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In this paper we use ab-initio theoretical methods in combination with experimental studies to investigate ion-pairs of the ionic liquid (IL) 1-methyl,3-pentamethyldisiloxymethylimidazolium chloride [SiOSi-mim]Cl, in order to deepen our understanding of the effects of functionalisation on an IL.  In addition, we focus on the effect of the siloxy group on the viscosity.  We establish that the ion-pairing energies of [Si-O-Si-mim]Cl are similar to those of 1-butyl-3-methylimidazoliumCl [bmim]Cl, because the anion interacts primarily with the imidazolium ring.  A large range of ion-pair structural configurations is possible with different anion positions and chain orientations, contributing to a significant entropy.  A H-bonded network forms, however the siloxy chain can shield the Cl or key C-H sites thus introducing defects.  Despite a significant increase in mass relative to bmim+, the combined barriers to rotation within the substituent chain are substantially reduced in Si-O-Si-mim+, this is primarily due to the flexibility of the siloxane linkage, and free rotation of the Si-Me methyl groups.  The most important effect is a coupling of rotational motions within the chain which leads to dynamic inter-conversion of cation conformers, and facilitated movement of the anion around the cation, these will contribute to enhanced transport properties and a reduced viscosity.  In addition, a longer charge arm is expected to enhance rotational and rotational-translational coupling in electric fields.  Thus, for [Si-O-Si-mim]Cl ion-pair association is very similar to that of [bmim]Cl, but "dynamic" properties relating to torsional motion, a dynamic H-bonded network, and cation response to external electric field are enhanced.
Introduction

Viscoity is a key barrier to the use of ionic liquids (ILs) in a wide range of applications.  In terms of separation or biphasic reactions, high viscosity impacts negatively on filtration, pumping, dissolution, separation and mixing, and becomes a particular issue for diffusion controlled reactions.  In the case of electrochemical reactions and devices, the charge carrying species needs to be able to diffuse through the supporting electrolyte.  It is important therefore to develop an understanding the fundamental molecular level factors that underpin this macroscopic property.  Moreover, knowledge of the electronic and structural features that favour a liquid state over a solid state (at room temperature) will help in the design of improved low viscosity ILs.  Clear progress has been made in reducing the viscosity and melting points of ILs by altering the anion employed, for example bis(trifluoromethylsulfonyl)imide (NTf2-) or dicyanoamide are optimium anions if a low viscosity IL is desired.  However, to obtain the lowest viscosity ILs, the cation must also be addressed. 

Polyorganosiloxanes display low glass transition temperatures and melting points.  The liquidity of these polymers is attributed to the flexibility of the Si-O-Si linkage.  Silicones are used as oils, greases, lubricants, hydrolic fluids, rubbers and resins.  Moreover the physical properties of polyorganosiloxanes tend to vary little over a wide temperature range, they are non-volatile, not readily combustable and are chemically fairly unreactive.  As a result siloxanes are used extensively in medical applications (implants),  in personal care products, and for example, in baby bottle teats.  Thus, appending a siloxane functional group to an imidazolium cation should retain the key properties for which ILs are favoured; non-volatility, high stability, and low melting point.  Disposal and biodegradablity of the spent product are also important considerations, ILs  have the potential to become persistent pollutants in the soil or in aqueous environments, in addition toxic effects upon microorganisms may also limit their biodegradability. The toxicity of silyl or siloxane polymers to many organisms is low and hence the addition of siloxane fragments to ILs is not expected to significantly alter their volatility or toxicity.  However, siloxanes are highly hydrophobic and solubility and/or miscibility properties can be expected to be altered.

Recently silyl and siloxy derivitised imidazolium ILs have been synthesised and studied as the [NTf2]- and  tetrafluoroborate,[BF4]-, salts.


1-3 ADDIN EN.CITE   ILs formed with these cations have been shown to have a lower viscosity than their 1-methyl-3-neopentylimidazolium cation analogues.


1, 3 ADDIN EN.CITE  1-methyl,3-pentamethyldisiloxymethylimidazolium [SiOSi-mim][NTf2] has also been studied using optical heteodyne-detected Raman induced Kerr effect spectroscopy (OHD-RIKES) supported by B3LYP/6-31+G(d,p) level calculations (on a single conformer of the isolated caton).1  Bara et al.4 have investigated the use of siloxane functionalised imidazolium ILs for use in gas separation membranes however, it was found that these ILs do not show good selectivity.  Siloxane functionalised ILs have also been investigated for use in dye-sensitised solar cells, where hermetic sealing to avoid evaporation of the liquid electrolyte is a significant problem,  trialkyloxysilyl-substituted imidazolium iodide forms a quasi-solid cross-linked ionic electrolyte gel with pendant cation-anion pairs.


5, 6 ADDIN EN.CITE 
In this paper we present the results of an extensive theoretical quantum chemical study of the [SiOSi-mim] cation and on the ion-pairs formed with a "probe" Cl- anion, we compare [SiOSi-mim]Cl with the previously studied [Bmim]Cl.7, 8  We also report on the synthesis and crystal structure of [Si-O-Si-mim]Cl. We highlight the underlying structural and electronic features of the cation and ion-pairs that can be used to better understand the chemical and physical properties of these ionic liquids, in particular we focus on those aspects which affect the liquidity and viscosity of these systems.

Imidazolium based ILs have been extensively studied via computational methods, including classical MD, ab-initio MD and quantum chemical methods.9, 10  Quantum chemical methods have been successfully employed to study ILs, and offer fundamental theoretical insights, combined with experimental studies calculations have facilitated our understanding of observed phenomena, and when combined with simulations, a deeper understanding of IL dynamics has been developed.


11-29 ADDIN EN.CITE 
The viscosity of ILs is a complex property not easily explained at the molecular level.  Viscosity can be thought of as a resistance of a fluid to flow, or a retardation of the average velocity of molecules within a layer (for Newton fluids,  the viscosity coefficient is a proportionality constant).  Velocity can be transferred from one layer to another via intermolecular interactions, two particles interact one gaining velocity, the other slowing.  Thus the cohesion (or "stickyness") between molecules as influenced by both their coulombic attaction and H-bonding characteristics..

