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Chapter 1. Introduction 
 

 

 

1.1 Ionic Liquids 
 

 

1.1.1 General Concept and Development History 

 

Ionic liquids (ILs) are a new class of solvents, which are composed entirely of ions. By 

definition they have a melting point below 100 °C, which make them distinct from 

traditional molten salts.[1] Due to their ionic character, ILs have a Coulomb potential, 

which not only can be used to stabilized ionic compounds, but also make ILs to show 

many unique properties, such as negligible vapour pressure, high thermal stability, 

considerable electric conductivities, wide  electrochemical windows, etc. Therefore, ILs 

have been applied in electrochemistry technologies, as media for liquid-liquid extraction 

processes, and as solvent in organic reactions and so on.[2-6] 

 

NN

PF6
-

 
Scheme 1.1 1-Butyl-3-methylimidazolium hexafluorophosphate  [BMIM][PF6]. 

 

ILs are basically composed of relatively large organic cations and inorganic or organic 

anions (Scheme 1.1). The character of an ionic liquid can be tuned comparatively easily by 

the choice of the respective cation/anion combination. Depending  on  the  application,  

ionic  liquids  can  be  designed  to  meet  the demands. Therefore, they are also described 

as designer solvents and catalysts. The unique constituency of ionic liquids allows not 

only choosing between different cations and anions, but also the further functionalization 

of the ionic liquid via modification of the substituents at the imidazole nitrogens.  

The first IL ethylammonium nitrate ([EtNH3][NO3]) was known in 1914. It has a 

melting point of 12 ºC.[7,8] Unfortunately, this IL was quickly forgotten for it explodes 

easily. In 1948, an American patent reported the ILs with chloroaluminate and 
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halogenethylpyridine ions mainly used in electroplate area, which can be named the first 

generation ionic liquids.[9,10] These ILs have one disadvantage: they are prone to 

decomposition in presence of water. In 1970s, the groups of Osteryoung and Wilkes 

discovered the more electrochemical stable ILs with chloroaluminate dialkylimidazolium 

cations.[11-13] This kind of ILs was most popular and deeply developed, moreover, till now 

they are still investigated and applied in many fields. In the early 1980s, Prof. Seddon 

from The Queen’s University of Belfast began the research on chloroaluminate ILs as 

solvent for organic and catalytic reactions.[14-17]  

In the following years, a few groups began the research on the properties of 

chloroaluminate alkylpyridine or dialkylimidazolium ILs and the reactions carried out 

therein. In 1990, Chauvin and Wilkes used weakly acidic chloroaluminate melts as 

solvents for homogeneous transition metal catalysts for the first time.[18,19] However, in the 

presence of water, the chloroaluminate alkylpyridine or dialkylimidazolium ILs 

decompose easily. In the early 1990s, Wilkes’s group developed one class of stable ILs 

against water and air, with dialkylimidazolium cation and [BF4]-, [PF6]-, [CF3SO3]-, etc. 

anions.[20] Thereafter, the research on ILs as solvents in biphasic systems for 

hydrogenation reactions, hydroformylation, Heck Reactions, etc., thus, replacing the 

volatile organic solvent made great progress,[21,22] which increase the activity of the 

catalysts and the selectivity of the reaction, make the product separation easier, and 

improve the stability of catalysts. During this time, Prof. Roger from Alabama University 

also developed the research of ILs in the context of “green chemistry”.[23] In addition, Prof. 

Hiroyuki Ohno from Tokyo University of Agriculture and Technology also developed 

outstanding research on ILs in electrochemistry.[24]  
 

1.1.2 Preparation 

 

The variety of ILs is vast. Scheme 1.2 lists some typical cations and anions of ILs. [25] 

The investigation of the synthesis of dialkylimidazolium and alkylpyridine based ILs is 

general.[1] Normally, the first step is the reaction of halogenalkyl RX with 

alkylimidazolium or pyridine by quaternization to prepare the compounds containing the 

target cations and halogen (Scheme 1.3). The second step is the target anion A- exchange 

of X- by addition of the Lewis acid MXy or using the inorganic salt MA or acid HA 

(Scheme 1.4). In the second step, when the inorganic salt MA or acid HA were used, the 

MX precipitates or gaseous HX is produced, which is conveniently removed. Direct 
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addition of Lewis acid (MXy) to halogen ionic liquids forms [cation][MXy+1] type ionic 

liquids. The preparation of chloroaluminate ionic liquids follows this method.  

  

N

R1

R2

R3

R4 P

R1

R2

R3

R4

NNR1 R2

N
R

NS R

N
R1 R2

Some typical Cations Some typical Anions

1) AlCl4
-, Al2Cl7

-

2) BF4, PF6
-, SbF6

-

3) CF3SO3
-, (CF3SO2)N-,

4) ROSO3
-, RSO3

-

 
Scheme 1.2 Some typical cations and anions of ionic liquids. 

 

 

NNR1
R2X

NNR1 R2

X

N

RX

N
R

X-

 

Scheme 1.3 The quaternization of alkyl imidazole and pyridine. 

 

 

Lewis acid MXy
NNR1 R2

X

N
R

X-
or NNR1 R2

[MXy+1]
or N

R
[MXy+1]

Metal salt  M+A- or acid H+A-

- MX (precipitation) or HX (evaporation)
NNR1 R2

A
or N

R
Aor Ion exchange resin  

 

Scheme 1.4 Preparation of the target ILs from imidazolium halogen salts by ion exchange.  
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1.2 Imidazolium Based Ionic Liquids and Ionic Liquid Crystals 
 

 

Among the known ILs, imidazolium salts are most frequently studied. This is because 

imidazolium salts not only have advantageous structural and electronic features, but also 

serve as carbene precursors for in situ formation of metal-carbene complexes.[26-35] A class 

of ionic liquid materials that promises great additional potential is ionic liquid crystals 

(ILCs). ILCs can be considered as substances that are composed of ionic species, 

exhibiting a liquid crystalline mesophase in a certain temperature range.[36] For example, 

ILCs are characterized by ionic conductivity together with uncommon ordering of the 

liquid-crystalline states (tetragonal smectic and nematic columnar phases).[37-39]  

Nowadays, 1-alkyl-3-methylimidazolium and N,N’-dialkylimidazolium ions are by far 

the most popular cations for both ILs and ILCs.[40-48] Generally speaking, the melting point 

of this kind of compounds decreases following the increase of the alkyl chain length and 

reaches a minimum for alkyl chains of about 8 carbon atoms.[40,41] Further increase of the 

chain length leads again to an increase of the melting point. The van der Waal forces 

between the alkyl chains also increase and drive the microphase separation of the 

hydrophobic alkyl chains part and the charged part in the molecules, which results in the 

formation of lamellar mesophases.  

Seddon’s group reported the liquid crystalline behavior of 1-alkyl-3-

methylimidazolium ionic liquids for the first time.[49] The anions of these ILs were Cl-, 

[CoCl4]- and [NiCl4]- (Scheme 1.5). When the carbon number of the alkyl chains was 

more than 12, these kind of imidazolium salts show liquid crystalline behavior. However, 

with a carbon number less than 12 they did not. Based on this work, Seddon’s group 

investigated the liquid crystalline properties of  imidazolium [PF6]- and [BF4]- salts.[40,41] 

The results were similar to above: for [PF6]- and [BF4]- salts, only if the carbon number of 

the alkyl chains was more than 12, the ILs show liquid crystalline behavior. In order to 

investigate the influence of anions on the liquid crystalline properties, Holbrey et al. 

synthesized a set of 1-alkyl-3-methylimidazolium salts with counterions Cl-, Br-, [OTf]-, 

[NTf2]- (Scheme 1.5).[42]  Among these ILs, the imidazolium salts with [NTf2]- had no 

liquid crystalline property. The Cl-, Br- salts displayed a wide mesophase range which is > 

90 ºC in general. For the salts with [OTf]- and a carbon number of 16 and 18, a small 



5 

 

mesophase range      (< 40 ºC) can been seen; when the chain lengths are shorter, the liquid 

crystalline phase disappears.  

 

NN
CnH2n+1

A2-

A = [CoCl4], [NiCl4], [PdCl4]

2

NN
CnH2n+1

A-

A = Cl, Br, PF6, BF4, [NTf2], [OTf]

1 2
 

 

Scheme 1.5 Ionic liquids and ionic liquid crystals of 1-alkyl-3-methyl imidazolium salts. 

 

 

NNC16H33 C16H33
A-

NN
H2n+1Cn CnH2n+1

A-

A = Cl, Br, PF6

A = Cl, Br, n = 12, 14, 16, 18
A = I, n = 16
A = PF6, n = 6, 12, 14, 16, 18

NN
H2n+1Cn CnH2n+1

A2-

2

A = [PdCl4], n = 8, 10, 12, 14, 16, 18
A = [CuCl4], n = 10, 12, 14, 16, 183

4
5

 
Scheme 1.6 Ionic liquids and ionic liquid crystals of 1,3-dialkyl imidazolium salts. 

 

Lin’s group has published the findings on ionic liquid crystals that comprise 

symmetrically-disubstituted imidazolium salts with anions of halides Cl- and Br-, and 

metal halides [CuCl4]2- and [PdCl4] (Scheme 1.6).[50,51] There are also many reports on the 

introduction of functionalized motifs such as a pendant hydroxyl group on the alkyl 

chain,[52] as well as simple protonated,[53] aryl,[54-57]  amide,[45,58] and vinyl-functionalized 

imidazolium ionic liquid crystals (Scheme 1.7).[59] Though the functionalized imidazolium 

ionic liquid crystals have shown better thermal properties, the alkyl chain imidazolium 

ionic liquid crystals are potentially of great interest as ordered ionic solvents, combining 

the advantages of ionic liquids with those of liquid crystal solvents. The application of 

more “traditional” molecular liquid crystalline materials as ordered solvents for 

polymerization and stereochemically controlled organic reactions is an area of increasing 

interest.[36]        
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NN
H2n+1Cn Cn-2H2(n-2)+1 NN

H2n+1Cn

OHOH

Br- Br-

n = 10, 12, 14, 16, 18 n = 10, 12, 14, 16, 18

NN
CnH2n+1

A-

A = Br, I, n = 4, 6, 8, 10, 12, 14, 16, 18
A = BF4, PF6, n = 12, 14, 16, 18

NN

BF4

O(CH2)n-1CH3

O(CH2)n-1CH3

O(CH2)n-1CH3
n = 8, 12

NN
H2n+1Cn

A-

NH2

O

A = Br, BF4, PF6, n = 10, 12, 14, 16, 18

6 7 8

9
10  

Schmeme 1.7 Ionic liquids and ionic liquid crystals of functionalized imidazolium salts.                                                                                                                            

 

 

 

1.3 Ionic Liquids as Solvents for Transition Metal Catalyzed Reactions 
 

 

The use of transition-metal catalysts dissolved in room-temperature ionic liquids has 

received increasing attention in recent years. The traditional organic reactions are always 

carried out in organic solvent. The relatively high vapor pressure of the organic solvents 

causes large amount of organic solvents to evaporate into the atmosphere, which adds to 

air pollution. ILs on the other hand offer many advantages as reaction media, such as a 

negligible vapour pressure, which not only facilitates volatile reaction products separation 

by distillation, and keeps the catalysts in solution for re-use, but also provides advantages 

with respects to “green chemistry”.[60-65] Besides the engineering advantage of their non-

volatile nature, the investigation of new biphasic reactions with an ionic catalyst phase is 

of special interest (Figure 1.1). Here, the possibility to adjust solubility properties by 

different cation/anion combinations allows a systematical optimization of the biphasic 

reaction, for example with regard to product selectivity. Attractive options to improve 

selectivity in multi-phase reactions derive from the preferential solubility of only one 

reactant in the catalyst solvent or from the in situ extraction of reaction intermediates out 

of the catalyst layer. Finally, the ionic liquid may be in many cases a superior solvent for 

transition metal catalysis in comparison to water and common organic solvents, especially 
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when ionic complexes are used as catalysts. In these cases, significant enhancement of 

catalyst activity and stability is possible. 

 

 
 

Figure 1.1 Biphasic, Ni catalysed dimerization of olefins in [C4MIM][PF6] . 

 

The first use of ionic liquids in homogeneous catalysis was reported in 1990 for 

oligomerization rections.[66] However, since the melts used therein are extremely air and 

water unstable, and several organic substrates and organometallic compounds are not 

chemically inert in these media, their application as immobilizing agents for biphasic 

catalysis is limited. The introduction of ambient-temperature, air- and water-stable 1-

butyl-3-methylimidazolium tetrafluoroborate and hexafluophosphate ionic liquids, 

independently reported by Dupont[67] and Chauvin’s group,[68] provided new impetus for 

the use of these materials as immobilizing agents for transition-metal catalyst precursors.  

These [BF4] and [PF6] ILs have a limited miscibility with various polar and nonpolar 

organic substrates and solvents and they dissolve classical organometallic catalyst 

precursors based on rhodium, ruthenium, palladium, nickel, cobalt, and iron complexes. 

Moreover, due to their inherent ionic nature, one might expect that ionic liquids can 

effectively stabilize cationic transition- metal species that are known to be more active 

than their neutral analogues.[69]  
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1.4 Catalytic Supported Ionic Liquid Phase Materials 
 

 

In biphasic ionic liquid systems, relatively high amounts of expensive ionic liquids are 

required and its intrinsically high viscosity, which leads to slow mass transport between 

the two liquid phases, are major drawbacks.[70] To overcome these limitations, the 

supported ionic liquid catalysis concept was introduced by Christian Mehnert from 

ExxonMobil R & E Company for the first time in 2002.[71] Subsequently, supported ionic 

liquid phases (SILP) were widely studied.[72,73] In a SILP catalytic system, an IL film is 

immobilized on a high-surface area porous solid (e.g., silica) and the homogeneous 

catalyst is dissolved in the IL layer (Figure 1.2). The resulting catalyst is a solid, with the 

active species being solubilized in the IL phase and behaving as a homogeneous catalyst. 

SILPs allow a more efficient utilization of the IL and the catalyst, since the IL’s surface 

area is increased relative to its volume and the substrate can readily diffuse to the catalyst. 

SILP catalysis combines the most attractive features of homogeneous catalysis, like high 

activity and selectivity, with benefits of heterogeneous catalysts, such as large interfacial 

reaction areas and ease of product separation.  

 

 
 

Figure 1.2 Schematic presentation of support ionic liquid phase (SILP) catalysis material. 
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The catalytic SILP materials have been applied in many organic reactions, such as 

Friedel-Crafts reactions,[74-78] hydroformylation (Rh-catalyzed),[79] hydrogenation (Rh-

catalyzed),[80,81] Heck reactions (Pd-catalyzed),[82] and hydroaminations (Rh-, Pd-, and Zn- 

catalyzed).[83] SILP catalysts were always prepared by dissolving appropriate amounts of 

certain transition metal catalysts in proper dried solvent (e.g., methanol, tetrahydrofuran, 

dichloromethane), and then the ionic liquid was added. Afterwards, the support material 

was added to the solution. Finally, the solvent was removed in vacuo and a SILP catalyst 

powder with the catalyst and the IL impregnated on the support was obtained.[72] 

 

 

 

1.5 Nickel Complexes Catalyze Olefin Oligomerization in Ionic Liquids 
 

 

The oligomerization of olefins by homogeneous catalysts is an area of academic as 

well as commercial importance. By this processes, higher α-olefins (HAOs) were obtained, 

which represent an important group of industrial chemicals, since they can be used as 

intermediates for plastics, plasticizers, lubricants and surfactants depending on chain 

length.[84-89] In recent years, the use of ionic liquids in the Ni-catalyzed oligomerization of 

olefins has received increasing attention. [90-94] These ionic liquid are typically highly polar 

and are good solvents for catalysts, while being immiscible with hydrocarbon substrates. 

The use of ILs allows the recycle of the catalyst by a simple decantation of the catalyst 

solution from the products, also high activities and selectivity were achieved.  

The catalytically active species involved in the oligomerization reactions are probably 

nickel-hydride complexes as indicated by their activity in carbon-carbon bond formations 

(oligomerization) and carbon-carbon double-bond shifts (isomerization). The proposed 

mechanism of these biphasic reactions is analogous to the reactions occurring under one-

phase conditions, and it is exemplified for the dimerization of propylene in Scheme 1.8.[95] 

Scheme 1.8 shows that the dimerization of propylene can be described by two successive 

insertions of the olefin in the catalytic species. Each insertion can occur through the C1 or 

C2 carbon of the propylene molecule, explaining the origin of the various hexene, methyl-

pentene and dimethyl-butene isomers products.  

 



10 

 

Ni H

Ni C1

Ni C2

Ni

Ni

Ni C2

Ni C1

Ni C2

Ni C1

Ni

Ni

Ni

Ni

Dimerization Isomerization

 

 

Scheme 1.8 Mechanism for Ni complex catalyzed propylene dimerization. 

 

The first use of ionic liquids in homogeneous catalysis was reported in 1990 for 

oligomerization of olefins.[66] In this report, a neutral Ni catalysts η3-methallylnickel 

bromide, [Ni(acac)2] or [NiCl2(PiPr3)2] was used in ILs based on aluminium trichloride or 

ethylaluminium dichloride  and 1-methyl-3-butylimidazolium chloride for the catalytic 

dimerization of propene to hexanes isomers. Since then, the research on the 

oligomerization of olefins in ionic liquids, using Ni catalysts, has grown rapidly. Neutral 

Ni catalysts in chloroaluminate ionic liquids systems have been widely used.[96-99] 

However, this system gives a high degree of isomerization, and the formation of mainly 

internal olefins. Cationic Ni complexes have attracted more attention as highly active 

catalysts for olefin dimerization.[100-103] The positive charge means that they usually 

possess a more electrophilic Ni center, often resulting in higher activity. Wasserscheid’s 

group investigated, for example, the ethylene oligomerization with (η3-

methallyl)[bis(diphenyl-phosphanyl)-methane-monoxide-κ2-P,O]nickel(II) hexafluoroanti-

monate [(mall)Ni(dppm-O)][SbF6] as catalyst in different  solvents. CH2Cl2 proved 

thereby to be the best choice among the organic solvents studied.[104]  By using the ionic 

liquid [BMIM][PF6], the activity of the cationic Ni complex could be increased by about a 

factor of seven.[105] The overall selectivity of the biphasic reaction to linear α-olefins was 

as high as 88 %, which is slightly higher than found in the monophasic reaction in CH2Cl2.  
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1.6 Motivation 
 

 

The development of selective catalysts for the dimerization of olefins is an important 

goal for industrial chemistry, as linear and branched dimers have different technical value.  

For example, in butene dimerization, the linear C8 dimers are clearly preferred over the 

branched ones as plasticizer alcohols obtained from linear dimers (via hydroformylation/ 

hydrogenation sequences) since they display superior properties.  Therefore, many efforts 

have been made to increase the selectivity of catalytic dimerization processes by varying 

the steric and electronic properties of the ligand systems attached to the Ni catalytic 

center.[106-111]  An alternative, but yet very unexplored option to influence the selectivity of 

dimerization processes, is to manipulate the linkage pattern at the Ni center by a 

surrounding, highly ordered solvent environment. Liquid crystals (LCs),[112] and in 

particular ionic liquid crystals (ILCs),[113] seem to have very suitable properties for this 

kind of environment-induced selectivity effects. 

Ionic liquid crystals are anisotropic solvents and can be used as organized reaction 

media.[36] Because of the orientation of the molecules dissolved in the liquid crystal, the 

regioselectivity and the chemoselectivity of organic reactions in liquid-crystalline solvents 

differ from those observed in conventional organic solvents.[114,115] In order to influence 

the selectivity of Ni catalyzed dimerizations in ordered reaction media, we developed C12-

alkyl functionalized imidazolium ILs. The long chain doubly alkyl derivatized 

imidazolium-based ionic liquid, [C12C12IM][BF4], for example, exhibits liquid crystalline 

behavior between 328 and 344 K, which is in an appropriate temperature range for 

dimerization reactions.  To realize the concept of a medium-induced selectivity, it is an 

obvious but far from trivial pre-requisite that the dissolved Ni-catalyst complex possesses 

enough solubility in the medium and even more important maintains its pre-ordered 

molecular structure offered by the similarly structured solvent. Figure 1.3 shows a 

schematic representation of a biphasic, Ni-NHC catalyzed olefin dimerization in the ILC 

[C12C12IM][BF4].  

 

 



12 

 

 
 

Figure 1.3 Biphasic, Ni-NHC catalyzed olefin dimerization in the ILC [C12C12IM][BF4]. 

 

For practical purposes it is unrealistic to attempt homogeneous catalysis in liquid-

crystalline media in a classical liquid-liquid biphasic reaction mode.  Due to the very high 

viscosity of typical liquid crystalline materials all mass transfer steps, such as diffusion of 

substrates to the dissolved catalyst complex, would significantly be slowed down. A 

suitable way to overcome this conceptual disadvantage is to work with a catalytic material 

that only contains a very thin film of the liquid-crystalline medium physisorbed onto the 

high internal surface of a porous support material, which is known as “Supported Ionic 

Liquid Phase (SILP) material”. Catalytic materials based on the SILP concept exhibit a 

number of important advantages compared to liquid-liquid biphasic catalysis, such as very 

short diffusion distances (due to the very small film thickness in the nanometer range) and 

very efficient use of the ionic liquid material. Therefore, we describe an important step 

towards the future application of this type of materials in catalysis by introducing Ni–NHC 

complexes with suitably and similarly shaped ligand structures into the ILC-SILP 

materials under investigation.  In order to evaluate the structural influence of the potential 

dimerization pre-catalyst in the ILC-SILP system, differential scanning calorimetry (DSC) 

and polarized optical microscopy (POM) techniques were used. 

Our next steps towards an active catalytic system based on this concept of surface 

structure-induced selectivity patterns include the activation of the immobilized Ni-catalyst 

with suitable aluminum alkyl compounds and the synthesis of special Ni-complexes for 

ILC-SILP systems with self-activating ligands, such as e.g. methallyl or cyclooctadienyl, 

and long alkyl chain substituents to adjust solubility and phase behavior.  
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Beside the main topic of this thesis, we also investigate the solid state structure of ILs 

based on [C12C12IM]+ with different anions. ILs are typically prepared by a combination 

of bulky organic imidazolium-, pyridinium-, ammonium- or phosphonium-cations with a 

wide variety of anions. The properties of ionic liquids can be controlled to a large degree 

by variation of both, the cations and the anions. For a better understanding of the 

characteristics of ionic liquids, and aiming at influencing or even controlling the attributes 

of the crystalline phase, it is crucial to study their microscopic interactions at the 

molecular level. Counter-ion tuning has often been regarded as a useful tool for the design 

and the control of the crystal packing of molecular salts in general and imidazolium ionic 

liquids in particular, as it often results in fine-tuning the physico-chemical properties of 

this important class of ionic liquids and ionic liquid crystals. 

 

 

 

1.7 Summary and Acknowledgements 

 

 
The text, schemes, and figures of chapter two, three and five are reprints of the 

materials previously published, as listed in the publication list at page XIII. The 

dissertation author was the primary researcher and author in chapter two, three, four and 

five. 

In chapter two, 1,3-didodecylimidazolium tetrafluoroborate, [C12C12IM][BF4] and 

the corresponding perchlorate salt [C12C12IM][ClO4] have been prepared as first 

representatives of a new class of ionic liquid crystals (ILCs), for which X-ray 

structural data, thermal range of liquid crystalline behaviour, and viscosity data are 

reported. Both ILCs show thermotropic liquid crystalline behaviour in an extended 

temparature range below 70 °C. Remarkably strong non-Newtonian viscosity 

behaviour was found for the liquid-crystalline state of these ILCs.  

 

X. Wang, F. W. Heinemann, M. Yang, B. U. Melcher, M. Fekete, A.-V. Mudring, P. 

Wasserscheid, K. Meyer, “A new class of double alkyl-substituted, liquid crystalline 

imidazolium ionic liquids – a unique combination of structural features, viscosity effects, and 

thermal properties” Chem. Commun. 2009, 7405-7407. 
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Chapter three reports the syntheses and solid-state structures of a series of imidazolium 

(IM) salt-based, double C12 alkyl chain functionalized ionic liquids, namely 

[C12C12IM][A], where the anion A is [I]–, [I3]–, [I5]–, [N(CN)2]–, [C(CN)3]–, [B(CN)4]–, or 

[SbF6]–. All compounds were fully characterized by CHN elemental analysis, 1H and 13C 

NMR spectroscopy as well as X-ray diffraction studies on single-crystals. The molecular 

structure of the imidazolium [C12C12IM]+ cation, as found in the individual crystal 

packing arrangements, is discussed in relation to the different anions used for 

crystallization. Depending on the geometry of the counter anions used (linear, bent, planar, 

spherical), different molecular structures of the imidazolium cations (rod-, V- and U-shape) 

resulted. The crystal packing in the solid-state structure is examined on the basis of a 

Hirshfeld surface analysis and is discussed in terms of polar and non-polar regions. 

 

X. Wang, C. S. Vogel, F. W. Heinemann, P. Wasserscheid, K. Meyer, “Solid-State 

Structures of Double-Long-Chain Imidazolium Ionic Liquids: Influence of Anion Shape 

on Cation Geometry and Crystal Packing” Crystal Growth & Design, 2011, 11, 1974-1988. 

 

In chapter four, a set of 1,3-Dialkylimidazolium salts with the formula [CnCnIM][A] 

(when n = 12, A = [PF6], [OTf], [NTf2]; when n = 10, 14, 16, 18, A = [BF4], [ClO4]) have 

been prepared and fully characterized. [C12C12IM][A] (A = [PF6], [OTf], [NTf2]) salts are 

room temperature ionic liquids, whereas all [CnCnIM][BF4] and [ClO4] (n= 10, 14, 16, 18) 

salts show liquid crystalline behavior in an extended temperature range. Moreover, the 

mixture of [C10C10IM][BF4] and [C12C12IM][BF4] with the molar ratio 1:3 shows liquid 

crystalline behavior at room temperature, which allows it to be used as reaction media in 

catalytic reactions. The viscosity studies for [C16C16IM][BF4] and [ClO4] salts show that 

strong non-Newtonian viscosity behavior was found for the liquid crystalline state of these 

ILs.  

 

X. Wang, F. T. U. Kohler, S. Hibler, B. U. Melcher, H. Gieseler, P. Wasserscheid, K. 

Meyer, “Double-Long-Chain Imidazolium Ionic Liquids and Ionic Liquid Crystals” 

Manuscript in preparation. 

 

In Chapter five, Nickel(II) complexes with double alkyl chain functionalized N-

heterocyclic carbene (NHC) ligands, [NiCl2(C12MIM)2] and [NiCl2(C12C12IM)2] (where 

C12MIM = 1-dodecyl-3-methylimidazolin-2-ylidene and C12C12IM = 1,3-didodecyl-
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imidazolin-2-ylidene) have been prepared and fully characterized by 1H NMR, 13C NMR, 

and CHN elemental analyses.  Furthermore, we have developed a system, in which double 

long alkyl chain derivatized Ni-NHC complexes are dissolved in the related ionic liquid 

crystalline 1,3-didodecylimidazolium tetrafluoroborate [C12C12IM][BF4] to form pre-

organized structures for enhanced reactivity. Remarkably, differential scanning 

calorimetry, polarized optical microscopy, temperature-programmed IR reflection 

absorption spectroscopy and Diffuse Reflectance Infrared Fourier Transform Spectroscopy 

performed on a mixture of 10 wt.% Ni complexes in [C12C12IM][BF4] demonstrate that 

this system retains an ionic liquid crystalline phase even after immobilization onto a silica-

100 support with pore filling α = 1.  

 

X. Wang, M. Sobota, F. T. U. Kohler, B. Morain, B. U. Melcher, M. Laurin, P. 

Wasserscheid, J. Libuda, K. Meyer, “Functional nickel complexes of N-heterocyclic 

carbene ligands in pre-organized and supported thin film materials” J. Mater. Chem, 2012, 

22, 1893-1898. 

 

In chapter six, a set of self-activating cationic Ni complexes [(η3-methallyl)Ni-

(PPh2C2ImC12)][SbF6], [(η3-methallyl)Ni(PPh3OC10)][SbF6], [(η3-

methallyl)Ni(PPh3Odi-MePh)][SbF6] and [(η3-methallyl)Ni(PPh3OdiiPrPh)][SbF6] 

(where PPh2C2ImC12 = 1-(2-(di-phenylphosphino)ethyl)-3-dodecylimidazolin-2-ylidene, 

PPh3OC10 = (2-decoxy-phenyl)di-phenylphosphine, PPh3OdiMePh = (2-(2,6-

dimethylphenoxy)phenyl)diphenyl-phosphine and PPh3OdiiPrPh = (2-(2,6-

diisopropylphenoxy)phenyl)diphenylphosphine) were prepared in good yields and fully 

characterized by 1H NMR, 13C NMR, CHN elemental analysis and HRMS.  The structures 

of [(η3-methallyl)Ni(PPh2C2ImC12)][SbF6] and [(η3-methallyl)Ni(PPh3OdiMe-Ph)][SbF6] 

were determined by single crystal X-ray diffraction. In addition, these complexes were 

evaluated as catalysts for the dimerization of ethylene in ionic liquid. The selectivity 

toward butenes is around 80 % and almost all butenes which are formed are 2-butenes. 

The catalytic reactions were carried out by Judith Scholz in Wasserscheid’s group. These 

results have not been published yet. 
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Chapter 2. A New Class of Double Alkyl-Substituted, Liquid 

Crystalline Imidazolium Ionic Liquids – A Unique Combination 

of Structural Features, Viscosity Effects, and Thermal 

Properties 
 

 

 

2.1 Introduction 
 

 

Ionic liquids have attracted substantial interest in recent years. Their often unique 

property profile, such as extremely low vapour pressures, wide liquidus ranges, 

considerable electric conductivities, wide electrochemical windows and excellent 

tribologic properties have shown to be highly attractive for a large number of 

applications.[1] A class of ionic liquid materials that promises great additional potential 

is ionic liquid crystals (ILCs). ILCs have been shown to exhibit exciting properties 

based on the combination of the anisotropic nature of their state of matter[2] and their 

ionic liquid features.[3,4] For example, ILCs  are  characterized  by  ionic  conductivity  

together  with uncommon ordering of the liquid-crystalline states (tetragonal smectic 

and nematic columnar phases).[5–7] 

Nowadays, 1-alkyl-3-methylimidazolium ions are by far the most popular cations  

for both, ILs and ILCs.[8-16] For imidazolium salts with alkyl groups containing 12 or 

more carbon atoms, the formation of lamellar mesophases has been reported. Apart  

from ILCs based on imidazolium, quite a number of different head groups, such as  

ammonium and phosphonium but also more elaborate groups like vinamidinium have 

been used in the past.[17] 

Interestingly, both in ILs and ILCs research the imidazolium head group is the 

most prominent one; probably because of its advantageous structural and electronic 

features and its easy derivatization. In contrast to manifold optical applications, little 

attention[18] has been paid to using other unusual properties that ILCs may offer. 

We now report a new class of ILCs, for which the interplay of structural features, 
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optical properties, and mechanical properties is documented and discussed. Our report 

concerns 1,3-didodecylimidazolium tetrafluoroborate, [C12C12IM][BF4] (1) and the 

corresponding perchlorate salt [C12C12IM][ClO4] (2), for which X-ray structural data, 

thermal range of liquid crystalline behaviour, and viscosity data are reported. 

 

 

 

2.2 Results and Disscussion 
 

 

The new materials were synthesized by alkylation of N-trimethylsilyimidazole with 

dodecylchlorid followed by ion exchange with Na[BF4] and Na[ClO4], respectively. The 

crystal packing diagrams of tetrafluoroborate 1 and perchlorate salt 2 are shown in Figures 

2.1 and 2.2. 

 

 
 

Figure 2.1 Packing diagram of [C12C12IM][BF4] (1); view along crystallographic a 

axis highlighting the zig-zag arrangement within the bc plane.  
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Figure 2.2 Packing diagram of [C12C12IM][ClO4] (2); view along crystallographic a 

axis highlighting the zig-zag arrangement within the bc plane. 

 

In both structures, the cation is characterized by a rod shape with the two alkyl chains 

being stretched outward along the imidazolium core plane. The two alkyl chains are 

arranged in an all-staggered fashion. In this respect, 1 and 2 resemble other rod-shaped 

systems like [C14-C14(2-OH)-IM]Br or the AgX2-bridged (X = Br, Cl) silver metalated 

coordination complexes [Ag(C14-IMY-C14)2]2[AgBr2]2
[18] and [Ag(C14-IMY-C14)2]2[Ag-

Cl2]2 (IMY: imidazol-2-ylidene).[19] While the imidazole units in these systems as well as 

in [C12C12IM][BF4] (1) exhibit basically a parallel arrangement of their alkyl chains, in 

[C12C12IM][ClO4] (2) a significant deviation from linearity is observed. In order to 

estimate the degree of this deviation, the angle between the two alkyl arms (defined as the 

angle between the imidazolium ring centroid and the terminal dodecyl group C atoms) has 

been calculated. While this angle is typically close to 180° and for instance amounts to 

172° in tetrafluoroborate salt 1, the angle is reduced to 152° in the molecular structure of 

the cation of perchlorate 2 (see Figure 2.2). As is observed for the crystal packing of other 

rod-shaped systems,[17-19] the imidazolium moieties together with the tetrafluoroborate (1) 

or perchlorate (2) anions form hydrophilic stacks, while the hydrophobic dodecyl chains 

show strong interdigitation. In 1 and 2, the interdigitation is observed within both the 

crystallographic ac and bc planes. Due to the 152° bent angle between the two alkyl arms 

the packing of 2 is characterized by a pronounced zig-zag arrangement of molecules 

within the bc plane (see Figure 2.2).  

In the following we were interested to study the temperature range in which these 
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ILCs exhibit liquid crystalline behaviour. Figure 2.3 shows the DSC of 2, the 

corresponding DSC of 1 is shown in the experimental section. 
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Figure 2.3 DSC of 2 indicating liquid-crystalline behaviour between 57 °C and 67 °C 

in the heating curve. 

 

It was found that the new ILCs exhibit transitions to the liquid crystalline state at 

surprisingly low temperatures. Cooling the liquid system from the isotropic liquid state 

in the DSC with 5 K min-1, 1 showed a transition to the liquid-crystalline state at 67 °C 

and crystallized at 34 °C (onset). In contrast, 2 turned liquid crystalline at 64 °C and 

crystallised at 28 °C. In addition the DSC trace of 1 shows two more thermal events 

below room temperature, which can be attributed to solid-solid phase transitions. 

Subsequent heating shows all thermal processes to be reversible. However, as typical 

for ILs, a pronounced temperature shift is observed for the crystallization process. In 

both cases, the transition to the liquid crystalline state could be followed by polarizing 

optical microscopy. The observed focal conical textures point to smectic phases. This 

type of ordering in the liquid state is already suggested by the solid state structures of 

both compounds. 

To the best of our knowledge, no ionic liquids are reported to date that show a 

drastic non-Newtonian viscosity behaviour, which means that the viscosity of known 

ionic liqudis is independent of the shear rate applied to the sample. As an ever 

increasing number of ionic liquid applications are discussed, in which viscosity is a 
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key property (e.g. for the use of ionic liquids as lubricants) we were interested whether 

the known non-Newtonian viscosity behaviour of non-ionic liquid crystals[20,21] does 

also apply to our new class of ionic liquids and to which extend these materials exhibit 

viscosity changes with shear rate. Figures 2.4 and 2.5 display the respective viscosity 

shear rate diagrams for 1 and 2. 

 

 
 

Figure 2.4 Viscosity vs. shear rate for [C12C12IM][BF4] (1) in the liquid (80 °C, 90 °C) 

and in the liquid crystalline temperature range (65 °C, 70 °C). 

 

 
 

Figure 2.5 Viscosity vs. shear rate for [C12C12IM][ClO4] (2) in the liquid (70 °C, 

80 °C, 90 °C) and in the liquid crystalline temperature range (65 °C). 
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Remarkably, by going from the liquid phase to the liquid crystalline phase, a 

sudden and very strong change in the viscosity vs. shear rate behaviour is found for 

both ILCs. The viscosity of 1, for example, abruptly increases from 136 mPa⋅s at 80 °C 

to 1720 mPa⋅s at 70 °C (at a shear rate of 40 s-1). For a better comparison of the effect 

of a change of 10 °C in the liquid range also the viscosity at 90 °C is given. As 

expected, perfect Newtonian behaviour is found with a viscosity of 89 mPa⋅s being 

determined.  

 

 

 

2.3 Conclusion 
 

 

In conclusion, in this work a new class of imidazolium based ILCs is presented, 

namely bis(dodecyl) substituted [BF4]- and [ClO4]-
 salts. These salts are solids at room 

temperature and display extended ionic channels and mutually interacting alkyl 

domaines in their crystal structures. At remarkably low temperatures, the new 

materials show a transition into mesophases. For the latter we could show, for the first 

time, a strongly non-Newtonian viscosity behaviour for ionic liquids that can be 

switched on and off by keeping the temperature above or below the phase transition 

temperature. This property combined with the well-known ionic liquid features, such 

as extremely low vapor pressure, electroconductivity, and excellent tribological 

properties, makes these materials of great potential as working fluids in mechanical 

applications or as functional materials with thermomorphic properties.  

 

 

 

2.4 Experimental Section 
 

 

General Methods.  N-(Trimethylsilyl) imidazole, Na[BF4], and Na[ClO4] were 

purchased from ACROS and were used without further purification. 1-Chlorododecane 
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was purchased from Fluka and used as received. 1H NMR and 13C NMR spectra were 

recorded on a JEOL 270 MHz NMR spectrometer operating at respective frequencies of 

269.714 and 67.82 MHz with a probe temperature of 23 ºC.  Chemical shifts are reported 

relative to the peak for SiMe4 using 1H (residual) chemical shifts of the solvent as a 

secondary standard and are reported in ppm. Elemental analysis results were obtained 

from the Analytical Laboratories at the Friedrich-Alexander-University Erlangen-

Nürnberg (Erlangen, Germany). 

Preparation of [C12C12IM]Cl.[22]  N-Trimethylsilylimidazole (4 mL, 28 mmol) was 

heated under reflux with 1-Chlorododecane (19.4 mL, 82 mmol) in toluene (30 mL) for 24 

h under dry nitrogen.  After complete removal of toluene, the product was re-crystallized 

from CH2Cl2/ether at 4 oC.  White crystals of product were isolated by filtration, washed 

with diethyl ether, and dried in vacuo.  Yield: 4.2 g (34 %). 1H NMR (270 MHz, DMSO-

d6): δ 9.37 (s, 1H, imidazole C(2)H), 7.80 (d, J = 1.5 Hz, 2H, imidazole CH=CH), 4.12 (t, 

J = 6.8 Hz, 4H, NCH2), 1.73 (quintet, J = 7.1 Hz, NCH2CH2), 1.17 (m, 36H, (CH2)n), 

0.79 (t, J = 6.2 Hz, CH3). 13C{1H} NMR (67.5 MHz, DMSO-d6): δ 214.96, 136.10, 

122.49, 48.80, 31.32, 29.27, 29.05, 28.95, 28.90, 28.75, 28.36, 25.45, 22.12, 13.95. Anal. 

Calcd for C27H53N2Cl: C, 73.51; H, 12.11; N, 6.35. Found: C, 73.41; H, 12.49; N, 6.36.  

Preparation of [C12C12IM][BF4] (1). To a solution of 1,3-dodecylimidazolium 

chloride (1 g, 2.27 mmol) in acetone (10 mL) was added Na[BF4] (0.299 g, 2.72 mmol).  

The mixture was stirred for 2 days, followed by removal of the solvent.  CH2Cl2 (10 mL) 

was then added to the mixture followed by filtration.  The solution was evaporated to 

dryness to give 1-dodecyl-3-methylimidazolium tetrafluoroborate. Yield: 1.05 g 

(94 %). 1H NMR (270 MHz, DMSO-d6): δ 9.15 (s, 1H, imidazole C(2)H), 7.76 (s, 2H, 

imidazole CH=CH), 4.12 (t, J = 6.8 Hz, 4H, NCH2), 1.74 (quintet, J = 7.1 Hz, NCH2CH2), 

1.19 (m, 36H, (CH2)n), 0.81 (t, J = 6.5 Hz, CH3). 13C{1H} NMR (67.5 MHz, DMSO-d6): 

δ 215.46,136.46, 123.02, 49.37, 31.84, 29.74, 29.57, 29.47, 29.40, 29.27, 28.86, 25.97, 

22.64, 14.45. Anal. Calcd for C27H53N2BF4: C, 65.84; H, 10.85; N, 5.69. Found: C, 65.91; 

H, 11.14; N, 5.81. 

 Preparation of [C12C12IM][ClO4] (2). Na[ClO4] (0.4 g, 3.27 mmol) was added to a 

solution of 1,3-dodecylimidazolium chloride (1.2 g, 2.72 mmol) in 10 mL 

dichloromethane and stirred for 2 days. The suspension was filtered to remove the 

precipitated chloride salt and the organic phase was washed with small volumes of water 

(ca. 30 mL) until no precipitation of AgCl occurred in the aqueous phase on addition of a 

concentrated Ag[NO3] solution.  The organic phase was then washed with water to ensure 
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complete removal of the chloride salt.  The solvent was removed in vacuo and the 

resulting ionic liquid was dried at 100 oC in vacuo for 24 h. Yield: 1.25 g (91 %). 1H NMR 

(270 MHz, DMSO-d6): δ 9.17 (s, 1H, imidazole C(2)H), 7.78 (d, J = 1.5 Hz, 2H, 

imidazole CH=CH), 4.14 (t, J = 7.0 Hz, 4H, NCH2), 1.77 (quintet, J = 6.8 Hz, NCH2CH2), 

1.22 (m, 36H, (CH2)n), 0.84 (t, J = 6.5 Hz, CH3). 13C{1H} NMR (67.5 MHz, DMSO-d6): 

δ 215.46, 136.48, 123.02, 48.84, 31.31, 29.21, 29.04, 28.93, 28.87, 28.73, 28.32, 25.43, 

22,12, 13.96. Anal. Calcd for C27H53N2ClO4: C, 64.19; H, 10.57; N, 5.55. Found: C, 

64.65; H, 10.69; N, 5.60.   

X-Ray Crystal Structure Determination Details. CCDC-742354 for 1, 

[C12C12IM][BF4], and CCDC-742355 for 2, [C12C12IM][ClO4], contain the 

supplementary crystallographic data for this paper. These data can be obtained free of 

charge via http://www.ccdc.cam.ac.uk/data_ request/cif (or from Cambridge 

Crystallographic Data Centre, 12 Union Road, Cambridge, CB2 1EZ, UK (fax: ++44-

1223-336-033; e-mail: deposit@ccdc.cam.ac.uk). 

Colorless plates of both C27H53BF4N2 (1) and C27H53N2ClO4 (2) were grown by 

layering a CH2Cl2 solution of the corresponding imidazolium salt with diethyl ether. 

Suitable single crystals were embedded in protective perfluoropolyalkyether oil and 

transferred to the cold nitrogen gas stream of the diffractometer. Intensity data were 

collected at 200 K on a Bruker-Nonius KappaCCD diffractometer using graphite 

monochromatized  MoKα radiation (λ = 0.71073 Å). Data were corrected for Lorentz and 

polarization effects, semiempirical absorption corrections were performed on the basis of 

multiple scans using SADABS.[23] The structures were solved by direct methods and 

refined by full-matrix least-squares procedures on F2 using SHELXTL NT 6.12.[24] 

[C12C12IM][BF4] (1) crystallizes with two independent cations and anions in the 

asymmetric unit. One of the imidazolium cations is disordered in one of the side arms. 

Two alternative positions were refined for the atoms C46, C48, C50, C53 resulting in a 

site occupancy of 78.7(8) % for the major fraction and 21.3(8) % for the minor part 

(C46A, C48A, C50A and C53A). Both [BF4]- anions are subjected to rotational disorder 

around one of the B-F bonds. The two alternative positions refined yielded site 

occupancies of 61.0(11) and 39.0(11) % for F12 – F14 and F12A – F14A, respectively and 

70.1(8) and 29.9(8) % for F22 – F24 and F22A – F24A, respectively. SIMU and SADI 

restraints were used in the refinement of the disorder. 
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All non-hydrogen atoms were refined with anisotropic displacement parameters. All 

hydrogen atoms were placed in positions of optimized geometry, their isotropic 

displacement parameters were tied to those of the corresponding carrier atoms by a factor 

of either 1.2 or 1.5.  

 

Table 2.1 Crystallographic data, data collection, and refinement details of [C12C12IM] 

[BF4] (1) and [C12C12IM][ClO4] (2). 
Compound 1 2 

Empirical formula C27H53BF4N2 C27H53ClN2O4 

Mol. Weight 492.52 505.16 

Crystal size 0.28×0.27×0.06 0.44×0.30×0.12 

Temperature [K] 200 200 

Crystal system triclinic monoclinic 

Space group P1 (no. 2) P21/n (no. 14) 

a [Å]    8.5500(7)      7.6633(6)     

b [Å]     8.7636(6)    10.1450(5)   

c [Å]      41.352(3)       38.800(3)      

α [°]    90.194(7) 90 

β [°]    92.173(7) 90.678(7) 

 γ [°]    100.503(7) 90 

V [Å3] 3044.2(4)   3016.3(4)   

Z 4 4 

ρ [g/cm3] (calc.) 1.075 1.112 

µ [mm-1] 0.078 0.158 

F (000) 1080 1112 

Tmin; Tmax 0.971; 0.994 0.875; 0.981 

2θ interval [ °] 6.3 ≤ 2≤  50.8  6.6 ≤ 2≤  51.4  

Collected reflections 66463 45939 

Independent reflections; R int 11142;   0.1711 5730;   0.0436 

Observed reflections (F0 ≥ 4(F)) 4770 4373 

No. refined parameters   709   309 

wR2 (all data) 0.1883 0.1266 

R1 [I ≥ 2 (I)] 0.0628 0.0507 

GooF on F2 0.930 1.043 

∆ρmax/min 0.240 / – 0.211 0.360 / – 0.288 
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Graphical Representations  
 

 
 

Figure 2.6 Thermal ellipsoid plot of [C12C12IM][BF4] (1) with labeling scheme of the 

non-hydrogen atoms (50 % probability ellipsoids, H atoms drawn as spheres of arbitrary 

size, disordered part of the BF4 omitted for clarity), molecule A of two independent 

molecules. 

