265 
kinetics of transesterification and 

scale-up, 261-263 
physical-chemical properties of 

functionalized, 263-265 
proposed set-up for up-scaling 

transesterification, 262/ 
quaternization step, 259-260 
synthesis of functionalized, 259-

263 
transesterification step, 260-

261 
viscosity, 263-264 
See also Functionalized ionic 

liquids 
Alkylsulfates ionic liquids, viscosity, 

327,328* 
All-atom (AA) force field 

model, 71,73 
schematic structure and atom type 

notations, 72/ 
See also Force field development; 

Molecular simulations of ionic 
liquids 

Amino acid ionic liquids (AAILs) 
advantages of bio-related ionic 

liquids, 352 
ammonium cations, 353 
binary mixtures of, 354-355 
designer liquids, 352 
fully natural ionic liquids 

containing amino acids, 358-
359 

histidine-derived zwitterion, 356-
358 

imidazolium based, 353 

385 

 
  

In Ionic Liquids IV; Brennecke, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



386 

ionic conductivity and polarity of, 
mixtures, 355/ 

performance of zwitterion as ion 
conductive matrix, 357 

physico-chemical properties of 
prepared onium-alanine salts, 
354/ 

preparation, 353/ 
room temperature ILs composed of 

amino acid anions, 352-354 
thermal properties of choline-

based, 359/ 
zwitterions derived from amino 

acid, 355-358 
Ammonium cations, amino acid ionic 

liquids, 353 
Angle parameters, force field, 303 
Anion functionalization. See 

Functionalized ionic liquids 
Anionic clays. See Nanoclays 
Anisotropic ionic conductivities, 

columnar ionic liquids, 166, 168 
Arcjets, space propulsion, 142-143, 

144/ 
Atomic polarizabilities, isotropic, 

300 
Atoms, partial charges, 300-302 

Β 

Binary mixtures, amino acid ionic 
liquids, 354-355 

Bioavailability, ionic liquids, 14 
Biodégradation, ionic liquids, 15 
Bio-derived materials. See Amino acid 

ionic liquids (AAILs) 
Bis[bis(pentafluoroethyl)phosphonyl]i 

mides ionic liquids, viscosity, 329/ 
Bond parameters, force field, 303 
1-Butanol. See Molecular simulations 

of mixtures 
l-Butyl-3-methylimidazolium, main 

conformers, 88/ 

1 -Buty 1-3 -methy limidazolium 
bis(trifluoromethylsulfonyl)imide) 
(BumimTf 2N). See Solution 
chemistry of Cm(III) and Eu(III) 

1 -H-Buty 1-3-methylimidazolium 
chloride ([C 4mim]Cl) 
3D configuration probability 

distribution isosurfaces of 
anions and cations, 341/ 

cation-anion and cation-cation 
radial distribution functions 
(RDFs) for neat, 340/ 

cellobiose/[C4mim]Cl simulations, 
343-347 

computed and experimental 
diffusion coefficients for ions in 
neat vs. temperature, 343/ 

density as function of computed 
temperature, 339/ 

dynamic properties in 
cellobiose/[C4mim]Cl solutions, 
347 

dynamic properties of neat, 342-
343 

neat, simulations, 338-343 
optimization of non-bonded 

parameters, 338-339 
simulation details, 336-338 
solute-solvent interactions, 343-

346 
solvent structuring in 

cellobiose/[C4mim]Cl solutions, 
346-347 

structure and numbering of, and 
cellobiose, 337/ 

structure features of neat, 339-
341 

See also Molecular dynamics (MD) 
1 -Butyl-3-methylimidazolium 

tetrafluoroborate [bmim][BF4] 
excess molar volumes of mixtures 

with acetonitrile, 81/ 
mixtures with acetonitrile, 79, 80/, 

82 
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Capillary electrophoresis 
analysis of ionic liquids, 6-7 
capillary coating procedure, 38-39 
electropherogram of l-butyl-3-

methyl-imidazolium ionic 
liquid, 8/ 

ionic liquid-silica interaction, 36 
method for phenolic compound 

separation, 36 
See also Silica gel modification 

Carbonylation of methanol 
acetic acid, 128 
continuous vapor take-off, 131/ 
experimental, 136-137 
heat removal, 129 
industrial process, 128 
issues for technology, 128-129 
nickel and cobalt catalysts, 133 
procedure, 136-137 
product/catalyst separation, 129 
rhodium catalysts, 130, 132 
water removal, 129 
See also Vapor take-off reactors 

Cationic clays. See Nanoclays 
Cellobiose 

simulations of dissolution, 343-
347 

structure and numbering, 337/ 
See also l-w-Butyl-3-

methylimidazolium chloride 
([C 4mim]Cl); Molecular 
dynamics (MD) 

Center-of-mass, ion-ion radial 
distribution functions, 93, 94/ 

Charges, partial, of atoms, 300-302 
Chemical modification, silica surface, 

37-38 
Chemical processes. See Solvents for 

chemical processes 
Chemical shift anisotropy (CSA) 

aliphatic carbons, 24 
definition, 25 

evidence in cation and anion of 1-
ethy 1-3 -methy limidazolium 
butanesulfonate, 29-30, 31 / 

mechanism, 23-24 
Choline-based, amino acid ionic 

liquids, 358-359 
Choline chloride. See Metal 

electrodeposition 
Chromatography. See Liquid 

chromatography 
Clays. See Nanoclays; Polymer-clay 

nanocomposites 
"Clean" technology, chemicals, 11 
Cluster ion formation, phosphonium 

ionic liquids, 55, 56/ 57/ 
Cobalt catalysts, methanol 

carbonylation, 133 
Cohesive energy density, simulations 

of ionic liquids, 77/, 78-79 
Colloid thruster 

electrospray thruster, 139 
parameters, 146/ 
schematic, 145/ 

Columnar liquid crystalline 
imidazolium salts 
anisotropic ionic conductivities, 

166,168 
illustration of columnar self-

assembly of fan-shaped salts, 
165/ 

Im-n [l-methyl-3-{3,4,5-
tris(alkyloxy)} benzylimidazoliu 
m tetrafluoroborate salts] 
molecular structure, 163/ 

macroscopic alignment of columns, 
166 

polarizing optical microscopic 
image and X-ray diffraction 
pattern of Im-8 in columnar 
hexagonal phase, 167/ 

polarizing optical microscopic 
images of oriented and self-
assembled structures of Im-12 in 
hexagonal state, 167/ 
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synthesis and L C properties, 163, 
165 

thermal properties of compounds 
Im-n, 164/ 

transition temperatures of Im-n vs. 
alkyl chain length of cation, 
164/ 

X-ray results of Im-n compounds, 
165/ 

Column packings 
liquid chromatography, 5-6 
separation of six ionic liquids, 6, 7 / 