We can also differentiate between different mechanisms for transfer of velocity, re-orientation (rotation, or libration) within a "caged" environment and translation of a solute molecule or ion, these two types of motion can also couple.  Thus, how rotation or translation may be affected by molecular shape and internal motions is considered.

The kinetic theory of gases (hard spheres with a Maxwell distribution of velocities) can be used to describe the rate at which momentum is exchanged between layers, the key parameters of interest here are the mass of the molecule (the larger the mass the more viscous the fluid ((m) and collision diameter (the larger the molecule the less viscous the liquid (1/2).  The collision diameter is not a clearly defined parameter for real systems; in polymer studies it is well accepted that a tightly curled polymer has different volume characteristics from an extended (perhaps entangled) linear chain, or a tumbling rigid rod-like molecule.  Thus in terms of a "collision" based description of viscoity the molecular level properties that are of interest are relative mass and effective volume (swept out by a tumbling molecule).

In additon to "collision" induced transfer of velocity, two particles can exchange position, effectively transfering mass as well as velocity (that is transfering momentum) between layers.  This requires a molecule escaping from its solvent cage, or one molecule jumping past another.  Viscosity is then related to how tightly packed the molecules are (number of molecules per cubic centimeter (n)) and the barrier height for a jump (. 
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 Thus, the mechanism for momentum transfer via one ion moving past another is also an important quantity.

Relating viscosity to particular molecular level properties is made significantly more difficult for ILs by the presence of two types of ion, which do not necessarily have spherical shape, the presence of medium to strong intermolecular coulombic interactions, potential networking via H-bonding, and inhomogeniety within the fluid as polar parts of the ions and non-polar alkyl groups aggregate.  Previously we have suggested that the large liquid range of ionic liquids is, in part, due to significant entropic contributions.  The extended anion-cation network can access a very large number of different conformations hence introducing significant disorder into the system.  The variety of configurations obtained is based on the cation alkyl chain freedom (low barriers to rotation), the number of possible anion sites (not all of which are occupied), the asymmetry and hence reorientation disorder of the cation molecule as a unit, and on the dynamic and disordered network of weak-medium strength H-bonding and ionic associations.


7, 8, 30, 31 ADDIN EN.CITE  

Results and Discussion

The Cation

[image: image2.wmf]C

5

C

4

N

3

C

2

N

1

C

6

H

H

H

C

7

C

8

C

9

C

1

0

H

H

H

H

H

H

H

H

H

H

H

H

C

5

C

4

N

3

C

2

N

1

C

6

H

H

H

C

7

S

i

8

O

9

S

i

1

0

M

e

M

e

M

e

H

H

M

e

M

e

H

H

H


Figure 1: Numbering scheme used for Bmim and Si-O-Si-mim cations

Atomic numbering for the Si-O-Si-mim cation, and reference bmim cation are provided in Figure 1.  Straight-forward substitution of Si for C in the alkyl chain –CH2CH2CH2CH3, would give a highly reactive substituent, requiring that a more highly substituted substituent –CH2SiMe2-O-SiMe3 be employed.  Si-O-Si-mim (243amu) has more mass than Bmim (139amu), which will increase the viscosity.  But Si-O-Si-mim is also significantly bulkier than Bmim which will reduce the viscosity (rbmim=5.06, rSi-O-Si-mim=6.88Å giving Vbmim=543 Å3, VSi-O-Si-mim=1364 Å3, details provided in supplementary material).  Using the proportionality (m/(2 and the quantities outlined above, bmim/Si-O-Si-mim=1.06, then using an experimental reference of [bmim][NTf2] =52 cP (298K) an estimate of the viscosity for [Si-O-Si-mim][NTf2] is ≈49 cP which is lower than the observed vicosity of =89 cP (at 
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Figure 2: (a) Definition of the key torsional parameters, 1, 2 and 3, 
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Figure 3: The three stable minima of Si-O-Si-mim cation, (a) Clinear, (b) Cforward and (c) Cbackward

295K). 


1, 32 ADDIN EN.CITE   Thus [Si-O-Si-mim][NTf2] is more viscous than can be expected on the basis of a simple mass vs collision diameter proportionality alone.

Rotation of the alkyl chain has a significant impact on the physical properties of bmim based ILs, and movement of the siloxane functional chain has a similar importance.  However, as the imidazolum ring is now only approximately half the mass of the siloxane group, it is no-longer appropriate to think of the alkyl chain as sweeping out an excluded volume on the end of an essentially stationary imidazolium ring, the configuration is now more of a dumb-bell shape, two large groups connected via the N1-C7 bond (Figure S1).

There are three key torsion angles (defined in Figure 2); 1=C2-N1-C7-X8 (X= C, Si) determines rotation of the whole chain, 2=N1-C7-X8-Y9 (X=C, Si and Y=C,O) determines the 
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Figure 4: Relaxed scan for 1 rotation.  Si-O-Si-mim: solid line with filled squares (2≈60º), dashed line with open squares (2≈180º).  Bmim: solid line and filled circles (2≈60º), dashed line and open circles (2≈180º).  The large open circles relate to the structures in Figure S2.
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Figure 5: Relaxed scan for 2 rotation referenced to the anti conformer for 1≈100º: Si-O-Si-mim: solid line and filled squares, Bmim: dashed line and open circles.

internal conformation of the chain, and 3=C7-X8-Y9-X10 (X=C, Si and Y=C,O) relates to rotation of the end group of the chain.  In analogy with the bmim cation, there are three stable minima for the Si-O-Si-mim cation, which can be characterised by their 1 and 2 torsion angles, these will be identified as cations: Clinear (2≈180º Figure 3a), Cforward (2≈-60º Figure 3b) and Cbackward (2≈60º Figure 3c) after the position of the siloxane chain. Configurational entropy is introduced into the ionic liquid through the number and relative energy of stable conformers.  Phase transition and transport phenomena may be influenced by the barrier heights for interconversion between these minima.  Moreover, the highly flexible nature of the Si-O-Si bond is thought to be in-part the origin of the large liquid range of low molecular weight siloxanes.  Thus, the nature of the potential energy landscape can have a significant impact on physcial 
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Figure 6. Coupling between the torsion angles 1 and 2.  Starting from the minium energy Clinear structure, backward rotation dashed grey line with circles (two scans), forward rotation, black line with large circles, analogous rotation for the bmim cation, black line with filled squares.

