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Determination of Kamlet-Taft parameters for selected solvate ionic liquids. 
Daniel J. Eyckens,a,b Baris Demir,a Tiffany R. Walsh,a Tom Weltonc and Luke C. Hendersona,b*
The normalised polarity  and Kamlet-Taft paremeters of recently described solvate ionic liquids, composed of lithium bis(trifluoromethyl)sulfonimide (LiTFSI) in tri- (G3TFSI) or tetraglyme (G4TFSI) have been determined and compared to the parent glyme (G3 and G4).  We show that these solvate ionic liquids have a high polarity (G3TFSI, () = 1.03; G4TFSI, () = 1.03) and display very high electron pair accepting characteristics (G3TFSI, α = 1.32; G4TFSI, α = 1.35). Molecular dynamics simulations suggest that the chelated lithium cation is responsible for this observation. The relatively small hydrogen bond acceptor (β) values for these systems (G3TFSI, β = 0.41; G4TFSI, β = 0.37) are thought to be due primarily to the TFSI anion, which is supplemented slightly by the glyme oxygen atom.  In addition, these solvate ionic liquids are found to have a high polarisability (G3TFSI, π* = 0.94; G4TFSI, π* = 0.90).  
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Introduction

Room temperature ionic liquids (ILs) have become an essential tool within many areas of science including synthetic chemistry, engineering, and nanoscience.1-8 Their high dielectric polarity, negligible vapour pressure, and high thermal tolerance window have imparted intrinsic advantages of ILs over traditional organic solvents.9, 10
Recently, Watanabe and co-workers reported the use of solvate ionic liquids as electrolytes for lithium ion batteries.11-19  These ILs are prepared by simply dissolving lithium bis(trifluoromethyl)sulfonimide 1 in either tri-glyme (G3) or tetra-glyme (G4), giving solvate ionic liquids,  G3TFSI or G4TFSI (Scheme 1).  
One of the most attractive aspects of ILs is their ability to be tuned for a specific task based on their fundamental properties, such as hydrogen bond donating/accepting ability, etc. These descriptors can be measured spectrophotometrically using a range of dyes, as described by Kamlet and Taft.20-25 These descriptors, combined with the solvent polarity as described by Reichardt,26, 27 have been determined for a huge number of solvents, including ionic liquids,28-33  and allow for judicious choice of a solvent for a given application, or to explain observed phenomena.31, 34 To this end, we believe that G3TFSI and G4TFSI present a significant opportunity for application to a wide array of potential areas. Therefore, we have characterised G3TFSI and G4TFSI in terms of normalised polarity, Kamlet-Taft parameters (α, β, and π*), and compared these to their corresponding values for the parent glyme solvent (G3 and G4, respectively), and [Bmim][TFSI], to provide context and method validation. 
The solvate ILs which are the focus of this work (Scheme 1) are reminiscent of concentrated solutions of lithium perchlorate in diethyl ether (5M LPDE), as reported by Grieco et al., and were used as organic reaction media for a number of years.35-41 We recently reported the use of these solvate ILs as a reaction media for electrocyclization reactions, and compared them to 5M LPDE.[9]




Scheme 1 Simplified representation of solvate ILs used in this study
To the best of the authors’ knowledge, the Kamlet-Taft parameters for 5M LPDE have never been reported, presumably due to the moisture sensitive nature of that solvent. Therefore the work presented herein fills this knowledge gap and highlights the easy-to-use nature of these solvate ILs.
Experimental Section
Solvate ILs G3TFSI and G4TFSI were prepared according to reported procedures.3 All chemicals were from Sigma Aldrich or Oakwood Chemicals and used as received.

Preparation of UV samples
All dyes were loaded to high boiling point solvents according to the same general procedure; the appropriate dye was dissolved in DCM to a concentration of 0.9 mM, then 3 mL of dye solution and 3 mL solvent were combined and DCM was removed under reduced pressure. 
Dyes loaded to low-boiling point solvents were made up in concentration of 0.9 mM in the solvent being tested. The UV-vis spectrum of the sample was then measured at 23 °C on a UV-Cary 300 Spectrometer.
Equations
For a fully worked example of determining α (and β), please refer to the electronic supplementary information (ESI).‡  
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Results and Discussion
Determination of solvent polarity and Kamlet-Taft parameters
As described previously by others, we used a series of dyes to determine the polarity and Kamlet-Taft parameters of these solvents. The dyes used in this study are summarised in Figure 1.



Figure 1 Solvochromic dyes used in this study.