Composition, local, ionic fluid-butanol 
mixtures, 106-107 

Cones 
cone-jet structure, 147/ 148 
cone-jet term, 309 
electrohydrodynamics of Taylor, 

146-149 
Conformers. See Structures of ionic 

liquids 
Coordination, lanthanides in ionic 

liquids, 173-176 
Copper(II) cations 

Eu(III) and Cm(III) fluorescence 
quenching in 1-butyl-3-
methylimidazolium 
bis(trifluoromethylsulfonyl)imid 
e) [BumimTf 2N], 254-256 

influence on Eu(III) fluorescence 
emission and Stern-Volmer 
plot, 255/ 

influence on fluorescence emission 
of aqueous Eu(III) and Cm(III), 
248 

See also Solution chemistry of 
Cm(III)and Eu(III) 

Coulombic interactions, atom-centered 
point charges, 71 

Coulombic law, interaction between 
ions in ionic liquids, 324-325 

Curium(III) chemistry. See Solution 
chemistry of Cm(III) and Eu(III) 

Cyanide displacement. See 
Nucleophilic substitution reactions 

Cyclic voltammetry studies, redox 
potential of lanthanides in ionic 
liquids, 182, 183/ 

Cyclohexane, solvation structure of, in 
[C 4mim][PF 6], 98 

Cyclotella meneghiniana, 
ecotoxicological assessment of 
ionic liquids, 17-18 

D 

Degradation, phosphonium ionic 
liquids, 47-48 

Densities 
H-alkyl-TV-isoquinolinium ionic 

liquids, 367/ 
correlation between simulated, and 

carbon number of alkyl chain, 
78/ 

ionic fluid-butanol mixtures, 106 
mass, for ionic liquids, 287/ 
neat l-n-butyl-3-

methylimidazolium chloride vs. 
computed temperature, 339/ 

simulations of ionic liquids, 76, 
77/ 

Designer liquids 
ionic liquids, 352 
See also Amino acid ionic liquids 

(AAILs) 
Designer solvents, chemical industry, 

11 
Diffusion 

constants for various ionic liquids, 
287/ 

Fick's first law, 321 
local structure and, of ionic liquids, 

279 
mixtures of 1-butanol with ionic 

liquids, 121-123 
See also Spatial heterogeneity in 

ionic liquids 
Diffusion coefficient, geometry of 

diffusion particles, 321-322 
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Dihedral angle parameters, force field, 
304 

Distribution ratios, rc-alkyl-W-
isoquinolinium ionic liquids, 366, 
373, 374/ 

Dye sensitized solar cell (DSC) 
amphiphilic sensitizer Z907Na, 

213,215/ 
electrochemical impedance 

spectroscopy (EIS), 215,217, 
218/ 

1 -ethyl-3-methylimidazolium 
bis(trifluoromethyl 
sulfonyl)imide {EMITFSI), 214, 
215/ 

experimental, 213-214 
impedance spectra of fresh cell and 

aging cell under light soaking, 
218/ 

mesoscopic, 213 
molecular structure of EMITSFI 

and Z907Na,215/ 
photocurrent density-voltage curves 

of EMITFSI with Z907Na and 
3-phenylpropionic acid (PPA), 
216/ 

photovoltaic parameters of, based 
on Z907Na with or without 
PPA, 216/ 

stability data of device with 
Z907Na and PPA during aging, 
215,217/ 

structure, 214 
Dynamical properties, ionic systems, 

285-286 

Ecotoxicology, ionic liquids, 16-18 
Efficiency 

electric propulsion, 143 
space propulsion performance, 

141-142 
Electric propulsion 

discharge-free, 144-146 
electrospray thrusters, 144-146 
space, 142-143 

Electrochemical impedance 
spectroscopy (EIS) 
dye sensitized solar cells (DSC), 

215,217,218/ 
method, 214 

Electrohydrodynamics, Taylor cones, 
146-149 

Electroosmotic flow (EOF), mobility, 
41 

Electrophoretic mobility, effect of 1-
buty 1-3 -methy limidazolium 
heptafluorobutanoate and 1-butyl-
3 -methy limidazolium 
trifluoroacetate on, of phenols, 
43 / 

Electrospray thruster, space 
propulsion, 139-140 

Energetics 
butanol and ionic fluids with [BF 4] 

anion, 114 
butanol and ionic fluids with 

bis(trifluoromethane-sulfonyl) 
imide [Tf2N] anion, 120-121, 
122/ 

Enthalpies, excess molar, ionic liquids 
and mixtures, 79, 81/ 

Enthalpy of vaporization, simulations 
of ionic liquids, 76, 77/, 78-79 

Environment 
risks of ionic liquids, 11 
sorption and stability of ionic 

liquids, 13-15 
Environmental samples, solid phase 

extraction of ionic liquids, 7-8 
Environmental systems, molecular 

interaction of ionic liquid cations, 
12-13 

Error 
sources in relaxation analysis, 26 
surface tension measurement, 314 

1 -Ethy 1-3-methy limidazolium 
alkylsulfates [EMIM][EtOS0 3 ] 
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Arrhenius plot of transesterification 
with 1-hexanol and 1-butanol, 
262/ 

densities, 264-265 
kinetics of transesterification and 

scale-up, 261-263 
quaternization step, 259-260 
synthesis, 259-263 
transesterification step, 260-261 
viscosities, 263-264 
See also Functionalized ionic 

liquids 
1 -Ethyl-3-methylimidazolium 

bis(trifluoromethyl sulfonyl)imide 
(EMITFSI) 
hydrophobic ionic liquid, 214 
structure, 215/ 
See also Dye sensitized solar cell 

(DSC) 
l-Ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide 
[Emim][Im] 
causes of emission reduction, 156-
157 
mixed ion-droplet regime, 155 
positive and negative ion mass 

spectra as function of emission 
angle, 153, 154/ 155 

propellant, 152-157 
retarding potential ion energy 

measurement, 155/ 
time evolution of positive ion mass 

spectra on axis from vacuum 
electrospray, 156/ 

See also Ion field evaporation; 
Space propulsion 

1 -Ethyl-3-methylimidazolium 
butanesulfonate ( [EMIM]B0 3 ) 
chemical shift values and carbon 

positions, 27/ 
, 3 C N M R correlation times, 28-29, 

30/ 
1 3 C N M R total relaxation rates, 28, 

29/ 

evidence of chemical shift 
anisotropy in cation and anion, 
29-30,31/ 

evidence of phase changes, 31 
initial successive approximation 

process, 27,28/ 
N M R correlation time relationship 

with viscosity, 32, 33/ 
N M R relaxation measurements, 27 

1 -Ethyl-3-methylimidazolium cation, 
main conformers, 87, 88/ 

1 -Ethyl-3-methylimidazolium nitrate 
[Emim][N0 3] 
field-evaporated negative ions, 158/ 
field-evaporated positive ions, 157/ 
propellant, 157-158 
See also Ion field evaporation; 