Table 1: Maximium barriers (kJ/mol) to rotation for the potential energy scans of the torsional motions defined by 1, 2, and 2 and the combined maximum barrier Erot=E(1)+E(2)+E(3) for the Bmim and Si-O-Si-mim cations.

	
	1)
	2)
	3)
	Me)
	Erot

	bmim
	11.5
	21.4
	26.3
	14.1
	73.3

	Si-O-Si-mim
	13.0
	15.5
	5.0
	0
	33.5


properties.13  Relaxed potential energy surfaces have been scanned for 1, 2 and 3 to determine the rotational barriers and the mechanisms for interconversion between the three stable conformers of the Si-O-Si-mim cation.

The barrier to rotation about the N1-C7 bond connecting the imidazolium ring to the saturated chain 1 for both Bmim and Si-O-Si-mim cations is shown in Figure 4, the barrier is due to steric interaction between substituents on the chain with imidazolium H atoms at the front and rear of the ring, (Figure S2).  The barrier height (for 1) varies depending on the 2 angle.  For the two cations, bmim and Si-O-Si-mim there are 

no substantial differences in the 2 ≈±60º potential energy surface (PES) scans, however when 2 ≈180º the Si-O-Si-mim cation has a lower barrier (by ≈5 kJ/mol).

Rotation within the chain (2) has been scanned (for 1≈-100º), Figure 5.  These barriers are significantly higher than those found for 1.  As expected for the bmim cation, steric interactions are minimized in the anti configuration 2≈±180º, with gauche structures lying only slightly higher in energy.  The Si-O-Si-mim cation however, exhibits a very different behaviour, the gauche conformers are more stable, or alternatively the anti conformer is less stable.  More surprisingly, despite the size of the bulky siloxane group, the eclipsed structure for Si-O-Si-mim is very stable.  Analysis shows that both C9-H bonds in the alkyl chain (of the bmim cation) align exactly over the N1-C2/5 bonds of the imidaxolium ring, with a significant cost in energy.  In contrast, the siloxane SiMe3 group is further away and able to rotate to sit above the center of the imidazolium ring, avoiding a repulsive through space bond overlap, Figure S3. 

Rotation of the terminus of the butyl chain in bmim 3 is that 

Table 2: Energy (kJ/mol) of the stable ion pairs located for [Si-O-Si-mim]Cl, superscripts refer to material discussed in the text.

	
	Clinear
	Cforward
	Cbackward

	
	(2≈180)
	(2≈-65)
	(2≈+65)

	Clfront-Me
	3.11, 4.70a
	0.00, 0.64
	-b

	Clfront-R
	1.20a
	0.83
	1.00

	Clside-Me
	41.64
	38.98
	39.50

	Clside-R
	28.98
	27.72c
	29.96e

	Cltop
	9.46
	Clfront-Me
	13.03e

	Clbottom
	16.75
	7.73, 15.55
	4.85

	Clback
	-
	-
	52.51d

	reaction
	-
	104.20f
	111.94f
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Figure 7: positions of the Cl anion around the imidazolium cation.

expected for an alkyl chain, with high energy eclipsed conformations, Figure S4. Due to the essentially linear and flexible nature of the Si-O-Si bond, constraining the torsion angle  3= C7-Si8-O9-Si10 while allowing all other coordinates to relax does not produce a valid rotational profile.  The "heavy" SiMe3 unit does not move in a normal torsional rotation, instead the oxygen atom undergoes a "skipping rope" twist.  It proved too difficult to follow this circular motion (without constraining a large number of angles and dihedrals), and so the flexibility of the Si-O-Si unit has been investigated for the linear conformer by scaning the =Si-O-Si angle, Figure S5.  This distortion costs less than 5 kJ/mol for a very wide range of angles.  The terminal SiMe3 groups of Si-O-Si-mim are freely rotating (<0.01 kJ/mol) and will contribute significant entropy, in comparison to the equivalent terminal CMe3 groups of an analogous alkyl chain, which have a barrier of ≈14.1 kJ/mol.

A distinctive feature of the siloxane functionalisation is a strong coupling of the torsional motions for 1 and 2 (which remain essentially uncoupled for bmim).  If the siloxane group Clinear is rotated backward, moderate coupling is observed, however if the siloxane group is rotated forward substantial coupling is obtained leading to large conformational changes, Figure 6.

The combined maximum barriers to rotation Erot=E(1)+E(2)+E(3), for the bmim and Si-O-Si-mim cations are presented in Table 1.  Despite the much larger volume of the siloxane substituent similar barriers are obtained for 1, this is due to lengthening of the C-Si bond relative to the C-C bond which alleviates steric interactions due to the bulkier methyl groups.  Despite the stabilization of the anti conformer for the Si-O-Si-mim cation, the size of the maximum barrier for 2 is still only ≈5 kJ/mol lower than in bmim. Bmim showed a standard profile for 3, however conformational changes in the Si-O-Si unit are better 

described by the very low energy required to move the central O atom relative to the SiR3 groups.  Rotation of the terminal methyl groups in Si-O-Si is barrierless.  Thus while the siloxane functionalised chain is has more mass and is significantly bulkier than the bmim alkyl chain, the energy required to make large conformational changes in by the Si-O-Si-mim is essentially half that in the bmim cation.

Ion Pairing

The zero-point energy corrected energies for [Si-O-Si-mim]Cl ion-pairs are presented in Table 2.  The association energy for the lowest energy conformer is 367.23 kJ/mol, and is comparable with that of the lowest energy bmim conformer (377.99 kJ/mol at the B3LYP/6-311+G(d,p) level).  We have earlier established that the probe Cl anion can take up seven key positions around the imidazolium based cation (Figure 7), these are denoted, Clside-Me, Clfront-R etc.8  Each of these can be combined with one of the three possible orientations for the siloxane chain identified as, Clinear, Cforward, Cbackward.  A selection of structures for the Cforward ion-pairs is presented in Figure S6.