 

 
Figure 2.7 Thermal ellipsoid plot of [C12C12IM][BF4] (1) with labeling scheme of the 

non-hydrogen atoms (50 % probability ellipsoids, H atoms drawn as spheres of arbitrary 

size, disordered parts of  the cation and the BF4 omitted for clarity), molecule B of two 

independent molecules. 
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Figure 2.8 Packing diagram of [C12C12IM][BF4] (1), view along the crystallographic a 

axis. 

 

 
 

Figure 2.9 Packing diagram of [C12C12IM][BF4] (1), view along the crystallographic b 

axis. 
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Figure 2.10 Thermal ellipsoid plot of [C12C12IM][ClO4] (2) with labeling scheme of the 

non-hydrogen atoms (50 % probability ellipsoids, H atoms drawn as spheres of arbitrary 

size). 

 

 

 
 

Figure 2.11 Packing diagram of [C12C12IM][ClO4] (2), view along the crystallographic a 

axis. 
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Figure 2.12 Packing diagram of [C12C12IM][ClO4] (2), view along the crystallographic b 

axis. 

 

Thermal Measurements. Differential scanning calorimetry (DSC) was performed 

with a computer-controlled Phoenix DSC 204 F1 thermal analyser (Netzsch, Selb, D) with 

argon as protection gas.  The samples were placed under inert conditions in aluminium 

pans, which were cold-sealed.  Measurements were carried out with a thermal ramp of 5 K 

min-1. Experimental data are displayed in such a way that exothermic peaks occur at 

negative heat flow and endothermic peaks at positive heat flow.  Given temperatures 

correspond to the onset of the respective thermal process. 

Polarized Optical Microscopy. Optical analyses were carried out by hot-stage 

polarized optical microscopy (POM) with an Axio Imager A1 microscope (Carl Zeiss 

MicroImaging GmbH, Göttingen, D) equipped with a hot stage, THMS600 (Linkam 

Scientific Instruments Ltd, Surrey, UK), and temperature controller, Linkam TMS 94 

(Linkam Scientific Instruments Ltd, Surrey, UK). The images were recorded as movies 

with a digital camera after initial heating during then cooling stage. For the measurement 

the sample was placed under inert atmosphere between two hermetically sealed cover slips.  
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Differential Scanning Calorimetry (DSC) Data 

 

 
 

Figure 2.13 DSC of [C12C12Im][BF4] (1). 1st cooling cycle (bottom), 2nd heating cycle 

(top). (Thermal effects below 30 °C are attributed to solid-solid phase transitions.) 
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Figure 2.14 DSC of [C12C12IM][ClO4] (2). 1st cooling cycle (bottom), 2nd heating cycle (top). 
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Polarized Optical Microscopy Data 

 

 
 

Figure 2.15 Polarized light optical microscope picture of [C12C12IM][BF4] (1) at T = 

50 °C. 

 

 
 

Figure 2.16 Polarized light optical microscope picture of [C12C12IM][ClO4] (2) at T = 

42 °C. 
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Chapter 3. Solid-State Structures of Double-Long-Chain 

Imidazolium Ionic Liquids: Influence of Anion Shape on Cation 

Geometry and Crystal Packing 
 

 

 

3.1 Introduction 
 

 

Ionic liquids (ILs) have been used in a large number of applications due to their unique 

properties, such as extremely low vapor pressures, wide liquidus ranges, considerable 

electric conductivities, and excellent tribologic properties etc.[1,2] ILs are typically 

prepared by a combination of bulky organic imidazolium- (IM), pyridinium-, ammonium- 

or phosphonium-cations with a wide variety of anions. The properties of ionic liquids can 

be controlled to a large degree by variation of both, the cations and the anions.[3,4] For a 

better understanding of the characteristics of ionic liquids, and aiming at influencing or 

even controlling the attributes of the crystalline phase, it is crucial to study their 

microscopic interactions at the molecular level. Counterion tuning has often been regarded 

as a useful tool for the design and the control of the crystal packing of molecular salts in 

general and imidazolium ionic liquids in particular,[5-11] as it often results in fine-tuning 

the physico-chemical properties of this important class of ionic liquids and ionic liquid 

crystals. 

Typical cation-anion interaction energies of 300 to 400 kJ mol-1 have been calculated 

for an ionic liquid by ab initio and DFT calculations.[12-18] Recently, Ludwig and 

coworkers investigated these cation-anion interactions of imidazolium-based ILs by far-

infrared spectroscopy.[19-21] Variation of the anion resulted in characteristic frequency and 

intensity changes in the bending and stretching modes of the cation-anion interaction 

represented by +C–H…A– hydrogen bonds, corresponding to the strength of the calculated 

interaction energies. However, to the best of our knowledge, there is no solid state 

evidence to date to discuss these ionic interactions of ILs in detail. We have recently 

shown that imidazolium salts with long alkyl side chains exhibit exciting new properties 

with great potential for applications.[22,23] Unfortunately, imidazolium salts with long alkyl 



40 

 

chains are challenging to crystallize, and thus, structural information from X-ray analysis, 

like molecular conformation of the cation, packing arrangements etc., is extremely 

limited.[22,24-26] Lin and co-workers reported the crystal structure of a benzimidazolium 

derived ionic liquid that, for the first time, featured a U-shaped cation.[24] Following this 

work they synthesized another two N,N’-dialkylimidazolium salts, comprising palladium 

and copper ions, that exhibited U-shaped molecular cation structures.[25] In a recent report, 

we investigated the solid state structure of two new ionic liquid crystals with long alkyl 

chains, namely 1,3-didodecylimidazolium cation with either a [BF4]– or [ClO4]– anion.[22] 

The imidazolium units in the [BF4] – salt exhibited a rod-shape with a C12–X–C12’ angle 

of 172° and a parallel arrangement of the alkyl chains within the crystalline packing. This 

crystal structure resembled other rod-shaped systems like [C14-C14(2-OH)IM]Br[26] or the 

Ag2X2-bridged (X = Br, Cl) silver metalated coordination complexes [Ag(C14-IMY-

C14)Br]2
[27] and [Ag(C14-IMY-C14)Cl]2 (IMY: imidazol-2-ylidene).[28] In contrast to this 

finding, a significant deviation from linearity was observed for the corresponding [ClO4]– 

salt. In this case, the molecular structure of the cation can be described as V-shaped with a 

C12−X–C12’ angle of 152°. 

For a systematic investigation of the counterion influence on the molecular shape of a 

given IL with long alkyl chains, we prepared single crystals of the double dodecyl 

derivatized imidazolium cation [C12C12IM]+ with a large variety of different counter 

anions, [I]–, [I3]–, [I5]–, [SbF6]–, [N(CN)2]–, [C(CN)3]–, and [B(CN)4]–. All these ILs used 

for our investigations delivered a set of compounds exhibiting extended C–H···X (X = 

counterions) hydrogen bonds, aromatic rigid cores, and hydrophobic interactions between 

alkyl chains. Variation of the counter anions ranging from linear to bent and planar to 

spherical resulted in significantly different structural motifs (rod-, V-, and U-shapes) of 

the [C12C12IM]+ imidazolium cation, demonstrating its capability to adopt a number of 

different conformations in the solid state structures. Especially in the series of mono-, tri-, 

and pentaiodides, it is obvious that the shape of the anion has a significant influence on the 

molecular conformation of the imidazolium cation, thus directing the crystalline packing 

of the resulting imidazolium salts. In this report, we describe our findings on these solid 

state conformations and the resulting crystal packings of the [C12C12IM]+ imidazolium 

cation in response to crystallizing it in the presence of counterions with varying shapes, 

ranging from linear to bent, and planar to spherical. To the best of our knowledge, this 



41 

 

report represents the first systematic structural study of double-long-chain imidazolium 

ionic liquids. 

 

 

 

3.2 Experimental Section 

 
 

General Methods. 1,3-didodecylimidazolium chloride and 1,3-didodecylimidazolium 

tetrafluoroborate were prepared according to the literature.[22] Na[N(CN)2], Na[C(CN)3], 

K[B(CN)4] were purchased from Merck. Na[SbF6] was purchased from ACROS. All 

chemicals were used without further purification. 1H NMR spectra were recorded on JEOL 

400 MHz and 270 MHz instruments, operating at respective frequencies of 399.782 MHz 

and 269.714 MHz with a probe temperature of 23 ºC. 13C NMR spectra were recorded on 

JEOL 400 MHz and 270 MHz instruments, operating at respective frequencies of 100.525 

MHz and 67.82 MHz with a probe temperature of 23 ºC. Chemical shifts are reported 

relative to the peak for SiMe4 using 1H (residual) chemical shifts of the solvent as a 

secondary standard and are given in ppm. CHN elemental analysis results were obtained 

from the Analytical Laboratories at the Friedrich-Alexander-University Erlangen-

Nuremberg (Erlangen, Germany). Melting points were determined by differential scanning 

calorimetry (DSC) using a Netzsch DSC 204 with a heating rate of 5 K min-1 and three 

repeating cycles for each measurement. For the determination of the melting points the 

onset temperatures were used. 

Preparation of [C12C12IM]I. To a solution of 1,3-didodecylimidazolium chloride 

(909 mg, 2.06 mmol) in acetone (10 mL) was added NaI (618 mg, 4.12 mmol).  The 

mixture was stirred for 2 hours, followed by removal of the solvent.  CH2Cl2 (10 mL) was 

then added to the mixture followed by filtration.  The solution was evaporated to dryness 

to give 1,3-didodecylimidazolium monoiodide. Yield: 1.02 g (93 %). 1H NMR (400 MHz, 

DMSO-d6): δ 9.22 (s, 1H, imidazole C(2)H), 7.81 (d, J = 1.3 Hz, 2H, imidazole CH=CH), 

4.16 (t, J = 7.0 Hz, 4H, NCH2), 1.78 (quintet, J = 7.2 Hz, 5H, NCH2CH2), 1.23 (m, 36H, 

(CH2)n), 0.85 (t, J = 6.8 Hz, 6H, CH3). 13C{1H} NMR (100 MHz, DMSO-d6): δ 136.53, 

123.06, 49.43, 31.87, 29.80, 29.61, 29.59, 29.50, 29.43, 29.29, 28.90, 26.01, 22.66, 14.50. 
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Anal. Calcd. for C27H53N2I: C, 60.88; H, 10.03; N, 5.26. Found: C, 61.01; H, 10.14; N, 

4.95. 

Preparation of [C12C12IM][I3]. To a solution of 1,3-didodecylimidazolium 

monoiodide (555 mg, 1.04 mmol) in CH2Cl2 (10 mL) was added I2 (265 mg, 1.04 mmol).  

The mixture was stirred for 1 hour, followed by removal of the solvent.  Pentane (10 mL) 

was then added to wash out the excess I2, and dried in vacuo to give 1,3-

didodecylimidazolium triiodide. Yield: 810 mg (99 %). 1H NMR (400 MHz, DMSO-d6): δ 

9.20 (s, 1H, imidazole C(2)H), 7.80 (d, J = 1.8 Hz, 2H, imidazole CH=CH), 4.16 (t, J = 

7.0 Hz, 4H, NCH2), 1.78 (quintet, J = 7.2 Hz, 5H, NCH2CH2), 1.23 (m, 36H, (CH2)n), 

0.85 (t, J = 6.8 Hz, 6H, CH3). 13C{1H} NMR (100 MHz, DMSO-d6): δ 136.37, 123.08, 

49.50, 31.89, 29.82, 29.63, 29.61, 29.52, 29.45, 29.31, 28.92, 26.05, 22.69, 14.54. Anal. 

Calcd. for C27H53N2I3: C, 41.24; H, 6.79; N, 3.56. Found: C, 41.36; H, 6.87; N, 3.85. 

Preparation of [C12C12IM][I5]. To a solution of 1,3-didodecylimidazolium 

monoiodide (400 mg, 0.75 mmol) in CH2Cl2 (10 mL) was added I2 (381 mg, 1.50 mmol).  

The mixture was stirred for 2 hours, followed by removal of the solvent.  Pentane (10 mL) 

was then added to wash out the excess I2, and dried in vacuo to give 1,3-

didodecylimidazolium pentaiodide. Yield: 765 mg (98 %). 1H NMR (400 MHz, DMSO-

d6): δ 9.20 (s, 1H, imidazole C(2)H), 7.80 (d, J = 1.8 Hz, 2H, imidazole CH=CH), 4.15 (t, 

J = 7.0 Hz, 4H, NCH2), 1.78 (quintet, J = 7.2 Hz, 5H, NCH2CH2), 1.23 (m, 36H, (CH2)n), 

0.85 (t, J = 6.8 Hz, 6H, CH3). 13C{1H} NMR (100 MHz, DMSO-d6): δ 136.39, 123.08, 

49.48, 31.88, 29.81, 29.62, 29.60, 29.50, 29.44, 29.30, 28.91, 26.04, 22.68, 14.54. Anal. 

Calcd. for C27H53N2I5: C, 31.17; H, 5.14; N, 2.69. Found: C, 31.50; H, 5.04; N, 2.75. 

Preparation of [C12C12IM][N(CN)2].[29] Na[N(CN)2] (242 mg, 2.72 mmol) was 

added to a solution of 1,3-didodecylimidazolium chloride (1 g, 2.27 mmol) in 10 mL 

dichloromethane and stirred for 2 days. The suspension was filtered to remove the 

precipitated chloride salt and the organic phase was washed with small amounts of water 

(ca. 30 mL) until no precipitation of AgCl occurred in the aqueous phase on addition of a 

concentrated AgNO3 solution.  The organic phase was then washed with water to ensure 

complete removal of the chloride salt.  The solvent was removed in vacuo and the 

resulting ionic liquid was dried at 70 oC in vacuo for 24 h. Yield: 835 mg (78%). 1H NMR 

(400 MHz, DMSO-d6): δ 9.20 (s, 1H, imidazole C(2)H), 7.80 (d, J = 1.3 Hz, 2H, 

imidazole CH=CH), 4.16 (t, J = 7.0 Hz, 4H, NCH2), 1.78 (quintet, J = 7.3 Hz, 4H, 

NCH2CH2), 1.23 (m, 36H, (CH2)n), 0.85 (t, J = 6.8 Hz, 6H, CH3). 13C{1H} NMR (100 

MHz, DMSO-d6): δ 136.25, 123.06, 119.66, 49.44, 31.86, 29.78, 29.59, 29.48, 29.42. 
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29.29, 28.88, 26.01, 22.66, 14.50. Anal. Calcd. for C29H53N5: C, 73.83; H, 11.32; N, 

14.85. Found: C, 73.99; H, 11.43; N, 14.96. 

Preparation of [C12C12IM][C(CN)3]. The same procedure was used as for 

[C12C12IM][N(CN)2]. From 1,3-didodecylimidazolium chloride (1 g, 2.27 mmol) and 

Na[C(CN)3] (308 mg, 2.72 mmol), [C12C12IM][C(CN)3] was obtained. Yield : 912 mg 

(81%). 1H NMR (400 MHz, DMSO-d6): δ 9.20 (s, 1H, imidazole C(2)H), 7.80 (d, J = 1.3 

Hz, 2H, imidazole CH=CH), 4.15 (t, J = 7.0 Hz, 4H, NCH2), 1.78 (quintet, J = 7.3 Hz, 4H, 

NCH2CH2), 1.23 (m, 36H, (CH2)n), 0.85 (t, J = 6.8 Hz, 6H, CH3). 13C{1H} NMR (100 

MHz, DMSO-d6): δ 136.51, 123.06, 121.06, 49.44, 31.87, 29.79, 29.61, 29.59, 29.49, 

29.42, 29.29, 28.89, 26.02, 22.66, 14.49, 5.29. Anal. Calcd. for C31H53N5: C, 75.10; H, 

10.77; N, 14.13. Found: C, 75.11; H, 10.82; N, 14.26. 

Preparation of [C12C12IM][B(CN)4]. K[B(CN)4] (419 mg, 2.72 mmol) was added to 

a solution of 1,3-didodecylimidazolium chloride (1 g, 2.27 mmol) in 10 mL H2O and 

stirred for 1 day. The suspension was extracted with dichloromethane (3×50 mL). The 

combined organic extracts were washed with water one time. The solvent was removed in 

vacuo and the resulting ionic liquid was dried at 70 oC in vacuo for 24 h. Yield: 945 mg 

(80 %). 1H NMR (400 MHz, DMSO-d6): δ 9.20 (s, 1H, imidazole C(2)H), 7.80 (d, J = 1.3 

Hz, 2H, imidazole CH=CH), 4.15 (t, J = 7.0 Hz, 4H, NCH2), 1.78 (quintet, J = 7.3 Hz, 4H, 

NCH2CH2), 1.23 (m, 36H, (CH2)n), 0.86 (t, J = 6.8 Hz, 6H, CH3). 13C{1H} NMR (100 

MHz, DMSO-d6): δ 136.46, 122.84, 49.41, 31.86, 29.57, 29.48, 29.41, 29.28, 28.88, 26.01, 

22.65, 14.50. Anal. Calcd. for C31H53N6B: C, 71.52; H, 10.26; N, 16.14. Found: C, 71.95; 

H, 10.34; N, 16.32. 

Preparation of [C12C12IM][SbF6]. The same procedure was used as for 

[C12C12IM][N(CN)2]. From 1,3-didodecylimidazolium chloride (1g, 2.27 mmol) and 

Na[SbF6] (704 mg, 2.72 mmol), [C12C12IM][SbF6] was obtained. Yield : 1.21 g (83%). 1H 

NMR (400MHz, DMSO-d6): δ 9.19 (s, 1H, imidazole C(2)H), 7.80 (d, J = 1.3 Hz, 2H, 

imidazole CH=CH), 4.15 (t, J = 7.0 Hz, 4H, NCH2), 1.78 (quintet, J = 7.5 Hz, 4H, 

NCH2CH2), 1.23 (m, 36H, (CH2)n), 0.85 (t, J = 6.8 Hz, 6H, CH3). 13C{1H} NMR (67.5 

MHz, DMSO-d6): δ 135.92, 122.48, 49.39, 31.82, 29.73, 29.54, 29.44, 29.37, 29.24, 28.83, 

25.96, 22.09, 13.93. Anal. Calcd. for C27H53N2SbF6: C, 50.55; H, 8.33; N, 4.37. Found: C, 

50.82; H, 8.37; N, 4.67. 

X-Ray Crystal Structure Determination Details. CCDC-809225 (for [C12C12IM][I]), 

CCDC-809226 (for [C12C12IM][I3]), CCDC-809227 (for [C12C12IM][I5]), CCDC-809228 

(for [C12C12IM][N(CN)2]), CCDC-809229 (for [C12C12IM][C(CN)3]), CCDC-809230 
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(for [C12C12IM][B(CN)4]),  and CCDC-809231 (for [C12C12IM][SbF6]) contain the 

supplementary crystallographic data for this paper. These data can be obtained free of 

charge via the internet at http://www.ccdc.cam.ac.uk/data_request/cif (or from Cambridge 

Crystallographic Data Centre, 12 Union Road, Cambridge, CB2 1EZ, UK (fax: ++44-

1223-336-033; e-mail: deposit@ccdc.cam.ac.uk). 

All investigated compounds crystallized in form of colorless plates that were obtained 

by layering a CH2Cl2 solution of the corresponding imidazolium salt with diethyl ether or 

pentane. Suitable single crystals were embedded in protective perfluoropolyalkyether oil 

and transferred to the cold nitrogen gas stream of the diffractometer. Intensity data were 

collected using MoK radiation (λ = 0.71073 Å) on a Bruker-Nonius Kappa CCD 

([C12C12IM][I], [C12C12IM][I3], [C12C12IM][I5] and [C12C12IM][N(CN)2]), a Bruker 

Smart APEX2 ([C12C12IM][B(CN)4]), both equipped with a graphite monochromator, or 

on a Bruker Kappa APEX 2 IμS Duo diffractometer ([C12C12IM][C(CN)3] and 

[C12C12IM][SbF6]) equipped with QUAZAR focusing Montel optics. Data were corrected 

for Lorentz and polarization effects, semiempirical absorption corrections were performed 

on the basis of multiple scans using SADABS.[30] In the case of the [I5]– salt a numerical 

absorption correction was applied.[31] The structures were solved by direct methods and 

refined by full-matrix least-squares procedures on F2 using SHELXTL NT 6.12.[32]  

Crystallographic data, data collection, and structure refinement details are given in 

Tables 1 and 2. Selected bond distances, angles, and torsion angles are listed in Table 3. 

All non-hydrogen atoms were refined with anisotropic displacement parameters. All 

hydrogen atoms were placed in positions of optimized geometry, their isotropic 

displacement parameters were tied to those of the corresponding carrier atoms by a factor 

of either 1.2 or 1.5.  
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Table 3.1 Crystallographic data, data collection, and refinement details of [C12C12IM][A] 

(A = I–, I3
–, or I5

–) 
Compound [C12C12IM][I] [C12C12IM][I3] [C12C12IM][I5] 

Empirical formula C27H53IN2 C27H53I3N2 C27H53I5N2 

Mol. weight 532.61 786.41 1040.21 

Crystal size 0.25×0.20×0.17 0.21×0.21×0.07 0.14×0.08×0.03 

Temperature [K] 150(2) 150(2) 150(2) 

Crystal system triclinic monoclinic Monoclinic 

Space group P1 (no. 2) C2/c (no. 15) P21/n (no. 14) 

a [Å]    8.5027(8)      45.831(3)     5.2631(4) 

b [Å]     8.6975(8)    9.6888(6)   41.705(5) 

c [Å]      40.950(2)       7.3550(5)      33.069(4) 

α [°]    93.251(5) 90 90 

β [°]    94.148(5) 99.224(5) 92.528(9) 

γ [°]    99.009(8) 90 90 

V [Å3] 2976.0(4)   3223.7(4)   7251.5(14) 

Z 4 4 8 

ρ [g cm-3] (calc.) 1.189 1.620 1.906 

µ [mm-1] 1.090 2.925 4.306 

F (000) 1128 1552 3952 

Tmin; Tmax 0.728; 0.830 0.590; 0.810 0.605; 0.879 

2θ interval [ °] 6.2 ≤ 2θ ≤ 54.2  6.9 ≤ 2θ ≤  55.8  6.4 ≤ 2θ ≤ 54.2   

Collected reflections 91279 42878 130222 

Independent reflections; 

R int 
13082; 0.0559 3830; 0.0243                                                                 15971; 0.1374 

Observed reflections  

[I ≥ 2σ(I)] 
11792 3613 9489 

No. refined parameters 545 147 617 

wR2 (all data) 0.0691 0.0315 0.1071 

R1 (F0 ≥ 4σ(F)) 0.0276 0.0122 0.0400 

GooF on F2 1.093 1.061 1.016 

∆ρmax/min 0.640/  – 0.448 0.462 / – 0.322 1.091 /– 0.896 
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Table 3.2 Crystallographic data, data collection, and refinement details of [C12C12IM][A] 

(A= N(CN)2
–, C(CN)3

–, B(CN)4
–, or SbF6

–) 

Compound 
[C12C12IM][N(CN)2

] 

[C12C12IM][C(CN)3

] 
[C12C12IM][B(CN)4] 

[C12C12IM][SbF6

] 

Empirical formula C29H53N5 C31H53N5 C31H53BN6 C27H53F6N2Sb 

Mol. weight 471.76 495.78 520.60 641.46 

Crystal size 0.36 × 0.11 × 0.07 0.28 × 0.26 × 0.24 0.40 × 0.30 × 0.20 0.20 × 0.18 × 0.08 

Temperature [K] 150 (2)  150 (2) 150 (2) 150 (2) 

Crystal system triclinic triclinic triclinic monoclinic 

Space group P1 (no. 2) P1 (no. 2) P1 (no. 2) P2/c (no. 13) 

a [Å]   7.2671 (4) 7.4686 (5) 8.8995 (5) 13.909 (2) 

b [Å]    10.1060 (7) 10.0510 (7) 11.0981 (7) 6.3867 (9) 

c [Å]     20.7305 (7) 21.4603 (14) 18.0698 (11) 35.945 (5) 

α [°]    101.009 77.4230 (10) 95.5770 (10) 90 

β [°]    98.259 87.537 (2) 92.7520 (10) 100.628 (3) 

γ [°]    91.545 88.5580(10) 108.0000(10) 90 

V [Å3] 1476.64 (14) 1570.64 (18) 1683.57 (18) 3138.2 (8) 

Z 2 2 2 4 

ρ [g cm-3] (calc.) 1.061 1.048 1.027 1.358 

µ [mm-1] 0.063 0.062 0.061 0.932 

F (000) 524 548 572 1336 

Tmin; Tmax 0.853; 1.0 0.670; 0.746 0.6537; 0.7459 0.673; 0.746 

2θ interval [ °] 6.3 ≤ 2θ ≤ 54.2 4.1 ≤ 2θ ≤ 54.2 5.1  ≤ 2θ ≤ 55.8 5.9  ≤ 2θ ≤ 54.2 

Collected reflections 41886 26685 25479 47493 

Independent reflections; 

R int 

6504 

0.0474 

6901 

0.0233 

7926 

0.0353 

6891 

0.0393 

Observed reflections  

[I ≥ 2σ(I)] 
4908 5688 5503 5768 

No. refined parameters 309 327 345 356 

wR2 (all data) 0.1122 0.1212 0.1184 0.0836 

R1 (F0 ≥ 4σ(F)) 0.0424 0.0405 0.0429 0.0352 

GooF on F2 1.031 1.063 1.029 1.070 

∆ρmax/min 0.252 / – 0.204  0.258 / – 0.151 0.211 / – 0.171  1.023 / – 1.227 
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Table 3.3 Selected bond distances [Å], bond angles [°], and torsion angles [°] for the 

cations in compounds [C12C12IM][A] (A= I–, I3
–, I5

–, N(CN)2
–, C(CN)3

–, B(CN)4
–, SbF6

–). 
 [I]- [I3]-a [I5]- [N(CN)2]- [C(CN)3]- [B(CN)4]- [SbF6]- 

bond distances 

N1-C1 1.330(2) 1.333(2) 1.325(6) 1.333(2) 1.329(2) 1.324(2) 1.326(4) 

N1-C3 1.374(2) 1.383(2) 1.373 (6) 1.383(2) 1.379(2) 1.376(2) 1.372(4) 

N1-C4 1.473(2) 1.479(2) 1.482 (6) 1.477(2) 1.472(2) 1.473(2) 1.462(4) 

N2-C1 1.333(2) 1.333(2) 1.328 (6) 1.333(2) 1.331(2) 1.327(2) 1.321(4) 

N2-C2 1.379(2) 1.383(2) 1.379 (6) 1.385(2) 1.377(2) 1.376(2) 1.368(4) 

N2-C16 1.474(2) 1.479(2) 1.478 (6) 1.478(2) 1.471(2) 1.471(2) 1.467(4) 

C2-C3 1.349(3) 1.358(2) 1.341 (7) 1.351(2) 1.345(2) 1.347(2) 1.342(5) 

C4-C5 1.520(3) 1.519(2) 1.518 (7) 1.525(2) 1.522(2) 1.510(2) 1.515(5) 

C5-C6 1.521(3) 1.529(2) 1.522 (6) 1.527(2) 1.523(2) 1.523(2) 1.523(4) 

C16-C17 1.509(2) 1.519(2) 1.520 (6) 1.528(2) 1.523(2) 1.516(2) 1.514(4) 

C17-C18 1.518(2) 1.529(2) 1.511 (6) 1.524(2) 1.522(2) 1.523(2) 1.529(4) 

bond angles 

C1-N1-C3 108.8(2) 108.3(1) 108.2 (4) 108.7(1) 108.7(1) 108.6(1) 108.3(3) 

C1-N1-C4 124.8(2) 125.2(1) 125.0 (4) 125.6(1) 125.7(1) 125.1(1) 124.5(3) 

C3-N1-C4 

C1-N2-C2 

126.5(2) 

108.5(2) 

126.4(1) 

108.3(1) 

126.8 (4) 

108.4 (4) 

125.3(1) 

108.6(1) 

125.4(1) 

108.6(1) 

126.2(1) 

108.4(1) 

127.1(3) 

108.5(3) 

C1-N2-C16 126.3(2) 125.2(1) 125.2 (4) 125.7(1) 126.2(1) 125.4(1) 124.6(3) 

C2-N2-C16 125.2(2) 126.4(1) 126.3 (4) 125.6(1) 125.2(1) 126.1(1) 126.9(3) 

N1-C1-N2 108.5(2) 109.1(2) 108.9 (5) 108.5(1) 108.4(1) 108.8(1) 108.8(3) 

C3-C2-N2 107.1(2) 107.1(1) 106.8 (4) 107.1(1) 107.3(1) 107.2(1) 107.4(3) 

C2-C3-N1 107.2(2) 107.1(1) 107.8 (4) 107.1(1) 107.0(1) 107.0(1) 107.0(3) 

N1-C4-C5 111.9(2) 112.8(1) 111.7 (4) 110.8(1) 111.4(1) 112.7(1) 113.7(3) 

C4-C5-C6 111.6(2) 110.2(1) 111.1 (4) 114.1(1) 113.9(1) 110.7(1) 109.9(3) 

C5-C6-C7 112.9(2) 113.2(1) 112.7 (4) 111.8(1) 112.6(1) 113.4(1) 114.6(3) 

N2-C16-C17 113.0(2) 112.8(1) 112.4 (4) 110.7(1) 111.2(1) 112.0(1) 112.1(3) 

C16-C17-C18 110.4(2) 110.2(1) 110.7 (4) 113.2(1) 114.0(1) 111.3(1) 110.7(3) 

C17-C18-C19 113.7(2) 113.2(1) 114.2 (4) 113.2(1) 112.2(1) 113.2(1) 113.4(3) 

torsion angles 

C4-N1-C1-N2 178.3(2) 177.8(2) -177.1 (4) -173.2(1) 174.3(1) 177.3(1) -180.0(3) 

C4-N1-C3-C2 -178.4(2) -178.2(2) 177.2 (4) 173.2(1) -174.5(1) -177.3(1) -179.8(3) 

C1-N1-C4-C5 -104.5(2) 138.0(1) 109.8 (5) 101.5(2) -95.0(2) 130.6(2) -87.3(4) 

C3-N1-C4-C5 73.9(2) -44.9(2) -66.9 (6) -70.3(2) 78.2(2) -52.3(2) 92.6(4) 

N1-C4-C5-C6 177.5(2) -179.5(1) -174.9 (4) -59.9(2) 60.7(2) -172.8(2) -179.5(3) 

C16-N2-C1-N1 177.6(2) 177.8(2) 177.6 (4) 177.1(1) -178.2(1) -178.3(1) -178.9(3) 

C16-N2-C2-C3 -177.5(2) -178.2(2) -177.5 (4) -177.0(1) 178.0(1) 178.5(2) 178.9(3) 

C1-N2-C16-C17 41.0(2) 138.0(1) -103.7 (5) -119.3(2) 111.4(2) 105.1(2) 89.0(4) 

C2-N2-C16-C17 -142.2(2) -44.9(2) 73.8 (6) 57.1(2) -66.63(2) -73.2(2) -89.4(4) 

N2-C16-C17-C18 175.2(2) -179.5(1) 179.6 (4) 63.7(2) -65.7(2) -177.0(1) -179.5(3) 
a The cation is situated on a crystallographic 2-fold rotation axis (the numbering given here refers to that of the other nonsymmetric 

cations) 
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3.3 Results and Discussion 
 

 

A series of seven new imidazolium (IM) salt-based double C12 alkyl chain 

functionalized ionic liquids, namely [C12C12IM][A], where the anion A is I–, I3
–, I5

–, 

N(CN)2
–, C(CN)3

–, B(CN)4
– or SbF6

–, was prepared by ion exchange from [C12C12IM][Cl] 

and the corresponding sodium or potassium salts. All compounds were dried under 

vacuum at 70 °C for 24 hours to remove traces of water. 1H NMR, 13C NMR spectroscopy 

and CHN elemental analysis confirmed the chemical identities and purity of all 

compounds. Single crystals were grown by layering a CH2Cl2 solution of the 

corresponding imidazolium salt with diethyl ether or pentane. The obtained crystals were 

subjected to an X-ray crystal structure determination in order to establish the effect of the 

counter anion structure on the molecular conformation of the imidazolium cations and the 

resulting crystal packing. None of the obtained crystals contained co-crystallized solvent 

molecules that would influence structure formation. 

The double dodecyl derivatized cation [C12C12IM]+ is composed of two long 

hydrocarbon chains and an imidazolium head core. To simplify and explain the patterns of 

packing in the crystal structures, we defined a reduced model of the imidazolium salt. In 

this model, the imidazolium head core is represented by the imidazolium ring centroid. 

The C12-alkyl chains are replaced by vectors, having their vertices in the ring centroid and 

pointing towards the terminal dodecyl group carbon atoms (see Scheme 3.1).  

 

N N

C'12C12

X

C'12C12

X

= C-X-C'  
 

Scheme 3.1 Simplified representation of the imidazolium cation [C12C12IM]+. 
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Based on their appearance the reported imidazolium salts can be classified into three 

different shape types. The three main types are rod-, V-, and U-shape (see Scheme 3.2). In 

the rod- and V-shape the two alkyl chains are maximally stretched along the imidazolium 

core plane. In the U-shaped conformation the two-alkyl chains of the [C12C12IM]-cation 

run perpendicular to the imidazolium core plane pointing in the same direction. In order to 

estimate the degree of deviation from linearity, the angle C12–X–C12’ (see Scheme 3.1) is 

defined by the center X of the imidazolium ring and the terminal atoms C12 and C12’ of 

the two alkyl arms. In all cases, the angle between the imidazolium ring centroid and the 

terminal dodecyl chain carbon atoms has been calculated. If a randomly chosen deviation 

from linearity of more than 30° is observed, we speak of a V-shape, otherwise a rod-

shaped conformation was assigned. 

 

 

 

Rod-shape 

 

V-shape 

 

 

U-shape 

 

Scheme 3.2 Representation of the three shape types observed for the imidazolium cations 

(top: rod-shape, middle: V-shape, bottom: U-shape).  
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In two of the investigated crystal structures, two independent molecules were observed 

in the asymmetric unit, so that a total of nine molecular conformations were available for 

comparison. Rod-shaped imidazolium cations were found in the structures of the [I]–, [I3]–, 

and [B(CN)4]– salts; V-shape of the cation was observed in crystals of the [I5]– and 

[SbF6]– salt, as well as in one of the two independent molecules of the [I]– salt; U-shaped 

cations were found in the [N(CN)2]– and [C(CN)3]– salts. The asymmetric unit of the [I5]– 

salt contains two independent cations of the same conformation (V-shape), while the 

asymmetric unit cell of the [I]– salt contained two independent molecules with different 

conformations of the imidazolium cation with rod- and V-shape, respectively. The C12–X–

C12’ angles in the rod-shaped systems span a range from 164 – 180° ([I]– 164.8°, 

[B(CN)4]– 173.7° and [I3]– 179.1°). For the V-shaped systems, a narrow range from 110 – 

118° is observed ([I]– 117.4°, [I5]– 113.0° and [SbF6]– 110.4°) and in the U-shaped 

systems the C12-X-C12’ angle amounts to approximately 20° ([N(CN)2]– 21.8° and 

[C(CN)3]– 22.4°). The value of this angle is defined by the carbon atoms of the two 

terminating methyl groups and the imidazolium ring centroid. An even better description 

for the U-shaped systems is the close to 90° angle between the first C atom of the aliphatic 

dodecyl chain, the imidazolium ring N atom and the terminating C atom of the dodecyl 

chain (92.3° for both [N(CN)2]– and [C(CN)3]–). 

 The molecular cation [C12C12IM]+ comprises a polar fragment (imidazolium ring) and 

a non-polar fragment (the two long hydrocarbon chains). Since these fragments of 

different polarity largely influence the crystalline packing, the packing patterns exhibit 

both, polar and non-polar domains. To illustrate this in the packing diagrams, we defined a 

color code representing the different intermolecular forces of attraction within the crystal 

packing (see Scheme 3.3); the polar domains are highlighted in red, the non-polar domains 

in blue color. The interactions in the polar domains can be assigned to ionic interactions 

and hydrogen bonds. Inside the non-polar domain, van der Waals forces exist between the 

long alkyl chains. 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

Scheme 3.3 Polar domains (in red) and non-polar domains (in blue) in the packing 

diagram of [C12C12IM][I3]; view along the crystallographic c-axis.  

 

 

Determination of Melting Points. Melting points of the investigated ionic liquids 

were determined by differential scanning calorimetry (DSC). For the determination of the 

melting points the onset temperatures were used. In the case of the iodide salt 

[C12C12IM][I] a smectic mesophase was detected with a crystal to liquid crystal (smectic) 

transition at 40.4 °C and a liquid crystal to isotropic transition at 88.5 °C. The crystal 

structure determination of [C12C12IM][I] revealed that its unit cell contained two 

independent imidazolium cations of different shapes (V- and rod-shape). Among the here 

investigated compounds it is only [C12C12IM][I] that exhibits a mesophase while for all 

other samples only crystal to isotropic transitions were observed. The experimentally 

determined melting points are summarized in Table 3.4. A correlation between the melting 

points and the shape of the cations in their different solid state structures can be detected 

with the V-shaped systems having the lowest melting points (36 and 41 °C), the U-shaped 

systems being in between (~ 44 °C) and the rod-shaped systems having the highest values 

(46 and 48 °C). 
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Table 3.4 Melting points (°C) determined by DSC (second heating cycle, 5 K min-1).  

Ionic liquids Appearance 
Solid state 

structures 

Melting 

point at heating 

(°C) 

 

[C12C12IM]I crystalline - smectic Mixture of 

rod and V 

40.4   

smectic - isotropic 88.5 

[C12C12IM][B(CN)4]  crystalline - isotropic rod 48.4 

[C12C12IM]I3  crystalline - isotropic rod 45.9  

[C12C12IM][C(CN)3]  crystalline - isotropic U 44.4 

[C12C12IM][N(CN)2]  crystalline - isotropic U 44.1 

[C12C12IM][SbF6]  crystalline - isotropic V 40.7 

[C12C12IM]I5  crystalline - isotropic V 35.6  

 

 

Hirshfeld Analysis of the Rod-shaped [C12C12IM][I3] Salt. To support the proposed 

description of the imidazolium cation as a molecule with two parts of different polarity, an 

exemplary Hirshfeld analysis[33-35] for the [C12C12IM][I3] system has been performed. This 

analysis is useful to estimate the main intermolecular interactions of the respective polar 

and non-polar fragments with the molecules surrounding it. Figure 3.1 shows the Hirshfeld 

surface of the overall imidazolium cation and the next three neighboring [I3]– anions. 

Clearly visible are the strong interactions that can be expected between the polar 

imidazolium ring and the neighboring triiodide anions. Additionally, red areas in the non-

polar dodecyl chains mark the regions of van der Waals interactions that can occur 

between the long aliphatic chains of neighboring molecules and lead to a strong 

interdigitation of these chains within the crystal packing. 
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Figure 3.1 Overall Hirshfeld surface of the imidazolium cation in [C12C12IM][I3] 

highlighting the regions of intermolecular interaction in red. 

 

A typical Hirshfeld surface is represented by tens of thousands of surface points.[34] 

Two parameters convey information about relevant contact distances from each point, 

namely di, measuring the distance from the Hirshfeld surface to the nearest atom interior 

to the surface and de, the distance from the Hirshfeld surface to the nearest atom exterior 

to the surface. Figure 3.2 highlights only the non-polar H···H contacts observed between 

the aliphatic chains (Figure 3.2, left). The majority of distances di range from 1.2 to 2.2 Å, 

which is typical for aliphatic hydrocarbons34 with the shortest contact being very close to 

1.2 Å, the generally acknowledged van der Waals radius of hydrogen.[36] The distance 

from the surface to the nearest nucleus in another molecule (de) spans a broad range from 

1.2 to more than 2.6 Å. The 2D fingerprint plot features a very compact array with de 

values, ranging from 1.2 to 2.0 Å, reflecting a more efficient close-packing mode. The 

region of diffuse long-distance contacts (> 2.0 Å) very likely arises from poor packing 

efficiency at the end of the aliphatic chains as was previously observed for the aliphatic 

hydrocarbons with an odd number of C atoms (propane to nonane) in a series of n-

alkanes.[32] Between the ends of two chains the next triiodide anions can be found. These 

anions interact much more effectively with the polar imidazolium head cores above and 

below (see Scheme 3) than with the C-H groups of the non-polar chains. From the 2D 

fingerprint plot it is obvious that the van der Waals H···H contacts contribute majorly to 
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the entire observable intermolecular interactions with a calculated percentage of 84.3% 

(Figure 3.2, right, marked in color). 

 

  

 

 

 

Figure 3.2 Hirshfeld surface analysis of the imidazolium cation in [C12C12IM][I3] with 

the regions of intermolecular H···H interactions between neighboring aliphatic chains 

highlighted in color (left) and the corresponding 2D fingerprint plot (right). 

 

The intermolecular interactions between the polar imidazolium head core and the 

triiodide anions are emphasized in Figure 3.3 (left). The 2D fingerprint plot (Figure 3.3, 

right) depicts the H···I contacts and exhibits pronounced differences for di and de. While 

the range observed for di is from 1.0 to 2.0 Å, the de range from 1.8 to 2.6 Å characterizes 

the longer C-H···I hydrogen bridges. The contribution of these H···I contacts has been 

calculated to not more than 11.4% and is visualized in blue color in the corresponding 

fingerprint plot (Figure 3.3, right). 
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Figure 3.3 Hirshfeld surface analysis of the imidazolium cation in [C12C12IM][I3] with 

the regions of polar H···I interactions between the imidazolium head core and the triiodide 

anions highlighted in color (left) and the corresponding 2D fingerprint plot (right).   

 

Since the intermolecular interactions are mainly composed of non-polar van der Waals 

contacts (H···H 84.3 %) and polar hydrogen bond type interactions (C-H···I 11.4 %), it can 

be concluded that an optimized arrangement of the aliphatic chains, namely a strong 

interdigitation of the chains, plays a major role in the observed packing arrangement. The 

van der Waals interactions seemingly are the structure determining forces dominating over 

the hydrogen bond interactions of the polar fragments. 

Rod-shaped Systems. In the crystalline packing of the [I3]– and the [B(CN)4]– salts 

exclusively rod-shaped imidazolium cations are observed. 

[C12C12IM][I3]. The [I3]– anion in [C12C12IM][I3] is situated on a crystallographic 

two-fold axis running through the central iodine atom. This anion is nearly linear with an 

I2–I1–I2A angle of 175.900(6)°. The imidazolium cation, also lying on a crystallographic 

two-fold axis, adopts a rod-shaped conformation with a C12–X–C12’ angle of 179.1°. The 

molecular structure of [C12C12IM][I3] is shown in Figure 3.4.  
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Figure 3.4 Molecular structure of [C12C12IM][I3]  (50% probability ellipsoids).  

 

Within the crystal packing, cations and anions clearly arrange in a way that polar and 

non-polar regions approach each other. The linear shape of the [I3]– anion as well as a 

number of hydrogen bonds between the C–H units of the imidazolium cation and the [I3]– 

anion account for the linear arrangement of the cation. Due to their positions on the 

crystallographic twofold axes, the [I3]– anion and the imidazolium head core lay exactly in 

one plane and arrange in an alternating fashion. From one side of the cations’ five-

membered heterocycle, the central iodine atom of the [I3]– anion is involved in hydrogen 

bonding to the two C – H donors of the imidazolium backbone, from the other side, the 

central iodine atom of the anion forms a hydrogen bond to the protonated carbon atom of 

the imidazolium head core (see Table 5). The imidazolium rings form polar channels 

within which the [I3]– anions are arranged. As is observed for the other rod-shaped 

systems in this study, the triiodide anions together with the imidazolium moieties form 

hydrophilic stacks, while the hydrophobic non-polar dodecyl chains show strong 

interdigitation. A schematic representation of the crystalline packing shows the linear 

arrangement of cations and anions and the formation of polar (red) and non-polar (blue) 

stacks within the crystal structure (Figure 3.5). 
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Figure 3.5 Schematic representation of the crystal packing of [C12C12IM][I3] viewed 

along the crystallographic c-axis and illustrating the rod-shape of the cations; red color 

indicates polar regions, blue color marks non-polar regions.  

 

 [C12C12IM][B(CN)4]. The molecular structure of [C12C12IM][B(CN)4] is shown in 

Figure 3.6. The imidazolium cation in [C12C12IM][B(CN)4] adopts a rod-shaped 

conformation with an C12–X–C12’ angle of 173.7° and an all-staggered conformation of 

the two C12 alkyl chains. 

 

 
 

Figure 3.6 Molecular structure of [C12C12IM][B(CN)4] (50% probability ellipsoids).  
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Figure 3.7 Schematic representation of the crystal packing of [C12C12IM][B(CN)4] 

viewed along the crystallographic a-axis, illustrating the rod-shape of the cations; red 

color indicates polar regions, blue color marks non-polar regions (hydrogen atoms omitted 

for clarity). 