Space propulsion 
1 -Ethyl-3-methylimidazolium 

tetrafluoroborate [Emim][BF4] 
characteristics of mixtures of 

(C 2 H 5 )3NH-Tf 2 Nand, vs. 
[Emim][BF 4],312/ 

potential in propulsion, 151-152 
See also Ion field evaporation; 

Space propulsion 
Ethylene glycol. See Metal 

electrodeposition 
Europium(III) chemistry. See Solution 

chemistry of Cm(III) and Eu(III) 
Excess molar enthalpies, ionic liquids 

and mixtures, 79, 81/ 
Excess molar volumes, ionic liquids 

and mixtures, 79, 81/ 

Fick's first law, diffusion, 321 
Field-emission electric propulsion 

thrusters (FEEPs) 
discharge-free, 144-146 
parameters, 146/ 
schematic, 145/ 
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Field evaporation. See Ions field 
evaporation 

Fluid structure, ionic fluid-butanol 
mixtures, 106-107 

Fluorescence. See Solution chemistry 
ofCm(III)and Eu(III) 

Fluorescent molecular rotor 
local dielectric using, 206,208 
microviscosity using, 204-206, 

207/ 
See also Nucleophilic substitution 

reactions 
Force field development 

all-atom (AA), 71, 73 
optimized geometries of 

[dmim][PF6], 7 4 / 7 5 / 
room temperature ionic liquids 

containing dialkylimidazolium 
cations, 71,72/ 

united-atom (UA) force field, 73, 
75 

See also Molecular simulations of 
ionic liquids 

Force field parameters 
angle, 303 
bond, 303 
dihedral, 304 
van der Waals, 305 

Fragmentai methodology, predicting 
lipophilicity, 16, 17/ 
Functionalized ionic liquids 

alcohols for transesterification of 1-
ethy 1-3 -methy limidazolium 
ethylsulfate [EMIM][EtOS0 3], 
260 

concepts for transesterification 
scale-up, 262/ 263 

density of functionalized 
alkylsulfates, 264-265 

hydroformylation of vinylsulfonate, 
270 

hydrogénation of vinylsulfonate, 
269 

ion exchange in dry acetone, 
266 

ion exchange using ion exchange 
resin, 267 

kinetics of transesterification, 261, 
262/ 

physical-chemical properties of 
[EMIM] and [BMIM] 
vinylsulfonates, 267-268 

physical-chemical properties of 
functionalized alkylsulfates, 
263-265 

quaternization step to 
functionalized alkylsulfates, 
259-260 

synthesis of functionalized 
alkylsulfates, 259-263 

synthesis of vinylsulfonate ionic 
liquids, 265-267 

thermal properties of [EMIM] and 
[BMIM] vinylsulfonates, 267 

transesterification step to 
functionalized alkylsulfates, 
260-261 

transformations of vinylsulfonate 
ionic liquids, 268-270 

viscosity of [EMIM] and [BMIM] 
vinylsulfonates, 268 

viscosity of functionalized 
alkylsulfates, 263-264 

G 

Geometry, diffusing particles, 321-322 
Gibbs free energy, planar and non-

planar conformers, 90 
Glass transition temperature, rt-alkyl-

AMsoquinolinium ionic liquids, 
368, 369/ 

Green chemistry, goal, 11 

H 

Headgroup 
term, 280-281 
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See also Spatial heterogeneity in 
ionic liquids 

Heat removal, carbonylation of 
methanol, 129 

Heterogeneity order parameter (HOP) 
average HOP for ionic liquid 

systems with various alkyl-chain 
lengths, 291/ 

average lattice HOP for tail groups, 
headgroups, and anions for 
different systems, 295/ 

instantaneous HOP for atomic 
groups on cations in C 8 system, 
292/ 

instantaneous HOP for C 6 systems, 
284/ 

theory, 277-279 
three dimensional illustration of 

lattice HOP for tail groups and 
headgroups of C 2 and C 8 , 294 / 

uniformly distributed systems, 278/ 
See also Spatial heterogeneity in 

ionic liquids 
Heterogeneous way, capillary coating 

procedure, 38-39 
«-Hexane, solvation structure of, in 

[C 4mim][PF 6], 98, 99/ 
Histidine-derived zwitterion, 356-

358 
Homogeneous way, capillary coating 

procedure, 39 
Hydrogen bond donors, mixing 

quaternary ammonium salts with, 
187 

Hydrogen bonding, polar network in 
ionic liquids, 298-299 

Hydrophobic H-alkyl-N-
isoquinolinium ionic liquids 
Abraham's solvent descriptors for 

solvent systems, 377/ 
H-alkyl-AMsoquinolinium 

([Cnisoq]^ cation, 363 
asymmetric units of [C2isoq][PF6], 

[C 4isoq][PF 6], and 
[C 1 0isoq][PF 6], 371/ 

close contact and packing 
diagrams, 372/ 

crystallographic data, 370/ 
density, 367/ 
distribution ratios, 366, 374/ 
experimental, 363-366 
extraction solvent systems 

compared by - A G C H 2 , 375/ 
free energy of transfer to methylene 

group ( -AG C H 2 ) , 373, 375 
general synthesis and metathesis, 

367/ 
glass transition temperatures, 369/ 
interactions by linear solvation 

energy relationships (LSERs), 
375-376 

LSER coefficients contribution, 
377/ 

melting point temperatures, 369/ 
partitioning studies, 366 
physical properties, 366, 368 
physical property measurements, 

364-365 
single crystal X-ray diffraction 

(XRD) studies, 368, 371,373 
solvent properties, 373, 375-378 
synthesis of [C nisoq][BETA], 364 
synthesis of [Cnisoq][NTf2], 364 
synthesis of [C„isoq][PF6], 364 
synthesis of [C nisoq]Cl salts, 363-

364 
thermogravimetric analysis, 369/ 
water content, 367/ 
X-ray diffraction methods, 365-

366 
Hypotalcite (HT) 

anionic clays, 243-244 
calcined HT (CHT), 236-237 
ionic liquids as organic modifiers 

of, 237/ 
modification with ionic liquids, 

237,238/ 
thermal stability, 245/ 
wide angle X-ray diffraction, 245/ 
See also Nanoclays 
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Imidazolium ionic liquids 
amino acid ionic liquids, 353 
analysis by capillary 

electrophoresis, 6-7 
analysis by liquid chromatography 

(LC), 3-6 
atom number scheme for 1-butyl-3-

methylimidazolium [bmim] 
cations, 104/ 

biodégradation and abiotic 
conversions, 15 

chromatogram of [bmim] entity and 
degradation products, 6/ 

chromatogram of separation of six, 
on SG-C4 stationary phase, 6, 7 / 

clay modification, 235-236 
common examples, 11/ 
electropherogram of [bmim] ionic 

liquid, 8/ 
ion chromatography, 5 
isocratic separation of, cations, 4 / 
packings with cholesterol ligands 

chemically bonded to silica and 
mixed stationary phases, 5-6 

solid phase extraction from 
environmental samples, 7-8 

See also Molecular simulations of 
ionic liquids; Molecular 
simulations of mixtures; 
Nanoclays 