The ion-pair is most stable when the Cl anion is in a front position, Clfront-R or Clfront-Me,  the Cltop and Clbottom structures lie slightly higher in energy at the B3LYP level, our previous studies indicate this energy gap will decrease as more correlation is recovered (due to a better description of the anion interaction with the electron density of the aromatic ring).8  The Clside-R structures are ≈30 and the Clside-Me ≈40 kJ/mol higher in energy, this difference is slightly more pronounced than observed for the [bmim]Cl ion pairs which were all ≈35kJ/mol.  The relative orientation of the siloxane chain typically produces variations < 5kJ/mol in energy.  Similarly to the [bmim]Cl conformers, most back structures (observed in the crystal structures of [bmim]Cl) are unstable as an ion-pair.  It is perhaps surprising that such a large change in the structural geometry (from bmim to Si-O-Si-mim) has had such a small impact on association energies, this indicates that the dominant association is with the imidazolium ring.

Despite the energetic and gross structural similarities to the [bmim]Cl ion-pairs a number of distinctive features have been observed for specific ion-pairs as referenced in Table 3 (superscripts a-f), and are described below.

(a) Positioning the Cl at the front of the Clinear cations induces rotation of the siloxane chain (Figure S7), 2 which starts at ≈180º in the cation, is reduced to 147º for Clfront-R and further to 127º for Clfront-Me, moreover these conformers all have very similar energies.  Variation in 1 can also occur; two Clfront-Me conformers have been identified, one for the expected minima of 1≈100º and more surprisingly a second for 1≈0º which was identified as a local maxima (+10.15 kJ/mol) for the isolated cation, and hence must be stabilised by the presence of the Cl anion.  This is further evidence of strong mode coupling between the 1 and 2 torsion angles.

(b) The [Cbackward]Clfront-Me ion pair was very difficult to optimize, in this case the Cl was constrained to the front-Me position, forces were converged but not displacements, the frequency analysis returned no negative modes, E=3.72 kJ/mol.  Continued optimisation resulted in the Cl 
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Figure 8: Extract from an optimisation showing substantial changes in the position of the Cl anion and geometry of the siloxane chain.

     anion moving around C2-H and into the Clfront-R position, plotting the energy surface traversed shows a very flat potential.

(c) A number of conformers have been identified where the functional chain wraps round either the key C2-H or the Cl anion, shielding these important interaction sites from association with other molecules or ions, Figure S8.  The expected effect is a reduction in the networking ability of the Si-O-Si-mim based ionic liquids.

(d) The significant reach of the functional chain has resulted in the stabilisation of a [Cbackward]Clback structure, Figure S9
(e) Placing the Cl in the CbackwardCltop position has resulted in a significant movement of the siloxane chain, causing it to "curl-up" and wrap around Cl anion, Figure S10
(f) In two cases the chloride anion coordinated to the exposed Si resulting in a neutral complex, and a local pentagonal bipyramidal geometry around the Si atom, Figure S11.  In contrast to C, Si is known for the ease of formation of hypervalent species.  The chemical reaction occurred when the functional group was rotated towards the Cl ([Cbackward]Clside-R and [Cforward]Clfront-R ), in addition the siloxane "lifts" the chloride above the plane of the ring and thus these structures also have significant "top" character.  Compared to a non-reacting structure the neutral complex exhibits longer Si-O and axial Si-C bonds, moreover these neutral species are of a significantly higher energy than the ion-pairs.

In optimizing the ion-pair structures it has become evident that the siloxane is able to "pick-up" and move the Cl anion around the cation, Figure 8, is an example of such a process, 

the starting structure was CbackwardClside-Me (optimised RMS forces converged to 0.000068) and the final structure is CforwardClfront-R (fully converged, RMS forces 0.000001).  The siloxane group has "picked-up" the Cl anion from the side-meth position, transported it over the ring and deposited it in a front-chain position.  Thus, the siloxy chain is able to facilitate significant changes of geometry, over a large energy range ≈40 kJ/mol.
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Figure 9: (a) diagram showing bands within the crystal structure of 1, (b) structure of the cation, and position of the surrounding Cl anions in 1

X-ray Structure 

The single crystal X-ray structure of solid [Si-O-Si-mim]Cl (1) has been determined (details of the refinement procedure are provided in the supplementary material, as are a table of C-H…Cl distances (Table S1) and a diagram of the thermal elipsoids (Figure S8).  -stacking of the imidazolium rings (alternately rotated, with one functionalised chain pointing up and the other down, creates bands of imidazolium rings with associated Cl anions, separated by layers of siloxane functionalised groups, Figure 9.

The geometry at both Si atoms is approximately tetrahedral and there are no unusual bond lengths or angles in this fragment of the structure. The structural parameters for the imidazolium ring in 1 are those expected and are indicative of other imidazolium salts such as 1-butyl-3-methylimidazolium chloride33 1,3- dimethylimidazolium bis(trifluoromethylsulfonyl)imide,34 and 1-ethyl-3-methylimidazolium chloride,35 bromide,36 iodide,36 tetrafluoroborate,37 triflate,38 and tetrachloronickelate.39  The Cl anions occur in the Clfront-Me, Clside-Me and Clside-R  positions, Figure 9b, in all cases the Cl lies roughly "in-plane" with the imidazolium ring, and has interaction with both the H atoms of the imidazolium ring and methyl or methylene groups of the substituents, Table S1.

Selected structural parameters from the computed cations, most stable ion-pair, and the crystal structure are presented in Table S2.  The cation geometry in 1 exhibits slightly contracted bonds with respect to the most stable ion-pair, CforwardClfront-Me.  These differences will in-part be due to the B3LYP method, but will also be due to the effects of surrounding anions and cations in the solid state environment.  Note that the X-H bonds of the crystal structure are normalised to 0.96 in the refinement procedure and are therefore not valid variables for comparison. 

Analysis  of the Electronic Structure 

Two types of "charge analysis" have been carried out, one based on the electronic density (NBO) and one based on the electrostatic potential (CHelpG).  As these "charges" arise from different observable quantities they cannot be directly compared.  Qualitatively the NBO method is better suited to 

Table 3: Atomic and group charges from the NBO and ChelpG methods for an isolated Si-O-Si-mim cation (Cforward), a bmim cation (Bmimlinear), and an ion-pair [Si-O-Si-mim]Cl ([Cforward]Clfront-Me).  Cx-H is the group charge for the carbon and hydrogen atoms, Im-ring is the sum of charges on all atoms of the ring.