 

 

Although the [B(CN)4]– anion exhibits approximated tetrahedral symmetry and is a 

molecule of roughly spherical appearance, the rod-shape of the imidazolium cation is 

maintained. This is achieved by a pair wise arrangement of the anions between the polar 

imidazolium head cores that again form hydrophilic stacks. Within the crystal packing, 

cations and anions alternate to form tilted layers that exhibit a tilt angle of approximately 

62° between the polar and non-polar stacks (Figure 3.7). At least two out of the four CN 

groups of the [B(CN)4]– anion are involved in hydrogen bonding to two different 

neighboring imidazolium cations, thus connecting sheets of imidazolium salts. The non-

polar dodecyl groups show strong interdigitation within the crystalline packing that 

resembles the arrangement observed in the [I3]- derivative. 
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Table 3.5 Hydrogen bond details for compounds [C12C12IM][A] (A = I–, I3
–, I5

–, N(CN)2
–, 

C(CN)3
–, and B(CN)4

–, SbF6
–)a 

 D – H  [Å] H···A  [Å] D···A  [Å] D – H···A  [°] 

[I]– 

C1 – H1A···I1 0.95 3.05 3.744(2) 131 

C3 – H3A···I1#1 0.95 3.08 3.877(2) 143 

C28 – H28A···I2 0.95 2.86 3.690(2) 146 

[I3]
– 

C1 – H1A···I1#2 0.95 3.00 3.949(2) 180 

C2 – H2A···I1#3 0.95 3.14 3.708(2) 120 

[I5]
– 

C1 – H1A···I1#4 0.95 3.07 3.831(5) 138 

C28 – H28A···I6#4 0.95 3.12 3.850(5) 135 

[N(CN)2]
– 

C1 – H1A···N5#5 0.95 2.42 3.218(2) 141 

C2 – H2A···N4#6 0.95 2.45 3.333(2) 154 

C3 – H3A···N5 0.95 2.44 3.328(2) 155 

[C(CN)3]
– 

C1 – H1A···N5#7 0.95 2.49 3.330(2) 147 

C2 – H2A···N3#8 0.95 2.48 3.344(2) 151 

C3 – H3A···N5#9 0.95 2.56 3.354(2) 141 

[B(CN)4]
– 

C1 – H1A···N4#10 0.95 2.40 3.237(2) 147 

C3 – H3A···N5#11 0.95 2.49 3.241(2) 135 

[SbF6]
– 

C1 – H1A···F23#12 0.95 2.31 3.212(6) 158 

C1 – H1A···F23#13 0.95 2.55 3.449(6) 158 

C1 – H1A···F22A#12 0.95 2.52 3.285(7) 137 

C1 – H1A···F23A#13 0.95 2.63 3.342(7) 132 

C2 – H2A···F11#14 0.95 2.41 3.286(4) 153 

C3 – H3A···F11#15 0.95 2.49 3.257(4) 138 
a Symmetry codes: #1 x, 1+y, z; #2 1-x, 1-y, 1-z; #3 1-x, -y, 1-z; #4 -1+x, y, z; #5 -1+x, y, z; #6 x, -1+y, z; #7 1-x, -y, 1-z; #8 2-x, 1-y, 

1-z; #9 2-x, -y, 1-z; #10 -x, -y, -z; #11 1-x, 1-y, -z; #12 x, -1+y, z ; #13 1-x, -1+y, 0.5-z ; #14 1-x, 1+y, 0.5-z ; #15 1+x, 1+y, z. 

 

 

 

 

 

 



60 

 

V-shaped Systems. In the crystalline packing of the [I5]– and the [SbF6]– salts 

exclusively V-shaped imidazolium cations are observed. 

[C12C12IM][I5]. The molecular structure of [C12C12IM][I5] is shown in Figure 3.8. 

The [I5]– anion in [C12C12IM][I5] exhibits a typical V-shape with an I2–I1–I4 angle of 

101.31 (2)° and an I7–I6–I9 angle of 101.85(2) ° for the two independent molecules 

present in the asymmetric unit. The two arms of the [I5]– molecular structure are nearly 

linear with I–I–I angles of 178.96(2)° for I1–I2–I3 and 179.10(2)° for I1–I4–I5, and 

179.10(2)° for I6–I7–I8 and 178.99(2)° for I6–I9–I10 for the second anion.  Apparently, 

the V-shape of the anion in [C12C12IM][I5] determines the conformation of the 

imidazolium cations. The two independent cations are situated above and beneath the 

anions with the center of their five-membered imidazolium rings sitting exactly under the 

central iodine of the anions, thus repeating the V-shape pattern of the anion. The C12–X–

C12’ angle amounts to 113.0° for both independent cations and the two alkyl chains of the 

cations are stretched outward along the imidazolium core plane with an all-staggered 

conformation. Hydrogen bonding interactions are observed between all iodine atoms of 

the anions and C – H groups of neighboring cations (distances ranging from 3.07 to 3.44 Å) 

with the most significant I···H contacts being the ones to the central iodide atoms I1 and I6 

(see Table 3.5).  

 

 
Figure 3.8 Molecular structure of [C12C12IM][I5], two independent molecules (50% 

probability ellipsoids).  
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Figure 3.9 Schematic representation of the crystal packing of [C12C12IM][I5] along the 

crystallographic a-axis, illustrating the V-shape of the cations; red color indicates polar 

regions, blue color marks non-polar regions. 

 

The crystal packing of [C12C12IM][I5] is characterized by the formation of zig-zag 

layers of alternating [C12C12IM]+ cations and [I5]– anions (Figure 3.9). Perpendicular to 

these layers the [I5]– anions together with the imidazolium moieties form hydrophilic polar 

stacks, while the hydrophobic non-polar dodecyl chains show strong interdigitation.    

[C12C12IM][SbF6]. The molecular structure of [C12C12IM][SbF6] is shown in Figure 

3.10. The asymmetric unit contains two independent [SbF6]– anions that are located on 

crystallographic twofold rotation axes. These independent anions exhibit well-

approximated octahedral symmetry and, similar to the [B(CN4)]– anion, [SbF6]– is a 

molecule of spherical appearance. Different from [C12C12IM][B(CN)4], the imidazolium 

cation in the [SbF6]– compound is characterized by a V-shape with a C12–X–C12’ angle of 

110.4° and the two alkyl chains stretched outward along the imidazolium core plane. 

Again, the alkyl chains are arranged in an all-staggered fashion. The polar part of the 

cations and the anions approach each other to form hydrophilic stacks within the crystal 

packing. A number of hydrogen bridges within the polar domains interconnect the 

imidazolium head cores with the [SbF6]– anions. The fluoride atoms of the anions are 
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involved in hydrogen bonding to the two C–H donors of the imidazolium backbones and 

the protonated carbon atom of the imidazolium head cores of different neighboring 

imidazolium cations. The most significant of these hydrogen bonds are summarized in 

Table 5. In the non-polar domains, the dodecyl groups show strong interdigitation within 

the crystalline packing. Similar to the crystal packing of the [I5]– derivative the crystal 

structure of [C12C12IM][SbF6] is characterized by zig-zag layers of alternating cations and 

anions running perpendicular to the polar and non-polar stacks (Figure 3.11).  

 

 

 

Figure 3.10 Molecular structure of [C12C12IM][SbF6] (50% probability ellipsoids).  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11 Schematic representation of the crystal packing of [C12C12IM][SbF6] along 

the crystallographic a-axis, illustrating the V-shape of the cations; red color indicates polar 

regions, blue color marks non-polar regions. 
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U-shaped Systems. In the crystalline packing of the [N(CN)2]– and the [C(CN)3]– 

salts exclusively U-shaped imidazolium cations are observed. 

[C12C12IM][N(CN)2]. The molecular structure of [C12C12IM][N(CN)2] is depicted in 

Figure 3.12. The bent shape of the molecular structure of the [N(CN)2]– anion is similar to 

that of the [I5]– anion and features a C28–N3–C29 angle of 119.8(2)°. The two arms of the 

anion are nearly linear with a N4–C–N3 angle of 173.4(2)° and a N5–C–N3 angle of 

173.2(2)°. Different from the V-shape of the [C12C12IM][I5] structure, where the anion 

seems to determine the shape of the cation, a U-shape of the [C12C12IM]+ unit is observed 

in [C12C12IM][N(CN)2]. In this U-conformation, the two alkyl chains of the cation are 

oriented perpendicular to the imidazolium head core plane with a C12–X–C12’ angle of 

21.8°. A better measure of the U-shape is the angle between the first C atom of the 

aliphatic dodecyl chain, the imidazolium ring N atom, and the terminating C atom of the 

dodecyl chain, which is close to 90° and amounts to 92.3° in the [N(CN)2]– compound. 

 

 

Figure 3.12 Molecular structure of [C12C12IM][N(CN)2] (50% probability ellipsoids).  

 

The crystal packing is characterized by a head-to-head arrangement of the imidazolium 

head cores with the [N(CN)2]– anions lying in between the face-to-face oriented 

imidazolium rings. Thus, stacks of polar anions and the imidazolium head cores alternate 

with non-polar stacks of interdigitating aliphatic chains (see Figure 3.13). Every C–H 

group of the imidazolium ring forms C–H···N hydrogen bonds to different [N(CN)2]– 

anions, such that the anions connect three neighboring stacks of cations (see Table 5).  
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Figure 3.13 Schematic representation of the crystal packing of [C12C12IM][N(CN)2] 

along the crystallographic b-axis, illustrating the U-shape of the cations; polar regions 

(red), non-polar regions (blue). 

 

 [C12C12IM][C(CN)3]. The molecular structure of [C12C12IM][C(CN)3] is shown in 

Figure 3.14. The [C(CN)3]– anion adopts an approximated trigonal planar geometry with 

three bond angles of nearly 120°: C29–C28–C30 = 119.7(2)°, C30–C28–C31 = 119.3(1)°, 

and C29–C28–C31 = 120.9(2)°. The two alkyl chains in the cation run perpendicular to 

the imidazolium head-core-plane with a C12–X–C12’ angle of 22.4°. Again, a better 

measure of the degree of U-shape is the angle between the first C atom of the aliphatic 

dodecyl chain, the imidazolium ring N atom, and the terminating C atom of the dodecyl 

chain, which amounts to 92.3° in the [C(CN)3]– compound and matches precisely the 

value observed for the [B(CN)2]– derivative. 
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Figure 3.14 Molecular structure of [C12C12IM][C(CN)3] (50% probability ellipsoids). 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 3.15 Schematic representation of the crystal packing of [C12C12IM][C(CN)3] 

viewed along the crystallographic a-axis illustrating the U-shape of the cations; polar 

regions (red), non-polar regions (blue). 
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The crystal packing of [C12C12IM][C(CN)3] shows close similarities to that of the 

corresponding [N(CN)2]– salt. As seen before, a head-to-head arrangement of the 

imidazolium head cores is realized with the [C(CN)3]– anions lying in between the face-to-

face oriented imidazolium rings. Stacks of polar anions and imidazolium head cores 

alternate with the non-polar stacks of interdigitating aliphatic chains (see Figure 3.15). 

Every C–H group of the imidazolium ring of the cations forms C–H···N hydrogen bonds to 

different [C(CN)3]– anions, thereby interconnecting three neighboring stacks of anions 

(see Table 3.5). 

Rod-, V-shaped Mixed System. [C12C12IM][I]. The crystal structure of [C12C12IM][I] 

contains two independent molecules with different conformations of the imidazolium 

cations in the asymmetric unit. One of the independent molecules exhibits an approximate 

rod-shaped conformation with a C12–X–C12’ angle of 164.8°, while the C12–X–C12’ angle 

of 117.4° of the second molecule defines its V-shape. The molecular structures of the two 

independent molecules of [C12C12IM][I] are shown in Figure 3.16.  

 
 

Figure 3.16 Molecular structure of the two independent molecules [C12C12IM][I] (50% 

probability ellipsoids).  

 

The crystal packing is characterized by alternating bilayers of almost linearly arranged 

rod- shaped imidazolium cations and V-shaped imidazolium cations that are arranged in a 

zig-zag fashion. Perpendicular to these bilayers, non-polar hydrophobic stacks alternate 
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with polar hydrophilic stacks, in which the anions are arranged (Figure 3.17). Every iodide 

anion is involved in a number of C–H···I hydrogen bonds, thus interconnecting four 

neighboring cations with H···I distances ranging from 2.86 to 3.50 Å. The most significant 

hydrogen bonds are given in Table 3.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.17 Schematic representation of the crystal packing of [C12C12IM][I] viewed 

along the crystallographic a-axis, illustrating the different shapes of the two independent 

cations; red color indicates polar regions, blue color marks non-polar regions. 

  

Influence of The Anion Shape on The Molecular Conformation of The Cation.  

[C12C12IM][I], [C12C12IM][I3], and [C12C12IM][I5]. The imidazolium [C12C12IM]+ 

cation is able to adopt three different major conformations: rod-shape, V-shape, and U-

shape. It is therefore reasonable to assume that the shape of the anion will influence the 

resulting shape of the cation. We observed, however, that even when the shape of the 

anions is very similar ([I3]– vs. [N(CN)2]–), significantly different cation conformations in 

the solid state crystal structure packing can be observed. Next to the major contribution of 

van der Waals interactions between the hydrophobic aliphatic chains (see Hirshfeld 

analysis), hydrogen bonding interactions of different strength and directionality seem to 

play a significant role in the molecular arrangement within the crystal packing, and may 

also control the molecular conformation of the cation. However, with different geometries 
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and anions, the possible hydrogen bonding interactions will differ in strength and 

directionality. It is therefore difficult to control the structural cation arrangement in the 

solid state simply by choosing an anion with a given molecular structure. In order to 

directly relate the shape of the cation to the shape of the anion, comparison of a series of 

anions containing exclusively iodine atoms proved to be useful. Here, we were able to 

synthesize the mono-, tri-, and pentaiodide derivative of the [C12C12IM]+ imidazolium salt. 

While in the tri- and pentaiodide salts the shape of the cation clearly reflects the shape of 

the anion (rod-shape in the case of the linear [I3]– anion and V-shape in the case of the 

bent [I5]– anion), two independent molecules of different shape (rod- and V-shape) are 

observed in the crystal structure of the monoiodide (spherical [I–] anion). Obviously, the 

conformations do not differ significantly in energy and in solution likely all major 

conformations are present. During crystallization an interplay of cation-anion interactions 

(hydrogen bonding, electrostatic and van der Waals interactions) appears to account for an 

optimized packing of the molecules, while the small and spherical [I]– anion has none or 

only minor influence on the shape of the cation .   

 

 

 

3.4 Conclusion 
 

 

In summary, we have synthesized a set of imidazolium ionic liquids combining the 

cation [C12C12IM]+ with various anions. The molecular structure and the solid state 

packing of the cations seem to be heavily influenced by the counter anion geometry 

resulting in three distinct molecular conformations (rod-, V-, and U-shape). In the crystal 

packing, the anions together with the imidazolium moieties form hydrophilic stacks, while 

the hydrophobic nonpolar dodecyl chains show strong interdigitation. The observed 

differences in cation conformation were found to result from a combination of hydrogen 

bonding and ionic interactions in the polar domain formed by the imidazolium rings and 

counter anions as well as van der Waals forces in the non-polar domain formed by the 

long alkyl chains. Although control of crystal packing was not achieved in all cases, it is 

reasonable to conclude that careful selection of anion geometry strongly impacts the IL 

cation’s proclivity to adopt a desired conformation. 
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Chapter 4. Double-Long-Chain Imidazolium Ionic Liquids and 

Ionic Liquid Crystals 
 

 

 

4.1 Introduction 
 

 

Recently, the research interest in ionic liquids (ILs) has been growing rapidly. This is 

mainly due to their unique properties, such as, extremely low vapor pressures, wide 

liquidus ranges, considerable electric conductivities, wide electrochemical windows and 

excellent tribologic properties, allowing them to be widely used as reaction media and 

electrolytes.[1,2] Ionic liquid crystals (ILCs) can be considered as substances that are 

composed of ionic species, exhibiting a liquid crystalline mesophase in a certain 

temperature range.[3] ILCs promise great additional potential since they show exciting 

properties of both ionic liquids and liquid crystals. Due to the growing interest numerous 

thermotropic ionic liquid crystals were synthesized and characterized in the last years, as it 

was recently reviewed by Axenov and Laschat.[4] Among the known ILs and ILCs, 

imidazolium salts are the most frequently studied examples, probably because of their 

advantageous structural and electronic features and their convenient derivatization.[5-14]  

Nowadays, 1-alkyl-3-methylimidazolium and N, N’-dialkylimidazolium ions are by 

far the most popular cations for both ILs and ILCs.[1,2,15-22] The group of Lin has published 

the findings on ionic liquid crystals that comprise symmetrically-disubstituted 

imidazolium salts with anions of halides and metal halides.[23,24] There are also many 

reports on the introduction of functionalized motifs, such as pendant hydroxyl group on 

the alkyl chain,[25] as well as simple protonated imidazolium ions,[26] aryl,[27-30] amide,[31,32] 

and vinyl-functionalized imidazolium ionic liquid crystals.[33] Though the functionalized 

imidazolium ionic liquid crystals have shown better thermal properties, but the alkyl chain 

imidazolium ionic liquid crystals are potentially of great interest as ordered ionic solvents, 

combining the advantages of ionic liquids with those of liquid crystal solvents. The 

application of more “traditional” molecular liquid crystalline materials as ordered solvents 
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for polymerization, and stereochemically controlled organic reactions is an area of 

increasing interest.[3]  

Previously, we have published our findings on ionic liquid crystals that comprise 

symmetrically-disubstituted imidazolium salts: 1,3-didodecylimidazolium tetrafluoro-

borate [C12C12IM][BF4] and the corresponding perchlorate salt [C12C12IM][ClO4]. Both 

ILs show thermotropic liquid crystalline behavior in an extended temperature range below 

70 ºC. Also in that report, a remarkably strong non-Newtonian viscosity behavior was 

found for the liquid-crystalline state of these ILCs for the first time.[34] Futher, the phase 

transition of [C12C12IM][BF4] on Pt support was monitored by infrared reflection 

absorption spectroscopy (IRAS) on a molecular level.[35] Recently, we studied the solid 

state structure of a serious ILs [C12C12IM][A] (A = [I]-, [I3]-, [I5]-, [N(CN)2]-, [C(CN)3]-, 

[B(CN)4]-, [SbF6]-). In these ILs, only [C12C12IM][I]  show a liquid crystalline phase.[36] 

The catalytic organic reactions (e.g. olefin dimerization) were always carried out at 

room temperature to prevent catalyst decomposition at higher temperature. Thus, the ionic 

liquid crystals as the reaction media were required to show liquid crystalline phase at room 

temperature. Therefore, we extended the scope of our studies via incorporation of various 

anions of 1,3-didodecylimidazolium salts into [PF6]-, [OTf]-, [NTf2]-, and varied the 

length of the alkyl chains to C10 and C14, C16, C18 for the [BF4]- and [ClO4]- imidazolium 

salts, in order to study the thermal behavior for these derivatives. Change the alkyl chain 

length in the cation will be expected to result in an alteration in the melting point, and an 

increase in the viscosity and hydrophobicity of the liquids. The mixture of 

[C10C10IM][BF4] and [C12C12IM][BF4]  with the molar ratio 1:3 show liquid crystalline 

phase at room temperature, which offer proper ordered reaction media for temperature 

sensitive Ni catalysts.   

 

 

 

4.2 Result and Discussion 

 

 

Synthesis. A series of new imidazolium (IM) salt-based double C12 alkyl chain 

functionalized ionic liquids, namely [C12C12IM][A], where the anion A is [PF6]-, [OTf]-, 

or [NTf2]-, were prepared by ion exchange from [C12C12IM][Cl] and the corresponding 
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ammonium or lithium salts. 1,3-dialkylimidazolium tetrafluoroborate, [CnCnIM][BF4] and 

corresponding  perchlorate salt [CnCnIM][ClO4] (n = 10, 14, 16, 18) were prepared by 

reacting Na[BF4] or Na[ClO4] with imidazolium chlorides in acetone or dichloromethane 

(Scheme 4.1). The imidazolium chlorides were synthesized by alkylation of N-

trimethylsilyimidazole with alkylchloride according to the literature.[37] All compounds 

were dried under vacuum at 70 ºC for 24 hours to remove traces of water. 1H NMR, 13C 

NMR spectroscopy and CHN elemental analysis confirmed the chemical identities and 

purity of all compounds. The solubility of these compounds in polar organic solvents 

decreases with increasing chain length. 

 

 

 

 

 

 

Scheme 4.1 Synthesis of dialkylimidazolium [BF4] and [ClO4] salts.  

 

Thermal Behavior. The thermal properties of the compounds were investigated by 

differential scanning calorimetry (DSC) and polarized optical microscopy (POM). On the 

second and subsequent heating and cooling cycles, the transitions are reproducible.  

Accordingly, the transition temperatures and enthalpies of the compounds are reported 

from the second heating cycle of the DSC studies. The key results are summarized in 

Table 4.1 and 4.2.   

From the DSC thermograms of [C12C12IM][A] (A = [PF6]-, [OTf]-, [NTf2]) (Table 

4.1), it is clearly seen that all three compounds are ionic liquids with their melting point 

between 40 ºC ~ 50 ºC, and show notransitions that could be attributed to the formation of 

a mesophase. In summary, all the [C12C12IM][A] (A = [BF4]-, [ClO4]-, [I]-, [I3]-, [I5]-, 

[N(CN)2]-, [C(CN)3]-, [B(CN)4]-, [SbF6]-, [PF6]-, [OTf]-, [NTf2]) we have studied, only 

the salts with counteranions [BF4]-, [ClO4]-, [I]- show a liquid crystalline phase. Among 

the series of different anions, the trend in the melting point is roughly [I5]-
 < [SbF6]- < 
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[NTf2]- < [N(CN)2]- ≈ [C(CN)3]- < [PF6]- ≈ [I3]- < [OTf]- ≈ [B(CN)4]-. This is mainly due 

to the ionic interaction, such as H-bonding and van der Waals forces between the alkyl 

chains. The counter anion effect were discussed in our previous paper by solid state 

structures of different counter anions.[35] 

 

Table 4.1 Phase-transition temperatures (ºC) of [C12C12IM][A] (A = [PF6]-, [OTf]-, 
[NTf2]) determined by DSC. (onset data, second heating cycle, Cr = crystalline phase, 
SmA = smectic-A phase, Iso= isotropic phase) 

Compound Phase transition behavior 

[C12C12IM][PF6] 
Cr Iso

45.1 (15.2)

33.4 (32.5)  
[C12C12IM][OTf] 

Cr Iso
48.3 (85.0)

28.9 (81.4)  
[C12C12IM][NTf2] 

Cr Iso
42.1 (109.4)

6.9 (83.5)  
[C12C12IM][SbF6] 

Cr Iso
40.7 (23.3)
26.5 (18.7)  

 

 

Thus, we studied the double alkyl imidazolium [BF4] and [ClO4] salts with different 

alkyl chain length, [CnCnIM][BF4] and [ClO4] (n= 10, 14, 16, 18). The thermal properties 

of these compounds are shown in Table 4.2. All the [BF4] and [ClO4] salts exhibit liquid 

crystalline behavior. For comparison, we included the [C12C12IM][BF4] and [ClO4] salts 

we have reported before in the table. From the DSC thermograms of the [BF4] series, 

during heating, these compounds show relatively low transition temperatures from solid to 

mesophase: 17.6, 49.9, 63.1, 69.5, 73.4 ºC, and the clearing temperature increases rapidly 

with chain length: 24.7, 69.3, 105.8, 125.0, 142.0 ºC. In the [ClO4]- series, the melting 

point is almost similar to the [BF4]- series. The melting temperature of transition from 

solid to mesophase was determined to be: 23.5, 49.3, 63.1, 67.6, 77.3 ºC, and the clearing 

temperature increases with chain length: 26.4, 66.9, 105.8, 128.8, 138.8 ºC. 

.  
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Table 4.2 Phase-transition temperatures (ºC) of compounds [CnCnIM][A] (n = 10, 14, 16, 
18; A = [BF4]-, [ClO4]-) determined by DSC. (onset data, second heating cycle, Cr = 
crystalline phase, SmA = smectic-A phase, Iso= isotropic phase) 

Compound  Phase transition behavior 

[CnCnIM][BF4] n = 10  
Cr SmA Iso

24.7 (19.6)
13.5 (1.0)Cr'

17.6 (0.015)
-16.3 (12.6)-29.6 (1.4)  

 n = 12 
Cr SmA Iso49.9 (47.3) 69.3 (2.3)

67.1 (2.3)34.2 (48.8)  
 n = 14 

Cr SmA Iso63.1 (59.7) 105.8 (2.8)
102.7 (2.8)48.8 (61.5)  

 n = 16 
Cr SmA Iso69.5 (24.4) 125.0 (3.7)

117.4 (3.5)37.6 (23.0)  
 n = 18 

Cr SmA Iso63.0 (46.7) 142.0 (3.7)
139.0 (3.7)53.7 (93.7)  

[CnCnIM][ClO4] n = 10 
Cr SmA Iso

26.4 (19.6)
7.1 (0.87)Cr'

23.5 (0.04)
-21.8 (13.9)-38.3 (1.12)  

 n = 12 
Cr SmA Iso49.3 (39.9) 66.9 (1.6)

64.0 (1.5)28.4 (42.7)  
 n = 14 

Cr SmA Iso63.1 (38.3) 105.8 (1.6)
103.4 (1.6)48.0 (39.7)  

 n = 16 
Cr SmA Iso65.0 (33.3) 128.8 (5.1)

122.5 (4.9)45.8 (25.6)  
 n = 18 

Cr SmA Iso77.3 (64.1) 138.8 (2.3)
136.3 (2.4)66.1 (66.0)  
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Figure 4.1 summarizes the phase transitions of the mesogenic imidazolium [BF4] and 

[ClO4] salts with different chain lengths. There is a clear increase in both melting and 

clearing points with an increase in the chain length (n) in both [BF4] and [ClO4] series. 

The liquid crystalline mesophase range of both series increases with increasing alkyl chain 

length. This is mainly due to the stronger van der Waals interactions upon lengthening of 

the alkyl chain.    

 

10 11 12 13 14 15 16 17 18
0

20

40

60

80

100

120

140

Te
m

pe
ra

tu
re

 (o C)

Number of Carbons

 Smectic A phase
 Crystal phase

 

10 11 12 13 14 15 16 17 18
0

20

40

60

80

100

120

140

Te
m

pe
rs

tu
re

 (o C)

Number of carbons

 Smectic A phase
 Crystal phase

 
 

Figure 4.1 Mesophase temperature ranges of a) [CnCnIM][BF4] and b) [CnCnIM[ClO4] 

salts (n = 10, 12, 14, 16, 18). 

 

 

a) 

b) 
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To understand the thermal decomposition process, the [BF4] compounds were 

examined by thermogravimetric analysis (TGA). TGA thermograms of [BF4] compounds 

taken at a rate of 10 K min-1 show that the decomposition temperatures for [C10C10IM]- 

[BF4], [C12C12IM][BF4], [C14C14IM][BF4], [C16C16IM][BF4], and [C18C18IM][BF4] 

begin at 396.3, 378.1, 404.9, 399.2, and 354.5 ºC, respectively. 

To confirm the temperature ranges and the existence of the aforementioned 

mesophases, POM was performed on all of the [BF4] and [ClO4] salts that exhibited liquid 

crystalline characteristics. The compounds were heated to an isotropic melt and then 

cooled at a rate of 5 K min-1 while being viewed through cross-polarizers. Birefringent 

textures were observed for the ILCs that appeared to exhibit a mesophase by DSC (Figure 

4.2). During cooling, POM images for [C10C10IM][BF4] show liquid crystalline phase 

under 12 ºC; during heating, it only show liquid crystalline phase in a narrow temperature 

range around 28 ºC. It is interesting to note that after cooling to room temperature for one 

minute, the sample shows liquid crystalline phase again (Figure 4.3). This probably due to 

the time dependent property of crystallization for this IL.  
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Figure 4.2 POM images for a) [C16C16IM][BF4] at 89.4 ºC and b) [C16C16IM][ClO4] at 

74.5 ºC. 
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Figure 4.3 POM images for [C10C10IM][BF4] at a) 7.3 ºC and b) 18 ºC. 
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Viscosity of [C16C16IM][BF4] and [C16C16IM][ClO4]. From our previous study,[34] 

for the first time, we observed and reported that our new class of ionic liquid crystals 

[C12C12IM][BF4] and [ClO4] showed a drastic non-Newtonian viscosity behavior, which 

means that the viscosity of these ionic liquid crystals is dependent of the shear rate applied 

to the sample. Here, we study the viscosity of the newly synthesized ILCs, anticipating a 

non-Newtonian viscosity behavior as well. Figure 4.4 and 4.5 display the respective 

viscosity shear rate diagrams for [C16C16IM][BF4] and [ClO4]. The viscosity of both ILCs 

is dependent on the shear rate applied to the sample during the mesophase. The viscosity 

increase drastically following the decrease of the shear rate. For example, the viscosity of 

[C16C16IM][BF4] abruptly increases from 0.727 Pa·s to 6.51 Pa·s when the shear rate 

decreases from 500 s-1 to 10 s-1 at 100 ºC. That is to say both compounds show non-

Newtonian viscosity behavior during their mesophase.  
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Figure 4.4 Viscosity vs. shear rate for [C16C16IM][BF4] in the liquid crystalline 

temperature range (80 ºC, 90 ºC, 100 ºC). 
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Figure 4.5 Viscosity vs. shear rate for [C16C16IM][ClO4] in the liquid crystalline 

temperature range (80 ºC, 90 ºC, 100 ºC). 

 

Mixtures of ILCs. In order to get the proper ILCs for catalytic reaction with the 

mesophase window at room temperature, three combinations of [C10C10IM][BF4] and 

[C12C12IM][BF4] with molar ratio 1:3(I), 1:1(II), 3:1(III) were examined. The thermal 

properties of the mixtures were investigated by DSC. From DSC measurements (Table 

4.3), mixture I showed mesophase between 38.7 ºC and 55.7 ºC during heating, and 

between 53.0 ºC and 8.5 ºC during cooling, which is in an appropriate temperature range 

for catalytic reactions (Figure 4.6). Whereas, the other two mixtures only show mesophase 

during cooling. 

 

Table 4.3 Phase-transition temperatures (ºC) of mixtures of [C10C10IM][BF4] and 

[C12C12IM][BF4] with molar ratio 1:3(I), 1:1(II), 3:1(III) determined by DSC. (onset data, 

second heating cycle, Cr = crystalline phase, SmA = smectic-A phase, Iso= isotropic phase)�

Compounds  Cr � SmA 
upon heating 

SmA � Iso 
upon heating 

Iso � SmA 
upon cooling 

SmA � Cr 
upon cooling 

C10:C12 = 1:3 (I) 38.7 55.7 53.0 8.5 

C10:C12 = 1:1 (II) 42.1 38.5 -14.0 

C10:C12 = 3:1 (III) 35.3 25.7 -24.6 
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Figure 4.6 DSC for mixture of [C10C10IM][BF4] and [C12C12IM][BF4] with molar ratio 1:3. 

2nd heating cycle (bottom), 2nd cooling cycle (top).   

 

 

 

4.3 Conclusion 
 

 

We have synthesized a serious of 1,3-dialkylimidazolium salts with the formulae 

[C12C12IM][A] (A=PF6, OTf, NTf2) and [CnCnIM][A] (n= 10, 14, 16, 18, A= BF4, ClO4). 

Three 1,3-didodecylimidazolium salts are room temperature ionic liquids, whereas the 

other eight dialkylimidazolium BF4 and ClO4 salts show liquid crystalline phases in a large 

temperature range. Also, these ionic liquid crystals show non-Newtonian viscosity 

behavior. More importantly, the mixture of [C10C10IM][BF4] and [C12C12IM][BF4]  with a 

molar ratio of 1:3 showed a liquid crystalline phase at room temperature, which is a major 

advantage for its use as an ordered solvent in catalytic reactions.  
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4.4 Experimental Section 
 

 

General Methods. N-(Trimethylsilyl)imidazole, Na[BF4], Na[ClO4], NH4[PF6], 

Lithium trifluoromethanesulfonate and Lithium bis(trifluoromethanesulfonyl) amide were 

purchased from ACROS and were used without further purification. 1-Chlorodecane, 1-

Chlorotetradecane, 1-Chlorohexadecane and 1-Chlorooctadecane were purchased from 

Fluka and used as received. 1,3-didecylimidazolium chloride, 1,3-ditetradecylimidazolium 

chloride, 1,3-dihexadecylimidazolium chloride and 1,3-dioctadecylimidazolium chloride 

were synthesized according to literature.[37] 1H NMR spectra were recorded on JEOL 400 

MHz and 270  MHz instruments operating at respective frequencies of 399.782 MHz and 

269.714 MHz with a probe temperature of 23 ºC. 13C NMR spectra were recorded on 

JEOL 400 MHz and 270 MHz instruments operating at respective frequencies of 100.525 

MHz and 67.82 MHz with a probe temperature of 23 ºC. Chemical shifts were reported 

relative to the peak for SiMe4 using 1H (residual) chemical shifts of the solvent as a 

secondary standard and are reported in ppm. Elemental analysis results were obtained 

from the Analytical Laboratories at the Friedrich-Alexander-University Erlangen-

Nürnberg (Erlangen, Germany).  

Preparation of [C12C12IM][PF6]. To a solution (10 mL) of 1,3-didodecylimidazolium 

chloride (0.974 g, 2.21 mmol) in acetonitrile was added NH4PF6 (1.1 g, 6.64 mmol).  The 

mixture was stirred for 2 h, followed by removal of the solvent.  CH2Cl2 (10 mL) was then 

added to the mixture followed by filtration.  The solution was evaporated to dryness to 

give 1,3-didodecylimidazolium hexafluorophosphate.  Yield: 1.168 g (96 %). 1H NMR 

(270 MHz, DMSO-d6): � 9.15 (s, 1H, imidazole C(2)H), 7.75 (d, J = 1.2 Hz, 2H, 

imidazole CH=CH), 4.11 (t, J = 7.0 Hz, 4H, NCH2), 1.74 (quintet, J = 6.8 Hz, NCH2CH2), 

1.19 (m, 36H, (CH2)n), 0.81 (t, J = 6.5 Hz, CH3). 13C{1H} NMR (67.5 MHz, DMSO-d6): � 

136.46, 123.01, 49.37, 31.84, 29.74, 29.57, 29.46, 29.40, 29.26, 28.85, 25.97, 22.63, 

14.44. Anal. Calcd for C27H53N2PF6: C, 58.89; H, 9.70; N, 5.09. Found: C, 59.18; H, 

10.08; N, 5.08.  

Preparation of [C12C12IM][CF3SO3].  Lithium trifluoromethanesulfonate (467 mg, 

2.99 mmol) was added to a solution of 1,3-didodecylimidazolium chloride (1.2 g, 2.72 

mmol) in 10 mL dichloromethane and stirred for 2 days. The suspension was filtered to 

remove the precipitated chloride salt and the organic phase was washed with small 
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amounts of water (ca. 30 mL) until no precipitation of AgCl occurred in the aqueous phase 

on addition of a concentrated AgNO3 solution.  The organic phase was then washed with 

water to ensure complete removal of the chloride salt.  The solvent was removed in vacuo 

and the resulting ionic liquid was dried at 70 oC in vacuo for 24 h. Yield: 1.22 g (81%). 1H 

NMR (270 MHz, DMSO-d6): � 9.18 (s, 1H, imidazole C(2)H), 7.79 (s, 2H, imidazole 

CH=CH), 4.14 (t, J = 7.0 Hz, 4H, NCH2), 1.74 (quintet, J = 6.2 Hz, NCH2CH2), 1.22 (m, 

36H, (CH2)n), 0.84 (t, J = 6.2 Hz, CH3). 13C{1H} NMR (67.5 MHz, DMSO-d6): � 135.90, 

122.48, 48.83, 31.28, 29.18, 29.00, 28.90, 28.84, 28.70, 28.29, 25.41, 22.08, 13.93. Anal. 

Calcd for C28H53N2F3O3S: C, 60.62; H, 9.63; N, 5.05. Found: C, 60.93; H, 9.77; N, 5.06. 

Preparation of [C12C12IM][(CF3SO2)2N]. The same procedure was used as for 

[C12C12IM][CF3SO3]. From 1,3-didodecylimidazolium chloride (533 mg, 1.21 mmol) and 

Lithium bis(trifluoromethanesulfonyl) amide (382 mg, 1.33 mmol), [C12C12IM] 

[(CF3SO2)2N] was obtained. Yield: 647 mg (78 %).  1H NMR (270 MHz, DMSO-d6): � 

9.18 (s, 1H, imidazole C(2)H), 7.78 (s, 2H, imidazole CH=CH), 4.14 (t, J = 6.8 Hz, 4H, 

NCH2), 1.77 (quintet, J = 6.8 Hz, NCH2CH2), 1.22 (m, 36H, (CH2)n), 0.84 (t, J = 6.2 Hz, 

CH3). 13C{1H} NMR (67.5 MHz, DMSO-d6): � 136.44, 122.99, 49.36,  31.82, 29.72, 

29.56, 29.43, 29.37, 29.24, 28.82, 25.94, 22.61, 14.41. Anal. Calcd for C29H53N3F6O4S2: 

C, 50.78; H, 7.79; N, 6.13. Found: C, 51.01; H, 8.07; N, 6.20. 

Preparation of [C10C10IM][BF4]. To a solution of 1,3-decylimidazolium chloride (1.2 

g, 3.12 mmol) in acetone (10 mL) was added NaBF4 (0.41 g, 3.74 mmol).  The mixture 

was stirred for 2 days, followed by removal of the solvent.  CH2Cl2 (10 mL) was then 

added to the mixture followed by filtration.  The solution was evaporated to dryness to 

give 1,3-didecylimidazolium tetrafluoroborate. Yield: 1.27 g (93 %).� 1H NMR (400 MHz, 

DMSO-d6): � 9.17 (s, 1H, imidazole C(2)H), 7.79 (s, 2H, imidazole CH=CH), 4.16 (t, J = 

7.0 Hz, 4H, NCH2), 1.78 (quintet, J = 7.1 Hz, NCH2CH2), 1.23 (m, 28H, (CH2)n), 0.85 (t, J 

= 6.8 Hz, CH3). 13C{1H} NMR (100 MHz, DMSO-d6): � 136.48, 123.03, 49.43, 31.87, 

29.82, 29.46, 29.44, 29.26, 28.91, 26.02, 22.67, 14.47. Anal. Calcd for C23H45N2BF4: C, 

63.30; H, 10.39; N, 6.42. Found: C, 63.54; H, 10.60; N, 6.44. 

Preparation of [C10C10IM][ClO4]. NaClO4 (0.52 g, 4.24 mmol) was added to a 

solution of 1,3-didecylimidazolium chloride (1.09 g, 2.83 mmol) in 10 mL 

dichloromethane and stirred for 2 days. The suspension was filtered to remove the 

precipitated chloride salt and the organic phase was washed with small volumes of water 

(ca. 30 mL) until no precipitation of AgCl occurred in the aqueous phase on addition of a 

concentrated AgNO3 solution.  The organic phase was then washed with water to ensure 
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complete removal of the chloride salt.  The solvent was removed in vacuo and the 

resulting ionic liquid was dried at 100 oC in vacuo for 24 h. Yield: 1.12 g (88 %).� 1H NMR 

(400 MHz, DMSO-d6): � 9.20 (s, 1H, imidazole C(2)H), 7.79 (d, J = 1.2 Hz, 2H, 

imidazole CH=CH), 4.16 (t, J = 7.2 Hz, 4H, NCH2), 1.78 (quintet, J = 7.2 Hz, NCH2CH2), 

1.23 (m, 28H, (CH2)n), 0.85 (t, J = 6.8 Hz, CH3). 13C{1H} NMR (100 MHz, DMSO-d6): � 

136.51, 123.05, 49.44, 31.86, 29.80, 29.45, 29.42, 29.25, 28.89, 26.02, 22.66, 14.49. Anal. 

Calcd for C23H45N2ClO4: C, 61.52; H, 10.10; N, 6.24. Found: C, 61.78; H, 10.08; N, 6.54. 

Preparation of [C14C14IM][BF4]. The same procedure was used as for 

[C10C10IM][BF4]. 1H NMR (400 MHz, CDCl3): � 8.86 (s, 1H, imidazole C(2)H), 7.35 (d, J 

= 1.6 Hz, 2H, imidazole CH=CH), 4.18 (t, J = 7.4 Hz, 4H, NCH2), 1.86 (quintet, J = 6.8 

Hz, NCH2CH2), 1.23 (m, 44H, (CH2)n), 0.86 (t, J = 6.8 Hz, CH3). 13C{1H} NMR (100 

MHz, CDCl3): � 135.87, 122.34, 50.22, 31.99, 30.19, 29.77, 29.74, 29.73, 29.70, 29.61, 

29.48, 29.43, 29.04, 26.29, 22.75, 14.17. Anal. Calcd for C31H61N2BF4: C, 67.87; H, 

11.21; N, 5.11. Found: C, 68.17; H, 11.24; N, 5.16. 

Preparation of [C14C14IM][ClO4]. The same procedure was used as for 

[C10C10IM][ClO4]. 1H NMR (400 MHz, CDCl3): � 8.99 (s, 1H, imidazole C(2)H), 7.32 (d, 

J = 3.6 Hz, 2H, imidazole CH=CH), 4.21 (t, J = 7.4 Hz, 4H, NCH2), 1.88 (quintet, J = 6.8 

Hz, NCH2CH2), 1.24 (m, 44H, (CH2)n), 0.87 (t, J = 6.8 Hz, CH3). 13C{1H} NMR (100 

MHz, CDCl3): � 136.22, 122.15, 50.40, 32.00, 30.18, 29.77, 29.73, 29.70, 29.60, 29.47, 

29.44, 29.04, 26.32, 22.76, 14.19. Anal. Calcd for C31H61N2ClO4: C, 66.34; H, 10.95; N, 

4.99. Found: C, 66.65; H, 11.13; N, 4.98. 

Preparation of [C16C16IM][BF4]. The same procedure was used as for 

[C10C10IM][BF4]. 1H NMR (400 MHz, CDCl3): � 8.93 (s, 1H, imidazole C(2)H), 7.31 (d, J 

= 3.6 Hz, 2H, imidazole CH=CH), 4.19 (t, J = 7.4 Hz, 4H, NCH2), 1.87 (quintet, J = 6.6 

Hz, NCH2CH2), 1.24 (m, 52H, (CH2)n), 0.87 (t, J = 6.8 Hz, CH3). 13C{1H} NMR (100 

MHz, CDCl3): � 136.09, 122.20, 50.26, 32.00, 30.18, 29.78, 29.75, 29.74, 29.71, 29.61, 

29.48, 29.44, 29.04, 26.30, 22.76, 14.18. Anal. Calcd for C35H69N2BF4: C, 69.51; H, 

11.50; N, 4.63. Found: C, 69.30; H, 11.50; N, 4.71. 

Preparation of [C16C16IM][ClO4]. The same procedure was used as for 

[C10C10IM][ClO4]. 1H NMR (400 MHz, CDCl3): � 9.09 (s, 1H, imidazole C(2)H), 7.28 (d, 

J = 1.6 Hz, 2H, imidazole CH=CH), 4.22 (t, J = 7.6 Hz, 4H, NCH2), 1.89 (quintet, J = 7.0 

Hz, NCH2CH2), 1.24 (m, 52H, (CH2)n), 0.87 (t, J = 6.8 Hz, CH3). 13C{1H} NMR (100 

MHz, CDCl3): � 136.43, 122.04, 50.43, 32.01, 30.19, 29.80, 29.79, 29.78, 29.75, 29.71, 
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29.60, 29.48, 29.45, 29.04, 26.33, 22.77, 14.20. Anal. Calcd for C35H69N2ClO4: C, 68.09; 

H, 11.26; N, 4.54. Found: C, 68.30; H, 11.43; N, 4.82. 

Preparation of [C18C18IM][BF4]. The same procedure was used as for 

[C10C10IM][BF4]. 1H NMR (400 MHz, CDCl3): � 9.28 (s, 1H, imidazole C(2)H), 7.27 (d, J 

= 1.6 Hz, 2H, imidazole CH=CH), 4.22 (t, J = 7.4 Hz, 4H, NCH2), 1.88 (quintet, J = 7.2 

Hz, NCH2CH2), 1.24 (m, 60H, (CH2)n), 0.87 (t, J = 6.8 Hz, CH3). 13C{1H} NMR (100 

MHz, CDCl3): � 136.72, 121.88, 50.31, 32.01, 30.22, 29.79(4), 29.78(5), 39.75(4), 

29.74(6), 29.71, 29.60, 29.48, 29.45, 29.05, 26.31, 22.77, 14.19. Anal. Calcd for 

C39H77N2BF4: C, 70.88; H, 11.74; N, 4.24. Found: C, 71.14; H, 11.83; N, 4.50. 

Preparation of [C18C18IM][ClO4]. The same procedure was used as for 

[C10C10IM][ClO4]. 1H NMR (400 MHz, CDCl3): � 9.13 (s, 1H, imidazole C(2)H), 7.28 (d, 

J = 7.6 Hz, 2H, imidazole CH=CH), 4.22 (t, J = 7.4 Hz, 4H, NCH2), 1.89 (quintet, J = 6.8 

Hz, NCH2CH2), 1.24 (m, 60H, (CH2)n), 0.87 (t, J = 6.8 Hz, CH3). 13C{1H} NMR (100 

MHz, CDCl3): � 136.49, 122.00, 50.43, 32.00, 30.17, 29.78, 29.74(4), 29.73(5), 29.70, 

29.60, 29.47, 29.43, 29.03, 26.33, 22.76, 14.17. Anal. Calcd for C39H77N2ClO4: C, 69.55; 

H, 11.52; N, 4.16. Found: C, 69.82; H, 11.82; N, 4.06. 