Imidazolium salts. See Columnar 
liquid crystalline imidazolium salts 

Impedance spectroscopy 
dye sensitized solar cells, 215, 217, 

218/ 
method, 214 

Impurity detection, phosphonium 
ionic liquid by 3 1 P N M R , 52, 54/ 

Inter-molecular energies, simulations 
of ionic liquids, 76, 77/, 78-79 

Intermolecular structure. See 
Structures of ionic liquids 

Intramolecular structure. See 
Structures of ionic liquids 

Ion chromatography 
ionic liquid separation, 5 
residual chloride analysis of 

phosphonium ionic liquids, 63, 
66/ 

Ion exchange, preparation of 
montmorillonite clay, 223/ 

Ion field evaporation 
causes of emission reduction, 156— 

157 
1 -ethy 1-3 -methy limidazolium 

bis(trifluoromethylsulfonyl)imid 
e[Emim][Im], 152-157 

1 -ethy 1-3 -methy limidazolium 
nitrate [Emim][N0 3], 157-158 

1 -ethy 1-3 -methy limidazolium 
tetrafluoroborate [Emim][BF 4], 
151-152 

field-evaporated negative ions on 
and off-axis for [Emim][N03], 
158/ 

field-evaporated positive ions on 
and off-axis for [Emim][N0 3], 
157/ 

instrument to study, from ionic 
liquids, 150/ 

mass spectrometric experiment, 
150-151 

mixed ion-droplet regime, 155 
positive and negative ion mass 

spectra of [Emim] [Im] as 
function of emission angle, 153, 
154/ 155 

positive ion mass spectra of 
[Emim][BF4] as function of 
emission angle, 153/ 

retarding potential ion energy 
measurement of Emim + ions, 
155/ 

theory, 148-149 
time evolution of positive ion mass 

spectra on axis from 
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[Emim][Im] vacuum 
electrospray, 156/ 

See also Space propulsion 
Ionic character. See Viscosity of ionic 

liquids 
Ionic liquid ion sources (ILIS), Taylor 

cones, 315, 317 
Ionic liquids 

abiotic conversions, 15 
algal assays, 16-17 
alternative solvents, 11 
bioavailability, 14 
biodegradability, 15 
capillary electrophoresis, 6-7 
cation/anion selection, 258 
common examples, 11/ 
green algae in ecotoxicological 

assessment, 17/18 
ideal candidates for micro-electric 

propulsion, 139 
lipophilicity and ecotoxicology, 

16-18 
liquid chromatography, 3-6 
liquid crystalline materials, 162 
molecular interactions in 

environmental systems, 12-13 
neoteric solvents, 3 
photodegradation, 14 
physical constants and temperature 

for Taylor cones, 311/ 
potential molecular interactions of 

cations, 12/ 
reversible, 208-209 
room temperature properties, 312/ 
side chain length effect, 16 
solid phase extraction from 

environment, 7-8 
sorption and stability in 

environment, 13-15 
sorption coefficients and desorption 

characteristics, 14/ 
supramolecular aggregates, 21-22 
theoretical prediction of 

lipophilicity using fragmentai 
methodology, 16, 17/ 

vapor take-off solvents, 130 
See also Amino acid ionic liquids 

(AAILs); Carbonylation of 
methanol; Functionalized ionic 
liquids; Molecular simulations 
of ionic liquids; Solution 
chemistry of Cm(III) and 
Eu(III); Space propulsion; 
Spatial heterogeneity in ionic 
liquids; Structures of ionic 
liquids; Viscosity of ionic 
liquids 

Ion sources. See Taylor cones 
Iridium catalysts, methanol 

carbonylation, 132 
Isoquinolinium-based ionic liquids. 

See Hydrophobic «-alkyl-W-
isoquinolinium ionic liquids 

Isotropic atomic polarizabilities, 
300 

Lanthanide chemistry 
absorption spectra of NdBr 3 and 

Nd(OTf) 3 in ionic liquids, 178/ 
absorption spectrum of N d l 3 in 

[Ci 2mim] bis(trifluoromethane-
sulfonyl) imide [Tf 2N], 178/ 

cisoid and transoid conformations, 
174, 176 

coordination environment for P r -
Tb in [bmpyr] 2[Ln(Tf 2N) 5] and 
D y - L u in [bmpyr][Ln(Tf2N)4], 
175/ 

dependence of Sm 3 + /Sm 2 + redox 
potential on counterion of ionic 
liquid, 183/ 

dissolution and solvation of simple 
inorganic compounds, 173 

emission spectra of solution of 
Pr(Tf 2N) 3 and P f l 3 in ionic 
liquid and solid compounds, 
180/ 181/ 
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lanthanide and alkaline earth 
iodides in pyrrolidinium 
bis(trifluoromethanesulfonyl)am 
ides, 174/ 

low valent lanthanides in ionic 
liquids, 179, 182 

luminescence spectroscopy, 177, 
179 

optical properties, 176-177,179 
oxygen atoms of Tf 2 N ligand 

coordinating trivalent cations, 
174, 175/ 

reduction reactions, 179, 182 
solvation and coordination of 

lanthanide cations in ionic 
liquids, 173 

trivalent lanthanides in ionic 
liquids, 173-176 

See also Solution chemistry of 
Cm(III)andEu(III) 

Lipophilicity, ionic liquids, 16-18 
Liquid chromatography 

analysis of ionic liquids, 3-6 
column packings, 5-6 
effect of pH and polarity on 

retention times in 
water/acetonitrile, 62/ 

isocratic separation of imidazolium 
cations, 4 / 

mobile phase for HPLC, 58, 61 
phosphonium ionic liquids, 58, 59/ 

60/ 
sensitivity and linearity of L C / M S , 

61, 62/, 63/ 
Liquid crystalline (LC) materials 

ionic liquids, 162 
See also Columnar liquid 

crystalline imidazolium salts 
Liquid metal ion source (LMIS), metal 

systems, 309,315 
Local composition, ionic fluid-butanol 

mixtures, 106-107 
Local composition functions 

butanol and ionic fluids with [BF 4] 
anion, 110, 111/ 112, 113/ 

butanol and ionic fluids with 
bis(trifluoromethane-sulfonyl) 
imide [Tf 2N] anion, 117, 118/ 
119/ 120, 121/ 