	
	C2-H
	C4-H
	C5-H
	NR
	NMe
	ring

	NBO
	
	
	
	
	
	

	Cforward
	0.55
	0.23
	0.24
	-0.35
	-0.34
	0.32

	Bmimlinear
	0.53
	0.24
	0.25
	-0.35
	-0.34
	0.33

	[Cforward]Clfront-Me
	0.57
	0.20
	0.19
	-0.37
	-0.36
	0.23

	CHelpG
	
	
	
	
	
	

	Cforward
	0.15
	0.09
	0.02
	0.22
	0.09
	0.56

	Bmimlinear
	0.13
	0.09
	0.05
	0.19
	0.13
	0.59

	[Cforward]Clfront-Me
	0.18
	0.00
	0.01
	0.11
	0.11
	0.42


Table 4: Atomic and group charges from the NBO and ChelpG methods for an isolated Si-O-Si-mim cation (Cforward), a bmim cation (Bmimlinear), and an ion-pair [Si-O-Si-mim]Cl ([Cforward]Clfront-Me).  Me is the group charge of the methyl substituent on N3, CH2 is the group charge on the first methylene unit on the substitutent at N1, and chain is the sum of the charges on all atoms in R the substituent at N1.

	
	Me
	CH2
	Si8
	O9
	Si10
	chain

	NBO
	
	
	
	
	
	

	Cforward
	0.32
	-0.19
	2.00
	-1.31
	1.98
	0.35

	Bmimlinear
	0.33
	0.28
	-
	-
	-
	0.35

	[Cforward]Clfront-Me
	0.31
	-0.15
	1.88
	-1.26
	1.87
	0.32

	CHelpG
	
	
	
	
	
	

	Cforward
	0.21
	-0.13
	0.93
	-0.72
	0.99
	0.23

	Bmimlinear
	0.21
	0.01
	-
	-
	-
	0.21

	[Cforward]Clfront-Me
	0.18
	-0.08
	1.01
	-0.74
	1.11
	0.18
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Figure 10: resonance structures for the siloxane linkage.

examining the detailed charge distribution close to the atomic centers, while the CHelpG method is better suited to reproducing the columbic effects of the ion-pair as "perceived" from an adjacent molecule in the vicinity of the ion-pair.  Atomic and group charges are reported in Table 3 and Table 4.

The siloxane functionality has essentially no impact on the charge distribution within the imidazolium ring, as the group charges on the imidazolium ring are almost identical for the bmim and Si-O-Si-mim cations.  This is consistent with the very similar cation-anion association energies of both species.

The Si-O-Si unit has a number of ionic resonance forms, Figure 10, which are reflected in the high NBO/CHelpG charges on these atoms, in addition the NBO analysis determines single Si-O bonds with only a 15% contribution from the Si atoms.

The probe Cl anion has a NBO charge of -0.89 and CHelpG charge of -0.77, indicating a transfer of 0.11 (NBO) or 0.23 (CHelpG) to the cation.  The donated charge could be spread over the imidazolium ring, or Me and chain substituents, 

Table 5: charge arm computed using the NBO and CHelpG charges for Si-O-Si-mim and Bmim cations.

	
	NBO
	CHelpG

	Clinear
	2.58
	2.50

	Cforward
	1.60
	1.60

	Cbackward
	2.08
	2.05

	Bmimlinear
	1.20
	1.13

	Bmimforward
	0.97
	0.92

	Bmimbackward
	1.03
	0.97


however, based on the NBO analysis, charge moves predominantly onto the imidazolium ring (0.09) with a reduced amount going to the whole of the siloxane chain (0.03).

The presence of the Cl anion reduces the NBO charges on the individual atoms within the Si-O-Si unit.  In contrast, the CHelpG charges indicate an increased electrostatic potential on the exterior of the molecule.  Methods based on the ESP estimate charges from a least-squares fit to the potential at specific points beyond the Van der Waals radii and it is a well known problem that charges on interior atoms are not well defined.40, 41  As the siloxane unit lies in the interior of the molecule, well shielded by surrounding methyl groups, the physical relevance of CHelpG charges on these atoms is difficult to evaluate.  Nevertheless, these features can potentially be rationalised as follows.

The electrostatic field of the negatively changed Cl anion polarizes electron density around the O toward the Si atoms, it also slightly destabilises the O orbitals, driving them up in energy and closer to those of the Si (which are stabilised in a negative electric field), this could result in stronger covalent interactions.  Both effects result in a higher concentration of electron density in the internuclear or shared region and an enhanced electron density at the (positive) Si atom leading to a reduced NBO charge at Si.  As the Si orbitals are stabilized electron density is pulled from an ionic and spherical distribution into a polarized configuration around each Si creating anisotropic areas of positive charge which are also stabilized in the electric field of the anion, the net result being an enhanced electrostatic potential (enhanced ESP charges), Figure S13.

In addition we have used the NBO and CHelpG charges, and relative atomic positions to compute the charge arm (the distance from the center of mass of the molecule Rcm, to the center of charge Rcq of the molecule),42 Equation S1, Table 5.  Calculation of the charge arm referencing relative atomic positions to the coordinates of N1 rather than the center-of-mass does not produce significantly different results.

The charge arm of the siloxane cations is significantly longer and shows more variation between conformers than the bmim cations, and is largest in Clinear when the siloxane group is stretched out and away from the imidiazolium ring.  The charge arm for the cation in [Cforward]Clfront-Me 1.99Å (NBO) is significantly increased (+0.39Å) relative to the isolated cation (1.60 Å).  The opposite trend is found for the [Bmim]Cl ion-pair, which shows a reduction of -0.24Å.