Characterization and Physico-Chemical Properties. Differential scanning 

calorimetry (DSC) was measured on a Netzsch DSC 204 with a heating rate of 5 K min-1 

in the temperature range of 273 K and 423 K. Polarized optical microscopy (POM) was 

carried out using an Nikon Eclipse 50i microscope equipped with a Nikon DsFi 1 digital 

camera and a Linkam PE95-LinkPad heating table.�
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Figure 4.7 DSC for a) [C16C16IM][BF4] and b) [C16C16IM][ClO4]. 2nd heating cycle 

(bottom), 2nd cooling cycle (top).   
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Figure 4.8 POM image for [C10C10IM][ClO4] at 6.3 ºC.  

 

 

       
 

Figure 4.9 POM image for [C14C14IM][BF4] at 70 ºC. 
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Figure 4.10 POM image for [C18C18IM][ClO4] at 120 ºC. 

 

 

 
 

Figure 4.11 POM image for the mixture of [C10C10IM][BF4] and [C12C12IM][BF4] with 

the molar ratio 1:3 at 40 ºC. 

 



91 

 

 

4.5 References 
 

 

[1] N. V. Plechkova, K. R. Seddon, Chem. Soc. Rev. 2008, 37, 123.  

[2] S. Werner, M. Haumann, P. Wasserscheid, Ann. Rev. Chem. Biomol. Eng. 2010, 1, 

203. 

[3] K. Binnemans, Chem. Rev. 2005, 105, 4148. 

[4] K. V. Axenov, S. Laschat, Materials 2011, 4, 206. 

[5] H. M. J. Wang, I. J. B. Lin, Organometallics 1998, 17, 972.  

[6] C. K. Chen, J. C. C. Lee, K. M. Lee, C. W. Liu, I. J. B. Lin, Chem. Mater. 1999, 

11, 1237.  

[7] C. K. Lee, K. M. Lee, I. J. B. Lin, Organometallics 2002, 21, 10.   

[8] K. M. Lee, H. M. J. Wang, I. J. B. Lin, J. Chem. Soc., Dalton Trans. 2002, 2852. 

[9] V. Cesar, S. Bellemin-Laponnaz, L. H. Gade, Organometallics 2002, 21, 5204.  

[10] J. C. Garrison, R. S. Simons, J. M. Talley, C. Wesdemiotis, C. A. Tessier, W. J. 

Youngs, Organometallics 2001, 20, 1276.  

[11] A. A. D. Tulloch, A. A. Danopoulos, S. Winston, S. Kleinhenz, G. Eastham, J. 

Chem. Soc., Dalton Trans. 2000, 4499.  

[12] D. Semeril, C. Bruneau, P. H. Dixneuf, Adv. Synth. Catal. 2002, 344.  

[13] J.-C. Xiao, B. Twamley, J. M. Shreeve, Org. Lett. 2004, 6, 3845.  

[14] R. R. Deshmukh, R. Rajagopal, K. V. Srinicasan, Chem. Commun. 2001, 1544. 

[15] J. Dupont, P. A. Z. Suarez, Phys. Chem. Chem. Phys. 2006, 8, 2441.  

[16] K. Goossens, P. Nockemann, K. Driesen, B. Goderis, C. Görller-Walrand, K. Van 

Hecke, L. Van Meervelt, E. Pouzet, K. Binnemans, T. Cardinaels, Chem. Mater. 

2008, 20, 157.  

[17] J. D. Holbrey, K. R. Seddon, J. Chem. Soc., Dalton Trans. 1999, 13, 2133.  

[18] A. E. Bradley, C. Hardacre, J. D. Holbrey, S. Johnston, S. E. J. McMath, M. 

Nieuwenhuyzen, Chem. Mater. 2002, 14, 629.  

[19] J. De Roche, C. M. Gordon, C. T. Imrie, M. D. Ingram, A. R. Kennedy, F. Lo 

Celso, A. Triolo, Chem. Mater. 2003, 15, 3089.  

[20] D. M. Fox, W. H. Awad, J. W. Gilman, P. H. Maupin, H. C. De Long, P. C. 

Trulove, Green Chem. 2003, 5, 724.  



92 

 

[21] K.-M. Lee, Y.-T. Lee, I. J. B. Lin, J. Mater. Chem. 2003, 13, 1079.  

[22] A. Downard, M. J. Earle, C. Hardacre, S. E. J. McMath, M. Nieuwenhuyzen, S. J. 

Teat, Chem. Mater. 2004, 16, 43. 

[23] C. K. Lee, H. H. Peng, I. J. B. Lin, Chem. Mater. 2004, 16, 530. 

[24] K. M. Lee, C. K. Lee, I. J. B. Lin, Chem. Commun. 1997, 899. 

[25] J. Y. Z. Chiou, J. N. Chen, J. S. Lei, I. J. B. Lin, J. Mater. Chem. 2006, 16, 2972. 

[26] C. K. Lee, H. W. Huang, I. J. B. Lin, Chem. Commun. 2000, 1911. 

[27] D. Ster, U. Baumeister,  C. J. Lorenzo, C. Tschierske, G. Israel, J. Mater. Chem. 

2007, 17, 3393. 

[28] W. Dobbs, L. Douce, L. Allouche, A. Louati, F. Malbosc, R. Welter, New J. Chem. 

2006, 30, 528. 

[29] M. Yoshio, T. Mukai, H. Ohno, T. Kato, J. Am. Chem. Soc. 2004, 126, 994. 

[30] M. Yoshio, T. Mukai, H. Ohno, T. Kato, ACS Symposium Series, Vol. 975 Ionic 

Liquids IV, Chapter 11, pp. 161-171. 

[31] K. M. Lee, Y. T. Lee, I. J. B. Lin, J. Mater. Chem. 2003, 13, 1079. 

[32] K. M. Lee, J. C. C. Chen, C. J. Huang, I. J. B. Lin, CrystEngComm. 2009, 11, 

2804. 

[33] S.-C. Luo, S. Sun, A. R. Deorukhkar, J.-T. Lu, A. Bhattacharyya, I. J. B. Lin, J. 

Mater. Chem. 2011, 21, 1866. 

[34] X. Wang, F. W. Heinemann, M. Yang, B. U. Melcher, M. Fekete, A.-V. Mudring, 

P. Wasserscheid, K. Meyer, Chem. Commun. 2009, 7405. 

[35] M. Sobota, X. Wang, M. Fekete, M. Happel, K. Meyer, P. Wasserscheid, M. 

Laurin, J. Libuda, ChemPhysChem 2010, 11, 1632. 

[36] X. Wang, C. S. Vogel, F. W. Heinemann, P. Wasserscheid, K. Meyer, Cryst. 

Growth Des. 2002, 2, 205.  

[37] K. J. Harlow, A. F. Hill, T. Welton, Synthesis 1996, 697.  

  



93 

 

Chapter 5. Functional Nickel Complexes of N-heterocyclic 

Carbene Ligands in Pre-organized and Supported Thin Film 

Materials 
 

 

 

5.1 Introduction 
 

 

Since the first transition metal–N-heterocyclic carbene (NHC) complexes were 

explored by Öfele and Wanzlick,[1,2] transition metal NHC complexes have received great 

attention in homogeneous catalysis. This is mostly due to their pronounced σ-donating/ 

weak π-accepting ability with a high trans effect, tunable steric and electronic properties as 

well as  strong M–NHC bonds.[3] A large number of reactions using these metal–NHC 

complexes as catalysts have been reported: olefin metathesis (Ru),[4] hydrosilylation and 

hydroformylation (Rh),[4] and C–C coupling reactions (Pd, Ni).[4,5] However, Ni–NHC 

complexes have rarely been used as catalysts in olefin dimerization reactions. This can 

likely be attributed to reductive elimination side-reactions that can occur when the 

catalysts, containing alkyl, aryl, or acyl groups, decompose to Ni(0) compounds and 2-

functionalized organoimidazolium salts (eqn. (1)).[6] For Ni–NHC-catalyzed olefin 

dimerization, Wasserscheid and Cavell et al. showed that catalyst degradation is inhibited 

when reactions are run in ionic liquids rather than in more classical solvents, such as 

toluene.[7] 

 

NiN

N
R N N

R

Ni(0)

R = alkyl, aryl, acyl

(1)

 

 

The use of transition-metal catalysts dissolved in room-temperature ionic liquids has 

received increasing attention in recent years. Reasons for this growing interest are 

convenient separation and recycling of the dissolved catalyst from the immobilizing ionic 

liquid, e.g. means of liquid-liquid biphasic catalysis.[8-13]   
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Herein, we report our efforts of incorporating Ni-catalysts for olefin dimerization into 

such ionic liquid systems. The development of selective catalysts for the dimerization of 

olefins is an important goal for industrial chemistry, as linear and branched dimers have 

different technical value. For example, in butene dimerization, the linear C8 dimers are 

clearly preferred over the branched ones as plasticizer alcohols obtained from linear 

dimers (via hydroformylation/hydrogenation sequences) display superior properties.  

Therefore, many efforts have been made to increase the selectivity of catalytic 

dimerization processes by varying the steric and electronic properties of the ligand 

systems attached to the Ni catalytic center.[14-19] An alternative, but yet very unexplored 

option to influence the selectivity of dimerization processes, is to manipulate the linkage 

pattern at the Ni center by a surrounding, highly ordered solvent environment. Liquid 

crystals (LCs)[20], and in particular ionic liquid crystals (ILCs)[21], seem to have very 

suitable properties for this kind of environment-induced selectivity effects. 

In order to influence the selectivity of Ni catalyzed dimerizations in ordered reaction 

media, we developed several C12-alkyl functionalized imidazolium ionic liquid (IL).  The 

long chain doubly alkyl derivatized imidazolium-based ionic liquid, [C12C12IM][BF4], for 

example, exhibits liquid crystalline behavior between 328 and 344 K, which is in an 

appropriate temperature range for dimerization reactions.[22] To realize the concept of a 

medium-induced selectivity, it is an obvious but far from trivial prerequisite that the 

dissolved Ni-catalyst complex possesses enough solubility in the medium and–even more  

important–maintains its pre-ordered molecular structure offered by the similarly structured 

solvent.  

Here, we report two new nickel complexes with NHC ligands comprising C12 alkyl 

chains (Scheme 5.1). Nickel complexes 1 and 2 have been selected and synthesized to 

fulfill these prerequisites due to their high structural similarity to the pre-ordered ILC, 

namely [C12C12IM][BF4]. For practical purposes it is unrealistic to attempt homogeneous 

catalysis in liquid-crystalline media in a classical liquid-liquid biphasic reaction mode.  

Due to the very high viscosity of typical liquid crystalline materials all mass transfer steps, 

such as diffusion of substrates to the dissolved catalyst complex would significantly be 

slowed down. A suitable way to overcome this conceptual disadvantage is to work with a 

catalytic material that only contains a very thin film of the liquid-crystalline medium 

physisorbed onto the high internal surface of a porous support material.  In the case of 

ionic liquid immobilization, the term “Supported Ionic Liquid Phase (SILP) material” has 

been coined recently for this approach.[23] Catalytic materials based on the SILP concept 
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In this paper, we describe an important step towards the future application of this type 

of materials in catalysis by introducing Ni–NHC complexes with suitably shaped ligand 

structures into the ILC-SILP materials under investigation. In order to evaluate the 

structural influence of the potential dimerization pre-catalyst in the ILC-SILP system, 

differential scanning calorimetry (DSC) and polarized optical microscopy (POM) 

techniques were used. We also report the results of a TR-IRAS study applied to mixtures 

of the ILC [C12C12IM][BF4] with Ni–NHC complexes dissolved therein. 

 

 

 

5.2 Result and discussion 
 

 

Synthesis. The Ni–NHC complexes were synthesized by a slightly modified protocol 

previously reported by Herrmann and co-workers.[26]  In order to simplify filtration of the 

precipitated carbene ligands after the deprotonation step, the imidazolium Cl-salts were 

transformed to the corresponding [PF6]– salts by salt metathesis first. The free carbene 

ligands were prepared by deprotonation of the imidazoliums [PF6]– salts with KOtBu in 

THF just before use. Finally, the resulting carbenes in THF were added to a THF solution 

of the nickel precursor, [NiCl2(PPh3)2], yielding the Ni(II) bis-carbene complexes 

[NiCl2L2] (1, L = C12MIM; 2, L = C12C12IM) in good yields (>80 %) (Scheme 5.1). 

Both complexes, 1 and 2, were fully characterized by 1H, 13C NMR, and CHN 

elemental analyses. The 1H resonances of the hydrogens at the 4 and 5 positions of the 

five-membered imidazole ring of 1 appeared at δ 6.00 and 5.85, while the spectra of 2 

show one single signal centered at δ 6.10 of the two equal H resonances.  Evidence of 

carbene coordination to the nickel ion was obtained by detecting the carbene carbons 

directly bound to nickel in the 13C NMR spectra.  The resonances at δ 170.10, 169.98, for 

1 and 2 respectively, are both in good agreement with other known NHC nickel 

complexes.[27-29] The Ni–NHC complexes were shown to be thermally stable by measuring 

temperature dependant NMR spectra up to 80 °C. 
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Scheme 5.1. Synthesis of the Ni-(NHC) complexes with C12-alkyl substituents. 

 

Phase Behavior of Mixtures of [NiCl2(C12MIM)2] (1) in [C12C12IM][BF4] 

Monitored by Temperature-Programmed Infrared Reflection Absorption 

Spectroscopy (TP-IRAS). To learn more about the thermally induced structural changes 

in systems containing the Ni–NHC complexes, temperature-programmed infrared 

reflection absorption spectroscopy (TP-IRAS) was performed. In a first step, it was 

verified by Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) that 

the phase transitions are also observed after immobilization on a porous silica support (see 

next section and experimental section Figure 5.4). The precision of the temperature 

measurement is however better for the single crystal experiments using IRAS. Therefore, 

the latter technique was used for a quantitative study.  

First, we studied [NiCl2(C12MIM)2] (1) dissolved in [C12C12IM][BF4] (1 wt.%) by 

temperature-programmed infrared reflection absorption spectroscopy (TP-IRAS).  This 

study was performed to learn more about the thermally induced structural changes in 

systems containing the Ni–NHC complexes. The obtained results are displayed in Figure 

5.2.  A comparison of the IR reflection absorption spectra of neat complex 1, [C12C12IM]-

[BF4], and a mixture of 10 wt.% 1 in [C12C12IM][BF4] is shown in Figure 5.2c.  As 

expected, the two systems show very similar spectra in the aliphatic CH stretching 

frequency region, whereas all other regions differ dramatically. Of special interest in the 



98 

 

spectrum of complex 1 is the band at 1230 cm-1, which does not coincide with any band of 

the ILC; and thus, allows in situ monitoring of the dissolved Ni complex down to 

concentrations of approximately 1 %. 

Molecular ordering and phase transitions were followed by time-resolved IRAS during 

cooling of several samples with differing amounts of the Ni-NHC complex dissolved in 

the ILC (from 1 to 10 wt.%). After the TR-IRAS experiment, the film was thermally 

desorbed and a reference spectrum of the clean Pt(111) surface was taken. The 

corresponding set of spectra of one particular sample containing 1 wt.% of the Ni–NHC 

catalyst is shown in Figure 5.2a.  For the specific peak assignments of the ILC, we refer to 

our previous publication.[25] 

The νs(CH2) modes (around 2850 cm-1) and the νas(CH2) modes (around 2920 cm-1) 

directly reflect the temperature-dependent conformational and structural changes of the 

alkyl chains and were primarily analyzed for the determination of the phase transition.[25]  

In general, the spectra in the CH stretching frequency region for the mixtures containing 

the Ni-carbene-catalyst are very similar to those of the pure ILC. Similar to the neat ILC 

we saw two small but sudden temperature-dependent spectral changes (Figure 2a), which 

can be associated with the liquid-liquid crystalline (between 342.2 K and 343.0 K) and 

liquid crystalline-solid (below 317.6 K) phase transitions. These spectral changes are more 

apparent in the differential spectra calculated by subtracting a reference spectrum taken 

well above the phase transitions (353.2 K), which is shown in Figure 5.2b. Both, negative 

and positive, peaks originating from intensity changes and/or frequency shifts of the 

original bands can be identified. The liquid crystalline-liquid phase transition is easily 

identified by the sudden appearance of the strong difference peaks at temperatures below 

343.0 K.  
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Figure 5.2 a) TP-IRAS spectra taken during cooling of the [C12C12IM][BF4] film with 1 

wt.% [NiCl2(C12MIM)2] on Pt(111). The reference spectrum of clean Pt(111) was taken 

after thermal desorption of the ionic liquid, subsequent to the TP-IRAS experiment. The 

inset shows a schematic representation of the experimental setup. b) Differential TP-IRAS 

spectra taken while cooling down the thin film of [C12C12IM][BF4] and 1 wt.% 

[NiCl2(C12MIM)2] on Pt(111) starting from 353.2 K. The reference spectrum was taken at 

353.2 K. c) IRAS spectra of (i) neat [C12C12IM][BF4], (ii) [C12C12IM][BF4] with 10 wt.% 

[NiCl2(C12MIM)2] and (iii) neat [NiCl2(C12MIM)2]. d) [C12C12IM][BF4]– [NiCl2(C12-

MIM)2] phase diagram based on the TP-IRAS results.  

 

Figure 5.2d shows the experimental transition temperatures as a function of Ni–NHC 

catalyst concentration.  The most important result is the preserved liquid-liquid crystalline 

phase transition in these mixed systems.  In fact, only a minor influence of the Ni–NHC 

catalyst on the transition temperature of the ILC is observed, namely a slight shift to lower 
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temperatures of the solid-LC smectic transition with increasing catalyst concentration 

broadening the liquid crystalline temperature range.  This supports the idea that structure 

formation in the liquid crystalline phase is hardly affected by Ni–NHC catalyst 

concentrations of up to 10 wt.%.  This is probably due to the structural similarity between 

the Ni–NHC catalyst 1 and the ILC, namely [C12C12IM][BF4].  These results are important 

for our next steps towards the catalytic application of supported ILC in dimerization 

catalysis as they clearly demonstrate that – at least for the Pt(111) support – the presence 

of a suitable Ni–NHC catalyst precursor does not negatively affect the system’s 

temperature switchable, collaborative organization effects in the catalytic active layer. 

Differential Scanning Calorimetry (DSC) and Polarized Optical Microscopy 

(POM) of Varying Mixtures of Ni–NHC Complexes and the Ionic Liquid Crystal 

(ILC) on Silica Support. Heading further towards a system applicable in a catalytic 

reactor, our next aim was to immobilize the Ni–NHC systems in ILC on a porous support 

according to the SILP catalyst concept.[23] In this context, we studied the Ni–NHC 

complexes 1 and 2 in [C12C12IM][BF4], immobilized on porous silica-100 with a pore 

filling � = 1.0 (� being defined as the ratio of IL volume support pore volume) using DSC 

and POM. Followed our previous work24, we demonstrated that the pure, metal-free ILC 

[C12C12IM][BF4] shows an observable smectic LC phase at a pore filling of � = 1 on silica-

100. However, at lower pore fillings (� = 0.3, � = 0.6), no evidence for LC phase 

formation on the silica surface of the support was detected (see experimental section, 

Figure 5.5).  Therefore, for the here reported study a 10 wt.% solution of Ni–NHC 

complexes in [C12C12IM][BF4] with the same pore filling of � = 1.0 on silica-100, was 

chosen.  Selected DSC and POM images of these systems are shown in Figure 5.3.  

Further evidence of DSC and POM images can be found in the experimental section.  Note 

that, for an isotropic fluid, the transmitted light of the microscope is extinguished due to 

the polarization filters. The displayed POM images were recorded at three different 

temperatures, which reflect the three particular states of matter observed for the Ni–NHC 

complexes in ILC-SILP.  The DSC curves reveal that for 10 wt.% of 1 in ILC-SILP, the 

phase transition from solid crystal to mesophase occurs at 319.9 K, while that from meso-

phase to isotropic liquid occurs  at 337.7 K.  For complex 2, the corresponding phase 

transition temperatures were 322.8 K and 340.6 K.  Furthermore a thermal event occurs at 

~ 305 K, which might be attributed to a different solid phase that is probably less ordered. 

This phenomenon was already reported by our team for the transitions of [C18C1IM][OTf] 

supported on silica-100.[24]  
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Figure 5.3 DSC curves, second heating cycle, and corresponding POM images (tenfold 

magnification of microscope) produced with a heating rate of 5 K min-1 and 10 wt.% of a) 

[NiCl2(C12MIM)2] 1 and b) [NiCl2(C12C12IM)2] 2, in [C12C12IM][BF4] immobilized on 

porous silica-100 with a pore filling � = 1.0. 

 

 

327�K�293�K� 343�K

293�K� 328�K� 353�K

a) 

b) 
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During the constant heating phase of both ILC-SILP samples, namely 1 in 

[C12C12IM][BF4] on silica-100 and 2 in [C12C12IM][BF4] on silica-100, distinct changes of 

polarization were seen in the POM measurements, which corresponded very well to the 

phase transition temperatures identified independently by the DSC measurements. The 

optical appearance of the ILC-SILP particles remains throughout the particular phase, 

solid, smectic and isotropic liquid. Only at the phase transition points a change in 

polarization is recognizable, as it can be seen in the video of the measurement. A third 

independent series of measurements has been performed on these samples using DRIFTS. 

These experiments were performed in a modified Bruker 80v spectroscopy, where 

evacuation of the optical path allows the acquisition of particularly clean infrared spectra 

on powders as well. The liquid crystalline to liquid phase transition was clearly observed 

at 338 and 342 K for the complexes 1 and 2, respectively (see experimental section, Figure 

5.4). These results are therefore in perfect agreement with the DSC and POM values. 

Accordingly, the DSC and POM results verify that Ni–NHC complexes with long 

alkyl chains dissolved in the structurally similar ionic liquid [C12C12IM][BF4] still exhibit 

a liquid crystalline behavior; and thus, form a temperature-switchable, pre-organized 

system when applied in a physi-sorbed manner on the silica support.  

 

 

 

5.3 Conclusion 
 

 

In summary, we have synthesized two new Ni–NHC complexes with long C12 alkyl 

chains that can serve as pre-catalyst systems for olefin dimerization reactions in ionic 

liquid crystalline media.  These Ni–NHC complexes form ordered structures in the investi-

gated structurally similar ILC, namely [C12C12IM][BF4].  As demonstrated by TP-IRAS, 

the liquid crystalline transitions are retained, even after addition of the Ni complex up to 

10 wt.%.  Moreover, the immobilization of the Ni-containing ILC on silica-100 was 

successful.  Even in this immobilized form, DSC and POM measurements confirmed the 

phase transition of the Ni-containing ILCs to smectic liquid crystalline phases.  This gives 

access to a very special form of Ni-based pre-catalyst for alkene dimerization that is 

embedded in a pre-organized and highly ordered, temperature switchable environment.  
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Our next steps towards an active catalytic system based on this concept of surface 

structure-induced selectivity patterns include the activation of the immobilized Ni-catalyst 

with suitable aluminumalkyl compounds and the synthesis of special Ni-complexes for 

ILC-SILP systems with self-activating ligands, such as e.g. methallyl or cyclooctadienyl, 

and long alkyl chain substituents to adjust solubility and phase behaviour.  This work is 

currently on-going in our laboratories. 

 

 

 

5.4 Experimental Section 
 

 

General Methods. All air- and moisture-sensitive experiments were carried out under 

nitrogen using standard Schlenk techniques or in an MBraun inert-gas glovebox 

containing an atmosphere of purified dinitrogen. 1-dodecyl-3-methylimidazolium chloride, 

ammonium hexafluorophosphate and bis(triphenylphosphine)nickel(II) dichloride were 

purchased from Merck, Acros and Aldrich, and used as received.  1,3-

Didodecylimidazolium chloride was prepared according to the literatures.[22] 1H NMR 

spectra were recorded on JEOL 400 MHz and 270 MHz instruments operating at 

respective frequencies of 399.782 MHz and 269.714 MHz with a probe temperature of 23 

ºC. 13C NMR spectra were recorded on JEOL 400 MHz and 270 MHz instruments 

operating at respective frequencies of 100.525 MHz and 67.82 MHz with a probe 

temperature of 23 ºC. Chemical shifts were reported relative to the peak for SiMe4 using 

1H (residual) chemical shifts of the solvent as a secondary standard and are reported in 

ppm. Elemental analysis results were obtained from the Analytical Laboratories at the 

Friedrich-Alexander-University Erlangen-Nürnberg (Erlangen, Germany). 

Preparation of [C12MIM][PF6], [C12C12IM][PF6]. In a typical reaction, a solution of 

NH4PF6 (1.1 g, 6.64 mmol) in acetonitrile (5 mL) was added to a solution of 1-dodecyl-3-

methylimidazolium chloride (0.635 g, 2.21 mmol) in acetonitrile (5 mL). The mixture was 

stirred for 2 h, followed by removal of the solvent. CH2Cl2 (10 mL) was then added to the 

mixture, and the resulting precipitate was removed by filtration.  The solution was 

evaporated to dryness to give 1-dodecyl-3-methylimidazolium hexafluorophosphate.  

Yield: 0.841 g (96 %). [C12MIM][PF6]:  
1H NMR (400 MHz, CDCl3): � 8.47 (s, 1H, 
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imidazole C(2)H), 7.28 (s, 1H, imidazole CH=CH), 7.24 (s, 1H, imidazole CH=CH), 4.11 

(t, J = 7.5 Hz, 2H, NCH2), 3.89 (s, 3H, NCH3), 1.84 (quintet, J = 7.0 Hz, 2H, NCH2CH2), 

1.29-1.23 (m, 18H, (CH2)n), 0.86 (t, J = 6.8 Hz, 3H, CH3). 13C{1H} NMR (100 MHz, 

CDCl3): � 136.03, 123.70, 122.06, 50.26, 36.30, 31.97, 29.98, 29.67, 29.58, 29.42, 29.40, 

28.99, 26.27, 22.74, 14.16. Anal. Calcd for C16H31N2PF6: C, 48.48; H, 7.88; N, 7.07. 

Found: C, 48.88; H, 8.03; N, 6.82. [C12C12IM][PF6]:  
1H NMR (270 MHz, DMSO-d6): � 

9.15 (s, 1H, imidazole C(2)H), 7.75 (d, J = 1.2 Hz, 2H, imidazole CH=CH), 4.11 (t, J = 

7.0 Hz, 4H, NCH2), 1.74 (quintet, J = 6.8 Hz, 4H, NCH2CH2), 1.19 (m, 36H, (CH2)n), 0.81 

(t, J = 6.5 Hz, 3H, CH3). 13C{1H} NMR (67.5 MHz, DMSO-d6): � 136.46, 123.00, 49.38, 

31.84, 29.74, 29.58, 29.56, 29.46, 29.40, 29.26, 28.85, 25.96, 22.63, 14.46, 14.44. Anal. 

Calcd for C27H53N2PF6: C, 58.89; H, 9.70; N, 5.09. Found: C, 59.18; H, 10.08; N, 5.08. 

Preparation of [NiCl2(C12MIM)2] (1) and [NiCl2(C12C12IM)2] (2).[30] In a typical 

reaction, a solution of potassium tert-butoxide (108.4 mg, 1.2 mmol) in THF was added to 

a suspension of [C12MIM][PF6] (396.4 mg, 1 mmol) in 5 mL THF and stirred for 2 h.  

THF was removed in vacuum to yield a yellow-orange solid.  The resulting material was 

dissolved in 15 mL of hexane and filtered through a small amount of celite.  The filtrate 

was concentrated and dried in vacuum to yield a light yellow powder and then redissolved 

in 3 mL THF, and slowly added to a solution of  [NiCl2(PPh3)2] (235.6 mg, 0.36 mmol) in 

5 mL THF.  After 1h of stirring at room temperature, THF was removed in vacuum to 

yield a brown solid, which was washed with hexane to remove PPh3 and excess carbene.  

The resulting material was dried in vacuo to yield a yellow brown product.  Yield: 183.8 

mg (81 %). [NiCl2(C12MIM)2] (1):  1H NMR (270 MHz, C6D6): � 6.00 (s, 2 H, CH=CH), 

5.85 (s, 2 H, CH=CH), 4.83 (t, J = 7.0 Hz, 4H, NCH2), 4.20 (s, 6 H, CH3), 2.33 (m, 4 H, 

NCH2CH2), 1.44-1.17 (m, 36 H, (CH2)n), 0.83 (t, J = 8.0 Hz, CH3). 13C{1H} NMR (100 

MHz, C6D6): � 170.10, 120.93, 119.84, 50.60, 36.93, 32.07, 31.65, 31.44, 29.89, 29.77, 

29.67, 29.56, 27.32, 22.84, 22.74, 14.09, 14.04. Anal. Calcd for C32H60N4NiCl2 : C, 60.96; 

H, 9.59; N, 8.89. Found: C, 61.53; H, 9.53; N, 8.63. [NiCl2(C12C12IM)2] (2): 1H NMR (270 

MHz, C6D6): � 6.10 (s, 4 H, CH=CH), 4.96 (t, J = 7.4 Hz, 8 H, NCH2), 2.32 (quintet, J = 

7.2 Hz, 8 H, NCH2CH2), 1.52-1.28 (m, 72 H, (CH2)n), 0.87 (t, J = 6.5 Hz, CH3). 13C{1H} 

NMR (67.5 MHz, C6D6): � 169.98, 119.69, 50.69, 32.08, 31.40, 29.97, 29.94, 29.91, 

29.81, 29.59, 27.42, 22.85, 14.09. Anal. Calcd for C54H104N4NiCl2: C, 69.07; H, 11.16; N, 

5.97. Found: C, 69.11; H, 10.95; N, 5.99. 
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Infrared Reflection Absorption Spectroscopy (IRAS). All IRAS experiments were 

performed in an ultrahigh vacuum (UHV) system described elsewhere (base pressure 

around 2×10-10 mbar).[31] The system was equipped with a Fourier transform infrared 

(FTIR) spectrometer (Bruker IFS66/v) and a vacuum transfer system. 

For all measurements, carefully and under high vacuum purified 1,3-

didodecylimidazolium tetrafluoroborate, [C12C12IM][BF4] and bis(1-dodecyl-3-

methylimidazolium) nickel chloride, [NiCl2(C12MIM)2] (1) was used. The ILC and the Ni-

carbene-complex were dissolved in chloroform and spin-coated ex-situ onto a Pt(111) 

single crystal. Note that spin-coating was performed ex-situ, which implies that the 

Pt(111) is not atomically clean before the ILC film is applied. In view of the layer 

thickness in the range of 10 �m, these contaminations are not critical for the presented IR 

experiments. The Ni-IL/Pt(111) sample was transferred into the UHV system via the 

vacuum transfer system, where the IRAS experiments were carried out.  

The temperature of the sample was adjusted by cooling the sample holder and radiative 

heating of the sample with a tungsten filament. The temperature was measured by a type K 

thermocouple attached directly to the sample and continuously read by a controller 

(Fluke). The sample was heated to 353.2 K before the reference spectrum was taken. Then 

the sample was cooled at 1 K min-1 while FTIR spectra were recorded in a time resolved 

(TR) mode. The spectral resolution was 2 cm-1 with an acquisition time of 60 s per 

spectrum. After the experiment the ILC was thermally desorbed from the sample and a 

reference spectrum of the clean Pt(111) surface was taken. 

Procedure and Preparation of the Diffuse Reflectance Infrared Spectroscopy 

(DRIFTS). The ILC-SILP materials were grinded with dehydrated potassium bromide 

KBr (5wt.% of ILC-SILP) in a mortar for one minute and the then placed into the reactor. 

During the experiments the reactor was maintained under a flow of 4 mL/min of nitrogen, 

at a pressure of 10 mbar. The experimental procedure is schematically depicted in the top 

panel of Figure 5. The ILC-SILP material is first dried in-situ for 20 min at 349 K. The 

first measurement cycle then starts with another 20 min at 301 K, the powder was then 

heated to 349 K at a rate of 0.52 K min-1, maintained at 349 K for 10 min, and cooled 

again to 301 K at 0.52 K min-1. Diffuse reflectance spectra were acquired during the ramps 

in time-resolved mode at a rate of one spectrum K-1, with a resolution of 2 cm-1. This 

measurement cycle was performed three times. All DRIFTS experiments were performed 

in a High Temperature Reaction Chamber (Harrick HVC-DRP-4) with a volume capacity 

of 4 ml. The reactor was mounted in a Praying MantisTM (Harrick), installed in a Fourier   
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transform infrared spectrometer (FTIR) (Bruker Vertex 80v). The FTIR has been modified 

in house to be able to evacuate the optical path during DRIFTS measurements. 

Synchronization of the heating cycles and infrared measurements is fully automated. The 

temperature is calibrated first on pure silica-100 mixed with KBr using a type K 

thermocouple. The thermocouple is not present during the experiments. The DRIFTS 

measurements were then performed with fully loaded silica-100 on ILC-SILP materials 1 

and 2.  

Preparation of ILC-SILP Material with Pore Filling � = 1 (10 wt.% Ni-NHC 

Complexes) for DSC and POM Measurements. The ILC-SILP materials were prepared 

by dissolving the ionic liquid [C12C12IM][BF4] and the Ni-carbene-complexes in dry 

toluene (< 10 ppm H2O) and stirring the mixture for 30 min under inert gas atmosphere. 

For screening the influence of these additives on liquid crystallinity, the solvent was 

removed at 333 K in a rotary evaporator under argon and the samples were dried over 

night at 333 K under 4·10-4 mbar vacuum. 

After these measurements, the mixture was redissolved in toluene and stirred for 30 

min. The desired amount of support material was added to this solution and the resulting 

suspension was stirred for another 30 min at room temperature under argon. After slow 

evaporation of the solvent at 333 K, the ILC-SILP material was dried at 333 K under  

4·10-4 mbar vacuum over night. The formal pore filling � of the SILP materials was 

calculated according to equation 2. 

�
�
�

�

�
�
�

�
��

pore
.

support

support
.

IL

pore
.

tsuppor

IL

mlg

gml

Vm
V  (2) 

Differential scanning calorimetry (DSC) was measured with three repeating cycles 

each on a Netzsch DSC 204 instrument with a heating rate of 5 K min-1 in the temperature 

range of 273 K and 423 K. Polarized optical microscopy (POM) was carried out using a 

Nikon Eclipse 50i microscope, equipped with a Nikon DsFi 1 digital camera and a Linkam 

PE95-LinkPad heating table. 

Preparation of ILC-SILP Material with Pore Filling � = 1. The LC-SILP materials 

were prepared by dissolution of the ionic liquid [C12C12IM][BF4]� in water free 

tetrahydrofurane (< 75 ppm H2O) by stirring the mixture for 30 min under inert gas 

atmosphere. The desired amount of support material was added to this solution and the 

resulting suspension was stirred for another 30 min at room temperature. After slow 
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Figure 5.6 DSC curves, second heating cycle, produced with a heating rate of 5 K min-1 

and 10 wt.% of a) [NiCl2(C12MIM)2] 1 and b) [NiCl2(C12C12IM)2] 2, in [C12C12IM][BF4]. 

�
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a)  

 

b)  

 

Figure 5.7 POM images (tenfold magnification of microscope) produced with a heating 

rate of 5 K min-1 and 10 wt.% of a) [NiCl2(C12MIM)2] 1 at 333 K and b) 

[NiCl2(C12C12IM)2] 2 at 333 K, in [C12C12IM][BF4]. 

 
333 K 293 K 343 K 
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a)  

 

b)  

 

Figure 5.8 POM images (tenfold magnification of microscope) produced with a heating 

rate of 5 K min-1 and 10 wt.% of a) [NiCl2(C12MIM)2] 1 at 333 K and b) 

[NiCl2(C12C12IM)2] 2 at 333 K, in [C12C12IM][BF4] immobilized on porous silica-100 

with a pore filling α = 1.0. 
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Chapter 6 Self-Activating Nickel Catalysts for Olefin 

Dimerizations on SILP Materials 
 

 

 

6.1 Introduction 
 

 

The homogeneous oligomerization of olefins is of great significance in both laboratory 

synthesis and in industrial processes. In these processes, higher α-olefins (HAOs) are 

obtained, which represent an important class of industrial chemicals and are valuable 

intermediates for plastics, plasticizers, lubricants and surfactants, depending on chain 

length.[1-6] In recent years, the use of ionic liquids (ILs) in the Ni-catalyzed 

oligomerization of olefins has received increasing attention.[7-11] The ILs employed are 

typically highly polar and are advantageous solvents for catalysis, while being immiscible 

with hydrocarbon substrates. In addition to the high activities and selectivity of catalysis 

performed in ILs, the use of ILs allows for recycling of the catalyst by a simple 

decantation of the catalyst from products.[12]  

The first example oligomerization reactions in ionic liquids under homogeneous 

catalysis was reported in 1990.[13] Since then, the research on the oligomerization of 

ethylene and higher olefins in ionic liquids has grown rapidly. In particular, neutral Ni 

catalysts in chloroaluminate ionic liquids systems have been widely used.[12,14-16] However, 

this system give a high degree of isomerisation, yielding internal olefins. Cationic Ni 

complexes have attracted increasing attention as highly active catalysts for olefin 

dimerization.[17-20] Being positively charged, they usually possess a more electrophilic Ni 

centre, often resulting in higher activity. The Wasserscheid group has investigated, for 

example, the ethylene oligomerization catalyzed by (η3-methallyl)[bis(diphenyl-

phosphanyl)-methane-monoxide-κ2-P,O]nickel(II) hexafluoroantimonate [(mall)Ni(dpp-

mO)][SbF6] (Scheme 6.1)  in different  solvents;[21] CH2Cl2 proved to be the best choice 

among the organic solvents studied. By switching to [BMIM][PF6] as an ionic liquid 

solvent, the activity of the cationic Ni complex could be increased by a factor of 

approximately seven.[22] The overall selectivity of the biphasic reaction to linear α-olefins 



119�

�

was as high as 88 %, which is even slightly higher than that found in the monophasic 

reaction in CH2Cl2. 

However, in biphasic ionic liquid systems, a relatively high amount of expensive ionic 

liquids is required, and its intrinsically high viscosity leads to slow mass transport between 

the two liquid phases, which has proven to be disadvantageous.[23] To overcome these 

limitations, supported ionic liquid catalysis concept was introduced by Christian Mehnert 

from ExxonMobil R & E Company for the first time in 2002.[24] Subsequently, supported 

ionic liquid phases (SILP) were widely studied.[25,26] SILP materials are prepared by 

dispersing a solution of the catalyst complex in an ionic liquid as a thin, physisorbed film 

on the large internal surface area of a porous solid material.[27-30] Since the film thickness 

of the ionic liquid is within the nanometer range, diffusion issues are minimized given the 

extremely small diffusion distances. Thus, excellent ionic liquid utilization has been 

achieved; consequently, the same catalytic performance can be achieved with a much 

smaller total IL amount compared to liquid liquid biphasic systems. Because ionic 

liquids typically have extremely low vapor pressures,[31,32] catalysis with SILP materials is 

particularly attractive in continuous gas-phase contact systems. During catalysis the 

immobilized catalytic ionic liquid film comes into contact solely with gaseous reactants 

and products. 

 

                      

Scheme 6.1 Cationic Ni complexes and Ni-NHC complexes investigated in this chapter. 

 

Previously, we have synthesized two neutral Ni-NHC complexes with long alkyl 

chains, [NiCl2(C12MIM)2] (1) and [NiCl2(C12C12IM)2] (2) (Scheme 6.1).[33] This chapter 

reports some simple catalytic results for these two complexes. Because activation of 

neutral Ni-NHC complexes are generally required when used as catalysts in ILs, we have 

synthesized a series of new self-activating cationic Ni complexes with chelating ligands. 
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In some examples we have also attached long alkyl chains to the NHC unit for the 

potential applications as catalysts in pre-ordered ionic liquid crystalline systems. 

Furthermore, we have investigated the catalytic performance of these Ni complexes on 

ethylene dimerization reaction on SILP materials.  

 

 

 

6.2 Results and Discussion 
 

 

Synthesis and Characterization of �3-Methallyl-Ni Complexes (mall-Ni). Although 

many chelating phosphine-NHC complexes have been reported, [34-39] to the best of our 

knowledge, no cationic mall-Ni complexes with chelating phosphine-NHC complexes has 

been reported. The phosphine-imidazolium ligand 1-(2-(diphenylphosphino)-ethyl)-3-

dodecylimidazolium chloride ([PPh2C2IMC12]Cl) was synthesized by following related 

reports with slight modi	cations (see experimental section).[34-37,40] After the ligand 

precursor was deprotonated by KOtBu in THF, the resulting phosphine-NHC was allowed 

to react with the nickel precursor methallyl nickel chloride dimer ([(mall)NiCl]2) in THF 

at -78 ºC, followed by anion exchange by AgSbF6, yielding the corresponding cationic 

Ni(II) complexes [(mall)Ni(PPh2C2IMC12)][SbF6] (3) (PPh2C2IMC12 = 1-(2-(diphenyl-

phosphino)ethyl)-3-dodecylimidazolin-2-ylidene) in good yields (74 %) (Scheme 6.2). 

This complex has been characterized by 1H NMR, 13C NMR, 31P NMR, CHN elemental 

analysis, and X-ray crystallography. In the 1H NMR spectrum (CD2Cl2) of 3, the protons 

at � 7.25 (d, J = 2 Hz) and 7.01 (d, J = 2 Hz) were assigned to those at the 4 and 5 position 

of the NHC ring. In the 13C{1H} NMR spectrum, the Ni–C(2) resonates at � 173.02, 

typical for metal bound NHCs. The coordination of PPh2 to the nickel center was 

confirmed by a singlet 31P{1H} resonance signal at � 25.30. 

Single crystals of 3 suitable for an X-ray diffraction study were obtained by diffusion 

of n-pentane into a THF solution of 3. The molecular structure of complex 3 is given in 

Figure 6.1. The nickel centre is coordinated in a distorted square planar fashion by four 

donor atoms (C3, C31, C32 and P1). These donor atoms form an almost ideal plane 

(largest deviation from the least-squares plane calculated through the four donor atoms is 

0.009(2) Å observed for C31) while the nickel centre distinctly deviates from this plane by  



121 

 

NNC12H25 NNC12H25 Cl

Cl

ClCH2CH2Cl

2days
KPPh2

DMSO
NNC12H25 PPh2

Cl

1.2eq KOtBu

THF, 1h
NNC12H25 PPh2

Ni Ni
Cl

Cl

NaSbF6
   THF

Ni
P
H

N
N SbF6

3
 

 

Scheme 6.2 Synthesis of Ni complex [(mall)Ni(PPh2C2ImC12)][SbF6] (3).  

 

 
Figure 6.1 Molecular structure of complex 3 showing 50 % probability ellipsoids. 

Hydrogen atoms are omitted for clarity. Selected bond distances (Å) and angles (°):  Ni1–

C3 1.905(2), Ni1–C31 2.038(3), Ni1–C30 2.028(3), Ni1–C32 2.019(3), Ni1–P1 

2.1727(10), C31–C30 1.401(4), C30–C32 1.415(4), N1–C3 1.358(3), N2–C3 1.362(3), 

C3–Ni1–P1 89.90(7), C3–Ni1–C30 135.09(11), C3–Ni1–C31 99.77(10), C3–Ni1–C32 

169.45 (13), C30–Ni1–P1 133.32(9), P1–Ni1–C32 97.05(9), P1–Ni1–C31 167.14 (8), 

C32–Ni1–C31 72.25(11), C31–C30–C32 116.3(3).   
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0.135(2) Å. P1 and C3 of the chelating phosphine-NHC ligand occupy cis position. The 

methallyl group binds to the metal in a slightly non-symmetrical manner, with small 

differences of the Ni–C bond distances. The Ni–C allyl carbon bond distance trans to the 

CNHC is 2.019(3) Å while the one trans to the P donor is 2.038(3) Å, which is a small but 

significant difference. The distance of the Ni–C (central allyl carbon) can be found in 

between and amounts to 2.028(3) Å. 

The Ni complex 4 [(mall)Ni-dppanis][SbF6] (dppanis = (2-methoxyphenyl)diphenyl-

phosphine) was synthesized by following Wasserscheid’s report (Scheme 6.3).[21] First, 

anisol was functionalized with an ortho diphenylphosphino group by ortho lithiation using 

BuLi followed by treatment with PPh2Cl. Coordination of this bidentate ligand with 

methylallyl Ni chloride dimer in CH2Cl2, followed by treatment with AgSbF6, gave 

cationic complex 4. It has been shown previously that this Ni complex 4 has high activity 

in olefin dimerization.[21] By following this procedure, other congeners were prepared and 

their catalytic activity and stability were compared. 

 

Ni
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Cl
Ni
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CH2Cl2

Ni
P

O SbF6
Me
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O
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Me Me

N
N
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Scheme 6.3 Synthesis of Ni complex [(mall)Ni-dppanis][SbF6] (4).  

 

According to the previous results in Wasserscheid’s group, complexe 4 is the most 

efficient nickel catalyst so far developed. However, in order to obtain more stable Ni 

catalysts and to obtain both high activity and selectivity of the catalytic reaction, we have 

designed and synthesized new derivatives of Ni complexes based on 4. The synthetic 

procedure of complexes [(mall)Ni(PPh3OC10)][SbF6] (5) (PPh3OC10 = (2-decoxyphenyl)-

diphenylphosphine) is shown in Scheme 6.4. Starting from phenol and decylchloride, we 

have synthesized the analogous complex 5, which was fully characterized by 1H NMR, 13C 

NMR and HRMS. Single crystals were obtained at -35 ºC by slow diffusion of ether into a 

CH2Cl2 solution of 5; however, these crystals proved to be highly temperature sensitive 

and unfortunately no molecular structure could be obtained.  
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Scheme 6.4 Synthesis of Ni complex [(mall)Ni(PPh3OC10)][SbF6] (5). 