Local structure 
diffusion and, of ionic liquids, 

279 
See also Spatial heterogeneity in 

ionic liquids 
Low melting solids. See Hydrophobic 

H-alkyl-N-isoquinolinium ionic 
liquids 

Luminescence spectroscopy, 
lanthanides in ionic liquids, 177, 
178/ 179 

M 

Mass spectrometry (MS) 
experiment studying field 

evaporation from ionic liquids, 
150-151 

identification of IL anions from M S 
cluster ion, 61, 63, 64/ 65/ 

phosphonium ionic liquids, 55, 56/ 
See also Ion field evaporation 

Mass transfer effects, vapor take-off 
reactor, 133-134 

Mechanism 
behavior of ionic liquids with 

varying lengths of cationic side 
chain, 294,296-298 

See also Spatial heterogeneity in 
ionic liquids 

Melt blending, polymer-clay 
nanocomposites, 222-223 

Melting point temperature, «-alkyl-7V-
isoquinolinium ionic liquids, 368, 
369/ 

Metal electrodeposition 
absorption of water into choline 

chloride/ethylene glycol 
(Ethaline 200) vs. time and 
temperature, 191/ 
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application of Ethaline 200, 187, 
189 

bulk deposition of zinc from 
ethylene glycol (EG) and urea 
based liquids, 195 

cyclic voltammograms of Z n C l 2 

and SnCl 2 in choline 
chloride/urea and EG mixtures, 
194/ 

electroplating of alloys, 192-195 
electropolishing, 188-192 
Ethaline 200 samples containing 

electropolishing residue, 192/ 
experimental, 187-188 
impedance spectroscopy, 188 
linear sweep voltammograms for 

stainless steel wire disc 
electrode immersed in 
sulphuric/phosphoric acid and 
abraded in choline chloride/EG, 
189/ 

morphologies and compositions of 
deposits by urea and EG 
solutions, 195/ 

pilot plant operation, 190, 191/ 
scale-up of electropolishing, 190, 

191/ 
surface analysis methods, 188 

Methanol 
commercial carbonylation, 128, 

134 
solvation structure of, in 

[C 4mim][PF 6], 99, 100/ 
See also Carbonylation of methanol 

Micro-machined (MEMS) arrays, 
electrospray thrusters, 139-140 

Microscopic structures, ionic liquids, 
82, 84/ 

Missions, space propulsion, 140-
141 

Mixtures. See Molecular simulations 
of mixtures 

Molecular dynamics (MD) 
3D configuration probability 

distribution isosurfaces of 

[C 4mim]Cl anions and cations, 
341/ 

average mean square displacements 
(MSDs) for cations and anions 
vs. time for neat [C 4mim]Cl, 
342/ 

cation-anion and cation-cation 
radial distribution functions 
(RDFs) for neat [C 4mim]Cl, 
340/ 

cation-anion RDFs for neat 
[C 4mim]Cl and 
cellobiose/[C4mim]Cl solutions, 
346/ 

cellobiose/[C4mim]Cl simulations, 
343-347 

comparing main conformers around 
N1-C6 and C6-C7 bonds, 9 1 / 

computed and experimental 
diffusion coefficients for ions in 
neat [C 4mim]Cl vs. temperature, 
343/ 

conformers, 89, 92 
density of neat [C 4mim]Cl vs. 

temperature computed from, 
339/ 

dihedral distributions along alkyl 
chain of 1-alky 1-3-
methylimidazolium cations, 89, 
92 

dynamic properties of 
cellobiose/[C4mim]Cl solutions, 
347 

dynamic properties of neat 
[C 4mim]Cl, 342-343 

geometry of hydrogen bonds, 345 
neat [C 4mim]Cl simulations, 338-

343 
O H -CI RDFs and coordination 

numbers for 
cellobiose/[C4mim]Cl solutions, 
344/ 

optimization of non-bonded 
parameters for neat [C 4mim]Cl, 
338-339 
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probability distribution of O -
H - - C I angles in 
cellobiose/[C4mim]Cl solutions, 
345/ 

procedure, 279-280 
simulation details, 336-338 
solute-solvent interactions, 343-

346 
solvent structuring in 

cellobiose/[C4mim]Cl solutions, 
346-347 

structural features of neat 
[C 4mim]Cl, 339-341 

structure and numbering of 
[C 4mim]Cl and cellobiose, 337/ 

See also Molecular simulations of 
ionic liquids; Spatial 
heterogeneity in ionic liquids; 
Structures of ionic liquids 

Molecular interactions, ionic liquid 
cations in environmental systems, 
12-13 

Molecular modeling. See Structures of 
ionic liquids 

Molecular simulations of ionic liquids 
cohesive energy density, 77/, 78 
densities, 76, 77/, 78/ 
distribution contour surfaces of 

[bmimf, [BF 4]~ and C H 3 C N 
molecules, 82, 84/ 

enthalpy of vaporization, 77/, 78 
excess volumetric and energetic 

properties, 79,81/ 
inter-molecular energies, 76, 77/, 

78-79 
macro-properties from all-atom 

(AA) and united-atom (UA) 
force field, 75-76 

microscopic structures, 82, 84/ 
mixtures of [bmim][BF4] and 

acetonitrile, 79, 82 
pure ionic liquids, 76, 77/ 
sizes of systems and results for 

[bmim][BF4] and acetonitrile 
mixture, 80/ 

viscosities, 79, 82, 83/ 
Molecular simulations of mixtures 

association factors for Β - 0 A 1 atom 
pairs, 111/ 

association factors for H-C# - 0 A I 

atom pairs, 111/ 
association factors for H-C# - O A 1 

atom pairs, 118/ 
association factors for O" - O A I 

atom pairs, 118/ 
atom-atom radial distribution 

functions (rdfs) for Β - 0 A 1 atom 
pairs, 108/ 

atom-atom rdfs for H-C# - Β atom 
pairs, 109/ 

atom-atom rdfs for H-C# - O A I 

atom pairs, 108/ 115/ 
atom-atom rdfs for N" - 0 A ! atom 

pairs, 116/ 
atom-atom rdfs for O" - 0 A 1 atom 

pairs, 116/ 
atom-atom rdfs for 0 A 1 - 0 A 1 atom 

pairs, 110/117/ 
atom numbering scheme for 

[bmim] and [bmpy] cations, 
104/ 

[bmim][BF4] and acetonitrile, 79, 
82 

center-of-mass association B u O H -
BuOH self association factors, 
121/ 

center-of-mass association factors 
for B u O H - B F 4 , BuOH-bmim, 
and BuOH-bmpy pairs for IL-
rich and butanol-rich phases, 
113/ 

center-of-mass association factors 
for B u O H - T f 2 N , BuOH-bmim, 
and BuOH-bmpy pairs, 119/ 

contribution of butanol-butanol, 
butanol-ion, and ion-ion 
interactions to total potential 
energy for IL-rich phases, 114/, 
122/ 

densities, 106 
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diffusion, 121-123 
energetics, 114, 120-121 
fluid structure and local 

composition, 106-107 
isothermal-isobaric (NPT) 

ensemble, 103, 104 
local composition functions, 110, 

112, 117, 120 
methodology, 103-105 
mixtures with [BF 4] anion, 107-

114 
mixtures with bis(trifluoromethane-

sulfonyl) imide [Tf 2N] anion, 
115-121 

radial distribution functions (rdfs), 
107-109, 115 

self-diffusion coefficients for 
cation, anion and 1-butanol, 
123/ 

thermodynamic state points, 
105/ 

upper critical solution temperature 
(UCST), 103 

Montmorillonite (MMT) 
characterization, 237, 239 
commonly used silicate, 221-

222 
E D X results of M M T s modified 

with ionic liquids, 243/ 
Fourier transform infrared spectra 

of modified, 240/241/ 
ion exchange, 223/ 
ionic exchange of, 237,238/ 
modification, 235-236 
modified M M T s with ionic liquids, 