The significantly longer charge arm for the siloxane cations will enhance rotational-translational coupling and facilitate transport processes, reducing the viscosity.  Viscosity is the transfer of momentum from one molecule to another via intermolecular interactions.  In a neutral solvent rotation of individual molecules can be independent, however for ionic liquids rotational motions can be coupled through the electric field, this enhances momentum transfer and aids in reducing the viscosity.  Molecules will rotate around their center of mass to align their charge arm within the electric field.  In many ionic liquids translational motion induced by an external electric field is hindered by neighbouring ions, while rotational realignment is not.  The linear diffusion of one ion past another will also produce an electric field, which will induce a rotation of the first ion, coupling translational motion with rotational realignment.  Mixing of the more rapid rotational dynamics with the slower translational degrees of freedom is thought to increase transport processes in ionic liquids.42  Nevertheless, rotational and translational hindrance (of whole molecules) by H-bonding, or van-der-Waals interactions can reduce the effectiveness of the electrostatic coupling and hence the impact of the charge arm.  However, in the siloxane based ion-pairs we have shown that the siloxane can effectively shield key H-bonding sites, thus reducing the extent of H-bonding relative to bmim based ionic liquids.

The B3LYP orbitals in the HOMO-LUMO region have been examined for the cations and ion-pairs, Figure 11.  The Si-O-Si-mim cation LUMO is a * MO based on the imidazolium ring, and is similar in character to the LUMO of the un-functionalised bmim cation.  The HOMO and 3 of the 4 next highest lying MOs are * orbitals based on the Si-O-Si substituent.  One orbital has the same character as the bmim cation "HOMO" (non-bonding  MO on the imidazolium ring) and lies within this Si-O-Si * MO manifold.

Thus, we can expect changes in the chemical reactivity of the cation due to the functionalisation changing the character of the cation HOMO.  However, there is little effect on the nature of the cation-anion interaction, because this primarily involves the cation LUMO which is very similar to that found for the bmim cation.

The three highest occupied MOs of the ion pair show clear, if minor contributions, from the surrounding H atoms.  The Cl(p)( *C-H interaction can be correlated to the NBO derived interaction energy E(2)(nCl ( *C-H).43  For the lowest energy structures of [bmim]Cl this is 42 and for [Si-O-Si-mim]Cl this is 34 kcal/mol, indicating there is a slightly reduced interaction in the siloxane functionalised ion-pair.

IR Spectra

Simulated IR spectra were generated from the combined computed spectra (vibrational frequencies) of all 20 stable [Si-O-Si-mim]Cl ion-pair conformers, and separately for the 3 stable cations, the relative contribution of individual spectra has been determined using a Boltzman weighting factor, Figure S9 is a spectrum covering the range 0-3500 cm-1. Figure 12 depicts the C-H stretching region 2600-3400cm-1.  There is a significant red shift from ≈3300cm-1 in the cation to ≈2750cm-1 in the ion-pairs, and an intensity enhancement of 
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Figure 11 MO diagram for [Si-O-Si-mim]Cl, on the left the LUMO, HOMO and HOMO-5 of Clinear, and on the right the HOMO of the CfrontClfront-Me ion-pair showing the interaction of the C-H orbitals with the Cl pAO.

[image: image13.png]Intensity

20

15

—_
o

computed all ion-pairs
---- computed Ctorward Cliront-Me
experimental [Si-O-Si-mim][NTf5] (2)
I computed all cations

I
3000 3200 3400
Wavenumber / cm-!




Figure 12 Simulated IR spectrum for all ion-pairs (filled light grey) and the most stable ion-pair conformer (dashed grey line) compared to the computed spectrum for all cations (filled dark grey), and the experimental spectrum of 2 shifted by -70cm-1 to align the alkyl C-H stretching region, intensities have been adjusted.

 the C-H…Cl modes.  This interaction is stronger in the gas phase than in the liquid, and hence the experimentally observed peak for [Si-O-Si-mim][NTf2] 2 does not redshift as far (2881cm-1).  There is a single low energy (+0.64 kJ/mol) conformer in which the C-H…Cl vibration shifts to 2858 cm-1, the origin of this shift is not obvious, there is no feature in the structure, charge distribution or MOs that stands out relative to the reference ion-pair.

Recently it has been proposed that the extent of H-bond networking and an estimation of the cation-anion interaction in ionic liquids can be determined from an examination of the 30-300cm-1 region of far infrared spectra.43  The computed spectra 0-300cm-1 are presented for the isolated cations and ion-pairs of [bmim]Cl and [Si-O-Si-mim]Cl in Figure 13.

[image: image14.png]-
o

Intensity

Ve 7717 1 71 1 "1 T T T v T * T * T " T °
0O 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300

Wavenumber / cm™!

Intensity
o

0.0
0O 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300

Wavenumber / cm’!




Figure 13 Simulated IR spectrum for of ion-pairs (filled light grey) and all cations (black line) of (a) [bmim]Cl and (b) [Si-O-Si-mim]Cl.

Because many of the low energy modes involve rocking and bending within the alkyl/functional chain, the two cation spectra are very different.  In contrast, the ion-pair spectra show substantial similarity; the presence of the anion enhancing intensity, and two sets of peaks in the regions  ≈40-60 and 180-200 cm-1.  Mass effects due the heavier siloxane appear to be essentially absent.  Visualisation of these vibrations show coupled bending and rocking motions between the Cl and chain.  For [bmim]Cl these are primarily in-plane motions for the Cl anion, and the dominant C-H…Cl interaction is with the first two methylene units of the alkyl chain.  For  [Si-O-Si-mim]Cl the equivalent peaks are generated by primarily Cl anion out-of-plane motions reflecting the fact that the dominant C-H…Cl interaction is with one Me of the SiMe3 group lying above the Cl.  This result indicates that the magnitude of the cation-anion interaction, and specifically the C-H…Cl component is relatively insensitive to the detailed geometry and functional origin of the contributing C-H.  This result is also consistent with the orbital components observed in the MO analysis, and the similarity of the association energy of the two ionic liquids.

Conclusions

The viscosity of [bmim][NTf2] is 52cP and that of [Si-O-Si-mim][NTf2] is 89cP (293K), despite a significant increase in the mass of the cation, the viscosity has not shown a substantial increase.  A simple proportionality calculation (based on formulae derived for the kinetic theory of gases using hard spheres and a Maxwell distribution of velocities) shows that an almost 2Å increase in the radius of the Si-O-Si-mim cation more than out-weighs the increase in molecular mass, and predicts a viscosity in-line with that of [bmim][NTf2] for [Si-O-Si-mim][NTf2]; ≈49 cP.