 

In order to obtain more stable Ni catalysts by way of steric protection, we set out to 

attach bulky groups around the phenolic oxygen. The phenol ethers were synthesized by 

reacting bromobenzene with the corresponding phenol in the presence of base Cs2CO3 

using CuI as catalyst in dry N-methyl-2-pyrrolidone (NMP).[41] The phenol ether with R = 

iPr was pure enough for further reaction based on 1H NMR and 13C NMR for the next step. 

Further purification, if necessary, can be performed by column. By following the sequence 

given in Scheme 6.5, The resulting complexes [(mall)Ni(PPh3OdiMePh)][SbF6] (6) and 

[(mall)Ni(PPh3OdiiPrPh)][SbF6] (7) (PPh3OdiMePh = (2-(2,6-dimethyl-phenoxy)phenyl) 

diphenylphosphine, PPh3OdiiPrPh = (2-(2,6-diisopropylphenoxy)phenyl)-diphenylphos-

phine) were prepared and were characterized by 1H NMR, 13C NMR, 31P NMR and 

HRMS. The coordination of PPh2 to the nickel center was demonstrated by a singlet 31P 

resonance at δ 21.59 for 6 and 22.37 for 7.  



124 

 

Br

O
R R

tBuLi/TMEDA PPh2Cl

O
R R

PPh2

Ni
Cl

Cl
Ni

AgSbF6
CH2Cl2

Ni
P

O

SbF6

R
R

hexane

OH
R R Cs2CO3, CuI

NMP

R = Me, iPr

6 R = Me
7 R = iPr  

 
Scheme 6.5 Synthesis of Ni complexes [(η3-methallyl)Ni(PPh3OdiMePh)][SbF6] (6) and 

[(η3-methallyl)Ni(PPh3OdiiPrPh)][SbF6] (7).  

 

Single crystals of 6 suitable for X-ray diffraction studies were grown by layering a 

CH2Cl2 solution of the complex with n-pentane. The molecular structure of complex 6 is 

shown in Figure 6.2. As observed for 3 the nickel centre in 6 is coordinated in a distorted 

square planar fashion by its four donor atoms (C27, C29, O1 and P1). These donor atoms 

form an almost ideal plane (largest deviation from the least-squares plane calculated 

through the four donor atoms is 0.009(2) Å observed for C29) while the deviation of the 

nickel centre from this plane amounts to only 0.066(1) Å which is significantly smaller 

than observed for 3. Again, the methallyl binds to the metal in a non-symmetrical manner 

but in contrast to 3 in 6 the differences between the Ni-C allyl bond distances are much 

more pronounced. The Ni–C allyl carbon distance trans to O1 is 1.972(2) Å, while the one 

trans to P1 is 2.049(2) Å. The distance of the Ni–C (central allyl carbon) falls in between 

and is 1.996(2) Å.  
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Figure 6.2 Molecular structure of complex 6 showing 50 % probability ellipsoids. 

Hydrogen atoms are omitted for clarity. Selected bond distances (Å) and angles (°):  Ni1–

O1 1.9557 (13), Ni1–C27 1.972 (2), Ni1–C28 1.996 (2), Ni1–C29 2.049 (2),  Ni1–P1 

2.1526 (6), C27–C28 1.406 (3), C28–C29 1.389 (3), O1–Ni1–P1 87.45 (4), O1–Ni1–C27 

171.69 (8), O1–Ni1–C28 133.92 (8), O1–Ni1–C29 100.24 (8), C27–Ni1–C28 41.72 (9), 

C27–Ni1–C29 72.52 (10), C28–Ni1–C29 40.41 (9), C27–Ni1–P1 99.54 (7), C28–Ni1–P1 

134.12 (7), C29–Ni1–P1 171.57 (7), C29–C28–C27 115.63 (19).  

 

Variable Temperature NMR Measurements. To investigate the effect of the bulky 

phenyl group on the thermal stability of Ni complexes, we carried out temperature 

dependent 1H NMR measurements for 4 and 6. We can see that chemical shifts in the 1H 

NMR for 4 changed when the temperature changed from 25 ºC to 60 ºC (Figure 6.3), 

however, those of 6 remained unchanged with increasing temperature (Figure 6.4). Thus, 

we can know that the Ni complex 6 with the bulky dimethylphenyl group is more 

thermally stable than 4. In order to simulate the environment of the ethylene dimerization 

reaction, we added 1,5-cyclooctadiene (COD) to 4 and 6, then measured the temperature 

dependent 1H NMR for two mixtures. We can see that chemical shifts in the 1H NMR for 

both Ni complexes remained almost unchanged with increasing temperature in the 

presence of COD (see experimental section), which is to say that both complexes 4 and 6 

are thermally stable in the processes of olefin dimerization.     
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Figure 6.3 Temperature dependent 1H NMR for Ni complex 4 [(mall)Ni-dppanis][SbF6] 

in THF-d6.  
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Figure 6.4 Temperature dependent 1H NMR for Ni complex 6 [(mall)Ni-

(PPh3OdiMePh)][SbF6] in THF-d6. 

 

 

 

Catalytic Results. To investigate the activity of such a catalytic system, we tested the 

newly prepared catalysts on calcined silica support for ethylene dimerization. For Ni(II)-

NHC catalysts 1 and 2, the catalytic reaction was carried out in a 250 mL batch reactor, 

with 10 bar constant ethylene feed. As given in Table 6.1, Ni(II)-NHC catalyst 1 showed 

good activity for ethylene oligomerization. The catalyst was also highly active in the non-

acidic 1-ethyl-3-methylimidazolium tris(pentafluoroethyl)-trifluorophosphate ([EMIM] 

[FAP]) and in the liquid crystalline [C12C12IM][BF4]. In contrast, catalyst 2 showed lower 

activity. 

 

 

 



128 

 

Table 6.1 Catalytic results for Ni catalysts 1 and 2. 

 

Catalyst Ionic liquids TOF [1/h] 

 

1 

[BMIM]Cl/AlCl3 139440 

[EMIM][FAP] 132833 

[C12C12IM][BF4] 198099 

2 [C12C12IM][BF4] 5481 

 

For Ni-complex 3, the catalytic reaction was tested in the dimerization of ethylene on 

SILP materials of [EMIM][FAP]  in continuous runs. Unfortunately, this catalyst showed 

very low activity (1%). It has been suggested that, the strong Ni-NHC bond in 3 hampers 

the generation of the active Ni-H during the catalytic process. 

In the following experiments, the four self-activating Ni catalysts 4, 5, 6, and 7 were 

tested. The results of the catalytic runs with the modified catalyst structures were 

compared to our standard system with catalyst 4. The reaction conditions for these runs 

were as follows: mSILP = 2g, Nickel-loading = 0.25%, IL-Loading = 0.3, [EMIM][FAP], 

calcined silica gel 100, residence time = 8s, T cooling = 19 ºC, volume flow ethylene = 25.5 

ml/min. The conversion was measured over time as shown in Figure 6.5. All these four 

catalysts exhibited good activity (100 %). Catalyst 5 showed the lowest catalyst stability, 

after an initial activation phase, and the catalyst deactivated rapidly with increasing 

temperature. Catalyst 6 exhibited highest catalyst stability, due to the increased thermal 

stability provided by the introduction of the bulky 2,6-dimethylphenyl group. Ni complex 

7, with a 2,6-diisopropyphenyl group, showed almost the same catalyst stability as 4. 
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Figure 6.5 Ethylene conversion plotted over time for dimerization of ethylene in the 

presence of self-activating catalysts 4 (■), 5 (●), 6 (▲), 7(▼) on SILP catalyst materials. 

 

 

 

 

 

 

 

 

 

 
Figure 6.6 Butenes selectivity over time for dimerization of ethylene in the presence of 

self-activating catalysts 4 (■), 5 (●), 6 (▲), 7(▼) on SILP catalyst materials. 
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Figure 6.7 2-Butene selectivity over time for dimerization of ethylene in the presence of 

self-activating catalysts 4 (■), 5 (●), 6 (▲), 7(▼) on SILP catalyst materials. 

 
The selectivity of butenes was measured over time as shown in Figure 6.6. The 

fluctuations in the selectivity plots can be ascribed to the condensation of liquid products 

in the rig during the catalytic experiments. On average, the selectivities toward butenes are 

around 80 %. The selectivity of 2-butene was measured over time as shown in Figure 6.7. 

From the selectivity results of butenes and 2-butene, it was concluded that almost all 

butenes formed are 2-butenes.  

  

 

 

6.3 Conclusion 
 

 

In conclusion, a series of self-activating cationic Ni complexes with different P~O 

ligands have been synthesized and were tested for thermal stability by temperature 

dependent 1H NMR. Furthermore, these complexes were used as catalysts in the 

continuous gas-phase dimerization of ethylene, using the SILP approach. The selectivities 

toward butenes are around 80 % and almost all butenes formed are 2-butenes.  
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6.4 Experimental Section 
 

 

General Methods. All air- and moisture-sensitive experiments were carried out under 

nitrogen using standard Schlenk techniques or in an MBraun nitrogen-filled glove box. 1-

Dodecylimidazole and decylbenzene were prepared according to literature reports.[42,43] 

Potassium diphenylphosphide solution (0.5 M in THF) was purchased from Aldrich. 

Chlorodiphenylphosphine, n-butyllithium (1.6 M solution in hexane), N,N,N',N'-

tetramethylethylenediamine and 1-methyl-2-pyrrolidinone which were protected under 

argon were purchased from Acros and used as received. Methallylnickel chloride dimer 

was purchased from the Strem Chemicals Inc. 1H NMR spectra were recorded on a JEOL 

400 MHz spectrometer operating at respective frequencies of 399.782 MHz with a probe 

temperature of 23 ºC. 13C NMR spectra were recorded on JEOL 400 MHz spectrometer 

operating at respective frequencies of 100.525 MHz with a probe temperature of 23 ºC. 

Chemical shifts were reported relative to the peak for SiMe4 using 1H (residual) chemical 

shifts of the solvent as a secondary standard and are reported in ppm. Elemental analysis 

results and HRMS results were obtained from the Analytical Laboratories at the Friedrich-

Alexander-University Erlangen-Nürnberg (Erlangen, Germany). 

 

NNC12H25 Cl

Cl  
 

Preparation of 3-(2-Chloroethyl)-1-dodecylimidazolium chloride.[40] 1-

Dodecylimidazole (10 g, 42.3 mmol) was dissolved in 1,2-dichloroethane (60 mL) and the 

solution was stirred under reflux for 20 h. 1,2-Dichloroethane was then removed under 

vacuum and the resulting residue was dissolved in hot acetonitrile (150 mL). Cooling of 

this solution to -20 oC gave precipitates which were mostly the dicationic side product. 

The precipitates were rapidly removed by filtration while the solution was cold. Removal 

of all the acetonitrile of the filtrate gave a colorless viscous liquid which slowly solidified 

to give a white hydroscopic solid. Yield: 9.8 g (69%). 1H NMR (400 MHz, DMSO-d6): δ 

9.50 (s, br, 1H, imidazole C(2)H), 7.91 (m, br, 2H, imidazole CH=CH), 4.59 (t, J = 4.8 

Hz, 2H, NCH2), 4.21 (d, J = 4 Hz, 2H), 4.11 (d, J = 4 Hz, 2H), 1.78 (quintet, J = 6.8 Hz, 

2H, NCH2CH2), 1.22 (m, 18H, (CH2)n), 0.84 (t, J = 3.1 Hz, 3H, CH3). 13C{1H} NMR 
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(100 MHz, DMSO-d6): δ 137.38, 123.19, 50.87, 49.44, 43.83, 31.86, 29.87, 29.86, 29.59, 

29.57, 29.46, 29.41, 29.27, 28.88, 25.95, 22.66, 14.50. Anal. Calcd for C17H32N2Cl2: C, 

60.89; H, 9.62; N, 8.35. Found: C, 60.14; H, 9.88; N, 7.69.  

 

NNC12H25 PPh2

Cl  
 

Preparation of 3-[2-(Diphenylphosphino)ethyl]-1-dodecylimidazolium chloride. 

Potassium diphenylphosphide in THF solution (0.5 M, 6.2 mL, 3.1 mmol) was added 

dropwise to a solution of 3-(2-chloroethyl)-1-dodecylimidazolium chloride (1.045 g, 3.12 

mmol) in DMSO (6 mL). The mixture was stirred at room temperature for 3 hours, 

followed by removal of DMSO under reduced pressure. Methanol (5 mL) was then added 

and the mixture was stirred for 20 min followed by removal of all volatiles under vacuum. 

The residue was then dissolved in dichloromethane (15 mL) and was filtered to remove 

inorganic salts. All the solvent was then removed under vacuum to afford 3-[2-

(diphenylphosphino)ethyl]-1-dodecylimidazolium chloride as a white solid after washing 

with diethyl ether 3 times. Yield: 1.2 g (79%). 1H NMR (400 MHz, CDCl3): δ 11.04 (s, 

1H, imidazole C(2)H), 7.44-7.40 (m, 4H), 7.32-7.31 (m, 6H), 7.24 (s, 1H), 7.15 (s, 1H), 

4.44 (m, 2H, PCH2), 4.22 (t, J = 7.6 Hz, 2H, PCH2CH2N), 2.78 (t, J = 7.2 Hz, 2H, 

NCH2CH2), 1.82 (quintet, J = 6.8 Hz, NCH2CH2), 1.28-1.21 (m, 18H, (CH2)n), 0.85 (t, J 

= 6.8 Hz, CH3). 13C{1H} NMR (100 MHz, CDCl3): δ 138.40, 136.20, 136.09, 132.96, 

132.76, 129.43, 128.98, 128.91, 122.16, 121.11, 50.21, 47.99, 47.77, 31.96, 30.32, 29.65, 

29.56, 29.44, 29.39, 29.22, 29.08, 26.35, 22.75, 14.20. 31P{1H}  NMR (162 MHz, CDCl3): 

δ -21.45.  Anal. Calcd for C29H42N2PCl: C, 71.80; H, 8.73; N, 5.77. Found: C, 72.15; H, 

8.79; N, 5.78.  
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Ni
P
H

N
N SbF6

3
 

 

Preparation of [(Mall)Ni(PPh2C2ImC12)][SbF6] (3).[44] A solution of potassium tert-

butoxide (165 mg, 1.47 mmol) in THF was added to a suspension of 3-[2-

(diphenylphosphino)ethyl]-1-dodecylimidazolium chloride (593 mg, 1.22 mmol) in 5 mL 

THF and stirred for 2 h.  THF was removed in vacuo to yield a yellow-orange solid.  The 

resulting material was dissolved in 15 mL of ether and filtered through a small amount of 

celite.  The filtrate was concentrated and dried in vacuo to yield a light yellow product. A 

precooled (-78 ºC) solution of the free carbene (447 mg, 1 mmol) in THF (2 mL) was 

added to a solution of methallylnickel chloride dimer (142 mg, 0.476 mmol) at -78 oC. 

After the mixture was stirred at -78 ºC for 10 min, it was allowed to reach room 

temperature and stirred for 2 h. Yellow precipitate proceduced was filtered and washed 

with THF and ether. Yellow powder was obtained, which was redesolved in 10 mL 

dichloromethane. Sodium hexafluoroantimonate (148 mg, 0.571 mmol) was added herein. 

The resulting mixture reacted for 1 day. The resulting suspension was filtered to remove 

sodium chloride, yellow oil was obtained after the solvent was evaporated. The resulting 

material was dissolved in 10 mL of THF and filtered to remove unreact Ni complex with 

Cl- counteranion. The filtrate was concentrated and dried in vacuo to yield a light yellow 

product. Yield: 540 mg (74%).1H NMR (400 MHz, CDCl3): δ 7.52-7.31 (m, 10H, 

aromatic), 7.25 (d, J =  2 Hz,1H) 7.01 (d, J = 2 Hz, 1H), 4.79-4.68 (m, br, 1H), 4.60- 4.50 

(m, br, 1H), 4.10(s,1H), 3.96-3.91 (m, 2H), 3.04 (m, 1H), 2.71 (d, J = 5.6 Hz, 1H), 2.67-

2.62 (m, br, 1H), 2.58-2.52 (m, br, 1H), 2.16 (s, 1H), 1.90 (s, 3H), 1.61 (m, 2H), 1.25-1.78 

(m, 18H), 0.87 (t, J = 6.8, 3H). 13C{1H} NMR (100 MHz, CDCl3): δ 173.02, 172.70, 

133.03, 132.48, 132.33, 132.15, 131.85, 131.78, 131.68, 131.45, 131.18, 129.46, 129.31, 

127.81, 123.50, 121.95, 65.61, 65.34, 63.92, 51.39, 48.85, 31.95, 31.57, 29.65, 29.64, 

29.55, 29.38, 29.19, 27.53, 27.08, 26.63, 23.58, 22.73,13.91. 31P{1H} NMR (162 MHz, 
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CD2Cl2): δ 25.30. Anal. Calcd for C33H48N2NiPSbF6: C, 49.66; H, 6.06; N, 3.51. Found: 

C, 50.00; H, 5.95; N, 3.39. 

 

O
C10H21

PPh2

 
 

Preparation of (2-(decyloxy)phenyl)diphenylphosphine.[45] In glove box, a solution 

of 1.6 M n-BuLi (2.125 mL, 3.4 mmol) was added to a cold mixture of N,N,N’,N’-

tetramethylendizmine (370 mg, 3.18 mmol) and decyl phenyl ether (838 mg, 3.09 mmol) 

in dry hexane (6 mL). The temperature was allowed to warm up to room temperature and 

stirred for 1.5 h. Then the resultant yellow suspension was cooled in fridge and 

chlorodiphenyl phosphine (682 mg, 3.09 mmol) was added slowly with stirring. The 

solution was stirred for 16 h at room temperature and the solvent was evaporated in 

vacuum. The residue was diluted with diethyl ether (15 mL) and washed with 1 M 

Na2HPO4 aqueous solution twice. The organic layer was dried over Na2SO4 and 

concentrated to give a yellow sticky oil. The crude product was recrystallized from 

CH2Cl2/MeOH to get pure white solid. Yield: 776 mg (60%). 1H NMR (400 MHz, 

CDCl3): δ 7.32-7.25 (m, 11H), 6.84 (m, 2H), 6.64 (m, 1H), 3.87 (t, J = 6.2 Hz, 2H, OCH2), 

1.49 (quintet, J = 6.8 Hz, OCH2CH2), 1.32-1.03 (m, 14H, (CH2)7), 0.89 (t, J = 6.8 Hz, 

CH3). 13C{1H} NMR (100 MHz, CDCl3): δ 160.53, 160.39, 136.94, 136.84, 134.19, 

133.99, 133.36, 133.34, 130.12, 128.61, 128.41, 128.34, 126.18, 126.06, 120.73, 110.77, 

68.15, 32.01, 29.65, 29.54, 29.44, 29.37, 29.06, 25.78, 22.81, 14.24. 31P{1H} NMR (162 

MHz, CDCl3): δ -14.92, -14.99.  Anal. Calcd for C28H35OP: C, 80.35; H, 8.43. Found: C, 

80.52; H, 8.52. 
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Preparation of [(Mall)Ni(PPh3OC10)][SbF6] (5). To a solution of methallylnickel 

chloride dimer (86 mg, 287 mmol)  in CH2Cl2 at -10 ºC ˗ -20 ºC, P~O ligand [Ph2P-Ph-

O-C10H21] (244 mg, 583 mmol) in 5 mL CH2Cl2 was added. The red-orange suspension 

was stirred for 30 min and then AgSbF6 (198 mg, 0.575 mmol) in 5 mL CH2Cl2 was 

added. The colourless AgCl precipitated immediately was filtered through Celite under Ar. 

The clear yellow solution was evaporated at -20 ºC and the residual solid was washed with 

cold diethyl ether and n-pentane. The product was dried in high vacuum under 0 ºC and 

stored at -20 ºC. Yield: 365 mg ( 83%). 1H NMR (400 MHz, CD2Cl2): δ 7.64-6.92 (m, 

14H), 4.72 (s, br, 1.4 H), 4.32 (s, br, 0.2H), 3.85 (t, J = 7 Hz, 1H), 3.43 (t, J = 7, 2 H), 2.88 

(s, br, 0.2 H), 2.64 (s, br, 0.4H), 2.22 (s, 3H), 1.91 (s, br, 0.8H), 1.75 (q, J = 6.6, 2H), 1.20-

1.14 (m, 14H), 0.87 (t, J = 6.4, 3H). 13C{1H} NMR (100 MHz, CD2Cl2): δ 159.15, 135.00, 

134.40, 133.60, 133.41, 132.93, 132.23, 130.78, 129.89, 129.78, 128.63, 128.47, 121.19, 

118.65, 114.80, 112.41, 68.78, 65.74, 31.94, 31.88, 29.53, 29.49, 29.43, 29.38, 29.35, 

29.27, 28.66, 28.59, 25.62, 23.14, 22.74, 22.70, 15.15, 13.94, 13.92. 31P{1H} NMR (162 

MHz, CD2Cl2): δ 21.90. Mass spectrum (FAB +ve) m/z: 531 (M-SbF6)+. 
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O
R R

R = Me, iPr  
Preparation of Phenyl ethers.[41] In a N2 flushed schlenk tube, mixed Cs2CO3 (8.96 

g, 27.5 mmol), dimethyl phenyl (3.97 g, 32.5 mmol) and bromobenzene (3.93 g, 25 mmol) 

in NMP (7 mL), then CuI (2.5 mol %, 119 mg, 0.625 mmol) was added to above solution. 

The resulting deep brown suspension was heated to 160 oC for 20 hrs. Then the suspension 

was diluted with ethylacetate and washed with water and saturated NaCl aq. The organic 

layer was dried under Na2SO4, then the solvent was removed under rotoevaporation. The 

red liquid crude product was purified with hexane: ethylacetate = 5:1 eluent. After the 

solvent was removed, colorless liquid was obtain, which was distillation under high 

vacuum at 60oC. White crystalline solid was obtained. Yield: 1.4 g (44.4%). 

1,3-dimethyl-2-phenoxybenzene: 1H NMR (400 MHz, CDCl3): δ 7.27-7.23 (m, 2H), 

7.11-7.04 (m, 3H), 6.99-6.95 (m, 1H), 6.77-6.75 (m, 2H), 2.13 (s, 6H). 13C{1H} NMR 

(100 MHz, CDCl3): δ 157.93, 151.15, 131.62, 129.71, 129.05, 125.11, 121.32, 114.69, 

16.44. Anal. Calcd for C14H14O: C, 84.81; H, 7.12. Found: C, 84.98; H, 7.33.   

1,3-diisopropyl-2-phenoxybenzene: 1H NMR (400 MHz, CDCl3): δ 7.27-7.20 (m, 

5H), 6.98-6.95 (m, 1H), 6.79-6.77 (m, 2H), 3.08 (m, J = 6.9 Hz, 2H, CH(CH3)2), 1.15 (d, 

J = 1.2 Hz, 6H, CH(CH3)2), 1.13 (d, J = 1.2 Hz, 6H, CH(CH3)2). 13C{1H} NMR (100 

MHz, CDCl3): δ 159.35, 148.60, 142.00, 129.60, 125.85, 124.49, 121.26, 114.81, 27.01, 

23.49. Anal. Calcd for C18H22O: C, 84.99; H, 8.72. Found: C, 86.19; H, 8.72.   

 

O
R R

PPh2

R = Me, iPr  
 

Preparation of the ligands for Ni Complexes 6 and 7: The procedures were the 

same as the synthesis of (2-(decyloxy)phenyl)diphenylphosphine. 
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(2-(2,6-dimethylphenoxy)phenyl)diphenylphosphine: 1H NMR (400 MHz, CDCl3): 

δ 7.44-7.35 (m, 10H), 7.16-7.12 (m, 1H), 7.01-6.96 (m, 3H), 6.90-6.79 (m, 2H), 6.31-6.28 

(m, 1H), 1.90 (s, 6H). 13C{1H} NMR (100 MHz, CDCl3): δ 159.09, 158.93, 150.97, 

134.46, 134.26, 133.87, 132.57, 132.46, 131.60, 130.32, 129.13, 128.90, 128.54, 128.48, 

128.39, 128.27, 125.12, 121.54, 111.50, 16.26. 31P{1H} NMR (162 MHz, CDCl3): δ -

16.17. Anal. Calcd for C26H23OP: C, 81.66; H, 6.06. Found: C, 81.00; H, 6.05.   

(2-(2,6-diisopropylphenoxy)phenyl)diphenylphosphine: 1H NMR (400 MHz, 

CDCl3): δ 7.44-7.35 (m, 10H), 7.19-7.11 (m, 4H), 6.89-6.79 (m, 2H), 6.31-6.28 (m, 1H), 

2.76 (m, J = 6.93 Hz, 2H, CH(CH3)2), 0.99 (d, J = 7.2 Hz, 6H, CH(CH3)2), 0.91 (d, J = 

6.8 Hz, 6H, CH(CH3)2). 13C{1H} NMR (100 MHz, CDCl3): δ 160.76, 160.61, 148.46, 

141.88, 136.49, 136.39, 134.43, 134.23, 133.76, 130.07, 128.88, 128.55, 128.48, 125.81, 

125.15, 125.03, 124.29, 121.42, 112.13, 26.89, 24.32, 22.66. 31P{1H} NMR (162 MHz, 

CDCl3): δ -16.68. Anal. Calcd for C30H31OP: C, 82.16; H, 7.13. Found: C, 82.11; H, 6.82. 

   

Ni
P

O

SbF6

R
R

6 R = Me
7 R = iPr  

 

Preparation of Ni Complexes 6 and 7: The procedures were the same as the 

synthesis of  Ni complex 5 from corresponding ligands. 

[(Mall)Ni(PPh3OdiMePh)][SbF6] (6): 1H NMR (400 MHz, CD2Cl2): δ 7.64-7.48 (m, 

12H), 7.28 (m, 4H), 6.57 (m, 1H), 3.49 (s, br, 1H), 3.29 (s, br, 1H), 3.18 (s, br, 1H), 3.04 

(s, br, 1H), 2.33 (s, 3H), 2.24 (s, 3H), 2.13 (s, 3H), 1.26 (s, br, 1H). 13C{1H} NMR (100 

MHz, CD2Cl2): δ 161.69, 161.54, 154.67, 154.66, 135.42, 135.40, 134.66, 134.64, 133.02, 

132.91, 132.73, 132.60, 132.51, 132.48, 132.23, 130.52, 130.50, 130.45, 130.16, 130.04, 

128.66, 126.23, 126.18, 116.03, 115.64, 113.18, 113.12. 31P{1H} NMR (162 MHz, 

CD2Cl2): δ 21.59. Mass spectrum (FAB +ve) m/z: 495 (M-SbF6)+. 



138 

 

[(Mall)Ni(PPh3OdiiPrPh)][SbF6]  (7): 1H NMR (400 MHz, CD2Cl2): δ 7.66-7.44 

(m, 12H), 7.34 (m, 4H), 6.59 (m, 1H), 3.73 (s, br, 1H), 3.44 (s, br, 1H), 3.29 (m, 2H), 3.09 

(s, br, 1H), 2.12 (s, 3H), 1.33 (s, br, 1H), 1.01 (d, J= 6.8,6H), 0.97 (d, J = 6.8, 6H). 
13C{1H} NMR (100 MHz, CD2Cl2): δ 163.37, 163.21, 152.12, 152.09, 139.62, 139.17, 

135.01, 134.55, 132.67, 132.33, 130.16, 130.06, 129.52, 128.87, 126.30, 126.24, 126.08, 

115.74, 115.35, 114.57, 78.15, 77.96, 51.81, 47.34, 27.42, 27.30, 23.91, 23.51, 23.43, 

22.89, 22.25. 31P{1H} NMR (162 MHz, CD2Cl2): δ 22.37. Mass spectrum (FAB +ve) m/z: 

551 (M-SbF6)+. 

X-Ray Crystal Structure Determination Details. Yellow needles of 

C33H48F6N2NiP-Sb (3) were grown by slow diffusion of n-pentane into a THF solution of 

3 at -35 ºC. Yellow-brown blocks of C30H30F6NiOPSb (6) were grown by layering a 

CH2Cl2 solution of 6 with n-pentane at -35 ºC. Suitable single crystals were embedded in 

protective perfluoropolyalkyether oil and transferred to the cold nitrogen gas stream of the 

diffractometer. Intensity data were collected either on a Bruker-Nonius KappaCCD 

diffractometer at 100 K (3) or on a Bruker-SMART APEX2 diffractometer at 100 K (6) 

using graphite monochromatized MoKα radiation (λ = 0.71073 Å). Data were corrected 

for Lorentz and polarization effects, semiempirical absorption corrections were performed 

on the basis of multiple scans using SADABS.[46] The structures were solved by direct 

methods and refined by full-matrix least-squares procedures on F2 using SHELXTL NT 

6.12.[47] 

The cationic Ni complex 3 is disordered. Two orientations of the Ni methylallyl and 

the PPh2 moiety of the ligand were refined giving site occupancies of 88.8(2) % for Ni1, 

P1, C6–C17, C30–C33 and 11.2(2) % for Ni1A, P1A, C6A–C17A and C30A–C33A. 

SIMU and SAME restraints were used in the refinement of the disordered cation. In 

complex 6, the SbF6 anion is subjected to disorder. Two alternative orientations were 

refined with occupancies of 66(3) and 34(3) % for F11–F16 and F11A–F16A, respectively. 

SIMU and SAME restraints were applied in the refinement of the disordered SbF6 anion. 

All non-hydrogen atoms were refined with anisotropic displacement parameters. All 

hydrogen atoms were placed in positions of optimized geometry, their isotropic 

displacement parameters were tied to those of the corresponding carrier atoms by a factor 

of either 1.2 or 1.5.  
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Table 6.1 Crystallographic data, data collection, and refinement details of 3 and 6. 

Compound 3 6 

Empirical formula C33H48F6N2NiPSb C30H30F6NiOPSb 

Mol. Weight 798.16 731.97 

Crystal size [mm3] 0.38×0.09×0.04  0.30×0.26×0.22 

Temperature [K] 200 (2) 100 (2) 

Crystal system Triclinic Monoclinic 

Space group P1 P21 / n 

a [Å]    8.1142 (4)     8.8565 (1) 

b [Å]    13.8108 (13)   19.9692 (2) 

c [Å]     17.571 (2)      17.4025 (2) 

α [°]    106.652 (8) 90 

β [°]    98.473 (5) 102.856 (1) 

γ [°]    103.909 (5) 90 

V [Å3] 1781.0 (3)   3000.60 (6) 

Z 2 4 

ρ [g cm-3] (calc.) 1.488 1.62 

µ [mm-1] 1.388 1.640 

F (000) 816 1464 

Tmin; Tmax 0.769; 0.950 0.680; 0.746 

2θ interval [ °] 6.7 ≤ 2θ ≤ 55.0  4.7 ≤ 2θ ≤ 57.4 

Collected reflections 53090 57340 

Independent reflections; Rint 8165; 0.0560 7709;   0.0306 

Observed reflections  

(F0 ≥ 4σ(F)) 
6378 6644 

No. refined parameters 563 423 

wR2 (all data) 0.0611 0.0627 

R1 [I ≥ 2σ(I)] 0.0288 0.0256 

GooF on F2 1.028 1.036 

∆ρmax/min 0.703/ – 0.650 1.033 / – 0.504 
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Figure 6.8 Molecular structure of complex 3 showing 50% probability ellipsoids. 

Hydrogen atoms omitted for clarity.  

 

 

 
 

Figure 6.9 Packing diagram of 3, view along the crystallographic a axis. 
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Figure 6.10 Packing diagram of 3, view along the crystallographic b axis. 

 

 

 
 

Figure 6.11 Molecular structure of complex 6 showing 50% probability ellipsoids. 

Hydrogen atoms omitted for clarity.  
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Figure 6.12 Temperature dependent 1H NMR for Ni complex 4 [(mall)Ni-dppanis][SbF6] 

+COD in THF-d6. 
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Figure 6.13 Temperature dependent 1H NMR for Ni complex 6 [(mall)Ni-

(PPh3OdiMePh)][SbF6]+COD in THF-d6. 
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Chapter 7. Summary in English and German 
 

 

 

7.1 Summary 
 

 

The use of ionic liquids (ILs) in the Ni-catalyzed oligomerization of olefins has 

received increasing attention. In order to influence the selectivity of Ni catalyzed olefin 

dimerizations in ILs, many efforts have been made in the design of the respective 

cation/anion combination of ILs to meet the demands and by varying the steric and 

electronic properties of the ligand systems attached to the Ni catalytic center. An 

alternative option for influencing the selectivity of dimerization processes is to manipulate 

the linkage pattern at the Ni center by a surrounding, highly ordered solvent environment. 

Ionic liquid crystals (ILCs) seem to have very suitable properties for this kind of environ-

ment-induced selectivity effects. Therefore, we developed the C12-alkyl functionalized 

imidazolium ILs 1,3-didodecylimidazolium tetrafluoroborate, [C12C12IM][BF4] and the 

corresponding perchlorate salt [C12C12IM][ClO4], which show thermotropic liquid 

crystalline behaviour in an extended temparature range below 70 °C. Both ILCs were 

synthesized by alkylation of N-trimethylsilyimidazole with dodecylchlorid, followed by 

ion exchange with Na[BF4] and Na[ClO4], respectively. The materials have been 

characterized by X-ray crystal structure determination, differential scanning calorimetry 

(DSC), and polarized optical microscopy (POM) (Figure 7.1). Remarkably strong non-

Newtonian viscosity behaviour was found for the liquid-crystalline state of these ILCs, 

which can be switched on and off by keeping the temperature above or below the phase 

transition temperature.  

 

 

 

 

 

 

 



148 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.1 Molecular structure, DSC, and POM image for [C12C12IM][ClO4]. 

 

For a systematic investigation of the counterion influence on the molecular geometry 

of a given IL with long alkyl chains, we prepared single crystals of the double dodecyl 

derivatized imidazolium cation [C12C12IM]+ with a large variety of different counter 

anions, [I]–, [I3]–, [I5]–, [SbF6]–, [N(CN)2]–, [C(CN)3]–, and [B(CN)4]–. The molecular 

structure and the solid state packing of the cations seem to be heavily influenced by the 

counter anion geometry, resulting in three distinct molecular conformations: rod-, V-, and 

U-shape (Figure 7.2). The solid state structures of [C12C12IM][I3] and 

[C12C12IM][B(CN)4] show rod-shape, [C12C12IM][I5] and [C12C12IM][SbF6] show V-

shape, [C12C12IM][N(CN)2] and [C12C12IM][C(CN)3] show U-shape, and [C12C12IM][I] 

shows a mixture of rod- and V-shape. In the crystal packing, the anions together with the 

imidazolium moieties form hydrophilic stacks, while the hydrophobic nonpolar dodecyl 

chains show strong interdigitation. The observed differences in cation conformation were 

found to result from a combination of hydrogen bonding and ionic interactions in the polar 

domain formed by the imidazolium rings and counter anions as well as van der Waals 

forces in the non-polar domain formed by the long alkyl chains. Although control of 

crystal packing was not achieved in all cases, it is reasonable to conclude that careful 

selection of anion geometry strongly impacts the IL cation’s proclivity to adopt a desired 

conformation.  
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NMR, 13C NMR, and CHN elemental analyses. As demonstrated by temperature-

programmed IR reflection absorption spectroscopy (TP-IRAS), the liquid crystalline 

transitions of the ILs are retained, even after addition of the Ni complex up to 10 wt.%, 

these Ni–NHC complexes form ordered structures in the investigated structurally similar 

ILC, [C12C12IM][BF4].  Moreover, the immobilization of the Ni-containing ILC on silica-

100 was successful (Figure 7.3). Even in this immobilized form, DSC and POM as well as 

diffuse reflectance infrared fourier transform spectroscopy (DRIFT) measurements 

confirmed the phase transition of the Ni-containing ILCs to smectic liquid crystalline 

phases.  This gives access to a very special form of Ni-based pre-catalyst for alkene 

dimerization that is embedded in a pre-organized and highly ordered, temperature 

switchable environment.   

 

Ni ClCl

NN

N N

R

R

1: R = Me
2: R = C12H25        

 

Figure 7.3 left: two Ni-NHC complexes with C12 chains, right: the schematic 

representation of a SILP material composed of the ionic liquid crystal [C12C12IM][BF4] 

with a Ni-NHC complex dissolved therein. 

 

Since neutral Ni-NHC complexes need to be activated when used as catalysts, our next 

steps towards an active catalytic system based on this concept of surface structure-induced 

selectivity patterns include the activation of the immobilized Ni-catalyst with suitable alu-

minumalkyl compounds. Furthermore, Ni-complexes for ILC-SILP systems with self-

activating ligands, such as methallyl or cyclooctadienyl, and long alkyl chain substituents 

to adjust solubility and phase behavior were synthesized. We also attached long alkyl 

chains to some complexes for the potential use as catalyst in pre-ordered ionic liquid 



151 

 

crystalline systems (Scheme 7.1) and investigated the catalytic reactivity on the ethylene 

dimerization reaction on SILP materials.  
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Scheme 7.1 Overview of the self-activating cationic η3-methallyl-Ni complexes. 

 

Complex 3 with a chelating phosphine-NHC ligand was prepared in good yields (74 %) 

by reacting 1-(2-(diphenylphosphino)ethyl)-3-dodecylimidazolin-2-ylidene ([Ph2PC2IM-

C12]) with Ni precursor [Ni(η3-methallyl)Cl]2 in THF at -78 ºC, followed by anion 

exchange with AgSbF6. The complex has been characterized by 1H NMR, 13C NMR, 31P 

NMR and CHN elemental analysis. Single crystals for X-ray diffraction study were 

obtained by diffusion of n-pentane into a THF solution of 3. The catalytic reaction was 

tested for the dimerization of ethylene in continuous runs. Unfortunately, this catalyst 

showed very low activity (1%). Presumably, the strong Ni-NHC bond in 3 hampers the 

generation of the active Ni-H during the catalytic process.  
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According to the former results in Wasserscheid’s group, complexe 4 is the most 

proper catalyst. To further improve thermal stability and activity of Ni catalysts, we 

designed and synthesized new derivatives of Ni complexes based on 4 (Scheme 7.1). The 

synthetic procedures for these complexes were the same as for 4. The phenyl ethers were 

synthesized from the corresponding phenol reacted with bromobenzene in the presence of 

base Cs2CO3 using CuI as catalyst in dry N-methyl-2-pyrrolidone under N2. All new 

complexes were characterized by 1H NMR, 13C NMR, 31P NMR and HRMS. Single 

crystals of 6 were grown at -35 ºC by diffusion of ether into a CH2Cl2 solution. Attempts 

to obtain the crystal structures of 5 and 7 failed. These complexes were evaluated as 

catalysts for the dimerization of ethylene in ionic liquid. The selectivities toward C4 is 

around 80 % and almost all butenes formed are 2-butenes.  
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7.2 Zusammenfassung 
 

 

Der Einsatz von ionischen Flüssigkeiten (ionic liquids, ILs) für die Nickel-katalysierte 

Oligomerisierung von Olefinen gewinnt zunehmend an Bedeutung. Um die Selektivität 

von Nickel-katalysierten Olefindimerisierungen in Ionischen Flüssigkeiten zu beeinflussen, 

wurde viel Forschungsarbeit investiert, um effektive Kation- und Anion-Kombinationen 

von ILs zu entwickeln, den Ansprüchen gewünschter sterischer und elektronischer 

Eigenschaften des  Nickelzentrums und seiner Ligandenumgebung gerecht werden. Um  

alternativ Einfluss auf die Selektivität von Dimerisierungsprozessen zu nehmen, wurde das  

Bindungsmusters um das Nickelzentrum durch eine hochgradig geordnete 

Lösungsmittelumgebung modifiziert. Ionische Flüssigkristalle (ionic liquid crystals, ILCs) 

eignen sich hervorragend für diese Art umgebungsbeeinflusster Selektivität. Hierfür 

entwickelten wir zwei ionische Flüssigkeiten, deren Imidazoliumkerne mit C12-

Alkylketten funktionalisiert wurden: [C12C12IM][BF4] (1,3-Didodecylimidazolium 

Tetrafluoroborat) sowie das entsprechende Perchlorat-Salz [C12C12IM][ClO4]. Diese 

zeigen ein thermotropes, flüssigkristallines Verhalten in einem weiten Temperaturbereich 

unterhalb von 70 °C. Beide ILCs wurden durch Alkylierung von N-Trimethylsilyimidazol 

mit Dodecylchlorid und anschließender Salzmetathese durch Na[BF4] beziehungsweise 

Na[ClO4] synthetisiert. Die Verbindungen wurden mittels Röntgen-Kristallstrukturanalyse, 

Dynamische Differenzkalorimetrie (differential scanning calorimetry, DSC) und 

Polarisationsmikroskopie (polarized optical microscopy, POM) charakterisiert (Abbildung 

7.4). Im flüssigkristallinen Zustand wurde ein bemerkenswert starkes nicht-newtonsches 

Viskositätsverhalten entdeckt, das ein- und ausgeschalten werden kann, wenn die 

Temperatur über oder unter die Phasenübergangstemperatur eingestellt wird. 
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Abbildung 7.4 Molekülstruktur, DSC und POM-Grafik für [C12C12IM][ClO4]. 

 

Um den Einfluss des Gegenions auf die Molekülstruktur im Festhörper für eine IL mit 

langen Alkylketten systematisch zu untersuchen, wurde jeweils ein Einkristall des doppelt 

alkylierten Imidazolium-Kations [C12C12IM]+ mit einer großen Anzahl an Gegenionen [I]-, 

[I3]-, [I5]-, [SbF6]-, [N(CN)2]-, [C(CN)3]- und [B(CN)4]- gezüchtet. Die 

Molekülstruktur und die Festkörperanordnung des Kations scheinen stark von der Form 

des Gegenions abzuhängen, was zu drei verschiedenen Molekülkonformationen im 

Kristall führt: Stab-, V- und U-Form (Abbildung 7.5). So zeigen 

die Festkörperstrukturen von [C12C12IM][I3] und [C12C12IM][B(CN)4] Stab-

Form, [C12C12IM][I5] und [C12C12IM][SbF6] V-Form, [C12C12IM][N(CN)2] und 

[C12C12IM] [C(CN)3] U-Form und [C12C12IM][I] eine Mischung aus Stab- und V-

Form. Im Kristall stapeln sich die Anionen mit der Imidazolium-Einheit hydrophil, 

während die hydrophoben, nicht-polaren Dodecyl-Ketten durch starke Wechselwirkungen 

verzahnt sind. Die beobachteten Unterschiede in der Kationenkonformation resultieren aus 

einer Kombination aus Wasserstoff-Brückenbindungen und ionischen Wechselwirkungen 

in der polaren Region der Imidazoliumringe und Gegenionen, sowie aus Van-der-Waals 

Kräften in der nicht-polaren Region der langen Alkylketten. Obwohl nicht in allen Fällen 

eine kontrollierte Anordnung der Moleküle im Kristall erreicht werden konnte, kann 

dennoch davon ausgegangen werden, darauf hat, welche Konformation das Kation der IL 

bevorzugt annimmt. 
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Carbenkomplexe [NiCl2L2] (1, L = C12MIM; 2, L = C12C12IM) in guten Ausbeuten (> 

80%). Die daraus resultierenden Ni-NHC-Komplexe wurden vollständig mittels 1H-NMR, 
13C-NMR-und CHN Elementaranalysen charakterisiert. Anhand von TP-IRAS Messungen 

konnte gezeigt werden, dass die flüssigkristallinen Übergänge, auch nach Zugabe von bis 

zu 10 Gew.%  des Ni-Komplexes,  bestehen bleiben. Diese Ni-NHC-Komplexe bilden 

geordnete Strukturen ähnlich der untersuchten ILC [C12C12IM][BF4]. Zudem war die 

Immobilisierung von Nickel-haltigen ILCs auf einer Silica-100 Oberfläche erfolgreich. 

(Abbildung 7.6) Sogar in der immobilisierten Form kommt es zu einem Phasenübergang 

der Nickel-haltigen ILCs zur smektischen IC-Phase, was mittels DSC, POM und DRIFT-

Messungen bestätigt werden konnte. Dies ermöglicht eine ganz spezielle Form eines Ni-

basierten Vorkatalysators für die Dimerisierung von Alkenen, die in einer vororganisierten 

und hochgeordneten, temperaturabhängigen Umgebung vorliegt. 

 
 

 

Ni ClCl

NN

N N

R

R

1: R = Me
2: R = C12H25        

 

Abbildung 7.6 links: zwei Ni-NHC-Komplexe mit C12-Ketten, rechts: die schematische 

Darstellung eines SILP-Materials, aus einem Ni-NHC Komplex, gelöst in 

ILC [C12C12IM][BF4]. 

 

Da die neutralen Ni-NHC-Komplexe vor der Verwendung als Katalysatoren aktiviert 

werden müssen, erfolgen weitere Schritte basierend auf dem Konzept des 

Oberflächenstruktur-induzierten Designs. Dazu erfolgte die Aktivierung des 

immobilisierten Ni-Katalysators mit geeigneten Al-Alkylverbindungen sowie die Synthese 

spezieller Ni-Komplexe für das ILC-SILP System mit selbstaktivierenden Liganden, wie 
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z.B. Methallyl oder Cyclooctadienyl, und langen Alkylketten um die Löslichkeit und das 

Phasenverhalten zu beeinflussen. Deshalb wurde eine Reihe neuer selbstaktivierender, 

kationischer Ni-Komplexe mit chelatisierenden Liganden synthetisiert. Zudem wurden an 

einige Komplexe lange Alkylketten angebracht, um sie damit in vorgeordneten ILC 

Systemen zu verwenden (Schema 7.2). Darüber hinaus wurde die Katalyse-Reaktion der 

Ethylen-Dimerisierung auf SILP untersucht. 