238/ 
schematic, 222/ 
thermal stability of modified, 239, 

241/242/ 
wide angle X-ray diffraction of 

modified, 239, 242/ 
See also Nanoclays; Polymer-clay 

nanocomposites 

Nanoclays 
anionic clays, 243-244 
cationic clays, 239,243 
characterization of clays and ionic 

liquids (ILs), 237,239 
description of hydrotalcite (HT) 

and calcined H T (CHT) 
modified with ILs, 238/ 

d-spacing of IL modified clays, 
239,242/ 

E D X results of M M T s modified 
with ILs, 243/ 

experimental, 236-239 
Fourier transform infrared (FTIR) 

spectra of modified clays and 
ILs, 240 /241/ 

ILs as modifiers, 235-236,237/ 
materials, 236-237 
modification, 235 
modification of clays, 237 
montmorillonites (MMTs) 

modified with IL, 238/ 
T G A (thermogravimetric analysis) 

of HT and CHT, 243-244, 245/ 
T G A of modified clays and ILs, 

241/242/ 
thermal stability, 239 
wide angle X-ray diffraction 

(WXRD), 239 
W X R D of modified M M T s and 

ILs, 242/ 
W X R D results for HT, CHT, and 

ILs, 244, 245/ 
Nanocomposites. See Polymer-clay 

nanocomposites 
Nanostructures 

aggregation of [C 4mim][PF 6] side 
chains, 96 

experimental evidence, 97 
ionic liquids, 93,95-97 
medium-range ordering, 96-97 
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simulation boxes of [C nmim][PF 6], 
96/ 

See also Structures of ionic liquids 
Natural ionic liquids, amino acid-

based, 358-359 
Nickel catalysts, methanol 

carbonylation, 133 
Nuclear magnetic resonance (NMR) 

basic assumptions, 26 
I 3 C N M R correlation times for 1 -

ethyl-3-methylimidazolium 
butanesulfonate ( [EMIM]BS0 3 ) 
cation and anion, 28-29,30/ 

1 3 C N M R chemical shift anisotropy 
(CSA) for [EMIM ]BS0 3 vs. 
temperature, 31 / 

1 3 C N M R relaxation studies, 22 
1 3 C N M R total relaxation rates for 

[EMIM] cation and anion, 28, 
29/ 

chemical shift values and C 
positions for [EMIM]BS0 3 , 
27/ 

CSA, 23-24,25 
error sources in N M R relaxation 

analysis, 26 
evidence of C S A in cation and 

anion of [EMIM ]BS0 3 ,29-30 
evidence of phase changes from 

viscosity and N M R data, 31 
initial successive approximation 

process for C2 carbon in 
[EMIM ]BS0 3 ,27 ,28 / 

measurements, 22 
N M R correlation time relationship 

with viscosity, 32, 33/ 
nuclear Overhauser effect (NOE), 

23 
relaxation measurements, 27 
relaxation via C S A mechanism, 

23-24 
solution of combined dipolar and 

N O E equations, 24-25 
sources of error, 26 
spectral densities, 23 

Nuclear Overhauser effect (NOE), 
theory, 23 

Nucleophilic substitution reactions 
1 -butyl-3-methylimidazolium 

hexafluorophosphate 
[bmim][PF 6],201/ 

conversion of benzyl chloride to 
benzyl cyanide, 202/ 

cyanide displacement on benzyl 
chloride, 201/ 

experimental, 199-200 
ionic liquids, 201-203 
local dielectric using fluorescent 

molecular rotor, 206,208 
microviscosity using fluorescent 

molecular rotor, 204-206 
physical property measurements, 

200-201,203-204 
rate constants for reaction of benzyl 

chloride with K C N , 202/ 
reversible ionic liquids, 208-209 
See also Solvents for chemical 

processes 

Ο 

Oocystis submarina, ecotoxicological 
assessment of ionic liquids, 17-18 

Optical properties 
lanthanides in ionic liquids, 176-

177,179 
luminescence of NdBr 3 and 

Nd(OTf) 3, 177, 178/ 
luminescence ofNdI 3 , 177, 178/ 

Organically modified silicates. See 
Polymer-clay nanocomposites 

Partial charges, atoms, 300-302 
Partitioning studies, w-alkyl-W-

isoquinolinium ionic liquids, 366, 
373, 375-378 
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(Perfluoroalkyl)fluorophosphate 
(FAP) ionic liquids, viscosity, 
325-326, 327/ 

Perfluoroalkylborates ionic liquids, 
viscosity, 330/ 

Phase changes, evidence from 
viscosity and N M R , 31 

Phenol compounds 
effect of l-butyl-3-

methylimidazolium 
heptafluorobutanoate and 1-
butyl-3-methylimidazolium 
trifluoroacetate on 
electrophoretic mobility, 43/ 

performance of, separation in 
uncoated and coated capillaries, 
44/ 

Phenolic compounds, capillary 
electrophoresis for separation, 
36 

Phosphonium ionic liquids 
applications, 47,48 
cluster ions, 55, 56/ 57/ 
commercial availability, 48, 49/ 
degradation studies, 47-48 
demand, 47 
effect of pH and polarity on 

retention times in 
water/acetonitrile system, 62/ 

experimental, 66-67 
identification of IL anions from MS 

cluster ion, 61,63, 64/ 65/ 
liquid chromatography/mass 

spectrometry (LC/MS), 58, 59/ 
60/ 

mass spectrometry of, 55, 56/ 
mobile phase for high performance 

liquid chromatography (HPLC), 
58,61 

3 1 P nuclear magnetic resonance 
(NMR) spectroscopy, 52, 53/ 
54/ 

residual chloride analysis, 63, 66/ 
sensitivity and linearity of L C / M S , 

61, 62/, 63/ 

thermogravimetric analysis (TGA), 
49, 5 0 / 5 1 / 5 2 

Phosphorus-31 nuclear magnetic 
resonance (NMR) 
detection of impurity in 

phosphonium ionic liquid, 52, 
54/ 

phosphonium ionic liquids, 52, 53/ 
Photodegradation, ionic liquids, 14 
Polarizable atomistic models 

theory, 275-276 
See also Spatial heterogeneity in 

ionic liquids 
Polar networks, hydrogen bonding, 

298-299 
Polymer-clay nanocomposites 

experimental, 225-226 
imidazolium treated layered 

silicates, 226,228 
instrumentation, 225-226 
ion exchange with organic modifier 

for preparation of treated 
montmorillonite (MMT) clay, 
223/ 

materials, 225 
melt blending preparation of 

polymer-layered silicate 
nanocomposite, 222-223 

molecular representation of sodium 
M M T , 221/ 

montmorillonite (MMT), 221-222 
nomenclature, 226/ 
polymer treated silicate 

nanocomposites, 228, 231 
preparation methods, 222-223 
structure of fully exfoliated, 224/ 
thermal stability, 224 
transmission electron microscopy 