Our analysis has shown that while the fine detail of the association of [bmim]Cl and [Si-O-Si-mim]Cl ion-pairs may differ the interaction energies are remarkably similar.  This is because the primary interaction is with the imidazolium ring, the electronic (examined through NBO analysis and MO diagrams) and geometric structure (examined through computed and experimental structures and IR spectra) remain unaffected by the functionalisation of the alkyl chain.  In particular, the additional flexibility of the siloxane unit has little impact on the interaction between the ions.  Moreover, the magnitude of the cation-anion interaction is relatively insensitive to the detailed geometry and functional origin of the key C-H…Cl interactions which do differ between the [bmim]Cl and [Si-O-Si-mim]Cl ion-pairs.

There are a large number of possible conformers, arising both from the chain orientation and from the number of Cl anion positions that can be taken up around the imidazolium ring, the large number of possible ion-pair interactions will lead to a significant "structural" entropic contribution reducing the ability of the IL to crystallize.  This result is consistent with our previous analysis of the [bmim]Cl IL.7, 8  A clear difference with respect to the [bmim]Cl ion-pairs, is the ability of the siloxane chain to effectively shield the anion or block key Cn-H sites from forming H-based interactions.  This will reduce and loosen the H-bonding network within the [Si-O-Si-mim]Cl ionic liquid.  Moreover, these configurations may be considered as "defects" in a weakly H-bonded network, moving such defects around within the larger network will also increase the configurational entropy of the system.

Despite the additional bulk of the CH2SiMe2-O-SiMe3 chain key torsional (1 and 2) motions and the associated barriers to rotation remain in line with those of the alkyl chain, this is traced back to the lengthening of the C-Si bond which reduces steric interactions that would otherwise be prohibitive.  The highly flexible nature of the Si-O-Si linkage plays an important role, while rotation about 3 is relatively expensive for bmim, ≈25 kJ/mol, the equivalent motion does not occur for Si-O-Si-mim.  Rather the Si-O-Si angle can open and close over a very wide range of angles for less than 5 kJ/mol cost in energy.  In contrast to the terminal methyl group of the butyl chain, there is free rotation of the Si-Me methyl groups not involved in H based interactions with the Cl anion.  We have shown that the combined (sum of the maximum) barriers for chain motion are effectively halved in Si-O-Si-mim relative to bmim.

Moreover, in contrast to the bmim cation, strong coupling of the 1 and 2 motions in Si-O-Si-mim have been found, this leads to more ways of inter-converting structures, contributing a "dynamic" entropy to the system.  The siloxane chain can distort with a minimal cost in energy, facilitating the passage of other molecules, or escape from a local cage.  The combined effects of the torsional mode coupling and flexibility of the siloxane chain lead to another key feature; the ability of the siloxane chain to transport the Cl anion from one side of the cation to another.  This is a viable mechanism for transferring momentum, transporting defects, and enhancing the transport of an ion (or even solute) through the liquid.  The long charge-arm computed for the Si-O-Si-mim cations (relative to bmim) will mean an enhanced rotational response in the presence of electric fields, weather external, or induced locally by the movement of neighbouring ions.  All of these "dynamic" properties are expected to contribute to a reduced viscosity.

In summary, the ion-pairing energies of the [Si-O-Si-mim]Cl are similar to those of [bmim]Cl because the anion interacts primarily with the imidazolium ring.  A large range of ion-pair structural configurations is possible with different anion positions and chain orientations, contributing to a significant entropy.  A H-bonded network forms, however the siloxy chain can shield the Cl or key C-H sites thus introducing defects.  The combined barrier to chain rotations is substantially reduced relative to the bmim, primarily due to the flexibility of the siloxane linkage, and free rotation of the Si-Me methyl groups.  Coupling of rotational motions within the chain leads to dynamic inter-conversion of structures, and facilitated movement of the anion around the cation, both of which will enhance transport properties and reduce viscosity.  In addition, a long charge arm will enhance rotational and rotational-translational coupling in electric fields.  Thus, "dynamic" properties relating to torsional motion, a dynamic H-bonded network, and cation response to external electric field are enhanced relative to [bmim]Cl.

Experimental

Computational Methods.

DFT calculations using the B3LYP (Becke's three-parameter exchange44 in combination with the Lee, Yang and Parr correlation45) functional have been carried out with the GAUSSIAN 03 suite of programs.


46 ADDIN EN.CITE  A 6-311+G(d,p) and in some cases a 6-31++G(d,p) basis set have been employed.47-49  This is a medium level methodology with the aim to provide a qualitative understanding, and thus kJ/mol accuracy is not required.  It is well known that generalised gradient corrected functionals are not able to fully recover dispersion effects,50 however we have previously established that the amount of neglected dispersion is not large.8  Moreover we have also previously established that basis set superposition errors (BSSE)51 are relatively small and that they do not change significantly between different conformers of the same species.8  BSSE has been evaluated for a subset of ion-pairs using the counterpoise method and is found to be less than 4 kJ/mol (Table S3).

The techniques used to generate initial structures have been outlined elsewhere.8  Structures are fully optimized under no symmetry constraints, and confirmed as such by frequency analysis.  In some cases partial optimisation was carried out fixing the anion in position, optimising and then releasing the frozen parameter to fully optimize the structure.  Fully optimizing many of the structures was made difficult by a very flat potential energy surface and low energy motions, convergence criteria were tightened from the Gaussian defaults to10-9 on the RMS density matrix and 10-7 on the energy.  In some cases optimization was terminated on the basis of negligible forces.  The numerical integration grid was improved from the default, a pruned (optimized) grid of 99 radial shells and 590 angular points per shell was requested.  The enhanced criteria were maintained when performing single point calculations (for example frequency, and counterpoise corrections).