Komplex 3 mit chelatisierenden Phosphan-NHC-Liganden wurde in guten Ausbeute 

(74%) erhalten. Dazu wurde 1-(2-(diphenylphosphino)ethyl)-3-dodecylimidazolin-2-

yliden ([Ph2PC2IMC12]) mit dem Ni-Vorläufer [Ni(�3-Methallyl)Cl] 2 in THF bei -78 °C 

umgesetzt, gefolgt von einem Anionenaustausch mit AgSbF6. Der Komplex wurde durch 
1H-NMR, 13C-NMR, 31P-NMR und Elementaranalyse charakterisiert. Einkristalle für die 

Röntgenstrukturanalyse wurden durch Diffusion von n-Pentan in eine THF-Lösung von 3 

erhalten.  

Für die Dimerisierung von Ethylen wurde eine katalytische Wirkung getestet; jedoch 

war nur eine sehr geringe Aktivität (1%) zu beobachten. Es ist anzunehmen, dass die Ni-

NHC-Bindung in 3 sehr stark ist, und sich deswegen kein aktives Ni-H-Zentrum während 

des katalytischen Prozesses generieren kann. Basierend auf den Ergebnissen der 

Arbeitsgruppe Wasserscheid ist Komplex 4 der geeignetste Katalysator im Vergleich zu 

den anderen kationischen Ni-Katalysatoren. Um stabilere Ni-Katalysatoren mit hoher 

Aktivität und Selektivität zu erhalten, wurden einige Derivate basierend auf Komplex 4 

entworfen und synthetisiert (Schema 7.2). Die Synthesen dieser Komplexe verlaufen 

analog zu 4 aus den entsprechenden P~O-Liganden. Die Phenylether wurden aus den 

entsprechenden Phenolen  mit Brombenzol in Gegenwart von Cs2CO3 als Base und CuI als 

Katalysator in trockenem� N-Methyl-2-pyrrolidinon� unter N2 synthetisiert.� Alle neuen 

Verbindungen wurden durch 1H-NMR, 13C-NMR, 31P-NMR und HRMS charakterisiert. 

Ein Einkristall von 6 wurde bei – 35 °C durch Diffusion von Diethylether in eine CH2Cl2-

Lösung erhalten; Versuche Kristallstrukturen von 5 und 7 zu erhalten waren erfolglos. 

Anschließend wurden die Komplexe als Katalysatoren für die Dimerisierung von Ethylen 

in ionischen Flüssigkeit getestet. Die C4-Selektivität beträgt 80% und die meisten 

gebildeten Butene waren  2-Butene. 
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1,3-Didodecylimidazolium salts have been prepared as first

representatives of a new class of ionic liquid crystals (ILCs),

showing thermotropic liquid crystalline behaviour in an extended

temperature range below 70 1C. Remarkably strong non-Newtonian
viscosity behaviour was found for the liquid-crystalline state of

these ILCs.

Ionic liquids have attracted substantial interest in recent years.

Their often unique property profile, such as extremely low

vapour pressures, wide liquidus ranges, considerable electric

conductivities, wide electrochemical windows and excellent

tribologic properties have shown to be highly attractive for a

large number of applications.1 A class of ionic liquid materials

that promises great additional potential is ionic liquid crystals

(ILCs). ILCs have been shown to exhibit exciting properties

based on the combination of the anisotropic nature of their

state of matter2 and their ionic liquid features.3,4 For example,

ILCs are characterized by ionic conductivity together with

uncommon ordering of the liquid-crystalline states (tetragonal

smectic and nematic columnar phases).5–7

Nowadays, 1-alkyl-3-methyl-imidazolium ions are by far

the most popular cations for both, ILs and ILCs.8a–i For

imidazolium salts with alkyl groups containing 12 or more

carbon atoms, the formation of lamellar mesophases has been

reported. Apart from ILCs based on imidazolium, quite a

number of different head groups, such as ammonium and

phosphonium but also more elaborate groups like vinamidinium

have been used in the past.9 Interestingly, both in IL and ILCs

research the imidazolium head group is the most prominent

one; probably because of its advantageous structural and

electronic features and its easy derivatization.

In contrast to manifold optical applications, little

attention10 has been paid to using other unusual properties

that ILCs may offer.

We now report a new class of ILCs, for which the interplay

of structural features, optical properties, and mechanical

properties is documented and discussed. Our report concerns

1,3-didodecylimidazolium tetrafluoroborate, [C12C12IM][BF4]

(1) and the corresponding perchlorate salt [C12C12IM][ClO4]

(2), for which X-ray structural data, thermal range of liquid

crystalline behaviour, and viscosity data are reported.

The new materials were synthesized by alkylation of

N-trimethylsilyimidazole with dodecylchloride followed by

ion exchange with Na[BF4] and Na[ClO4], respectively.

The crystal packing diagrams of tetrafluoroborate 1 and

perchlorate salt 2 are shown in Fig. 1 and 2.

In both structures, the cations are characterized by a rod

shape with the two alkyl chains being stretched outward

along the imidazolium core plane. The two alkyl chains are

arranged in an all-staggered fashion. In this respect, 1 and 2

resemble other rod-shaped systems like [C14–C14(2-OH)-IM]Br9

or the AgX2-bridged (X = Br, Cl) silver metalated

coordination complexes [Ag(C14-IMY-C14)2]2[AgBr2]2
10 and

[Ag(C14-IMY-C14)2]2[AgCl2]2 (IMY: imidazol-2-ylidene).11

While the imidazole units in these systems as well as in

[C12C12IM][BF4] (1) exhibit basically a parallel arrangement

of their alkyl chains, in [C12C12IM][ClO4] (2) a significant

deviation from linearity is observed. In order to estimate the

degree of this deviation, the angle between the two alkyl arms

(defined as the angle between the imidazolium ring centroid

and the terminal dodecyl group C atoms) has been calculated.

While this angle is typically close to 1801 and, for instance, up
to 1721 in tetrafluoroborate salt 1, the angle is reduced to 1521
in the molecular structure of the cation of perchlorate 2

(see Fig. 2). As is observed for the crystal packing of other

rod-shaped systems,9–11 the imidazolium moieties together

with the tetrafluoroborate (1) or perchlorate (2) anions form

hydrophilic stacks, while the hydrophobic dodecyl chains

Fig. 1 Packing diagram of [C12C12IM][BF4] (1); view along crystallo-

graphic a axis highlighting the zig-zag arrangement within the bc

plane.
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show strong interdigitation. In 1 and 2, the interdigitation is

observed within both the crystallographic ac and bc planes.

Due to the 1521 bent angle between the two alkyl arms the

packing of 2 is characterized by a pronounced zig-zag arrangement

of molecules within the bc plane (see Fig. 2).

In the following we were interested to study the temperature

range in which these ILCs exhibit liquid crystalline behaviour.

Fig. 3 shows the DSC of 2, the corresponding DSC of 1 is

shown in the Supporting Information.w
It was found that the new ILCs exhibit transitions to the

liquid crystalline state at surprisingly low temperatures.

Cooling the liquid system from the isotropic liquid state in

the DSC with 5 K min�1, 1 showed a transition to the liquid-

crystalline state at 67 1C and crystallized at 34 1C (onset).

In contrast, 2 turned liquid crystalline at 64 1C and crystallised

at 28 1C. In addition the DSC trace of 1 shows two more thermal

events below room temperature, which can be attributed to

solid–solid phase transitions. Subsequent heating shows all

thermal processes to be reversible. However, as typical for ILs,

a pronounced temperature shift is observed for the crystallization

process. In both cases, the transition to the liquid crystalline state

could be followed by polarizing optical microscopy. The observed

focal conical textures point to smectic phases (see Supporting

Informationw). This type of ordering in the liquid state is already

suggested by the solid state structures of both compounds.

To the best of our knowledge, no ionic liquids are reported

to date that show a drastic non-Newtonian viscosity

behaviour, which means that the viscosity of known ionic

liquids is independent of the shear rate applied to the sample.

As an ever increasing number of ionic liquid applications are

discussed, in which viscosity is a key property (e.g. for the use

of ionic liquids as lubricants11) we were interested whether the

known non-Newtonian viscosity behaviour of non-ionic liquid

crystals12 does also apply to our new class of ionic liquids and

to which extend these materials exhibit viscosity changes with

shear rate. Fig. 4 and 5 display the respective viscosity shear

rate diagrams for 1 and 2.

Remarkably, by going from the liquid phase to the liquid

crystalline phase, a sudden and very strong change in the

viscosity vs. shear rate behaviour is found for both ILCs. The

viscosity of 1, for example, abruptly increases from 136 mPa s

at 80 1C to 1720 mPa s at 70 1C (at a shear rate of 40 s�1).

For a better comparison of the effect of a change of 10 1C in

the liquid range, the viscosity at 90 1C is also given. As

expected, perfect Newtonian behaviour is found with a viscosity

of 89 mPa s being determined.

In conclusion, in this work a new class of imidazolium based

ILCs is presented, namely bis(dodecyl) substituted [BF4]
� and

[ClO4]
� imidazolium salts. These salts are solids at room

temperature and display extended ionic channels and mutually

interacting alkyl domaines in their crystal structures. At

remarkably low temperatures, the new materials show a

transition into mesophases. For the latter we could show,

Fig. 2 Packing diagram of [C12C12IM][ClO4] (2); view along crystallo-

graphic a axis highlighting the zig-zag arrangement within the

bc plane.

Fig. 3 DSC of 2 indicating liquid-crystalline behaviour between

57 1C and 67 1C in the heating curve.

Fig. 4 Viscosity vs. shear rate for [C12C12IM][BF4] (1) in the

liquid (80 1C, 90 1C) and in the liquid crystalline temperature range

(65 1C, 70 1C).

Fig. 5 Viscosity vs. shear rate for [C12C12IM][ClO4] (2) in the liquid

(70 1C, 80 1C, 90 1C) and in the liquid crystalline temperature range

(65 1C).

7406 | Chem. Commun., 2009, 7405–7407 This journal is �c The Royal Society of Chemistry 2009



for the first time, a strongly non-Newtonian viscosity

behaviour for ionic liquids that can be switched on and off

by keeping the temperature above or below the phase transition

temperature. This property combined with the well-known

ionic liquid features, such as extremely low vapor pressure,

electroconductivity, and excellent tribological properties,

makes these materials of great potential as working fluids

in mechanical applications or as functional materials with

thermomorphic properties.

The authors acknowledge funding through the Deutsche

Forschungsgemeinschaft (DFG). Authors affiliated with the

University of Erlangen-Nuremberg gratefully acknowledge

financial support by the DFG through the Excellence Cluster

‘‘Engineering of Advanced Materials’’ and the DFG priority

programme 1191.

References

1 For a recent review on the topic see: N. V. Plechkova and
K. R. Seddon, Chem. Soc. Rev., 2008, 37, 123.

2 D. Demus, J. Goodby, G. W. Gray, H.-W. Spiess and V. Vill,
Physical Properties of Liquid Crystals, Wiley-VCH, Weinheim,
1999.

3 K. Binnemans, Chem. Rev., 2005, 105, 4148.
4 Ionic Liquids in Synthesis, ed. P. Wasserscheid and T. Welton,
2nd edn, Wiley-VCH, Weinheim, 2008.

5 J. Shimizu, T. Nogami and H. Mikawa, Solid State Commun.,
1985, 54, 1009.

6 K. Ohta, T. Sugiyama and T. Nogami, J. Mater. Chem., 2000, 10,
613.

7 F. Artzner, M. Veber, M. Clerc and A.-M. Levelut, Liq. Cryst.,
1997, 23, 27.

8 (a) C. M. Gordon, J. D. Holbrey, A. R. Kennedy and
K. R. Seddon, J. Mater. Chem., 1998, 8, 2627; (b) J. D. Holbrey
and K. R. Seddon, J. Chem. Soc., Dalton Trans., 1999, 2133;
(c) A. E. Bradley, C. Hardacre, J. D. Holbrey, S. Johnston, S. E.
J. McMath and M. Nieuwenhuyzen, Chem. Mater., 2002, 14, 629;
(d) J. de Roche, C. M. Gordon, C. T Imrie, M. D. Ingram,
A. R. Kennedy, F. L. Celso and A. Triolo, Chem. Mater., 2003,
15, 3089; (e) D. M. Fox, W. H. Awad, J. W. Gilman,
P. H. Maupin, H. C. De Long and P. C. Trulove, Green Chem.,
2003, 5, 724; (f) K.-M. Lee, Y.-T. Lee and I. J. B. Lin, J. Mater.
Chem., 2003, 13, 1079; (g) A. Downard, M. J. Earle, C. Hardacre,
S. E. J. McMath, M. Nieuwenhuyzen and S. J Teat, Chem. Mater.,
2004, 16, 43; (h) J. Dupont and P. A. Z. Suarez, Phys. Chem. Chem.
Phys., 2006, 8, 2441; (i) K. Goossens, P. Nockemann, K. Driesen,
B. Goderis, C. Görller-Walrand, K. van Hecke, L. van Meervelt,
E. Pouzet, K. Binnemans and T. Cardinaels, Chem. Mater., 2008,
20, 157.

9 J. Y. Z. Chiou, J. N. Chen, J. S. Lei and I. J. B Lin, J. Mater.
Chem., 2006, 16, 2972–2977.

10 C. K. Lee, K. M. Lee and I. J. B Lin, Organometallics, 2002, 21,
10–12.

11 C. Ye, W. Liu, Y. Chen and L. Yu, Chem. Commun., 2001,
2244–2245.

12 (a) C. Cruz, M. H. Godinho, A. J. Ferreira, P. S. Kulkarni,
C. A. M. Afonso and P. I. C. Teixeira, Philos. Mag. Lett., 2008,
88, 741–747; (b) M. H. Godinho, C. Cruz, P. I. C. Teixeira,
A. J. Ferreira, C. Costa, P. S. Kulkarni and C. A. M. Afonso,
Liq. Cryst., 2008, 35, 103–107.

This journal is �c The Royal Society of Chemistry 2009 Chem. Commun., 2009, 7405–7407 | 7407



Published: March 23, 2011

r 2011 American Chemical Society 1974 dx.doi.org/10.1021/cg200169u | Cryst. Growth Des. 2011, 11, 1974–1988

ARTICLE

pubs.acs.org/crystal

Solid-State Structures of Double-Long-Chain Imidazolium Ionic
Liquids: Influence of Anion Shape on Cation Geometry and
Crystal Packing
Xinjiao Wang,†,§ Carola S. Vogel,†,§ Frank W. Heinemann,*,† Peter Wasserscheid,‡ and Karsten Meyer*,†

†Department of Chemistry and Pharmacy, Inorganic Chemistry, University Erlangen-Nuremberg, Egerlandstrasse 1,
D-91058 Erlangen, Germany
‡Department of Chemical and Bioengineering, Reaction Engineering, University Erlangen-Nuremberg, Egerlandstrasse 3,
D-91058 Erlangen, Germany

bS Supporting Information

’ INTRODUCTION

Ionic liquids (ILs) have been used in a large number of
applications due to their unique properties, such as extremely
low vapor pressures, wide liquidus ranges, considerable electric
conductivities, excellent tribologic properties, etc.1 ILs are typi-
cally prepared by a combination of bulky organic imidazolium
(IM), pyridinium, ammonium, or phosphonium cations with a
wide variety of anions. The properties of ILs can be controlled to
a large degree by variation of both the cations and the anions.2,3

For a better understanding of the characteristics of ILs and
aiming at influencing or even controlling the attributes of the
crystalline phase, it is crucial to study their microscopic interac-
tions at the molecular level. Counterion tuning has often been
regarded as a useful tool for the design and the control of the
crystal packing of molecular salts in general and IM ILs in
particular,4�10 as it often results in fine tuning of the physico-
chemical properties of this important class of ILs and IL crystals.

Typical cation�anion interaction energies of 300�400 kJ
mol�1 have been calculated for an IL by ab initio and density
functional theory (DFT) calculations.11�17 Recently, Ludwig
and co-workers investigated these cation�anion interactions of
IM-based ILs by far-infrared spectroscopy.18�20 Variation of the
anion resulted in characteristic frequency and intensity changes
in the bending and stretching modes of the cation�anion
interaction represented by þC�H 3 3 3A

� hydrogen bonds, cor-
responding to the strength of the calculated interaction energies.
However, to the best of our knowledge, there is no solid state

evidence to date to discuss these ionic interactions of ILs in
detail. We have recently shown that IM salts with long alkyl side
chains exhibit exciting new properties with great potential for
applications.21,22 Unfortunately, IM salts with long alkyl chains
are challenging to crystallize, and thus, structural information
from X-ray analysis, like molecular conformation of the cation,
packing arrangements, etc., is extremely limited.21,23�25 Lin and
co-workers reported the crystal structure of a benzimidazolium-
derived IL that, for the first time, featured a U-shaped cation.23

Following this work, they synthesized another two N,N0-dialky-
limidazolium salts, comprising palladium and copper ions, that
exhibited U-shaped molecular cation structures.24 In a recent
report, we investigated the solid state structure of two new IL
crystals with long alkyl chains, namely, 1,3-didodecylimidazolium
cation with either a [BF4]

� or [ClO4]
� anion.21 The IM units in

the [BF4]
� salt exhibited a rod shape with a C12�X�C12

0 angle
of 172� and a parallel arrangement of the alkyl chains within
the crystalline packing. This crystal structure resembled other
rod-shaped systems like [C14-C14(2-OH)-IM]Br25 or the
Ag2X2-bridged (X = Br, Cl) silver-metalated coordination
complexes [Ag(C14-IMY-C14)Br]2

27 and [Ag(C14-IMY-
C14)Cl]2 (IMY, imidazol-2-ylidene).28 In contrast to this
finding, a significant deviation from linearity was observed
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ABSTRACT: The syntheses and solid-state structures of a
series of imidazolium (IM) salt-based, double C12 alkyl chain
functionalized ionic liquids, namely, [C12C12IM][A], where the
anion A is I�, I3

�, I5
�, N(CN)2

�, C(CN)3
�, B(CN)4

�, or
SbF6

�, are reported. All compounds were fully characterized by
CHN elemental analysis, 1H and 13C NMR spectroscopy, and
X-ray diffraction studies on single crystals. The molecular
structure of the IM [C12C12IM]þ cation, as found in the
individual crystal packing arrangements, is discussed in relation to the different anions used for crystallization. Depending on
the geometry of the counteranions used (linear, bent, planar, and spherical), different molecular structures of the IM cations (rod-,
V-, and U-shaped) resulted. The crystal packing in the solid-state structure is examined on the basis of a Hirshfeld surface analysis
and is discussed in terms of polar and nonpolar regions.
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for the corresponding [ClO4]
� salt. In this case, the molecular

structure of the cation can be described as V-shaped with a
C12�X�C12

0 angle of 152�.
For a systematic investigation of the counterion influence

on the molecular shape of a given IL with long alkyl chains,
we prepared single crystals of the double dodecyl derivatized
IM cation [C12C12IM]þ with a large variety of different
counteranions: [I]�, [I3]

�, [I5]
�, [SbF6]

�, [N(CN)2]
�,

[C(CN)3]
�, and [B(CN)4]

�. All of these ILs used for our
investigations delivered a set of compounds exhibiting ex-
tended C�H 3 3 3 X (X = counterions), hydrogen bonds,
aromatic rigid cores, and hydrophobic interactions between
alkyl chains. Variation of the counteranions ranging from
linear to bent and planar to spherical resulted in significantly
different structural motifs (rod, V, and U shapes) of the
[C12C12IM]þ IM cation, demonstrating its capability to
adopt a number of different conformations in the solid state
structures. Especially in the series of mono-, tri-, and pen-
taiodides, it is obvious that the shape of the anion has a
significant influence on the molecular conformation of the
IM cation, thus directing the crystalline packing of the
resulting IM salts. In this report, we describe our findings
on these solid state conformations and the resulting crystal
packings of the [C12C12IM]þ IM cation in response to
crystallizing it in the presence of counterions with varying
shapes, ranging from linear to bent and planar to spherical.
To the best of our knowledge, this report represents the first
systematic structural study of double-long-chain IM ILs.

’EXPERIMENTAL SECTION

General Methods. 1,3-Didodecylimidazolium chloride and 1,3-
didodecylimidazolium tetrafluoroborate were prepared according to the
literature.21 Na[N(CN)2], Na[C(CN)3], and K[B(CN)4] were pur-
chased fromMerck. Na[SbF6] was purchased from Acros. All chemicals
were used without further purification. 1H NMR spectra were recorded
on JEOL 400 and 270 MHz instruments, operating at respective
frequencies of 399.782 and 269.714 MHz with a probe temperature of
23 �C. 13C NMR spectra were recorded on JEOL 400 and 270 MHz
instruments, operating at respective frequencies of 100.525 and 67.82
MHz with a probe temperature of 23 �C. Chemical shifts are reported
relative to the peak for SiMe4 using

1H (residual) chemical shifts of the
solvent as a secondary standard and are given in ppm. CHN elemental
analysis results were obtained from the Analytical Laboratories at
the Friedrich-Alexander-University Erlangen-Nuremberg (Erlangen,
Germany). Melting points were determined by differential scanning
calorimetry (DSC) using a Netzsch DSC 204 with a heating rate of 5 K
min�1 and three repeating cycles for each measurement. For the
determination of the melting points, the onset temperatures were used.
Preparation of [C12C12IM]I. To a solution of 1,3-didodecylimi-

dazolium chloride (909 mg, 2.06 mmol) in acetone (10 mL) was added
NaI (618 mg, 4.12 mmol). The mixture was stirred for 2 h, followed by
removal of the solvent. CH2Cl2 (10 mL) was then added to the mixture
followed by filtration. The solution was evaporated to dryness to give
1,3-didodecylimidazolium monoiodide. Yield, 1.02 g, (93%). 1H NMR
(400MHz, DMSO-d6): δ 9.22 [s, 1H, imidazole C(2)H], 7.81 (d, J = 1.3
Hz, 2H, imidazole CHdCH), 4.16 (t, J = 7.0 Hz, 4H, NCH2), 1.78
(quintet, J= 7.2Hz, 5H,NCH2CH2), 1.23 [m, 36H, (CH2)n], 0.85 (t, J=
6.8 Hz, 6H, CH3).

13C{1H} NMR (100 MHz, DMSO-d6): δ 136.53,

Table 1. Crystallographic Data, Data Collection, and Refinement Details of [C12C12IM][A] (A = I�, I3
�, or I5

�)

compound [C12C12IM][I] [C12C12IM][I3] [C12C12IM][I5]

empirical formula C27H53IN2 C27H53I3N2 C27H53I5N2

molecular weight 532.61 786.41 1040.21

crystal size 0.25 � 0.20 � 0.17 0.21 � 0.21 � 0.07 0.14 � 0.08 � 0.03

temperature (K) 150(2) 150(2) 150(2)

crystal system triclinic monoclinic monoclinic

space group P1 (no. 2) C2/c (no. 15) P21/n (no. 14)

a (Å) 8.5027(8) 45.831(3) 5.2631(4)

b (Å) 8.6975(8) 9.6888(6) 41.705(5)

c (Å) 40.950(2) 7.3550(5) 33.069(4)

R (�) 93.251(5) 90 90

β (�) 94.148(5) 99.224(5) 92.528(9)

γ (�) 99.009(8) 90 90

V (Å3) 2976.0(4) 3223.7(4) 7251.5(14)

Z 4 4 8

F (g cm�3) (calcd) 1.189 1.620 1.906

μ (mm�1) 1.090 2.925 4.306

F (000) 1128 1552 3952

Tmin; Tmax 0.728; 0.830 0.590; 0.810 0.605; 0.879

2θ interval (�) 6.2 e 2θ e 54.2 6.9 e 2θ e 55.8 6.4 e 2θ e 54.2

collected reflections 91279 42878 130222

independent reflections; Rint 13082; 0.0559 3830; 0.0243 15971; 0.1374

observed reflections [I g 2σ(I)] 11792 3613 9489

no. of refined parameters 545 147 617

wR2 (all data) 0.0691 0.0315 0.1071

R1 [F0 g 4σ(F)] 0.0276 0.0122 0.0400

GoF on F2 1.093 1.061 1.016

ΔFmax/min 0.640/�0.448 0.462/�0.322 1.091/�0.896
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123.06, 49.43, 31.87, 29.80, 29.61, 29.59, 29.50, 29.43, 29.29, 28.90,
26.01, 22.66, 14.50. Anal. calcd for C27H53N2I: C, 60.88; H, 10.03; N,
5.26. Found: C, 61.01; H, 10.14; N, 4.95.
Preparation of [C12C12IM][I3]. To a solution of 1,3-didodecyli-

midazolium monoiodide (555 mg, 1.04 mmol) in CH2Cl2 (10 mL) was
added I2 (265 mg, 1.04 mmol). The mixture was stirred for 1 h, followed
by removal of the solvent. Pentane (10 mL) was then added to wash out
the excess I2 and dried in vacuo to give 1,3-didodecylimidazolium
triiodide. Yield, 810 mg, (99%). 1H NMR (400 MHz, DMSO-d6): δ
9.20 [s, 1H, imidazole C(2)H], 7.80 (d, J = 1.8 Hz, 2H, imidazole
CHdCH), 4.16 (t, J = 7.0 Hz, 4H, NCH2), 1.78 (quintet, J = 7.2 Hz, 5H,
NCH2CH2), 1.23 [m, 36H, (CH2)n], 0.85 (t, J = 6.8 Hz, 6H, CH3).
13C{1H} NMR (100 MHz, DMSO-d6): δ 136.37, 123.08, 49.50, 31.89,
29.82, 29.63, 29.61, 29.52, 29.45, 29.31, 28.92, 26.05, 22.69, 14.54. Anal.
calcd for C27H53N2I3: C, 41.24; H, 6.79; N, 3.56. Found: C, 41.36; H,
6.87; N, 3.85.
Preparation of [C12C12IM][I5]. To a solution of 1,3-didodecyli-

midazolium monoiodide (400 mg, 0.75 mmol) in CH2Cl2 (10 mL) was
added I2 (381 mg, 1.50 mmol). The mixture was stirred for 2 h, followed
by removal of the solvent. Pentane (10 mL) was then added to wash out
the excess I2 and dried in vacuo to give 1,3-didodecylimidazolium
pentaiodide. Yield, 765 mg, (98%). 1H NMR (400 MHz, DMSO-d6):
δ 9.20 [s, 1H, imidazole C(2)H], 7.80 (d, J = 1.8 Hz, 2H, imidazole
CHdCH), 4.15 (t, J = 7.0 Hz, 4H, NCH2), 1.78 (quintet, J = 7.2 Hz, 5H,
NCH2CH2), 1.23 [m, 36H, (CH2)n], 0.85 (t, J = 6.8 Hz, 6H, CH3).
13C{1H} NMR (100 MHz, DMSO-d6): δ 136.39, 123.08, 49.48, 31.88,
29.81, 29.62, 29.60, 29.50, 29.44, 29.30, 28.91, 26.04, 22.68, 14.54. Anal.
calcd for C27H53N2I5: C, 31.17; H, 5.14; N, 2.69. Found: C, 31.50; H,
5.04; N, 2.75.

Preparation of [C12C12IM][N(CN)2]
26. Na[N(CN)2] (242 mg,

2.72 mmol) was added to a solution of 1,3-didodecylimidazolium
chloride (1 g, 2.27 mmol) in 10 mL of dichloromethane and stirred
for 2 days. The suspension was filtered to remove the precipitated
chloride salt, and the organic phase was washed with small amounts of
water (ca. 30mL) until no precipitation of AgCl occurred in the aqueous
phase on addition of a concentrated AgNO3 solution. The organic phase
was then washed with water to ensure complete removal of the chloride
salt. The solvent was removed in vacuo, and the resulting IL was dried at
70 �C in vacuo for 24 h. Yield, 835 mg, (78%). 1H NMR (400 MHz,
DMSO-d6): δ 9.20 [s, 1H, imidazole C(2)H], 7.80 (d, J = 1.3 Hz, 2H,
imidazole CHdCH), 4.16 (t, J = 7.0 Hz, 4H, NCH2), 1.78 (quintet, J =
7.3 Hz, 4H, NCH2CH2), 1.23 [m, 36H, (CH2)n], 0.85 (t, J = 6.8 Hz, 6H,
CH3).

13C{1H}NMR (100MHz, DMSO-d6): δ 136.25, 123.06, 119.66,
49.44, 31.86, 29.78, 29.59, 29.48, 29.42. 29.29, 28.88, 26.01, 22.66, 14.50.
Anal. calcd for C29H53N5: C, 73.83; H, 11.32; N, 14.85. Found: C, 73.99;
H, 11.43; N, 14.96.
Preparation of [C12C12IM][C(CN)3]. The same procedure was

used as for [C12C12IM][N(CN)2]. From 1,3-didodecylimidazolium
chloride (1 g, 2.27 mmol) and Na[C(CN)3] (308 mg, 2.72 mmol),
[C12C12IM][C(CN)3] was obtained. Yield, 912 mg (81%). 1H NMR
(400 MHz, DMSO-d6): δ 9.20 [s, 1H, imidazole C(2)H], 7.80 (d, J =
1.3 Hz, 2H, imidazole CHdCH), 4.15 (t, J = 7.0 Hz, 4H, NCH2), 1.78
(quintet, J = 7.3 Hz, 4H, NCH2CH2), 1.23 [m, 36H, (CH2)n], 0.85 (t,
J = 6.8 Hz, 6H, CH3).

13C{1H} NMR (100 MHz, DMSO-d6): δ
136.51, 123.06, 121.06, 49.44, 31.87, 29.79, 29.61, 29.59, 29.49,
29.42, 29.29, 28.89, 26.02, 22.66, 14.49, 5.29. Anal. calcd for
C31H53N5: C, 75.10; H, 10.77; N, 14.13. Found: C, 75.11; H,
10.82; N, 14.26.

Table 2. Crystallographic Data, Data Collection, and Refinement Details of [C12C12IM][A] [A = N(CN)2
�, C(CN)3

�, B(CN)4
�,

or SbF6
�]

compound [C12C12IM][N(CN)2] [C12C12IM][C(CN)3] [C12C12IM][B(CN)4] [C12C12IM][SbF6]

empirical formula C29H53N5 C31H53N5 C31H53BN6 C27H53F6N2Sb

molecular weight 471.76 495.78 520.60 641.46

crystal size 0.36 � 0.11 � 0.07 0.28 � 0.26 � 0.24 0.40 � 0.30 � 0.20 0.20 � 0.18 � 0.08

temperature (K) 150 (2) 150 (2) 150 (2) 150 (2)

crystal system triclinic triclinic triclinic monoclinic

space group P1 (no. 2) P1 (no. 2) P1 (no. 2) P2/c (no. 13)

a (Å) 7.2671(4) 7.4686(5) 8.8995(5) 13.909(2)

b (Å) 10.1060(7) 10.0510(7) 11.0981(7) 6.3867(9)

c (Å) 20.7305(7) 21.4603(14) 18.0698(11) 35.945(5)

R (�) 101.009 77.4230(10) 95.5770(10) 90

β (�) 98.259 87.537(2) 92.7520(10) 100.628(3)

γ (�) 91.545 88.5580(10) 108.0000(10) 90

V (Å3) 1476.64(14) 1570.64(18) 1683.57(18) 3138.2(8)

Z 2 2 2 4

F (g cm�3) (calcd) 1.061 1.048 1.027 1.358

μ (mm�1) 0.063 0.062 0.061 0.932

F (000) 524 548 572 1336

Tmin; Tmax 0.853; 1.0 0.670; 0.746 0.6537; 0.7459 0.673; 0.746

2θ interval (�) 6.3 e 2θ e 54.2 4.1 e 2θ e 54.2 5.1 e 2θ e 55.8 5.9 e 2θ e 54.2

collected reflections 41886 26685 25479 47493

independent reflections; Rint 6504; 0.0474 6901; 0.0233 7926; 0.0353 6891; 0.0393

observed reflections [I g 2σ(I)] 4908 5688 5503 5768

no. of refined parameters 309 327 345 356

wR2 (all data) 0.1122 0.1212 0.1184 0.0836

R1 [F0 g 4σ(F)] 0.0424 0.0405 0.0429 0.0352

GoF on F2 1.031 1.063 1.029 1.070

ΔFmax/min 0.252/�0.204 0.258/�0.151 0.211/�0.171 1.023/�1.227
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Preparation of [C12C12IM][B(CN)4]. K[B(CN)4] (419 mg, 2.72
mmol) was added to a solution of 1,3-didodecylimidazolium chloride
(1 g, 2.27 mmol) in 10 mL of H2O and stirred for 1 day. The suspension
was extracted with dichloromethane (3 � 50 mL). The combined
organic extracts were washed with water one time. The solvent was
removed in vacuo, and the resulting IL was dried at 70 �C in vacuo for
24 h. Yield, 945 mg (80%). 1H NMR (400 MHz, DMSO-d6): δ 9.20 [s,
1H, imidazole C(2)H], 7.80 (d, J = 1.3 Hz, 2H, imidazole CHdCH),
4.15 (t, J = 7.0 Hz, 4H, NCH2), 1.78 (quintet, J = 7.3 Hz, 4H,
NCH2CH2), 1.23 [m, 36H, (CH2)n], 0.86 (t, J = 6.8 Hz, 6H, CH3).
13C{1H} NMR (100 MHz, DMSO-d6): δ 136.46, 122.84, 49.41, 31.86,

29.57, 29.48, 29.41, 29.28, 28.88, 26.01, 22.65, 14.50. Anal. calcd for
C31H53N6B:C, 71.52;H,10.26;N, 16.14. Found:C, 71.95;H,10.34;N,16.32.
Preparation of [C12C12IM][SbF6]. The same procedure was used

as for [C12C12IM][N(CN)2]. From 1,3-didodecylimidazolium chloride
(1 g, 2.27 mmol) and Na[SbF6] (704 mg, 2.72 mmol), [C12C12IM]-
[SbF6] was obtained. Yield, 1.21 g (83%).

1HNMR (400MHz, DMSO-
d6): δ 9.19 [s, 1H, imidazole C(2)H], 7.80 (d, J = 1.3 Hz, 2H, imidazole
CHdCH), 4.15 (t, J = 7.0 Hz, 4H, NCH2), 1.78 (quintet, J = 7.5 Hz, 4H,
NCH2CH2), 1.23 [m, 36H, (CH2)n], 0.85 (t, J = 6.8 Hz, 6H, CH3).
13C{1H}NMR (67.5 MHz, DMSO-d6): δ 135.92, 122.48, 49.39, 31.82,
29.73, 29.54, 29.44, 29.37, 29.24, 28.83, 25.96, 22.09, 13.93. Anal. calcd

Table 3. Selected Bond Distances (Å), Bond Angles (�), and Torsion Angles (�) for the Cations in Compounds [C12C12IM][A]
[A = I�, I3

�, I5
�, N(CN)2

�, C(CN)3
�, B(CN)4

�, or SbF6
�]

[I]� [I3]
�a [I5]

� [N(CN)2]
� [C(CN)3]

� [B(CN)4]
� [SbF6]

�

bond distances

N1�C1 1.330(2) 1.333(2) 1.325 (6) 1.333(2) 1.329(2) 1.324(2) 1.326(4)

N1�C3 1.374(2) 1.383(2) 1.373 (6) 1.383(2) 1.379(2) 1.376(2) 1.372(4)

N1�C4 1.473(2) 1.479(2) 1.482 (6) 1.477(2) 1.472(2) 1.473(2) 1.462(4)

N2�C1 1.333(2) 1.333(2) 1.328 (6) 1.333(2) 1.331(2) 1.327(2) 1.321(4)

N2�C2 1.379(2) 1.383(2) 1.379 (6) 1.385(2) 1.377(2) 1.376(2) 1.368(4)

N2�C16 1.474(2) 1.479(2) 1.478 (6) 1.478(2) 1.471(2) 1.471(2) 1.467(4)

C2�C3 1.349(3) 1.358(2) 1.341 (7) 1.351(2) 1.345(2) 1.347(2) 1.342(5)

C4�C5 1.520(3) 1.519(2) 1.518 (7) 1.525(2) 1.522(2) 1.510(2) 1.515(5)

C5�C6 1.521(3) 1.529(2) 1.522 (6) 1.527(2) 1.523(2) 1.523(2) 1.523(4)

C16�C17 1.509(2) 1.519(2) 1.520 (6) 1.528(2) 1.523(2) 1.516(2) 1.514(4)

C17�C18 1.518(2) 1.529(2) 1.511 (6) 1.524(2) 1.522(2) 1.523(2) 1.529(4)

bond angles

C1�N1�C3 108.8(2) 108.3(1) 108.2 (4) 108.7(1) 108.7(1) 108.6(1) 108.3(3)

C1�N1�C4 124.8(2) 125.2(1) 125.0 (4) 125.6(1) 125.7(1) 125.1(1) 124.5(3)

C3�N1�C4 126.5(2) 126.4(1) 126.8 (4) 125.3(1) 125.4(1) 126.2(1) 127.1(3)

C1�N2�C2 108.5(2) 108.3(1) 108.4 (4) 108.6(1) 108.6(1) 108.4(1) 108.5(3)

C1�N2�C16 126.3(2) 125.2(1) 125.2 (4) 125.7(1) 126.2(1) 125.4(1) 124.6(3)

C2�N2�C16 125.2(2) 126.4(1) 126.3 (4) 125.6(1) 125.2(1) 126.1(1) 126.9(3)

N1�C1�N2 108.5(2) 109.1(2) 108.9 (5) 108.5(1) 108.4(1) 108.8(1) 108.8(3)

C3�C2�N2 107.1(2) 107.1(1) 106.8 (4) 107.1(1) 107.3(1) 107.2(1) 107.4(3)

C2�C3�N1 107.2(2) 107.1(1) 107.8 (4) 107.1(1) 107.0(1) 107.0(1) 107.0(3)

N1�C4�C5 111.9(2) 112.8(1) 111.7 (4) 110.8(1) 111.4(1) 112.7(1) 113.7(3)

C4�C5�C6 111.6(2) 110.2(1) 111.1 (4) 114.1(1) 113.9(1) 110.7(1) 109.9(3)

C5�C6�C7 112.9(2) 113.2(1) 112.7 (4) 111.8(1) 112.6(1) 113.4(1) 114.6(3)

N2�C16�C17 113.0(2) 112.8(1) 112.4 (4) 110.7(1) 111.2(1) 112.0(1) 112.1(3)

C16�C17�C18 110.4(2) 110.2(1) 110.7 (4) 113.2(1) 114.0(1) 111.3(1) 110.7(3)

C17�C18�C19 113.7(2) 113.2(1) 114.2 (4) 113.2(1) 112.2(1) 113.2(1) 113.4(3)

torsion angles

C4�N1�C1�N2 178.3(2) 177.8(2) �177.1 (4) �173.2(1) 174.3(1) 177.3(1) �180.0(3)

C4�N1�C3�C2 �178.4(2) �178.2(2) 177.2 (4) 173.2(1) �174.5(1) �177.3(1) �179.8(3)

C1�N1�C4�C5 �104.5(2) 138.0(1) 109.8 (5) 101.5(2) �95.0(2) 130.6(2) �87.3(4)

C3�N1�C4�C5 73.9(2) �44.9(2) �66.9 (6) �70.3(2) 78.2(2) �52.3(2) 92.6(4)

N1�C4�C5�C6 177.5(2) �179.5(1) �174.9 (4) �59.9(2) 60.7(2) �172.8(2) �179.5(3)

C16�N2�C1�N1 177.6(2) 177.8(2) 177.6 (4) 177.1(1) �178.2(1) �178.3(1) �178.9(3)

C16�N2�C2�C3 �177.5(2) �178.2(2) �177.5 (4) �177.0(1) 178.0(1) 178.5(2) 178.9(3)

C1�N2�C16�C17 41.0(2) 138.0(1) �103.7 (5) �119.3(2) 111.4(2) 105.1(2) 89.0(4)

C2�N2�C16�C17 �142.2(2) �44.9(2) 73.8 (6) 57.1(2) �66.63(2) �73.2(2) �89.4(4)

N2�C16�C17�C18 175.2(2) �179.5(1) 179.6 (4) 63.7(2) �65.7(2) �177.0(1) �179.5(3)
aThe cation is situated on a crystallographic 2-fold rotation axis (the numbering given here refers to that of the other nonsymmetric cations).
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for C27H53N2SbF6: C, 50.55; H, 8.33; N, 4.37. Found: C, 50.82; H, 8.37;
N, 4.67.
X-ray Crystal Structure Determination Details. CCDC-

809225 (for [C12C12IM][I]), CCDC-809226 (for [C12C12IM][I3]),
CCDC-809227 (for [C12C12IM][I5]), CCDC-809228 (for [C12C12-
IM][N(CN)2]), CCDC-809229 (for [C12C12IM][C(CN)3]), CCDC-
809230 (for [C12C12IM][B(CN)4]), and CCDC-809231 (for [C12C12-
IM][SbF6]) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge via the Internet at
http://www.ccdc.cam.ac.uk/data_request/cif (or from Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge, CB2 1EZ,
UK; fax: þþ44-1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).

All investigated compounds crystallized in the form of colorless plates
that were obtained by layering a CH2Cl2 solution of the corresponding
IM salt with diethyl ether or pentane. Suitable single crystals were
embedded in protective perfluoropolyalkyether oil and transferred to
the cold nitrogen gas stream of the diffractometer. Intensity data were
collected using Mo KR radiation (λ = 0.71073 Å) on a Bruker-Nonius
Kappa CCD ([C12C12IM][I], [C12C12IM][I3], [C12C12IM][I5], and
[C12C12IM][N(CN)2]) and a Bruker Smart APEX2 ([C12C12IM]-
[B(CN)4]), both equipped with a graphite monochromator, or on a
Bruker Kappa APEX 2 IμS Duo diffractometer ([C12C12IM][C(CN)3]
and [C12C12IM][SbF6]) equipped with QUAZAR focusing Montel
optics. Data were corrected for Lorentz and polarization effects, and
semiempirical absorption corrections were performed on the basis of
multiple scans using SADABS.29 In the case of the [I5]

� salt, a numerical
absorption correction was applied.30 The structures were solved by
direct methods and refined by full-matrix least-squares procedures on
F2 using SHELXTL NT 6.12.31

Crystallographic data, data collection, and structure refinement de-
tails are given in Tables 1 and 2. Selected bond distances, angles, and
torsion angles are listed in Table 3. All nonhydrogen atoms were refined
with anisotropic displacement parameters. All hydrogen atoms were
placed in positions of optimized geometry, and their isotropic displace-
ment parameters were tied to those of the corresponding carrier atoms
by a factor of either 1.2 or 1.5.

’RESULTS AND DISCUSSION

A series of seven new IM salt-based double C12 alkyl chain
functionalized ILs, namely, [C12C12IM][A], where the anion A is
I�, I3

�, I5
�, N(CN)2

�, C(CN)3
�, B(CN)4

�, or SbF6
�, was

prepared by ion exchange from [C12C12IM][Cl] and the corre-
sponding sodium or potassium salts. All compounds were dried
under vacuum at 70 �C for 24 h to remove traces of water. 1H
NMR, 13C NMR spectroscopy, and CHN elemental analysis
confirmed the chemical identities and purity of all compounds.
Single crystals were grown by layering a CH2Cl2 solution of the
corresponding IM salt with diethyl ether or pentane. The
obtained crystals were subjected to an X-ray crystal structure
determination to establish the effect of the counteranion

structure on the molecular conformation of the IM cations and
the resulting crystal packing. None of the obtained crystals
contained cocrystallized solvent molecules that would influence
structure formation.

The double dodecyl derivatized cation [C12C12IM]þ is com-
posed of two long hydrocarbon chains and an IM head core. To
simplify and explain the patterns of packing in the crystal
structures, we defined a reduced model of the IM salt. In this
model, the IM head core is represented by the IM ring centroid.
The C12-alkyl chains are replaced by vectors, having their vertices
in the ring centroid and pointing toward the terminal dodecyl
group carbon atoms (see Scheme 1).

On the basis of their appearance, the reported IM salts can be
classified into three different shape types. The three main types
are rod, V, and U shapes (see Scheme 2). In the rod and V shapes,
the two alkyl chains are maximally stretched along the IM core
plane. In the U-shaped conformation, the two-alkyl chains of the
[C12C12IM]-cation run perpendicular to the IM core plane
pointing in the same direction. To estimate the degree of
deviation from linearity, the angle C12�X�C12

0 (see Scheme 1)
is defined by the center X of the IM ring and the terminal atoms
C12 and C12

0 of the two alkyl arms. In all cases, the angle between
the IM ring centroid and the terminal dodecyl chain carbon
atoms have been calculated. If a randomly chosen deviation from
linearity of more than 30� is observed, we speak of a V shape;
otherwise, a rod-shaped conformation was assigned.

In two of the investigated crystal structures, two independent
molecules were observed in the asymmetric unit, so that a total of
nine molecular conformations were available for comparison.
Rod-shaped IM cations were found in the structures of the [I]�,
[I3]

�, and [B(CN)4]
� salts; the V shape of the cation was

Scheme 2. Representation of the Three Shape Types Ob-
served for the IM Cations (Top, Rod-Shaped; Middle,
V-Shaped; and Bottom, U-Shaped)

Scheme 1. Simplified Representation of the IM Cation
[C12C12IM]þ
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observed in crystals of the [I5]
� and [SbF6]

� salt, as well as in
one of the two independent molecules of the [I]� salt; U-shaped
cations were found in the [N(CN)2]

� and [C(CN)3]
� salts. The

asymmetric unit of the [I5]
� salt contains two independent

cations of the same conformation (V shape), while the asym-
metric unit cell of the [I]� salt contained two independent
molecules with different conformations of the IM cation with rod
and V shapes, respectively. The C12�X�C12

0 angles in the rod-
shaped systems span a range from 164 to 180� ([I]�, 164.8�;
[B(CN)4]

�, 173.7�; and [I3]
�, 179.1�). For the V-shaped

systems, a narrow range from 110 to 118� is observed ([I]�,

117.4�; [I5]�, 113.0�; and [SbF6]�, 110.4�), and in the U-shaped
systems, the C12�X�C12

0 angle amounts to approximately 20�
([N(CN)2]

�, 21.8�; and [C(CN)3]
�, 22.4�). The value of this

angle is defined by the carbon atoms of the two terminating
methyl groups and the IM ring centroid. An even better
description for the U-shaped systems is the close to 90� angle
between the first C atom of the aliphatic dodecyl chain, the IM
ring N atom, and the terminating C atom of the dodecyl chain
(92.3� for both [N(CN)2]

� and [C(CN)3]
�).