(TEM) images of modified-
M M T nanocomposites, 230/ 

X-ray diffraction (XRD) of effect 
of imidazolium alkyl chain 
length on d spacing, 227/ 

X R D and T G A data for 1,2-
dimethyl-3-R-imidazolium and 
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quaternary ammonium treated 
M M T clays, 227/ 

X R D data for modified-MMT 
treated clays before and after 
melt blending, 229/ 

Prediction, lipophilicity using 
fragmentai methodology, 16, 
17/ 

Product/catalyst separation, 
carbonylation of methanol, 129 

Propulsion. See Space propulsion 
Pyridinium-based ionic liquids 

atom numbering scheme for 
pyridinium cations, 104/ 

clay modification, 235-236 
See also Molecular simulations of 

mixtures; Nanoclays 

Relaxation studies 
combined dipolar and nuclear 

Overhauser effect (NOE) 
equations, 24-25 

error sources, 26 
See also Nuclear magnetic 

resonance (NMR) 
Residual chloride analysis, 

phosphonium ionic liquids, 63, 66/ 
Reversed phase chromatography, ionic 

liquid analysis, 5 
Rhodium catalysts 

experimental, 136-137 
methanol carbonylation, 130, 132 
reactions in stirred vapor takeoff 

reactor, 135/ 
See also Vapor take-off reactor 

Room temperature ionic liquids. See 
Molecular simulations of ionic 
liquids 

Radial distribution functions (rdfs) 
butanol and ionic fluids with [BF 4] 

anion, 107-109,110/ 
butanol and ionic fluids with 

bis(trifluoromethane-sulfonyl) 
imide [Tf 2N] anion, 115,116/ 
117/ 

liquid structure, 93, 94/ 
Radioactive waste 

management, 248 
See also Solution chemistry of 

Cm(III)andEu(III) 
Raman spectroscopy 

comparing main conformers around 
N1-C6 and C6-C7 bonds, 
91 / 

planar and non-planar conformers, 
90 

Reactions. See Solvents for chemical 
processes 

Reactors. See Vapor take-off reactors 
Reduction reactions, low valent 

lanthanides in ionic liquids, 179, 
182 

S 

Self-assembled structures 
columnar ionic liquids, 162 
See also Columnar liquid 

crystalline imidazolium salts 
Self-diffusion coefficients 

cation, anion, and 1-butanol of 
mixtures, 123/ 

equation, 121 
Side chain length effect, ionic liquid 

cations and anions, 16 
Silica gel modification 

apparatus, 37 
capillary coating procedure, 38-39 
capillary electrophoresis (CE) of 

ionic liquid (IL)-silica 
interaction, 36 

chemical modification of surface, 
37 

coating, 36 
comparing capillaries by 

homogeneous and 
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heterogeneous modifications, 
40/ 

effect of l-butyl-3-
methylimidazolium 
heptafluorobutanoate and 1-
butyI-3-methylimidazolium 
trifluoroacetate on 
electrophoretic mobility of 
phenols, 43 / 

effect of IL concentration in buffer, 
41-42,45 

electroosmotic flow (EOF) 
mobility, 41 

EOF measurements and zeta-
potentials in HO coated 
capillary, 41 

experimental, 37-39 
heterogeneous way (HE), 38-39 
homogeneous way (HO), 39 
masking negative charge of fused 

capillary surface, 36 
performance of phenols separation 

in uncoated and HO coated 
capillary, 44/ 

permanent coatings, 37 
physiochemical properties of 

organic solvents, 42/ 
surface characterization, 40-41 
traditional physical methods for 

measuring changes, 36 
xerogels, 35 

Simulations 
boxes of [C nmim][PF 6], 96/ 
solvation of acetonitrile in 

[C 4mim][PF 6], 98-99,100/ 
solvation of cyclohexane in 

[C 4mim][PF 6], 98 
solvation of methanol in 

[C 4mim][PF 6], 99, 100/ 
solvation of w-hexane in 

[C 4mim][PF 6], 98, 99/ 
See also Molecular dynamics 

(MD); Molecular simulations of 

ionic liquids; Structures of ionic 
liquids 

Solar cells. See Dye sensitized solar 
cell (DSC) 

Solid phase extraction, ionic liquids 
from environment, 7-8 

Solids, low melting. See Hydrophobic 
tt-alkyl-AMsoquinolinium ionic 
liquids 

Solution chemistry of Cu(III) and 
Eu(III) 
biexponential decay behavior of 

Cm(III) fluorescence emission 
in l-butyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imid 
e) [BumimTf 2N], 254/ 

biexponential decay behavior of 
Eu(III) fluorescence emission in 
BumimTf 2N, 254/ 

comparing aqueous and reactions in 
BumimTf 2N, 248 

emission spectra of Eu(III) at 
different Cu(II) concentrations, 
252/ 

Eu(III) and Cm(III) fluorescence 
quenching by Cu(II) in 
BumimTf 2N, 254-256 

Eu(III) and Cm(III) fluorescence 
quenching by Cu(II) in water, 
250-251 

Eu(III) and Cm(III) solvation in 
BumimTf 2N, 251,253 

experimental, 249-250 
experimental method time resolved 

laser fluorescence spectroscopy 
(TRLFS), 248 

influence of Cu(II) on Eu 
fluorescence emission, 255/ 

measurements in BumimTf 2N, 
249-250 

measurements in water, 249 
Stern-Volmer equation describing 

quenching process, 250-251 
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Stern-Volmer plot for Eu(III) 
emission spectra, 252/ 

Stern-Volmer plot of Cm(III) 
fluorescence quenching by 
Cu(II), 253/ 

Stern-Volmer plot of Cu(II) 
influence on Eu fluorescence 
emission, 255/ 

TRLFS method, 250 
Solvation, lanthanides in ionic liquids, 

173-176 
Solvation structure 

acetonitrile in [C 4mim][PF 6], 98-
99, 100/ 

cyclohexane in [C4mim][PF6], 98 
w-hexane in [C 4mim][PF 6], 98, 99/ 
methanol in [C 4mim][PF 6], 99,100/ 