Vibrational frequencies, thermochemical data and the zero-point vibrational energy corrections (ZPE) have been obtained within the harmonic approximation for each optimised monomer and ion pair at the B3LYP level.  In each case the lowest vibrational modes were examined and the lowest (ie the 6 modes subtracted due to translational and rotational motion of the center of mass of the molecule) were determined to have a magnitude less than 8cm-1.  Vibrational spectra were visualised using the GaussView application,52 and model IR-spectra were obtained using gautoir53 which applies lorenzian line shapes centred on the theoretical frequencies, scale factors of 1with a line width 10 were employed.  Spectra have not been scaled.  Population analysis was performed within the G03 package via the Natural Bond Orbital (NBO)


54-60 ADDIN EN.CITE  method and charges were obtained from the electrostatic potential via the (CHelpG)61 method. 

Experimental.

Synthesis of 1-methyl-3-pentamethyldisiloxymethyl-imidazolium chloride, [Si-O-Si-mim]Cl, 1.

Pentamethyldisiloxymethyl chloride (20 mL, 0.098 mol) was added drop wise under N2 to a solution of 1-methylimidazole (7.0 mL, 0.09 mol) in acetonitrile (20 mL) in a flask equipped with reflux condenser and magnetic stirrer. The stirred solution was heated at 85 oC for 3 days and then allowed to cool at room temperature and placed in a freezer for two days. Acetonitrile was carefully decanted from the white solid product which was then washed with EtOAc (3 x 20ml) and dried in vacuo for 24 hours, affording 1-methyl-3-pentamethyldisiloxymethylimidazolium chloride, 1, (21.22g, 85%) as a hygroscopic white crystalline solid; mp 140 oC (from EtOAc). (Found:  C, 43.13; H, 8.25; N, 9.97. C10H23ClN2OSi2 requires C, 43.06; H, 8.31; N, 10.04%.). IR (ATR) max/cm-1 3362 (H2O), 3053 and 2952 (C-H), 1565 (ring C-C), 1249 (Si-Me), 1163, 1067 (Si-O), 1031 (Si-O), 837, 801, 753.  H(400 MHz; (CD3)2SO; Me4Si) 8.93 (1H, s, N2CH), 7.71 (1H, s, NCH), 7.55 (1H, s, NCH), 3.86 (2H, s, NCH2), 3.85 (3H, s, NCH3), 0.17 (6H, s, Si(CH3)2) and 0.04 (9H, s, Si(CH3)3). C: (100 MHz; (CD3)2SO; Me4Si) 135.88 (s, N2CH), 123.59 (s, NCH), 123.13 (s, NCH), 41.06 (s, NCH2), 35.68 (s, NCH3), 1.73 (s, Si(CH3)3) and -0.97 (s, Si(CH3)2). Si: (79 MHz; (CD3)2SO; Me4Si) 10.47 (s, Si(CH3)3) and 2.33 (s, Si(CH3)2).  m/z (ESI+): 243, [Si-O-Simim]+, 100%;  m/z (FAB-): 313, ([(Si-O-Si-mim)Cl2]-, 20%) and 35 (Cl-, 90%).  Crystals suitable for X-ray crystallography were obtained by crystallization from a cooled solution of MeCN. Crystal data for 1: (C10H23N2OSi2)(Cl), M = 278.93, monoclinic, P21/c (no. 14), a =15.1593(3), b = 8.54934(14), c = 12.6684(3) Å,  = 103.130(2)°, V = 1598.93(6) Å3, Z = 4, Dc = 1.159 g cm–3, (Mo-K) = 0.375 mm–1, T = 173 K, colourless blocks, Oxford.  Diffraction Xcalibur 3 diffractometer; 4574 independent measured reflections (Rint = 0.0175), F2 refinement, R1(obs) = 0.0317, wR2(all) = 0.0914, 3707 independent observed absorption corrected reflections [|Fo| > 4(|Fo|), 2max = 63°], 151 parameters. CCDC 750136.
Synthesis of 1-methyl-3-pentamethyldisiloxymethyl-imidazolium bis(trifluoromethylsulfonyl)imide, [SiOSi-mim][NTf2]

Lithium bis(trifluoromethylsulfonyl)imide (20 g, 0.07 mol) was added to a solution of [Si-O-Si-mim]Cl (18.2 g, 0.065 mol) in dichloromethane (100 mL). The mixture was stirred for 48 h then filtered. The residual salt was washed with dichloromethane (2 x 30 mL) and the organic extracts were combined and then washed with water until the aqueous phase was halide free (silver nitrate test). The volatiles were removed by evaporation to leave a liquid that was stirred with activated charcoal for 24 h. After removal of the charcoal by filtration through a glass fibre membrane, the liquid was dried in vacuo at 45oC over 48 hours to give 1-methyl-3-pentamethyldisiloxymethylimidazolium bis(trifluoromethyl-sulfonyl)imide, 2, (24.5 g, 72 %) as a colourless liquid.  (Found C, 27.64; H, 4.55; N, 7.92. C12H23N3F6O5S2Si2 requires C, 27.53; H, 4.43; N, 8.03%) IR (ATR) max /cm-1  3159 and 2961 (C-H), 1570 (ring C-C), 1350 (S-O str), 1258 (Si-Me), 1181 (F-C-F), 1134 (C-F), 1051 (Si-O), 842, 823, 805, 756, 740. H: (400 MHz, (CD3)2SO, Me4Si) / ppm 8.91 (1H, s, N2CH), 7.69 (1H, s, NCH), 7.54 (1H, s, NCH), 3.86 (5H, s, NCH2Si(CH3)2 and NCH3),  0.17 (6H, s, Si(CH3)2) and 0.05 (9H, s, Si(CH3)3). C: (100 MHz, (CD3)2SO, Me4Si) / ppm 135.82 (s, N2CH), 124.33 (q, 1JC-F = 320 Hz, CF3), 123.57 (s, NCH), 123.13 (s, NCH), 41.13 (s, NCH2), 35.62 (s, NCH3), 1.47 (s, Si(CH3)3) and  -1.23 (s, Si(CH3)2). Si: (79 MHz, (CD3)2SO, Me4Si) / ppm 10.56 (s, Si(CH3)3) and 2.20 (s, NCH2Si(CH3)2).  m/z (ESI+): 766, [(SiOSimim)2N(Tf)2]+ and 243, [Si-O-Simim,]+, 100%; m/z (ESI-): 803, [(Si-O-Si-mim)[N(Tf)2]2]- and 280, [N(Tf)2]-, 100%
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