The molecular cation [C12C12IM]þ comprises a polar frag-
ment (IM ring) and a nonpolar fragment (the two long hydro-
carbon chains). Because these fragments of different polarity
largely influence the crystalline packing, the packing patterns
exhibit both polar and nonpolar domains. To illustrate this in the
packing diagrams, we defined a color code representing
the different intermolecular forces of attraction within the crystal
packing (see Scheme 3); the polar domains are highlighted in
red, and the nonpolar domains are highlighted in blue color. The
interactions in the polar domains can be assigned to ionic
interactions and hydrogen bonds. Inside the nonpolar domain,
van der Waals forces exist between the long alkyl chains.
Determination of Melting Points. Melting points of the

investigated ILs were determined byDSC. For the determination
of the melting points, the onset temperatures were used. In the
case of the iodide salt [C12C12IM][I], a smectic mesophase was
detected with a crystal to liquid crystal (smectic) transition at
40.4 �C and a liquid crystal to isotropic transition at 88.5 �C.
The crystal structure determination of [C12C12IM][I] revealed

Table 4. Melting Points (�C) Determined by DSC (Second Heating Cycle, 5 K min�1)

Figure 1. Overall Hirshfeld surface of the IM cation in [C12C12IM][I3]
highlighting the regions of intermolecular interaction in red.

Scheme 3. Polar Domains (in Red) and Nonpolar Domains (in Blue) in the Packing Diagram of [C12C12IM][I3]; View along the
Crystallographic c-Axis
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that its unit cell contained two independent IM cations of
different shapes (V and rod shapes). Among the here investi-
gated compounds, it is only [C12C12IM][I] that exhibits a
mesophase, while for all other samples, only crystal to isotropic
transitions were observed. The experimentally determined
melting points are summarized in Table 4. A correlation
between the melting points and the shape of the cations in
their different solid state structures can be detected with the
V-shaped systems having the lowest melting points (36 and
41 �C), the U-shaped systems being in between (∼44 �C), and
the rod-shaped systems having the highest values (46 and
48 �C).
Hirshfeld Analysis of the Rod-Shaped [C12C12IM][I3] Salt.

To support the proposed description of the IM cation as a
molecule with two parts of different polarity, an exemplary
Hirshfeld analysis32�34 for the [C12C12IM][I3] system has been

performed. This analysis is useful to estimate the main inter-
molecular interactions of the respective polar and nonpolar
fragments with the molecules surrounding it. Figure 1 shows
the Hirshfeld surface of the overall IM cation and the next three
neighboring [I3]

� anions.
Clearly visible are the strong interactions that can be expected

between the polar IM ring and the neighboring triiodide anions.
Additionally, red areas in the nonpolar dodecyl chains mark the
regions of van der Waals interactions that can occur between the
long aliphatic chains of neighboring molecules and lead to a
strong interdigitation of these chains within the crystal packing.
A typical Hirshfeld surface is represented by tens of thousands

of surface points.34 Two parameters convey information about
relevant contact distances from each point, namely, di, measuring
the distance from the Hirshfeld surface to the nearest atom
interior to the surface, and de, the distance from the Hirshfeld

Figure 2. Hirshfeld surface analysis of the IM cation in [C12C12IM][I3] with the regions of intermolecular H 3 3 3H interactions between neighboring
aliphatic chains highlighted in color (left) and the corresponding 2D fingerprint plot (right).

Figure 3. Hirshfeld surface analysis of the IM cation in [C12C12IM][I3] with the regions of polar H 3 3 3 I interactions between the IM head core and the
triiodide anions highlighted in color (left) and the corresponding 2D fingerprint plot (right).
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surface to the nearest atom exterior to the surface. Figure 2
highlights only the nonpolar H 3 3 3H contacts observed between
the aliphatic chains (Figure 2, left). The majority of distances di
range from 1.2 to 2.2 Å, which is typical for aliphatic
hydrocarbons,34 with the shortest contact being very close to
1.2 Å, the generally acknowledged van der Waals radius of
hydrogen.35 The distance from the surface to the nearest nucleus
in another molecule (de) spans a broad range from 1.2 to more
than 2.6 Å. The 2D fingerprint plot features a very compact array
with de values, ranging from 1.2 to 2.0 Å, reflecting a more
efficient close-packing mode. The region of diffuse long-distance
contacts (>2.0 Å) very likely arises from poor packing efficiency
at the end of the aliphatic chains as was previously observed for
the aliphatic hydrocarbons with an odd number of C atoms
(propane to nonane) in a series of n-alkanes.32 Between the ends
of two chains, the next triiodide anions can be found. These
anions interact much more effectively with the polar IM head
cores above and below (see Scheme 3) than with the C�H
groups of the nonpolar chains. From the 2D fingerprint plot, it is
obvious that the van der Waals H 3 3 3H contacts contribute
majorly to the entire observable intermolecular interactions with
a calculated percentage of 84.3% (Figure 2, right, marked in
color).
The intermolecular interactions between the polar IM head

core and the triiodide anions are emphasized in Figure 3 (left).
The 2D fingerprint plot (Figure 3, right) depicts the
H 3 3 3 I contacts and exhibits pronounced differences for di
and de. While the range observed for di is from 1.0 to 2.0 Å,
the de range from 1.8 to 2.6 Å characterizes the longer C�H 3
3 3 I hydrogen bridges. The contribution of these H 3 3 3 I con-
tacts has been calculated to not more than 11.4% and is
visualized in blue color in the corresponding fingerprint plot
(Figure 3, right).
Because the intermolecular interactions are mainly composed

of nonpolar van der Waals contacts (H 3 3 3H, 84.3%) and polar
hydrogen bond type interactions (C�H 3 3 3 I, 11.4%), it can be
concluded that an optimized arrangement of the aliphatic chains,
namely, a strong interdigitation of the chains, plays a major role
in the observed packing arrangement. The van der Waals
interactions seemingly are the structure determining forces
dominating over the hydrogen bond interactions of the polar
fragments.

Figure 4. Molecular structure of [C12C12IM][I3] (50% probability ellipsoids).

Table 5. Hydrogen Bond Details for Compounds
[C12C12IM][A] [A = I�, I3

�, I5
�, N(CN)2

�, C(CN)3
�, and

B(CN)4
�, or SbF6

�]a

D�H

(Å)

H 3 3 3A
(Å)

D 3 3 3A
(Å)

D�H 3 3 3A
(deg)

[I]�

C1�H1A 3 3 3 I1 0.95 3.05 3.744(2) 131

C3�H3A 3 3 3 I1
#1 0.95 3.08 3.877(2) 143

C28�H28A 3 3 3 I2 0.95 2.86 3.690(2) 146

[I3]
�

C1�H1A 3 3 3 I1
#2 0.95 3.00 3.949(2) 180

C2�H2A 3 3 3 I1
#3 0.95 3.14 3.708(2) 120

[I5]
�

C1�H1A 3 3 3 I1
#4 0.95 3.07 3.831(5) 138

C28�H28A 3 3 3 I6
#4 0.95 3.12 3.850(5) 135

[N(CN)2]
�

C1�H1A 3 3 3N5
#5 0.95 2.42 3.218(2) 141

C2�H2A 3 3 3N4
#6 0.95 2.45 3.333(2) 154

C3�H3A 3 3 3N5 0.95 2.44 3.328(2) 155

[C(CN)3]
�

C1�H1A 3 3 3N5
#7 0.95 2.49 3.330(2) 147

C2�H2A 3 3 3N3
#8 0.95 2.48 3.344(2) 151

C3�H3A 3 3 3N5
#9 0.95 2.56 3.354(2) 141

[B(CN)4]
�

C1�H1A 3 3 3N4
#10 0.95 2.40 3.237(2) 147

C3�H3A 3 3 3N5
#11 0.95 2.49 3.241(2) 135

[SbF6]
�

C1�H1A 3 3 3 F23
#12 0.95 2.31 3.212(6) 158

C1�H1A 3 3 3 F23
#13 0.95 2.55 3.449(6) 158

C1�H1A 3 3 3 F22A
#12 0.95 2.52 3.285(7) 137

C1�H1A 3 3 3 F23A
#13 0.95 2.63 3.342(7) 132

C2�H2A 3 3 3 F11
#14 0.95 2.41 3.286(4) 153

C3�H3A 3 3 3 F11
#15 0.95 2.49 3.257(4) 138

a Symmetry codes: #1, x, 1þ y, z; #2, 1� x, 1� y, 1� z; #3, 1� x,�y,
1� z; #4,�1þ x, y, z; #5,�1þ x, y, z; #6, x,�1þ y, z; #7, 1� x,�y,
1� z; #8, 2� x, 1� y, 1� z; #9, 2� x,�y, 1� z; #10,�x,�y,�z; #11,
1� x, 1� y,�z; #12, x,�1þ y, z; #13, 1� x,�1þ y, 0.5� z; #14, 1�
x, 1 þ y, 0.5 � z; and #15, 1 þ x, 1 þ y, z.
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Rod-Shaped Systems. In the crystalline packing of the [I3]
�

and the [B(CN)4]
� salts, exclusively rod-shaped IM cations are

observed.
[C12C12IM][ I3]. The [I3]

� anion in [C12C12IM][I3] is situated
on a crystallographic 2-fold axis running through the central
iodine atom. This anion is nearly linear with an I2�I1�I2A angle
of 175.900(6)�. The IM cation, also lying on a crystallographic
2-fold axis, adopts a rod-shaped conformation with a C12�X�
C12

0 angle of 179.1�. The molecular structure of [C12C12IM][I3]
is shown in Figure 4.
Within the crystal packing, cations and anions clearly arrange

in a way that polar and nonpolar regions approach each other.
The linear shape of the [I3]

� anion as well as a number of
hydrogen bonds between the C�H units of the IM cation and
the [I3]

� anion account for the linear arrangement of the cation.
Because of their positions on the crystallographic 2-fold axes, the
[I3]

� anion and the IM head core lay exactly in one plane and
arrange in an alternating fashion. From one side of the cations'
five-membered heterocycle, the central iodine atom of the [I3]

�

anion is involved in hydrogen bonding to the two C�H donors
of the IM backbone; from the other side, the central iodine atom
of the anion forms a hydrogen bond to the protonated carbon
atom of the IM head core (see Table 5). The IM rings form polar
channels within which the [I3]

� anions are arranged. As is
observed for the other rod-shaped systems in this study, the
triiodide anions together with the IM moieties form hydrophilic
stacks, while the hydrophobic nonpolar dodecyl chains show
strong interdigitation. A schematic representation of the crystal-
line packing shows the linear arrangement of cations and anions
and the formation of polar (red) and nonpolar (blue) stacks
within the crystal structure (Figure 5).
[C12C12IM][B(CN)4]. The molecular structure of [C12C12IM]-

[B(CN)4] is shown in Figure 6. The IM cation in [C12C12IM]-
[B(CN)4] adopts a rod-shaped conformation with an C12�X�
C12

0 angle of 173.7� and an all-staggered conformation of the two
C12 alkyl chains.
Although the [B(CN)4]

� anion exhibits approximated tetra-
hedral symmetry and is a molecule of roughly spherical appearance,

Figure 5. Schematic representation of the crystal packing of [C12C12IM][I3] viewed along the crystallographic c-axis and illustrating the rod shape of the
cations; the red color indicates polar regions, and the blue color marks nonpolar regions.

Figure 6. Molecular structure of [C12C12IM][B(CN)4] (50% probability ellipsoids).
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the rod shape of the IM cation is maintained. This is achieved by a
pair wise arrangement of the anions between the polar IM head
cores that again form hydrophilic stacks. Within the crystal packing,
cations and anions alternate to form tilted layers that exhibit a tilt
angle of approximately 62� between the polar and the nonpolar
stacks (Figure 7). At least two out of the four CN groups of the
[B(CN)4]

� anion are involved in hydrogen bonding to two dif-
ferent neighboring IM cations, thus connecting sheets of IM salts.
The nonpolar dodecyl groups show strong interdigitationwithin the
crystalline packing that resembles the arrangement observed in the
[I3]

� derivative.
V-Shaped Systems. In the crystalline packing of the [I5]

� and
the [SbF6]

� salts, exclusively V-shaped IM cations are observed.
[C12C12IM][ I5]. The molecular structure of [C12C12IM][I5] is

shown in Figure 8. The [I5]
� anion in [C12C12IM][I5] exhibits a

typical V shape with an I2�I1�I4 angle of 101.31(2)� and an

I7�I6�I9 angle of 101.85(2)� for the two independent mol-
ecules present in the asymmetric unit. The two arms of the [I5]

�

molecular structure are nearly linear with I�I�I angles of
178.96(2)� for I1�I2�I3 and 179.10(2)� for I1�I4�I5, and
179.10(2)� for I6�I7�I8, and 178.99(2)� for I6�I9�I10 for the
second anion. Apparently, the V shape of the anion in [C12C12-
IM][I5] determines the conformation of the IM cations. The two
independent cations are situated above and beneath the anions
with the center of their five-membered IM rings sitting exactly
under the central iodine of the anions, thus repeating the V shape
pattern of the anion. The C12�X�C12

0 angle amounts to 113.0�
for both independent cations, and the two alkyl chains of the
cations are stretched outward along the IM core plane with an all-
staggered conformation. Hydrogen-bonding interactions are
observed between all iodine atoms of the anions and C�H
groups of neighboring cations (distances ranging from 3.07 to

Figure 7. Schematic representation of the crystal packing of [C12C12IM][B(CN)4] viewed along the crystallographic a-axis, illustrating the rod shape of
the cations; the red color indicates polar regions, and the blue color marks nonpolar regions (hydrogen atoms are omitted for clarity).

Figure 8. Molecular structure of [C12C12IM][I5], two independent molecules (50% probability ellipsoids).
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Figure 9. Schematic representation of the crystal packing of [C12C12IM][I5] along the crystallographic a-axis, illustrating the V shape of the cations; the
red color indicates polar regions, and the blue color marks nonpolar regions.

Figure 10. Molecular structure of [C12C12IM][SbF6] (50% probability ellipsoids).

Figure 11. Schematic representation of the crystal packing of [C12C12IM][SbF6] along the crystallographic a-axis, illustrating the V shape of the
cations; the red color indicates polar regions, and the blue color marks nonpolar regions.
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3.44 Å) with the most significant I 3 3 3H contacts being the ones
to the central iodide atoms I1 and I6 (see Table 5).
The crystal packing of [C12C12IM][I5] is characterized by the

formation of zigzag layers of alternating [C12C12IM]þ cations
and [I5]

� anions (Figure 9). Perpendicular to these layers, the
[I5]

� anions together with the IM moieties form hydrophilic
polar stacks, while the hydrophobic nonpolar dodecyl chains
show strong interdigitation.
[C12C12IM][SbF6]. The molecular structure of [C12C12IM]-

[SbF6] is shown in Figure 10. The asymmetric unit contains two
independent [SbF6]

� anions that are located on crystallographic
2-fold rotation axes. These independent anions exhibit well-
approximated octahedral symmetry, and similar to the
[B(CN4)]

� anion, [SbF6]
� is a molecule of spherical appear-

ance. Different from [C12C12IM][B(CN)4], the IM cation in the

[SbF6]
� compound is characterized by a V shape with a

C12�X�C12
0 angle of 110.4� and the two alkyl chains stretched

outward along the IM core plane. Again, the alkyl chains are
arranged in an all-staggered fashion. The polar part of the cations
and the anions approach each other to form hydrophilic stacks
within the crystal packing. A number of hydrogen bridges within
the polar domains interconnect the IM head cores with the
[SbF6]

� anions. The fluoride atoms of the anions are involved in
hydrogen bonding to the two C�H donors of the IM backbones
and the protonated carbon atom of the IM head cores of different
neighboring IM cations. The most significant of these hydrogen
bonds are summarized in Table 5. In the nonpolar domains, the

Figure 12. Molecular structure of [C12C12IM][N(CN)2] (50% prob-
ability ellipsoids).

Figure 13. Schematic representation of the crystal packing of [C12C12IM][N(CN)2] along the crystallographic b-axis, illustrating the U shape of the
cations; polar regions are red, and nonpolar regions are blue.

Figure 14. Molecular structure of [C12C12IM][C(CN)3] (50% prob-
ability ellipsoids).
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dodecyl groups show strong interdigitation within the crystalline
packing. Similar to the crystal packing of the [I5]

� derivative, the
crystal structure of [C12C12IM][SbF6] is characterized by zigzag
layers of alternating cations and anions running perpendicular to
the polar and nonpolar stacks (Figure 11).
U-Shaped Systems. In the crystalline packing of the

[N(CN)2]
� and the [C(CN)3]

� salts, exclusively U-shaped IM
cations are observed.
[C12C12IM][N(CN)2]. The molecular structure of [C12C12-

IM][N(CN)2] is depicted in Figure 12. The bent shape of the
molecular structure of the [N(CN)2]

� anion is similar to that of
the [I5]

� anion and features a C28�N3�C29 angle of 119.8(2)�.
The two arms of the anion are nearly linear with a N4�C�N3
angle of 173.4(2)� and a N5�C�N3 angle of 173.2(2)�.
Different from the V shape of the [C12C12IM][I5] structure,
where the anion seems to determine the shape of the cation, a U
shape of the [C12C12IM]þ unit is observed in [C12C12IM]-
[N(CN)2]. In this U conformation, the two alkyl chains of the
cation are oriented perpendicular to the IM head core plane with
a C12�X�C12

0 angle of 21.8�. A better measure of the U shape is
the angle between the first C atom of the aliphatic dodecyl chain,
the IM ring N atom, and the terminating C atom of the dodecyl
chain, which is close to 90� and amounts to 92.3� in the
[N(CN)2]

� compound.
The crystal packing is characterized by a head-to-head ar-

rangement of the IM head cores with the [N(CN)2]
� anions

lying in between the face-to-face oriented IM rings. Thus, stacks
of polar anions and the IM head cores alternate with nonpolar
stacks of interdigitating aliphatic chains (see Figure 13). Every
C�H group of the IM ring forms C�H 3 3 3Nhydrogen bonds to
different [N(CN)2]

� anions, such that the anions connect three
neighboring stacks of cations (see Table 5).
[C12C12IM][C(CN)3]. The molecular structure of [C12C12IM]-

[C(CN)3] is shown in Figure 14. The [C(CN)3]
� anion adopts

an approximated trigonal planar geometry with three bond
angles of nearly 120�: C29�C28�C30 = 119.7(2)�, C30�
C28�C31 = 119.3(1)�, and C29�C28�C31 = 120.9(2)�.
The two alkyl chains in the cation run perpendicular to the IM
head-core-plane with a C12�X�C12

0 angle of 22.4�. Again, a
better measure of the degree of U shape is the angle between the
first C atom of the aliphatic dodecyl chain, the IM ring N atom,
and the terminating C atom of the dodecyl chain, which amounts
to 92.3� in the [C(CN)3]� compound and matches precisely the
value observed for the [B(CN)2]

� derivative.
The crystal packing of [C12C12IM][C(CN)3] shows close

similarities to that of the corresponding [N(CN)2]
� salt. As

seen before, a head-to-head arrangement of the IM head cores is
realized with the [C(CN)3]

� anions lying in between the

Figure 15. Schematic representation of the crystal packing of [C12C12IM][C(CN)3] viewed along the crystallographic a-axis illustrating the U shape of
the cations; polar regions are red, and nonpolar regions are blue.

Figure 16. Molecular structure of the two independent molecules
[C12C12IM][I] (50% probability ellipsoids).
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face-to-face oriented IM rings. Stacks of polar anions and IM
head cores alternate with the nonpolar stacks of interdigitating
aliphatic chains (see Figure 15). Every C�Hgroup of the IM ring
of the cations forms C�H 3 3 3N hydrogen bonds to different
[C(CN)3]

� anions, thereby interconnecting three neighboring
stacks of anions (see Table 5).
Rod- and V-Shaped Mixed System. [C12C12IM][ I]. The crys-

tal structure of [C12C12IM][I] contains two independent mol-
ecules with different conformations of the IM cations in the
asymmetric unit. One of the independent molecules exhibits an
approximate rod-shaped conformation with a C12�X�C12

0
angle of 164.8�, while the C12�X�C12

0 angle of 117.4� of the
second molecule defines its V shape. The molecular structures of
the two independent molecules of [C12C12IM][I] are shown in
Figure 16.
The crystal packing is characterized by alternating bilayers of

almost linearly arranged rod-shaped IM cations and V-shaped IM
cations that are arranged in a zigzag fashion. Perpendicular to
these bilayers, nonpolar hydrophobic stacks alternate with polar
hydrophilic stacks, in which the anions are arranged (Figure 17).
Every iodide anion is involved in a number of C�H 3 3 3 I
hydrogen bonds, thus interconnecting four neighboring cations
with H 3 3 3 I distances ranging from 2.86 to 3.50 Å. The most
significant hydrogen bonds are given in Table 5.
Influence of the Anion Shape on the Molecular Confor-

mation of the Cation. [C12C12IM][I], [C12C12IM][ I3], and [C12-
C12IM][I5]. The IM [C12C12IM]þ cation is able to adopt three
different major conformations: rod shape, V shape, and U shape.
It is therefore reasonable to assume that the shape of the anion
will influence the resulting shape of the cation. We observed,
however, that even when the shape of the anions is very similar
([I3]

� vs [N(CN)2]
�), significantly different cation conforma-

tions in the solid state crystal structure packing can be observed.
Next to the major contribution of van der Waals interactions

between the hydrophobic aliphatic chains (see Hirshfeld anal-
ysis), hydrogen-bonding interactions of different strength and
directionality seem to play a significant role in the molecular
arrangement within the crystal packing and may also control the
molecular conformation of the cation. However, with different
geometries and anions, the possible hydrogen-bonding interac-
tions will differ in strength and directionality. It is therefore
difficult to control the structural cation arrangement in the solid
state simply by choosing an anion with a given molecular
structure. To directly relate the shape of the cation to the shape
of the anion, comparison of a series of anions containing
exclusively iodine atoms proved to be useful. Here, we were able
to synthesize the mono-, tri-, and pentaiodide derivative of the
[C12C12IM]þ IM salt. While in the tri- and pentaiodide salts the
shape of the cation clearly reflects the shape of the anion (rod
shape in the case of the linear [I3]

� anion and V shape in the case
of the bent [I5]

� anion), two independent molecules of different
shape (rod and V shapes) are observed in the crystal structure of
the monoiodide (spherical [I�] anion). Obviously, the confor-
mations do not differ significantly in energy, and in solution,
likely all major conformations are present. During crystallization,
an interplay of cation�anion interactions (hydrogen bonding,
electrostatic, and van der Waals interactions) appears to account
for an optimized packing of the molecules, while the small and
spherical [I]� anion has none or only minor influence on the
shape of the cation.

’CONCLUSION

In summary, we have synthesized a set of IM ILs combining
the cation [C12C12IM]þ with various anions. The molecular
structure and the solid state packing of the cations seem to be
heavily influenced by the counteranion geometry, resulting in
three distinct molecular conformations (rod, V, and U shapes).

Figure 17. Schematic representation of the crystal packing of [C12C12IM][I] viewed along the crystallographic a-axis, illustrating the different shapes of
the two independent cations; the red color indicates polar regions, and the blue color marks nonpolar regions.
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In the crystal packing, the anions together with the IM moieties
form hydrophilic stacks, while the hydrophobic nonpolar dode-
cyl chains show strong interdigitation. The observed differences
in cation conformation were found to result from a combination
of hydrogen-bonding and ionic interactions in the polar domain
formed by the IM rings and counteranions as well as van der
Waals forces in the nonpolar domain formed by the long alkyl
chains. Although control of crystal packing was not achieved in all
cases, it is reasonable to conclude that careful selection of anion
geometry strongly impacts the IL cation's proclivity to adopt a
desired conformation.
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(2) Bonhôte, P.; Dias, A.-P.; Papageorgiou, N.; Kalyanasundaram,
K.; Gr€atzel, M. Inorg. Chem. 1996, 35, 1168–1178.

(3) Gordon, C. M.; Holbrey, J. D.; Kennedy, A. R.; Seddon, K. R. J.
Mater. Chem. 1998, 8, 2627–2636.
(4) Wu, D.; Pisula, W.; Enkelmann, V.; Feng, X.; M€ullen, K. J. Am.

Chem. Soc. 2009, 131, 9620–9621.
(5) Bernal, I.; Myrczek, J.; Cai, J. Polyhedron 1993, 12, 1149–1155.
(6) Bernal, I.; Cetrullo, J.; Myrczek, J. Mater. Chem. Phys. 1993,

35, 290–300.
(7) Wen, R.; Bernal, I.; Somoza, F.; Li, W.; Fronczek, F. R. Inorg.

Chim. Acta 1998, 282, 96–109.
(8) Saha, M. K.; Ramanujam, R.; Bernal, I. Cryst. Growth Des. 2002,

2, 205–212.
(9) Eichh€ofer, A.; Hampe, O.; Blom, M. Eur. J. Inorg. Chem.

2003, 1307–1314.
(10) Saha, M. K.; Bernal, I. C. R. Chimie 2007, 10, 1170–1179.
(11) Meng, Z.; D€olle, A.; Carper, W. R. J. Mol. Struct.

(THEOCHEM) 2002, 585, 119–128.
(12) Turner, E. A.; Pye, C. C.; Singer, R. D. J. Phys. Chem. A 2003,

107, 2277–2288.
(13) Paulechka, Y. U.; Kabo, G. J.; Blokhin, A. V.; Vydrov, O. A.;

Magge, J. W.; Frenkel, M. J. Chem. Eng. Data 2003, 48, 457–462.

(14) Katsyuba, S. A.; Dyson, P. J.; Vandyukova, E. E.; Chernova,
E. E.; Vidis, A. Helv. Chim. Acta 2004, 87, 2556–2565.

(15) Heimer, N. E.; Del Sesto, R. E.; Carper, W. R. Magn. Reson.
Chem. 2004, 42, 71–75.

(16) Liu, Z.; Huang, S.; Wang, W. J. Phys. Chem. B 2004,
108, 12978–12989.

(17) Tsuzuki, S.; Tokuda, H.; Hayamizu, K.; Watanabe, M. J. Phys.
Chem. B 2005, 109, 16474–16481.

(18) Fumino, K.; Wulf, A.; Ludwig, R. Angew. Chem., Int. Ed. 2008,
47, 3830–3834.

(19) Fumino, K.; Wulf, A.; Ludwig, R. Angew. Chem., Int. Ed. 2008,
47, 8731–8734.

(20) Wulf, A.; Fumino, K.; Ludwig, R. Angew. Chem., Int. Ed. 2010,
49, 449–453.

(21) Wang, X.; Heinemann, F. W.; Yang, M.; Melcher, B. U.; Fekete,
M.; Mudring, A.-V.; Wasserscheid, P.; Meyer, K. Chem. Commun.
2009, 7405–7407.

(22) Sobota, M.; Wang, X.; Fekete, M.; Happel, M.; Meyer, K.;
Wasserscheid, P.; Laurin, M.; Libuda, J. ChemPhysChem 2010,
11, 1632–1636.

(23) Lee, K. M.; Lee, C. K.; Lin, I. J. B. Chem. Commun.
1997, 899–900.
(24) Lee, C. K.; Peng, H. H.; Lin, I. J. B. Chem. Mater. 2004,

16, 530–536.
(25) Chiou, J. Y. Z.; Chen, J. N.; Lei, J. S.; Lin, I. J. B. J. Mater. Chem.

2006, 16, 2972–2977.
(26) Cammarata, L.; Kazarian, S. G.; Salter, P. A.; Welton, T. Phys.

Chem. Chem. Phys. 2001, 3, 5192–5200.
(27) Lee, C. K.; Lee, K. M.; Lin, I. J. B. Organometallics 2002,

21, 10–12.
(28) Lee, C. K.; Vasam, C. S.; Huang, T. W.; Wang, H. M. J.; Yang,

R. Y.; Lee, C. S.; Lin, I. J. B. Organometallics 2006, 25, 3768–3775.
(29) SADABS 2.06; Bruker AXS, Inc.: Madison, WI, 2002.
(30) Coppens, P. In Crystallographic Computing; Ahmed, F. R., Hall,

S. R., Huber, C. P., Eds.; Munksgaard: Copenhagen, 1970; pp 255�270.
(31) SHELXTL NT 6.12; Bruker AXS, Inc.: Madison, WI, 2002.
(32) McKinnon, J. J.; Spackman, M. A.; Mitchell, A. S. Acta Crystal-

logr. 2004, B60, 627–668.
(33) Spackman, M. A.; Jayatilaka, D. CrystEngComm 2009, 11,

19–32.
(34) Spackman, M. A.; McKinnon, J. J. CrystEngComm 2002, 4,

378–392.
(35) Bondi, A. J. Phys. Chem. 1964, 68, 441–451.



DOI: 10.1002/cphc.201000144

Ordering and Phase Transitions in Ionic Liquid-Crystalline Films
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Ionic liquids are low melting salts that combine extremely low
vapor pressures with a large number of interesting chemical
and physicochemical properties depending on the nature of
their cation/anion combination.[1–3] Apart from bulk ionic-liquid
applications, a concept known as “supported ionic liquid
phase (SILP)” technology has attracted a lot of attention in the
recent five years.[4–7] In SILP materials, a very thin film of ionic
liquid (typically a couple of nanometers thick) is confined on
the surface of a solid by physisorption, tethering, or covalent
anchoring of ionic liquid fragments. In this way, a material is
obtained, the surface of which is modified by a molecular de-
fined liquid with extremely low vapor pressure. Surface proper-
ties that can be realized in this manner depend on the chemi-
cal nature of the ionic liquid (e.g. acidic or complexing proper-
ties) or on the functionalities of compounds (e.g. catalyst com-
plexes or molecular carriers) dissolved therein. The concept is
actually investigated in detail for the design of new catalytic
materials,[8–11] new adsorber systems[12] or new supported liquid
membranes.[13–15]

Ionic liquid crystals (ILCs) are formed by one or two aniso-
tropically shaped ions involving, typically, imidazolium ions
with long N-alkyl substituents (i.e. , CnH2n + 1 alkyl substituents
with n�12).[16–24] Compared to “traditional”, neutral liquid crys-
tals, ILCs offer the additional feature of displaying ionic con-
ductivity. In addition, they form uncommon ordering of their
liquid-crystalline states due to strong coulombic and van der
Waals interactions. Interestingly, their ability to form smectic
mesophases in easily accessible temperature ranges (in most
cases below 100 8C) leads to temperature-switchable structures
and properties.

Confining ILCs on solids in a SILP-type fashion is a highly in-
teresting, yet fully unexplored, concept to obtain new SILP ma-
terials with attractive thermomorphic surface properties. SILP
catalysis in a temperature-switchable anisotropic environment
or temperature-switchable selectivities of ILC-SILP membranes
are only two fascinating potential applications of such new
materials.

Herein, we provide for the first time spectroscopic insights
into the behavior of ILC films physisorbed in a SILP-type fash-
ion on a planar support. By describing in detail the structural
changes induced in supported ILCs by temperature variation
we create a fundamental basis to explore these options in
great detail in the near future.

In spite of the intriguing idea to use supported LC thin films
as temperature-switchable functional surfaces for, for example,
catalysis or separation technologies, experimental verification
of the concept turns out to be demanding. The reason is that
there are hardly any experimental probes which would allow
us to monitor the local structure and ordering of LC thin films
when dispersed on porous catalyst supports. Typical methods
such as polarized optical microscopy (POM) or differential scan-
ning calorimetry (DSC) are not applicable, at least in the limit
of low loadings. However, direct information on the structure
of the ILC phase is crucial, as both the dissolved catalyst and
the reactants may have an appreciable influence on the struc-
ture of the LC phase. Thus, the degree of ordering in the LC
phase under reaction conditions may substantially differ from
the pure ILC phase. Also, the support may impose structural ef-
fects on the LC phase. Interactions with the support surface or
the confinement in small nanometer-sized pores may shift or
suppress phase transitions.

It will not be possible to monitor such phenomena with con-
ventional methods such as DSC or POM. Here, the application
of vibrational spectroscopy may be helpful to provide the de-
sired information. Fourier-transform infrared (FTIR) spectrosco-
py has been used as a tool to monitor the local structure in or-
ganic thin-film systems including Langmuir–Blodgett (LB)
films[25–32] and self-assembled monolayers (SAM)[33–43] . From
band intensities and positions of the CH2 antisymmetric
stretching, symmetric stretching, scissoring, and rocking
modes, information can be extracted on the molecular orienta-
tion, the degree of ordering, the concentration of gauche de-
fects and even on the subcell packing (see e.g. ref. [32] and ref-
erences therein for details). FTIR spectroscopy can be straight-
forwardly applied both to powders using diffuse reflectance IR
FT spectroscopy (DRIFTS) and to planar surfaces using IR reflec-
tion absorption spectroscopy (IRAS), the latter with submono-
layer sensitivity. Although IRAS has been extensively used to
investigate molecular orientation at interfaces,[25–45] to the best
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of our knowledge no attempt has been made to monitor or-
dering processes in LC thin films or even ILC films using this
method.

As a test system we have chosen the novel IL 1,3-didodecyl-
imidazolium tetrafluoroborate [C12C12IM][BF4] , which was
shown to undergo a phase transition to a smectic phase at ap-
proximately 430 K.[17] The IL was spin-coated onto a clean
Pt(111) single crystal, which serves as a reflective support for
the IRAS experiment (details are given in the Experimental Sec-
tion). For this test system, the wetting behavior and the phase
transitions were also followed by optical microscopy, as shown
in Figure 1. The solidification process of the IL film is captured
in the micrographs in Figures 1 a–c (taken with non-polarized
light) and Figures 1 d–e (taken with polarized light). Fig-
ures 1 a, c show the completely liquid and solid phases, respec-
tively, whereas two coexisting phases can be distinguished in
Figure 1 b. It is worth mentioning that the IL wets the largest
part of the Pt(111) surface in form of a homogeneous film.
Smaller patches remain uncovered with varying film thickness
around these areas as indicated by refraction effects. When
using polarized light, the domain structure of the liquid-crystal-
line phase can be identified as indicated in Figure 1 d. Upon
cooling, coexistence of the liquid-crystalline and solid phases
can be observed (see Figure 1 e) before complete solidification
occurs (Figure 1 f).

The molecular ordering and phase transitions are followed
by time-resolved IRAS during cooling of similar samples. After
the experiment, the IL film is thermally desorbed and a refer-
ence spectrum of the clean Pt(111) surface is taken. The corre-
sponding result is displayed as a function of the temperature
in Figure 2 a. A comparison of this spectrum with the IR trans-
mission spectrum of the solid IL (in KBr, see Supporting Infor-
mation) shows identical bands. This implies that the IL is stable
under the conditions of the experiment with no indication of
decomposition. To the best of our knowledge, these are the
first published IR spectra of [C12C12IM][BF4] . An assignment of
most peaks, however, is possible based on a comparison with
previous work on similar ILs, such as, for example, the study by
Heimer et al. on [C4MIM][BF4] .[46]

Upon close inspection of the spectra in Figure 2 a, we notice
a subtle change occurring between 344.2 and 343.0 K. A more
drastic change, accompanied by a strong baseline shift, is ob-
served at temperatures below 318.1 K. A comparison with DSC
results by Wang et al.[17] shows that the spectral change occur-
ring at higher temperature can be attributed to the phase
transition from the liquid to the smectic phase, whereas the
spectral change at lower temperature is due to the LC–solid
phase transition. The baseline shift observed upon solidifica-
tion is the result of wavelength-dependent light scattering,
due to formation of crystallites in the size range of the IR
wavelength (see Figure 1).

To analyze the temperature-
dependent spectral changes in
more detail, differential spectra
were extracted using the spec-
trum in the liquid phase region
at 368.2 K as reference. The cor-
responding data, plotted in Fig-
ure 2 b, therefore represent
changes in the IR absorption
with regard to this reference
temperature. Both negative and
positive peaks are observed.
They originate from intensity
changes or spectral shifts of the
original bands. More specifically,
frequency shifts to higher wave-
numbers lead to an “s-shaped”
double peak in the differential
spectrum [e.g. nas(BF4, FBF)] ,
while red shifts lead to a “re-
verse s-shaped” double peak
[e.g. ns(CH2) and nas(CH2)] . It is
found that the liquid–LC phase
transition is associated with
strong bandshifts, both in the
anionic and in the cationic re-
gions. This observation suggests
that the molecular conformation
as well as interionic interactions
undergo drastic changes upon
formation of the LC phase.

Figure 1. Optical micrographs of the [C12C12IM][BF4] film spin-coated onto Pt(111). The pictures were taken during
the solidification process: a–c) with non-polarized light, and d–f) with polarized light (see text for details). h) Sche-
matic representation of liquid-crystalline and solid phase [C12C12IM][BF4] on Pt(111).
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Herein, we primarily focus on the features in the alkyl CH2

and CH3 stretching scissoring region. The assignment of the
corresponding bands is straightforward, based on comparisons
with papers dealing with IR spectra of SAMs,[33–43] LB films,[25–31]

and lipid bilayers.[47–49] Most importantly, these bands will di-
rectly reflect the temperature-dependent conformational and
structural changes related to the alkyl chains. Therefore, they
can be used as an indicator of the ordering process. Specifical-
ly, the frequency of the ns(CH2) modes (around 2850 cm�1), the
nas(CH2) modes (around 2920 cm�1), and the CH2 scissoring
mode (around 1470 cm�1) are typically used to extract this in-
formation. Appearance of ns(CH2) and nas(CH2) in the vicinity of
2848 and 2918 cm�1, respectively, reflects a trans-zigzag struc-
ture of the alkyl chains, while the presence of gauche defects
is accompanied by a blue shift of these features.[32] The higher
the shift, the more gauche defects are present. The CH2 scissor-

ing mode may provide addition-
al information on the subcell
packing and chain interdigita-
tion.[32] However, this will not be
discussed further here because
the corresponding spectral
changes are minor in the pres-
ent experiments.

The temperature dependen-
cies of ns(CH2) and nas(CH2) for
the [C12C12IM][BF4] film are dis-
played in Figures 3 b, c, with the
temperature-dependent peak
shifts plotted in Figure 3 a.
Within the liquid-phase region
we observe that as the tempera-
ture decreases from 366.7 to
344.2 K, the peak positions shift
slightly from 2855.8 to
2855.4 cm�1 and from 2930 to
2929 cm�1, respectively. The
values indicate a large number
of gauche defects in the liquid
state, slowly decreasing with de-
creasing temperature. An abrupt
decrease in frequency to 2854.7
and 2925 cm�1, respectively, is
observed between 344.2 and
343.0 K. This shift reflects the
sudden decrease of the concen-
tration of gauche defects upon
transition to the LC phase. The
transition temperature, as ex-
tracted from the inflection
points of the traces for ns(CH2)
and nas(CH2) in Figure 3 c, is
343.5 K, in good agreement with
previous DSC results.[17] Similarly
sharp transitions were observed
for lipid bilayers,[47–49] while more
gradual frequency changes were

found for LB films[25–31] and SAMs.[33–43] Within the LC tempera-
ture window, the position of the observed bands continuously
decreases with decreasing temperature from 2854.7 and
2925 cm�1 at 343.0 K to 2854.1 and 2923 cm�1 at 318.1 K. The
effect indicates that the degree of ordering in the LC phase is
strongly temperature dependent and gradually increases with
decreasing temperature. A second abrupt change of the peak
positions occurs between 318.1 and 317.3 K, reflecting the
transition to the solid-crystalline phase with an ideal all-trans
conformation.[32] Note that the decrease in frequency upon
LC–solid transition is larger than for the liquid–LC transition,
which suggests that a relatively high concentration of gauche
defects persists in the LC phase.

In summary, we have explored new approaches to monitor
temperature-induced structural changes and phase transitions
in thin-layer ionic liquid crystals by temperature-programmed

Figure 2. a) TP-IRAS spectra taken during cooling of the [C12C12IM][BF4] film on Pt(111). The reference spectrum
was taken on clean Pt(111) after thermal desorption of the ionic liquid, subsequent to the TP-IRAS experiment.
The inset shows a schematic representation of the experimental setup. b) Differential TP-IRAS spectra taken while
cooling the [C12C12IM][BF4]/Pt(111) sample from 368.2 K. The reference spectrum was taken at 368.2 K (see text for
discussion).
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IRAS. Such films may be used in SILP catalysts or supported
ILC membranes with temperature-switchable performance. For
the smectic ILC [C12C12IM][BF4] on Pt(111), the peak positions of
the ns(CH2) and nas(CH2) modes provide direct information on
the local structure of the molecules and the degree of confor-
mational order. This is in sharp contrast to conventional meas-
urements of transition temperatures, for example by DSC,
which do not provide any microscopic information on molecu-
lar conformation or intermolecular interactions. To the best of
our knowledge, this is the first study in which a phase transi-
tion of an ILC film has been directly observed by vibrational
spectroscopy. We believe that this experimental approach is of
general importance for ILC applications in catalysis : By using
either DRIFTS or IRAS, it is possible to apply temperature-pro-
grammed IR spectroscopy in situ to obtain structural informa-
tion on liquid–crystalline SILP layers under reaction conditions.
Further, it is possible to study the influence of the support ma-
terial, porosity, dissolved catalysts, and reactants on the local
structure of the supported IL phase.

Experimental Section

The IRAS experiments were performed in an ultrahigh-vacuum
(UHV) system described elsewhere (base pressure around 2 �
10�10 mbar).[50] The system was equipped with an FTIR spectrome-
ter (Bruker IFS66/v) and a vacuum transfer system.

Herein, ultrapure 1,3-didodecylimidazolium tetrafluoroborate
[C12C12IM][BF4] was used. For details on the preparation we refer to
a previous publication.[17] This ionic liquid shows thermotropic
liquid crystalline behavior and forms smectic phase in a tempera-
ture range between 343 and 323 K, as observed by Wang et al.
using POM.[17] The IL was dissolved in chloroform and spin-coated
onto the Pt(111) single crystal. Note that spin-coating was per-
formed ex situ, which implies that the Pt(111) is not atomically
clean before the IL film is applied. In view of the layer thickness in
the range of 10 mm, these contamination are, however, not critical
for the present IR experiments. Representative micrographs of the
IL on the Pt(111) are shown in Figure 1. The IL/Pt(111) sample was
transferred to the UHV system via the vacuum-transfer system,
where the IRAS experiments were carried out. A schematic repre-

Figure 3. a) Temperature dependence of the peak position of the antisymmetric methylene stretching mode nas(CH2) (~) and the symmetric methylene
stretching mode ns(CH2) (&) of the alkyl chains. b–c) Enlarged region from Figure 2 a showing nas(CH2) and ns(CH2) bands, respectively (only every second
spectrum is shown for clarity, WN = wavenumber).
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sentation of the experimental setup is shown in the inset of Fig-
ure 2 a.

The temperature of the sample was adjusted by cooling of the
sample holder and radiative heating of the sample via a tungsten
filament. The temperature was measured by a type-K thermocou-
ple attached directly to the sample, which was continuously read
by a controller (Fluke). The sample was heated to 368.2 K before
the reference spectrum was taken. Then, it was cooled at a rate of
1 K min�1 while the FTIR spectra were recorded in a time-resolved
(TR) mode. The spectral resolution was 2 cm�1 with an acquisition
time of 60 s per spectrum. After the experiment, the IL was ther-
mally desorbed from the sample and a reference spectrum of the
clean Pt(111) surface was taken.
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1. Introduction and Concept

Ionic liquids (ILs) are molten salts with melting points below
373 K. To reach such low melting temperatures, these liquid
materials are usually formed by organic ammonium, phospho-
nium, or sulfonium ions with unsymmetrical alkyl substitution
to prevent tight packing.[1] Moreover, the applied anions are
typically characterized by low charge densities. Besides their
extremely low vapor pressures, many ILs provide a unique set
of properties, such as the combination of significant polarity,
low nucleophilicity, electroconductivity, solvation of metal
complexes or biopolymers, as well as unusual miscibility prop-
erties. However, the preparation of many ILs involves multistep
organic syntheses. Therefore, it is not surprising that many suc-
cessful examples of ILs used in commercial products, devices,
and processes[2, 3] try to implement the advantages of ILs with
the smallest possible amount of material. This has led to an in-
creasing number of applications in which the applied IL acts as
active ingredient, additive, or functional coating.[4] An out-
standing example of the last aspect is the so-called “supported
ionic liquid phase” (SILP) materials technology. Hereby, an IL is
confined on the surface of a highly porous solid by various
methods, for example, physisorption, tethering, or covalent an-
choring of IL fragments.[5, 6] A particular strength of the SILP
material concept is the large specific exchange surface be-
tween the IL film and the surrounding fluid phase (gas or
liquid). With typical IL film thicknesses in the lower nanometer
range (depending on IL loading and support pore structure),
SILP materials represent surface-modified solids that gain spe-
cific surface properties in consequence of the chemical nature
of the supported IL film or through the active compounds dis-
solved therein.