Solvent properties, w-alkyl-JV-
isoquinolinium ionic liquids, 373, 
375-3787 

Solvents for chemical processes 
1 -butyl-3 -methylimidazolium 

hexafluorophosphate 
[bmim][PF 6],201/ 

conversion of benzyl chloride to 
benzyl cyanide, 202/ 

cyanide displacement on benzyl 
chloride, 201/ 

dipolarity/polarizability for organic 
solvents and [bmim][PF6] vs. 
C 0 2 pressure, 205/ 

estimated dielectric constants for 
[bmim][PF 6]/e0 2 vs. C 0 2 

pressure, 208/ 
experimental, 199-201 
fluorescence emission maximum of 

fluorescent molecular rotor 
(DCVJ) correlation with 
dielectric constant for alcohols, 
208/ 

fluorescence emission spectra of 
D C V J , 207/ 

fluorescence quantum yield for 
D C V J emission, 205 

fluorescence spectra of D C V J in 
[bmim][PF 6]/C0 2 ,207/ 

local dielectric using D C V J , 206, 
208 

microviscosity for 
[bmim][PF 6]/C0 2 ,207/ 

microviscosity using D C V J , 204-
206 

nucleophilic substitution reactions, 
201-203 

physical property measurement 
methods, 200-201 

physical property measurements, 
203-204 

procedure for nucleophilic 
substitutions, 199-200 

rate constants for reaction of benzyl 
chloride with K C N , 202/ 

reversible ionic liquids, 208-209 
structure of D C V J , 205/ 
viscosity-dependence of 

fluorescence intensity of D C V J 
for alcohols, 207/ 

Sorption, ionic liquids in environment, 
13-15 

Space propulsion 
behavior of conducting liquid 

subjected to different electric 
field strengths, 147/ 

colloid thruster, 139 
discharge-free electric thrusters, 

144-146 
efficiency, 141-142 
electric propulsion, 142-143 
electrohydrodynamics of Taylor 

cones, 146-149 
electrospray thrusters, 139, 144-

146 
[Emim][Im][l-ethyl-3-

methylimidazolium 
bis(trifluoromethylsulfonyl)imid 
e], 152-157 

[Emim] nitrate ([Emim][N0 3]), 
157-158 
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[Emim] tetrafluoroborate 
([Emim][BF4]), 151-152 

emitting stable ion currents from 
metal needles, 149 

ionic liquids as ideal candidates, 
139 

mass spectrometric experiment, 
150-151 

micro-machines (MEMS) arrays, 
139-140 

missions, 140-141 
performance parameters, 141-142 
principle of externally wetted 

emitter, 149 
propulsion parameters for selected, 

engines, 144/ 
schematic of field emission (FEEP) 

and colloid microthrusters, 145/ 
specific impulse, 141 
technology, 139 
thrust, 141 
typical parameters for FEEP, 

colloid, and ionic liquid (IL) 
electrospray thrusters, 146/ 

See also Ion field evaporation 
Spatial heterogeneity in ionic liquids 

behavior of methylene groups of 
side chains between head and 
tail groups, 291,293 

diffusion and local structure, 279 
diffusion constants for ionic liquids 

(ILs) with various side-chain 
lengths, 287/ 

distributions of cationic length for 
different ionic liquids, 285/ 

finite size effects, 281-283 
force field parameters, 303-305 
"headgroup" term, 280-281 
heterogeneity order parameter 

(HOP), 277-279 
HOP calculations characterizing 

instantaneous, 293 
HOP for uniformly distributed 

systems with different number 
of sites, 278/ 

instantaneous configuration 
showing heterogeneous 
distribution of tail, head, and 
anion for C 8 system, 289,290/ 

instantaneous HOP for C 6 systems, 
284/ 

isotropic atomic polarizabilities, 
300 

lattice HOP calculations, 293-294 
lattice HOP for tail groups, 

headgroups, and anions for 
different systems, 295/ 

mass densities for ILs with various 
side-chain lengths, 287/ 

mean square displacements for C 6 

systems, 283/ 
mechanism, 294,296-298 
models and methods, 274-280 
molecular dynamics (MD) 

simulations, 273 
molecular dynamics procedure, 

279-280 
partial charges of atoms, 300-

302 
polarizable atomistic models, 275-

276 
polar network and hydrogen 

bonding, 298-299 
radial distribution functions (RDFs) 

and instantaneous HOP values 
for atomic groups on cations in 
C 8 system, 292/ 

reconciling mechanism and M D 
simulation results, 298 

reduced HOPs for IL systems with 
various alkyl-chain lengths, 289, 
291/ 

structural, dynamical, and 
thermodynamical properties, 
285-286 

"tail group" term, 280-281 
tail-tail, head-head, anion-anion, 

and head-anion radial 
distribution functions for C 6 

systems, 282/ 

 
  

In Ionic Liquids IV; Brennecke, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



405 

tail-tail, head-head, anion-anion, 
and head-anion radial 
distribution functions for ILs 
with various side-chain lengths, 
288/ 

three dimensional illustration of 
lattice HOPS for tail and head 
groups of both C 2 and C 8 , 2 9 4 / 

varying cationic side-chain lengths, 
273 

Specific impulse 
electric propulsion, 142 
space propulsion performance, 141 

Spectral densities, theory, 23 
Stability, ionic liquids in environment, 

13-15 
Stern-Volmer equation, quenching 

process, 250-251 
Stokes-Einstein equation, viscosity, 

321,322-323 
Structural properties, ionic systems, 

285-286 
Structures of ionic liquids 

ab initio (AI) calculations, 90, 92 
AI calculated charge density in 

C 4 mim + , 95 / 
1 -alkyl-3-methylimidazolium 

cations [C nmim +], 87 
center-of-mass ion-ion radial 

distribution functions, 94/ 
comparison between Raman, 

molecular dynamics (MD), and 
AI results for main conformers 
around N1-C6 and C6-C7 
bonds, 91 / 

conformational distribution of 
imidazolium cations in liquid 
phase, 87-93 

dihedral distribution along alkyl 
chain of C n mim + cations using 
M D simulations, 89,92 

Gibbs free energy difference 
between isomers, 90 

main conformers of l-butyl-3-
methylimidazolium, 88/ 

main conformers of 1-ethy 1-3-
methylimidazolium, 87, 88/ 

M D calculations, 89,92 
molecular modeling, 87 
nanometer-scale, 93,95-97 
nomenclature of 1 -alky 1-
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Figure 10.3. a: Schematic representation of an externally wetted emitter tip. 
b: Video microscope image of an ion emitting externally wetted tip in a vacuum. 

An IL droplet is applied at the junction between the needle and a spotwelded 
wire. The tip diameter of the emitter is 20 pm. 
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