One particularly successful example of the concept is the
use of SILP materials in continuous gas-phase catalysis. Here, a
transition-metal catalyst is dissolved in the supported IL film
and promotes the conversion of the reactants in the gas
phase. While the dissolved catalyst complex acts microscopical-
ly as a molecularly defined, homogeneous catalyst, the SILP
material appears macroscopically as a dry solid and can be
processed like any heterogeneous catalyst. The principle was
first demonstrated in 2003 for the Rh-catalyzed hydroformyla-
tion of propylene.[7a,b] Recent successful examples include, for
instance, hydrogenation,[8] hydroformylation,[9] hydroamina-
tion,[10] carbonylation,[11] and water–gas shift[12] catalysis. In ad-
dition, we recently demonstrated the potential of immobilizing

The influence of confinement on the ionic liquid crystal (ILC)
[C18C1Im][OTf] is studied using differential scanning calorimetry
(DSC), polarized optical microscopy (POM), and diffuse reflec-
tance infrared Fourier transform spectroscopy (DRIFTS). The ILC
studied is supported on Si-based powders and glasses with
pore sizes ranging from 11 to 50 nm. The temperature of the
solid-to-liquid-crystalline phase transition seems mostly unaf-
fected by the confinement, whereas the temperature of the
liquid-crystalline-to-liquid phase transition is depressed for

smaller pore sizes. A contact layer with a thickness in the order
of 2 nm is identified. The contact layer exhibits a phase transi-
tion at a temperature 30 K lower than the solid-to-liquid-crys-
talline phase transition observed for the neat ILC. For applica-
tions within the “supported ionic liquid phase (SILP)” concept,
the experiments show that in pores of diameter 50 nm a pore
filling of a>0.4 is sufficient to reproduce the phase transitions
of the neat ILC.
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chlorometallate-based ILs on porous supports for application
in a gas-phase desulfurization process.[13]

Liquid crystallinity is often referred to as the “fourth state of
matter”.[14] Liquid crystals (LCs) flow like liquids but in their
physical properties they are anisotropic.[15] The optical proper-
ties of LCs are widely studied and applied (e.g. , LC displays),[16]

and applications of polymeric liquid-crystalline structures are
discussed as actuators and sensors.[17] In this context, many
publications have studied the orientation, ordering, and phase
behavior of liquid-crystalline substances supported on porous
materials.[18a–d] Moreover, the effect of confinement on room-
temperature ILs[19a–c] was investigated and the effects on freez-
ing and melting of non-liquid-crystalline substances, for exam-
ple, helium, water, organic fluids, and metals, in confinement
were topically reviewed.[20, 21] Rayss et al. studied the use of LCs
on silica and graphite for the purpose of preparing new chro-
matography columns.[18b,d] In these publications a certain influ-
ence of the LC coating on the retention time of apolar solvents
was found depending on material loading and temperature. In
a very small number of publications in the 1970s and 80s, the
oriented structure of the mesophase was also used as an influ-
encing parameter on the selectivity of mostly autocatalytic and
photocatalytic reactions, as was summarized by Weiss.[22] These
studies used the liquid-crystalline material as solvent, a con-
cept that inevitably leads to severe problems in product isola-
tion. Furthermore, the high prices of LCs at that time made
their use as solvent less attractive.

As early as 1980, Vacatello et al. investigated the thermal be-
havior of alkyl ammonium salts and showed that low-melting
salts are also able to form mesophases.[23a–d] Based on this
work, Seddon and co-workers[24, 25] demonstrated that ILs con-
taining one or two anisotropically shaped ions (rod- or disklike)
exhibit a mesophase and these compounds have been ad-
dressed as ionic liquid crystals (ILCs). Special features of these
ILCs in comparison to their neutral counterparts are, for exam-
ple, their ionic conductivity and the uncommon ordering of
the liquid-crystalline states (tetragonal smectic and nematic
columnar phases).[26a–c] Imidazolium salts with one[27a–h] or
two[28] long-chain alkyl substituents (with 12 or more carbon
atoms) have been investigated and described in detail with re-
spect to their liquid-crystalline properties, and it has been
found that the stability of the lamellar mesophases of these
ILCs increases with increasing length of their alkyl chains. De-
spite the unique set of properties of ILCs, there is only one
publication reporting the investigation of the effects on the se-
lectivity of a chemical reaction carried out in an ionic-liquid-
crystalline reaction phase. On the basis of a Diels–Alder reac-
tion in a lytropic mixture of C12Im (Im = imidazolium) and hy-
drochloric acid, Lee et al. studied the influence of ordered IL
reaction media on the endo- and exoselectivity.[29] The minor
interest in ILCs as reaction phases might be attributed to their
high viscosity and the slow diffusion of molecules in these
media. For obvious reasons these drawbacks can be avoided if
the ILC material is applied as a supported thin film in a SILP-
type fashion.

Herein, we describe for the first time the preparation and
characterization of SILP materials that apply ILCs as a support-

ed, nonvolatile, surface-modifying liquid film on a high-surface-
area support material. The idea originated from research
aimed at the development of solid materials with temperature-
switchable properties. Here, ILC-based SILP materials (see
Figure 1 for a schematic representation) are a new and very in-

teresting approach. Due to the application of the thermotropic
ILC material in the form of a thin film, the amount of ILC re-
quired to create this temperature-switchable functionality
should be minimized. Our concept has been inspired to some
extent by earlier work of Carmichael et al. , who studied ILCs
on silicon wafers.[30] These authors created layers of the ILC
[C18C1Im][PF6] on the planar wafer surface in an ascertained
layer thickness of 10–21 nm and still found mesophase forma-
tion of the ILC.

However, the creation of a liquid-crystalline SILP material on
a porous support is somewhat more challenging as the ILC–
support interactions are much more complex. Therefore, it is
an obvious prerequisite for our temperature-switchable ILC–
SILP concept to demonstrate that the temperature-induced re-
organization of ILC films is still working when the supported
ILC is confined in the pores of a support material. This aspect
is at the focus of our contribution. We describe the preparation
and characterization of ILC-based SILP materials and aim to
demonstrate that such materials with temperature-switchable
properties can indeed be prepared by placing ILCs onto
porous supports.

Experimental Section

All air- and moisture-sensitive experiments and syntheses were car-
ried out in an inert-gas box or under an argon atmosphere using
standard Schlenk techniques. Lithium trifluoromethanesulfonate
was purchased from Aldrich and used as received. 1-Methyl-3-octa-
decylimidazolium chloride was purchased from Iolitec and used
without further purification. 1-Methyl-3-octadecylimidazolium tri-
fluoromethansulfonate was prepared according to the litera-
ture.[31, 32] Silica-100 (particle size 63–200 mm, Brunauer–Emmett–
Teller (BET) surface SBET = 358.7 m2 g�1, pore volume = 0.966 mL g�1,
average pore size dp = 11 nm) and Fractosil-500 (particle size 63–
200 mm, SBET = 47.8 m2 g�1, pore volume = 0.488 mL g�1, dp = 43 nm)

Figure 1. Schematic representation of a supported ionic liquid phase (SILP)
material containing [C12C12Im][BF4] .
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was purchased from Merck and was calcined at 873 K prior to ap-
plication.
Porous glass 30 nm (particle size 315–500 mm, SBET = 105.4 m2 g�1,
pore volume= 0.916 mL g�1, dp = 31.6 nm) and porous glass 50 nm
(particle size 120–160 mm, SBET = 96.0 m2 g�1, pore volume =

1.162 mL g�1, dp = 50.2 nm) was purchased from Vitrabio and dried
in vacuo prior to application.
For our investigations we chose [C18C1Im][OTf] (OTf = trifluorome-
thanesulfonate) as a representative ILC. The synthesis and charac-
terization of the [C18C1Im][OTf] have been published by Bradley
et al.[27d] Results for the synthesized [C18C1Im][OTf] obtained by
means of 1H, 13C, and 19F NMR spectra and mass spectrometry are
given in the Supporting Information.
The ILC–SILP materials were prepared by dissolution of the ILC in
water-free toluene (<10 ppm H2O) by stirring the mixture for
30 min under an inert gas atmosphere. The desired amount of sup-
port material was added to this solution and the resulting suspen-
sion was stirred for another 30 min at room temperature. After
slow evaporation of the solvent at 363 K, the ILC–SILP material was
dried overnight at 363 K under 4 � 10�4 mbar vacuum. The formal
pore filling a of the SILP materials was calculated according to
Equation (1):

a ¼ VIL

msupport Vpore

mlIL gsupport

gsupport mlpore

� �
ð1Þ

To investigate the effect of various ILC loadings on the liquid crys-
tallinity of ILC–SILP materials, samples with pore fillings of a= 0.3,
0.6, 0.8, and 1.0 were prepared. The specific pore volume and the
specific BET surface area of the original support and the respective
SILP materials were determined using a Micromeritics ASAP instru-
ment. The determined BET values for the different pore fillings can
be seen in the Supporting Information.
Differential scanning calorimetry (DSC) was performed on a
Netzsch DSC 204 apparatus with a heating rate of 5 K min�1 in the
temperature range between 273 and 423 K. Polarized optical mi-
croscopy (POM) was carried out using a Nikon Eclipse 50i micro-
scope equipped with a Nikon DsFi 1 digital camera and a Linkam
PE95-LinkPad heating table. In the case of ILC–SILP materials, the
brightness of the images was adjusted to make the SILP particles
visible. The POM images showing the ILC–SILP material were re-
corded at 296, 353, and 393 K. These temperatures reflect the
three particular states of matter observed for the unsupported,
neat ILC [C18C1Im][OTf]: crystalline (296 K), liquid-crystalline smectic
A phase (353 K), and isotropic liquid (396 K), abbreviated respec-
tively as cryst, SmA, and iso in the rest of the text. The sample was
heated in the POM measurements with a heating rate of 5 K min�1.
Three heating/cooling cycles were performed for each sample.
Diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) experiments were performed in a Bruker Vertex 80v infra-
red spectrometer equipped with a Praying Mantis diffuse reflec-
tance accessory and a high-temperature reaction chamber (HVC-
DRP-4) from Harrick. An extra chamber with all necessary feed-
throughs was adjoined to the sample chamber of the infrared
spectrometer to allow the evacuation of the optical path. Infrared
reflection absorption spectroscopy (IRAS) experiments were per-
formed in a grazing angle reflection reactor designed in-house.
Here, the optical path was evacuated as well. The infrared spectra
were recorded with a resolution of 4 cm�1 and scanning speed of
40 kHz that allowed about 273 scans min�1 to be taken. In all cases,
the reactors were purged continuously and maintained at a pres-
sure of 8–11 mbar of clean N2 using a Bronkhorst mass flow con-
troller.

The IR experiments were all performed using the following proto-
col. The samples were first dried in an inert atmosphere at 393 K
for over 30 min and then brought back to room temperature. The
temperature was then ramped twice, back and forth, from room
temperature to 393 K at approximately 1 K min�1 with a 30 min
waiting time at the extremes. Time-resolved infrared measure-
ments were performed during each ramp. Synchronization of the
hardware, control, and recording of the temperature was per-
formed using a LabView program developed in-house. Recording
of the infrared data was performed using Opus 6.5.

2. Results

2.1. Influence of Pore Filling

Based on the earlier findings for nonionic LCs on supports, we
anticipated that at least the ion pairs in direct surface contact
should experience a significant support interaction leading to
a change in their organization abilities.[18c,d] To confirm this ex-
pectation, we investigated the samples by means of DSC and
POM. Both methods are routinely used to study phase-transi-
tion phenomena of LCs. It is important to mention, however,
that POM is not applicable to ILC–SILP materials based on alu-
mina and activated carbon supports due to the impenetrability
of these materials to polarized light. Therefore silica-100 was
chosen for our studies. In a previous publication, we have also
shown that infrared spectroscopy was a suitable investigation
method to follow the phase transitions of ILC substances.[33] In
this former paper, we were able to monitor the phase transi-
tions of [C12C12Im][BF4] spin-coated on a metal surface by IRAS.
The frequencies of the vibrational modes associated with alkyl
CH2 shift with the concentration of gauche defects. Thus, the
shift of the band position indicates the degree of reordering in
the alkyl chains and, hence, identifies the occurrence of phase
transitions. In the work reported herein, we extended this
method to powders by using DRIFTS.

Figure 2 displays the phase transitions of [C18C1Im][OTf] fol-
lowed with DSC and POM (tenfold magnification). Here, neat
[C18C1Im][OTf] and three different SILP materials are compared.
They differ in the amount of ILC [C18C1Im][OTf] that was coated
onto calcined silica-100; the pore fillings are estimated to be
a= 0.6, 0.8, and 1.0. Figure 3 a shows the corresponding
DRIFTS measurements. The spectra were recorded as a func-
tion of the temperature during ramping (approximately one
spectrum K�1). Because the shifts in the relevant features are
typically very small, peak maxima are identified on the numeri-
cally determined derivative. The corresponding wavenumber is
plotted as a function of temperature. As outlined in the Experi-
mental Section, several heating (Figure 3, red upward arrows)
and cooling (blue downward arrows) cycles were applied. The
first cycle is plotted with empty symbols and the second with
filled symbols. The comparison of the different cycles shows an
overall good experimental reproducibility.

All experiments at pore filling a�0.8 show very similar re-
sults. For both DSC and DRIFTS, the cryst-to-SmA phase transi-
tion appears between 335 and 341 K upon heating and the
SmA-to-iso phase transition between 370 and 390 K. These re-
sults are in good agreement with the measurements of the
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neat ILC. For POM measurements, distinct changes of polariza-
tion were observable during heating of the ILC–SILP samples
with [C18C1Im][OTf], which again agree very well with the
phase-transition temperatures identified via DSC and DRIFTS.
Upon comparing the transition temperatures of neat ILC and
the ILC–SILP materials, it is noteworthy that the mesogenic
window gets narrower with lower ILC loadings. This fact was
also reported by Rayss et al. for nematic LCs on silica.[18c]

At a pore filling of a = 0.6, however, the results differ mark-
edly from the higher pore fillings and the neat ILC. The pres-
ence of the ILC in the pores is still identified by POM, where
the images clearly reveal that the coating affects the polariza-
tion used within these measurements. A birefringence effect
would not be observed using uncoated silica-100 (see the Sup-
porting Information). Still, a thermal event is observed around
310 K, or nearly 30 K below the first cryst-to-SmA phase transi-
tion of the neat ILC. Moreover, the maximum absorption of the
CH2 vibrations for the solid phase recorded in the infrared ap-
pears higher than that for the neat crystalline phase. This
might be the signature of a different, probably less ordered,
solid phase.

The fact that liquid crystallinity is only observed at high pore
fillings indicates that the influence of the support surface hin-
ders the reorganization of the ILC ion pairs in close proximity
to the surface. This is in good accordance to observations by
Rayss et al. These authors were also not able to observe phase
transitions of a nematic LC at lower loadings of p-butyl-p’-hex-
anoylazobenzene on silica and graphite, and attributed this to
a strong surface–LC interaction.[18c] Thus, we interpret the re-
sults as follows. At low pore fillings the ILC is embedded in the
smaller mesopores and dispersed in the form of a layer a few
nanometers in thickness in the largest pores. A large fraction
of the relatively large ion pairs will have direct contact with
the surface. We will call this fraction of the ILC, which is direct-
ly influenced by the surface, the contact layer. For the pore fill-
ing of a = 0.6, the average layer thickness of the ILC coating

can be theoretically estimated to be about 1.6 nm according
to Equation (2):

hfilm ¼
VIL

msupport SBET

mlIL gsupport

gsupport cm2

� �
ð2Þ

With higher pore fillings, multiple layers of ILC are formed
on the support. The ion pairs that are not part of the contact
layer may then regain their ability to contribute to the cooper-
ative effect of liquid crystallinity. This interpretation is in good
agreement with previous XPS studies of ultrathin films.[34] In
these studies, charging effects (indicating a nonconductive, im-
mobile IL) have been found for the first two ion-pair layers due
to interactions with the surface. Only from a thickness of three
ion-pair layers onward did the IL [C2C1Im][Tf2N] behave like a
liquid.

Note that our measurements cannot exclude the fact that a
small number of “free” ILC ion pairs also exists in the ILC–SILP
material at pore fillings below a= 0.8. However, the amount of
ILC dispersed on the support is relatively small and, therefore,
the detection limits of POM, DSC, and DRIFTS require a sub-
stantial part of the ILC to participate in the phase transition in
order to observe the phenomenon.

2.2. Influence of Pore Sizes on Phase Transition of ILC in
Confinement

2.2.1. DRIFTS Experiments

We have shown that at a pore filling of a = 0.6 in silica-100,
with an estimated pore size of 11 nm, the majority of the de-
posited IL forms a contact layer. This contact layer behaves dif-
ferently from the neat ILC. It only exhibits a thermal event at a
temperature depressed by over 30 K, as compared to the cryst-
to-SmA transition of the neat ILC. At pore fillings of 0.8 and
above, the ILC in silica-100 behaves more similarly to the neat

Figure 2. a) DSC curves with a heating rate of 5 K min�1 of [C18C1Im][OTf] neat and immobilized on porous silica-100 with pore filling a= 0.6, 0.8, and 1.0
(second heating and cooling cycle). b) POM images of neat [C18C1Im][OTf] and SILP particles with different pore fillings (tenfold magnification of microscopic
images, dark-field image, crossed polarizers).
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ILC, but the samples still show a thermal event at around
310 K. However, the two phase transitions are clearly identified
and the transition temperatures are close to the values ob-
tained for the neat ILC.

In this section, silica-based samples with different pore sizes
are compared. We use [C18C1Im][OTf] and focus on a pore fill-
ing of a= 0.6, which shows the most interesting behavior.
Other pore fillings were also measured and these results are
summarized later.

Figure 3 b displays the infrared results for the phase transi-
tions in silica-100, Fractosil, and porous glass. The pore size of
these materials is estimated to be 11, 43, and 50 nm, respec-
tively. On silica-100, a single transition can be observed with
an onset at approximately 301 K upon heating. The hysteresis
is almost nonexistent. On Fractosil, a first transition starts at

305 K upon heating. There is then a clear inflexion by 328 K. Fi-
nally, the first phase transition cryst-to-SmA can be clearly
identified on glass and occurs at 331 K, which clearly reminds
one of the behavior of the neat ILC. The SmA-to-iso transition,
however, cannot be clearly identified on the basis of the meas-
urements.

The behavior on silica-100 has been discussed in the previ-
ous section. At a pore filling of a = 0.6, silica-100 exposes an IL
contact layer, which behaves differently from the neat ILC.
Basing the discussion on simple geometric arguments, for ex-
ample, for filled homogeneously spherical pores, the layer
thickness of the ILC at constant pore filling is simply propor-
tional to the diameter of the pore. Therefore, the fact that we
do not observe the influence of the contact layer on the larg-
est pore size is not surprising, as the effective layer thickness

Figure 3. Phase transitions of ILC–SILP materials followed with DRIFTS: the peak position of the symmetric and asymmetric CH2 stretching bands is plotted as
a function of the temperature. Red upward arrows correspond to the values observed during heating and blue downward arrows to values recorded during
cooling. The empty symbols correspond to the first temperature ramp and the filled symbols to the second temperature ramp. a) Silica-100 (top: pore filling
a = 0.6; middle: pore filling a = 0.8; bottom: pore filling a = 1.0). b) Top: silica-100 (pore size = 10.6 nm); middle: Fractosil (pore size = 43.1 nm); bottom:
porous glass (pore size = 50.2 nm).
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should be larger by a factor of approximately 5 than on the
silica-100 sample. The behavior observed on Fractosil may be
interpreted as the superposition of the two types of behavior.
We assume that a contribution of the contact layer is still de-
tected by the DRIFTS experiment in addition to a neat ILC
phase on top of it. That is, the modified transition of the con-
tact layer observed at 305 K, followed by the cryst-to-SmA
transition of the rest of the ILC above 327 K.

The SmA-to-iso transition is much more difficult to observe,
in both IR and DSC measurements. We are not able to observe
this transition for a= 0.6, even for the case of the largest
pores. For every sample we expect the transition enthalpies
and band shifts upon transition to be close to or below our
detection limit. Therefore, it cannot be concluded that the
transition is hindered for the different supports.

2.2.2. Phase and Gibbs–Thompson Diagrams

The measurements performed for this study are summarized in
Figures 4 and 5. They include loadings from a = 0.4 to 1.0 and
results for the different Si-based supports : silica-100, Fractosil,
and the glasses characterized in the Experimental Section. The
phase diagram displaying the results on silica-100 (Figure 4,
top left) clearly shows the two transitions cryst-to-SmA and
SmA-to-iso for loading a�0.8 and the single transition at a de-
pressed temperature observed for a= 0.6. The second graph

(Figure 4, bottom left) shows the degree of ordering obtained
from DRIFTS. Interestingly, even though the quantity measured
is different from the previous phase diagram, that is, transition
temperature or order of the chain, the results agree perfectly,
generally showing large values for the cryst-to-SmA transition
and smaller, but still measurable values for the SmA-to-iso
transition. These results demonstrate that infrared spectrosco-
py is a suitable tool to monitor the state of the system in situ.

For the glass support, with pore diameter in the order of
50 nm, the temperature of either transition does not vary
measurably as a function of the pore filling, at least for pore fil-
lings above a = 0.4. The temperature of the SmA-to-iso transi-
tion becomes very difficult to identify in DRIFTS, thereby show-
ing that DSC is more sensitive if the phase transition occurs in
a small fraction of the material only. The peak shifts and posi-
tions observed in DRIFTS are similar for different pore fillings
on silica-100 (see Figures 3 and 4). This observation shows that
even in the presence of the contact layer the state of the
phase of the supported IL film can be determined by a single
DRIFTS measurement. Therefore, we conclude that in situ
DRIFTS should be a reliable tool to monitor online the state of
the system.

The existence and the behavior of the contact layer have al-
ready been discussed in detail in the previous section. Here,
we consider the phase behavior of the confined neat-like
phase. The corresponding Gibbs–Thompson diagram[35] is dis-

played in Figure 5. Regarding
the cryst-to-SmA transition (tri-
angles), it appears that the con-
finement affects neither the size
of the hysteresis nor the transi-
tion temperatures. Such effects
appear to be limited to the con-
tact layer, with a transition shift-
ed up to 30 K compared to the
cryst-to-SmA transition of the
neat ILC (compare with star at
1/43 nm�1 in Figure 5). In the
Gibbs–Thompson equation it is
the difference in interfacial
energy between the liquid-crys-
talline and liquid phase and the
support that gives rise to tem-
perature-dependent effects. We
may speculate that the contact
layer may insulate the ILC from
the support, thus minimizing the
influence of the support surface.
The temperature of the SmA-to-
iso transition (Figure 5, dia-
monds) is slightly depressed for
smaller pore sizes and is compa-
rable for pore fillings of a= 0.8
and 1.0. This effect can be com-
pared to the behavior of nonion-
ic LCs as reported, for example,
by Shao et al.[36] and is in agree-

Figure 4. Left : phase diagrams summarizing DSC (empty symbols) and DRIFTS measurements (filled symbols) per-
formed for ILC–SILP materials based on silica-100 and porous glass 50 nm, each coated with [C18C1Im][OTf] . Lines
are guides to the eye. Right: measured infrared diffuse reflectance shifts. The gray zones show where each phase
has been identified.
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ment with the capillary condensation theory (see also referen-
ces in ref. [36]).

3. Conclusions

For the first time ILCs immobilized on porous silica supports
(ILC–SILP materials) have been synthesized and characterized
with respect to their phase-transition temperatures. [C18C1Im]-
[OTf] lends temperature-switchable physical properties to ILC–
SILP materials, even at formally incomplete pore filling (a=

0.8). The liquid-crystalline–liquid phase transition occurs at
temperatures suitable for catalytic applications.

It was found that the surface of silica exerts an influence on
the phase transition even in those cases where the IL is mobile
enough in the porous system to show distinct reorganization
phenomena. The resulting changes in the transition tempera-
tures were followed independently by DSC and DRIFTS with re-
markable agreement. Furthermore, DRIFTS is shown to be a
suitable method for online monitoring of the phase behavior
of ILC–SILP materials. With the combination of these tech-
niques and POM, we showed the presence of a contact layer
with a strongly modified behavior. Beyond this contact layer,
the supported phase behaves similarly to the neat ILC and
both cryst-to-SmA and SmA-to-iso transitions are clearly identi-
fiable.

We are convinced that the development and implementa-
tion of ILC–SILP materials opens a variety of interesting appli-
cations in optical, catalytic, electronic, and separation technolo-
gies (e.g. switchable membrane materials). The work described
here is only the first step in the direction of a new class of ma-
terials with temperature-switchable properties obtained

through coating of porous supports with ILCs of extremely low
volatility.
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Nickel(II) complexes with double alkyl chain functionalized N-heterocyclic carbene (NHC) ligands,

[NiCl2(C12MIM)2] and [NiCl2(C12C12IM)2], where C12MIM ¼ 1-dodecyl-3-methylimidazolin-2-

ylidene (1) and C12C12IM ¼ 1,3-didodecylimidazolin-2-ylidene (2), have been prepared and fully

characterized by 1H NMR, 13C NMR, and CHN elemental analyses. Furthermore, we have developed

a system, in which double long alkyl chain derivatized Ni–NHC complexes are dissolved in the related

ionic liquid crystalline 1,3-didodecylimidazolium tetrafluoroborate, [C12C12IM][BF4], to form pre-

organized structures for enhanced reactivity. Remarkably, differential scanning calorimetry, polarized

optical microscopy, and temperature-programmed IR reflection absorption spectroscopy performed on

a mixture of 10 wt% Ni complexes in [C12C12IM][BF4] demonstrate that this system retains an ionic

liquid crystalline phase; even after immobilization onto a silica-100 support with pore filling a ¼ 1.

Introduction

Since the first transition metal–N-heterocyclic carbene (NHC)

complexes were explored by €Ofele and Wanzlick,1,2 transition

metal–NHC complexes have received great attention in homo-

geneous catalysis. This is mostly due to their pronounced s-

donating/weak p-accepting ability with a high trans effect,

tunable steric and electronic properties as well as strongM–NHC

bonds.3 A large number of reactions using these metal–NHC

complexes as catalysts have been reported: olefin metathesis

(Ru),4 hydrosilylation and hydroformylation (Rh),4 and C–C

coupling reactions (Pd, Ni).4,5 However, Ni–NHC complexes

have rarely been used as catalysts in olefin dimerization reac-

tions. This can likely be attributed to reductive elimination side-

reactions that can occur when the catalysts, containing alkyl,

aryl, or acyl groups, decompose to Ni(0) compounds and 2-

functionalized organoimidazolium salts (eqn (1)).6 For Ni–

NHC-catalyzed olefin dimerization, Wasserscheid and Cavell

et al. showed that catalyst degradation is inhibited when

reactions are run in ionic liquids rather than in more classical

solvents, such as toluene.7

(1)

The use of transition-metal catalysts dissolved in room-

temperature ionic liquids has received increasing attention in

recent years. Reasons for this growing interest are convenient

separation and recycling of the dissolved catalyst from the

immobilizing ionic liquid, e.g. means of liquid–liquid biphasic

catalysis.8–13

Herein, we report our efforts of incorporating Ni-catalysts for

olefin dimerization into such ionic liquid systems. The develop-

ment of selective catalysts for the dimerization of olefins is an

important goal for industrial chemistry, as linear and branched

dimers have different technical values. For example, in butene

dimerization, the linear C8 dimers are clearly preferred over the

branched ones as plasticizer alcohols obtained from linear dimers

(via hydroformylation/hydrogenation sequences) display supe-

rior properties. Therefore, many efforts have been made to

increase the selectivity of catalytic dimerization processes by

varying the steric and electronic properties of the ligand systems

attached to the Ni catalytic center.14–19 An alternative, but yet

very unexplored option to influence the selectivity of dimeriza-

tion processes, is to manipulate the linkage pattern at the Ni

center by a surrounding, highly ordered solvent environment.
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Liquid crystals (LCs),20 and in particular ionic liquid crystals

(ILCs),21 seem to have very suitable properties for this kind of

environment-induced selectivity effects.

In order to influence the selectivity of Ni catalyzed dimeriza-

tions in ordered reaction media, we developed several C12-alkyl

functionalized imidazolium ionic liquids (ILs). The long chain

doubly alkyl derivatized imidazolium-based ionic liquid,

[C12C12IM][BF4], for example, exhibits liquid crystalline

behavior between 328 and 344 K, which is in an appropriate

temperature range for dimerization reactions.22 To realize the

concept of a medium-induced selectivity, it is an obvious but far

from trivial prerequisite that the dissolved Ni–catalyst complex

possesses enough solubility in the medium and—even more

important—maintains its pre-ordered molecular structure

offered by the similarly structured solvent.

Here, we report two new nickel complexes with NHC ligands

comprising C12 alkyl chains (Scheme 1). Nickel complexes 1 and

2 have been selected and synthesized to fulfil these prerequisites

due to their high structural similarity to the pre-ordered ILC,

namely [C12C12IM][BF4]. For practical purposes it is unrealistic

to attempt homogeneous catalysis in liquid-crystalline media in

a classical liquid–liquid biphasic reaction mode. Due to the very

high viscosity of typical liquid crystalline materials all mass

transfer steps, such as diffusion of substrates to the dissolved

catalyst complex, would significantly be slowed down. A suitable

way to overcome this conceptual disadvantage is to work with

a catalytic material that only contains a very thin film of the

liquid-crystalline medium physisorbed onto the high internal

surface of a porous support material. In the case of ionic liquid

immobilization, the term ‘‘Supported Ionic Liquid Phase (SILP)

material’’ has been coined recently for this approach.23 Catalytic

materials based on the SILP concept exhibit a number of

important advantages compared to liquid–liquid biphasic catal-

ysis, such as very short diffusion distances (due to the very small

film thickness in the nanometre range) and very efficient use of

the ionic liquid material. Fig. 1 shows a schematic representation

of a catalytic SILP material containing a thin film coating of

liquid crystalline ionic liquid with a Ni–NHC complex dissolved

therein.

In the recent past, we already studied ionic liquid crystal-based

supported ionic liquid phase materials (ILC-SILP) without any

metal complex dissolved in the ILC-SILP system.24 In this earlier

study, [C18MIM][OTf] was investigated after adsorption on

silica-100 in different pore fillings. The results show that in pores

of 50 nm diameter, a pore filling of a > 0.4 is sufficient to

reproduce the phase transitions of the neat ionic liquid crystal.

Recently, we have also shown that it is possible to observe

ordering processes and phase transitions in ionic liquid crystal-

line thin films by means of temperature-programmed IR reflec-

tion absorption spectroscopy (TP-IRAS). For a [C12C12IM][BF4]

film, prepared by spin-coating onto Pt(111), the peak positions of

the ns(CH2) and nas(CH2) modes were analyzed as a function of

temperature. Not only could the transition temperature from the

isotropic liquid to the smectic phase be determined, but it could

also be shown that the method provides information on the

temperature-dependent local structure and the degree of

conformational order.25 For potential applications in catalysis,

in situ vibrational spectroscopy is particularly valuable as it can

be used not only for thin-film systems on planar surfaces but also

for SILP powder catalysts to monitor their phase behavior under

operating conditions.

In this paper, we describe an important step towards the future

application of this type of materials in catalysis by introducing

Ni–NHC complexes with suitably shaped ligand structures into

the ILC-SILP materials under investigation. In order to evaluate

the structural influence of the potential dimerization pre-catalyst

in the ILC-SILP system, differential scanning calorimetry (DSC)

and polarized optical microscopy (POM) techniques were used.

Scheme 1 Synthesis of the Ni–(NHC) complexes with C12-alkyl

substituents.

Fig. 1 Schematic representation of a SILP material composed of ionic liquid crystal [C12C12IM][BF4] with a Ni–NHC complex dissolved therein.
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We also report the results of a TR-IRAS study applied to

mixtures of ILC [C12C12IM][BF4] with Ni–NHC complexes dis-

solved therein.

Results and discussion

Synthesis

The Ni–NHC complexes were synthesized by a slightly modified

protocol previously reported by Herrmann and co-workers.26 In

order to simplify filtration of the precipitated carbene ligands

after the deprotonation step, the imidazolium Cl-salts were

transformed to the corresponding [PF6]
� salts by salt metathesis

first. The free carbene ligands were prepared by deprotonation of

the imidazolium [PF6]
� salts with KOtBu in THF just before use.

Finally, the resulting carbenes in THF were added to a THF

solution of the nickel precursor, [NiCl2(PPh3)2], yielding the Ni

(II) bis-carbene complexes [NiCl2L2] (1, L ¼ C12MIM; 2, L ¼
C12C12IM) in good yields (>80%) (Scheme 1).

Both complexes, 1 and 2, were fully characterized by 1H, 13C

NMR, and CHN elemental analyses. The 1H resonances of the

hydrogens at the 4 and 5 positions of the five-membered imid-

azole ring of 1 appeared at d 6.00 and 5.85, while the spectra of 2

show one single signal centered at d 6.10 of the two equal H

resonances. Evidence of carbene coordination to the nickel ion

was obtained by detecting the carbene carbons directly bound to

nickel in the 13C NMR spectra. The resonances at d 170.10 and

169.98, for 1 and 2 respectively, are both in good agreement with

other known NHC nickel complexes.27–29 The Ni–NHC

complexes were shown to be thermally stable by measuring

temperature dependent NMR spectra up to 80 �C.

Phase behavior of mixtures of [NiCl2(C12MIM)2] (1) in

[C12C12IM][BF4] monitored by temperature-programmed

infrared reflection absorption spectroscopy (TP-IRAS)

To learn more about the thermally induced structural changes in

systems containing the Ni–NHC complexes, temperature-pro-

grammed infrared reflection absorption spectroscopy (TP-IRAS)

was performed. In a first step, it was verified by Diffuse Reflec-

tance Infrared Fourier Transform Spectroscopy (DRIFTS) that

the phase transitions are also observed after immobilization on

a porous silica support (see the next section and ESI†). The

precision of the temperature measurement is however better for

the single crystal experiments using IRAS. Therefore, the latter

technique was used for a quantitative study.

First, we studied [NiCl2(C12MIM)2] (1) dissolved in [C12C12IM]

[BF4] (1 wt%) by temperature-programmed infrared reflection

absorption spectroscopy (TP-IRAS). This study was performed to

learn more about the thermally induced structural changes in

systems containing the Ni–NHC complexes. The obtained results

are displayed in Fig. 2. A comparison of the IR reflection

absorption spectra of neat complex 1, [C12C12IM][BF4], and

a mixture of 10 wt% 1 in [C12C12IM][BF4] is shown in Fig. 2c. As

expected, the two systems show very similar spectra in the aliphatic

CH stretching frequency region, whereas all other regions differ

dramatically. Of special interest in the spectrumof complex 1 is the

band at 1230 cm�1, which does not coincide with any band of the

ILC; and thus, allows in situ monitoring of the dissolved Ni

complex down to concentrations of approximately 1%.

Molecular ordering and phase transitions were followed by

time-resolved IRAS during cooling of several samples with

differing amounts of the Ni–NHC complex dissolved in the ILC

(from 1 to 10 wt%). After the TP-IRAS experiment, the film was

thermally desorbed and a reference spectrum of the clean Pt(111)

surface was taken. The corresponding set of spectra of one

particular sample containing 1 wt% of the Ni–NHC catalyst is

shown in Fig. 2a. For the specific peak assignments of the ILC,

we refer to our previous publication.25

The ns(CH2) modes (around 2850 cm�1) and the nas(CH2)

modes (around 2920 cm�1) directly reflect the temperature-

dependent conformational and structural changes of the alkyl

chains and were primarily analyzed for the determination of the

phase transition.25 In general, the spectra in the CH stretching

frequency region for the mixtures containing the Ni–carbene-

catalyst are very similar to those of the pure ILC. Similar to the

neat ILC we saw two small but sudden temperature-dependent

spectral changes (Fig. 2a), which can be associated with the

liquid–liquid crystalline (between 342.2 K and 343.0 K) and

liquid crystalline–solid (below 317.6 K) phase transitions. These

spectral changes are more apparent in the differential spectra

calculated by subtracting a reference spectrum taken well above

the phase transitions (353.2 K), which is shown in Fig. 2b. Both,

negative and positive, peaks originating from intensity changes

and/or frequency shifts of the original bands can be identified.

The liquid crystalline–liquid phase transition is easily identified

by the sudden appearance of the strong difference peaks at

temperatures below 343.0 K.

Fig. 2 (a) TP-IRAS spectra taken during cooling of the [C12C12IM][BF4]

film with 1 wt% [NiCl2(C12MIM)2] on Pt(111). The reference spectrum of

clean Pt(111) was taken after thermal desorption of the ionic liquid,

subsequent to the TP-IRAS experiment. The inset shows a schematic

representation of the experimental setup. (b) Differential TP-IRAS

spectra taken while cooling down the thin film of [C12C12IM][BF4] and 1

wt% [NiCl2(C12MIM)2] on Pt(111) starting from 353.2 K. The reference

spectrum was taken at 353.2 K. (c) IRAS spectra of (i) neat [C12C12IM]

[BF4], (ii) [C12C12IM][BF4] with 10 wt% [NiCl2(C12MIM)2] and (iii) neat

[NiCl2(C12MIM)2]. (d) [C12C12IM][BF4]–[NiCl2(C12MIM)2] phase

diagram based on the TP-IRAS results.
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Fig. 2d shows the experimental transition temperatures as

a function of Ni–NHC catalyst concentration. The most

important result is the preserved liquid–liquid crystalline phase

transition in these mixed systems. In fact, only a minor influence

of the Ni–NHC catalyst on the transition temperature of the ILC

is observed, namely a slight shift to lower temperatures of the

solid–LC smectic transition with increasing catalyst concentra-

tion broadening the liquid crystalline temperature range. This

supports the idea that structure formation in the liquid crystal-

line phase is hardly affected by Ni–NHC catalyst concentrations

of up to 10 wt%. This is probably due to the structural similarity

between the Ni–NHC catalyst 1 and the ILC, namely [C12C12IM]

[BF4]. These results are important for our next steps towards the

catalytic application of supported ILC in dimerization catalysis

as they clearly demonstrate that—at least for the Pt(111)

support—the presence of a suitable Ni–NHC catalyst precursor

does not negatively affect the system’s temperature switchable,

collaborative organization effects in the catalytic active layer.

Differential scanning calorimetry (DSC) and polarized optical

microscopy (POM) of varying mixtures of Ni–NHC complexes

and the ionic liquid crystal (ILC) on the silica support

Heading further towards a system applicable in a catalytic

reactor, our next aim was to immobilize the Ni–NHC systems in

ILC on a porous support according to the SILP catalyst

concept.23 In this context, we studied the Ni–NHC complexes 1

and 2 in [C12C12IM][BF4], immobilized on porous silica-100 with

pore filling a ¼ 1.0 (a being defined as the ratio of IL volume

support pore volume) using DSC and POM. Following our

previous work,24 we demonstrated that the pure, metal-free ILC

[C12C12IM][BF4] shows an observable smectic LC phase at

a pore filling of a ¼ 1 on silica-100. However, at lower pore

fillings (a ¼ 0.3, a ¼ 0.6), no evidence for LC phase formation

on the silica surface of the support was detected (see ESI,

Fig. S2†). Therefore, for the here reported study a 10 wt%

solution of Ni–NHC complexes in [C12C12IM][BF4] with the

same pore filling of a ¼ 1.0 on silica-100 was chosen. Selected

DSC and POM images of these systems are shown in Fig. 3.

Further evidence of DSC and POM images can be found in the

ESI†. Note, for an isotropic fluid, the transmitted light of the

microscope is extinguished due to the polarization filters. The

displayed POM images were recorded at three different

temperatures, which reflect the three particular states of matter

observed for the Ni–NHC complexes in ILC-SILP. The DSC

curves reveal that for 10 wt% of 1 in ILC-SILP, the phase

transition from solid crystal to mesophase occurs at 319.9 K,

while that from mesophase to isotropic liquid occurs at 337.7 K.

For complex 2, the corresponding phase transition temperatures

were 322.8 K and 340.6 K. Furthermore a thermal event occurs

at �305 K, which might be attributed to a different solid phase

that is probably less ordered. This phenomenon was already

reported by our team for the transitions of [C18C1Im][OTf]

supported on silica-100.24 During the constant heating phase of

both ILC-SILP samples, namely 1 in [C12C12IM][BF4] on silica-

100 and 2 in [C12C12IM][BF4] on silica-100, distinct changes of

polarization were seen in the POM measurements, which cor-

responded very well to the phase transition temperatures iden-

tified independently by the DSC measurements. The optical

appearance of the ILC-SILP particles remains throughout the

particular phase, solid, smectic, and isotropic liquid. Only at the

phase transition points a change in polarization is recognizable,

as it can be seen in the video of the measurement (see ESI†). A

third independent series of measurements has been performed on

these samples using DRIFTS. These experiments were per-

formed on a modified Bruker 80v spectrometer, where evacua-

tion of the optical path allows the acquisition of particularly

clean infrared spectra on powders as well. The liquid crystalline

to liquid phase transition was clearly observed at 338 and 342 K

for complexes 1 and 2, respectively (see ESI, Fig. S1†). These

results are therefore in perfect agreement with the DSC and

POM values.

Accordingly, the DSC and POM results verify that Ni–NHC

complexes with long alkyl chains dissolved in the structurally

similar ionic liquid [C12C12IM][BF4] still exhibit a liquid crys-

talline behavior, and thus, form a temperature-switchable, pre-

organized system when applied in a physisorbed manner on the

silica support.

Fig. 3 DSC curves, second heating cycle, and corresponding POM

images (tenfold magnification of a microscope) produced with a heating

rate of 5 K min�1 and 10 wt% of (a) [NiCl2(C12MIM)2] 1 and (b)

[NiCl2(C12C12IM)2] 2 in [C12C12IM][BF4] immobilized on porous silica-

100 with pore filling a ¼ 1.0.
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Conclusion

In summary, we have synthesized two new Ni–NHC complexes

with long C12 alkyl chains that can serve as pre-catalyst systems

for olefin dimerization reactions in ionic liquid crystalline media.

These Ni–NHC complexes form ordered structures in the

investigated structurally similar ILC, namely [C12C12IM][BF4].

As demonstrated by TP-IRAS, the liquid crystalline transitions

are retained, even after addition of the Ni complex up to 10 wt%.

Moreover, the immobilization of the Ni-containing ILC on

silica-100 was successful. Even in this immobilized form, DSC

and POM measurements confirmed the phase transition of the

Ni-containing ILCs to smectic liquid crystalline phases. This

gives access to a very special form of Ni-based pre-catalyst for

alkene dimerization that is embedded in a pre-organized and

highly ordered, temperature switchable environment. Our next

steps towards an active catalytic system based on this concept of

surface structure-induced selectivity patterns include the activa-

tion of the immobilized Ni-catalyst with suitable aluminium

alkyl compounds and the synthesis of special Ni-complexes for

ILC-SILP systems with self-activating ligands, such as e.g.

methallyl or cyclooctadienyl, and long alkyl chain substituents to

adjust solubility and phase behaviour. This work is currently on-

going in our laboratories.

Experimental

[C12C12IM][BF4] was synthesized according to the literature

procedure.22 For a description of the synthesis of the Ni–NHC

complexes, see ESI†.

Infrared reflection absorption spectroscopy (IRAS)

All IRAS experiments were performed in an ultrahigh vacuum

(UHV) system described elsewhere (base pressure around 2 �
10�10 mbar).30The system was equipped with a Fourier transform

infrared (FTIR) spectrometer (Bruker IFS66/v) and a vacuum

transfer system.

For all measurements, carefully and under high vacuum

purified 1,3-didodecylimidazolium tetrafluoroborate,

[C12C12IM][BF4], and bis(1-dodecyl-3-methylimidazolium)

nickel chloride, [NiCl2(C12MIM)2] (1), were used. The ILC and

the Ni–carbene-complex were dissolved in chloroform and spin-

coated ex situ onto a Pt(111) single crystal. Note that spin-

coating was performed ex situ, which implies that the Pt(111) is

not atomically clean before the ILC film is applied. In view of the

layer thickness in the range of 10 mm, these contaminations are

not critical for the presented IR experiments. The Ni–IL/Pt(111)

sample was transferred into the UHV system via the vacuum

transfer system, where the IRAS experiments were carried out.

The temperature of the sample was adjusted by cooling the

sample holder and radiative heating of the sample with a tung-

sten filament. The temperature was measured by a type K ther-

mocouple attached directly to the sample and continuously read

by a controller (Fluke). The sample was heated to 353.2 K before

the reference spectrum was taken. Then the sample was cooled at

1 K min�1 while FTIR spectra were recorded in a time resolved

(TR) mode. The spectral resolution was 2 cm�1 with an acqui-

sition time of 60 s per spectrum. After the experiment the ILC

was thermally desorbed from the sample and a reference spec-

trum of the clean Pt(111) surface was taken.

Preparation of ILC-SILP material with pore filling a ¼ 1 (10 wt

% Ni–NHC complexes) for DSC and POM measurements

The ILC-SILP materials were prepared by dissolving the ionic

liquid [C12C12IM][BF4] and the Ni–carbene-complexes in dry

toluene (<10 ppmH2O) and stirring the mixture for 30 min under

inert gas atmosphere. For screening the influence of these addi-

tives on liquid crystallinity, the solvent was removed at 333 K in

a rotary evaporator under argon and the samples were dried

overnight at 333 K under 4 � 10�4 mbar vacuum.

After these measurements, the mixture was redissolved in

toluene and stirred for 30 min. The desired amount of support

material was added to this solution and the resulting suspension

was stirred for another 30 min at room temperature under argon.

After slow evaporation of the solvent at 333 K, the ILC-SILP

material was dried at 333 K under 4 � 10�4 mbar vacuum

overnight. The formal pore filling a of the SILP materials was

calculated according to eqn (2).

a ¼ VIL

msupportVpore

"
mlIL gsupport

gsupport mlpore

#
(2)

Differential scanning calorimetry (DSC) was measured with

three repeating cycles each on a Netzsch DSC 204 instrument

with a heating rate of 5 K min�1 in the temperature range of 273

K to 423 K. Polarized optical microscopy (POM) was carried out

using a Nikon Eclipse 50i microscope, equipped with a Nikon

DsFi 1 digital camera and a Linkam PE95-LinkPad heating

table.
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