By far the most common solvatochromic dye used to determine the polarity of a solvent is Reichardt’s dye 2.  A zwitterionic compound, when placed in a solvent, this dye produces unique charge-transfer absorption bands which are used to indicate overall solvent polarity.  Note that polarity can be referred to as ET (30) which is converted to the normalised polarity) against water (= 1). 
In the interest of thoroughness, we also determined the Kamlet-Taft parameters of glymes G3 and G4 to ensure our results were due to the IL and not an artefact of the parent ether. We observed that G3TFSI and G4TFSI possessed similar high polarity, marginally greater than that of water, and far greater than that of both glymes (G3 and G4). This outcome is not surprising, as the inclusion of a salt into a solvent will, by its nature, increase the overall solution polarity.  Nevertheless, these values place G3TFSI and G4TFSI in the same polarity category as alkylammonium salts (e.g. Et2NHNO3), which are derived from extremely strong acid-base combinations. Determination of the Kamlet-Taft parameters for [Bmim]TFSI served to both ensure our methodology was sound and to provide context to the values obtained for the solvate ionic liquids.
 
Table 1 Polarity () and Kamlet-Taft Paramters for G3TFSI, G4TFSI, G3, G4, and [bmim]TFSI
	Solvent
	
	αa
	βb
	π*

	G3TFSI
	1.03
	1.32
	0.41
	0.94

	G4TFSI
	1.03
	1.35
	0.37
	0.90

	G3
	0.30
	0.01
	0.96
	0.65

	G4
	0.28
	0.05
	0.96
	0.67

	[bmim][TFSI]
	0.59
	0.59
	0.29
	0.96

	[bmim][TFSI]c
	0.55
	0.61
	0.24
	0.98


a normalised against methanol; b normalised against DMSO; c previously published polarity and Kamlet-Taft values for this IL, refs 26 and 31.

Using the spectral data from Reichardt’s dye, we plotted this against absorbance spectra employing p-nitroanisole and used these plots to determine the α value for each of these solvents.  Considering that α is typically referred to in the literature as a measure of hydrogen bond donating ability, it was surprising to see that both G3TFSI and G4TFSI possessed very high α values, because there are no acidic hydrogens present within any part of the IL.  Indeed, the negligible α values for G3 and G4 were better alligned with our expectations. 
Since the stabilisation of the betaine in Reichardt’s dye 2 is caused by stabilisation of the phenoxy group, we have attributed the high α value to a similar stabilisation effect occurring between the phenoxy-moiety and the lithium cation embedded within both G3TFSI and G4TFSI. This is consistent with our previous work where we determined the Gutmann acceptor number for G3TFSI and G4TFSI to be 26.5 each.42 Additionally, the use of betaine dyes as chromoionophores for the detection of group 1 metal cations (including Li+) has been shown previously.43-45  Recent work by Atkin et al.46 examined the conformation of poly(ethylene oxide) in G4TFSI and proposed that the ether oxygens of the solute could displace the TFSI anion within the solvate IL, leading to a further stabilisation of Li+. This is consistent with our hypothesis, though in this case the oxygen donor is from Reichardt’s dye rather than the poly(ethyleneoxide) polymer.
Molecular dynamics simulations of both the G3TFSI and G4TFSI liquid systems (see ‘Additional Methodology’ in the ESI), including 2 as an exemplar dye, confirm this hypothesis. Our simulations of these two liquid systems revealed that the dye could remain in close and persistent contact with Li+, with an average Li+—O(Dye) separation of 1.78±0.06 Å for G3TFSI and (1.750±0.049Å for G4TFSI). These average separations are closer than the corresponding Li+···O(TFSI) and Li+···O(Glyme) average distances (~1.9 Å and 2.0 Å, respectively). Moreover, the coordination of the sterically-bulky dye to Li+ appeared to effectively exclude coordination of glyme molecules; all of the remaining coordination to the dye-Li+ complex was provided by two or three TFSI molecules (in roughly equivalent proportions), providing 2-3 coordinating oxygen atoms (2.2 ± 0.7 oxygen atoms on average). Figure 2 provides a typical structure of the dye/TFSI/Li+ complex taken from our simulations of the G4TFSI liquid (see Figure S1 in the ESI for a typical configuration taken from our G3TFSI simulations). 

[image: ]

Figure 2 Typical configuration predicted for the dye—Li+ complex, showing additional coordination of three oxygen atoms provided by two TFSI molecules, taken from the  G4TFSI liquid simulation. Remainder of the liquid not shown for clarity. Cyan=carbon, white=hydrogen, blue=nitrogen, red=oxygen, green=fluorine, yellow=sulphur and purple=Li+.
This finding is remarkable given the dominance of G4 in the coordination of Li when no dye is present. Simulations using our force-field for the G4TFSI liquid in the absence of the dye yielded Li···O(Glyme) and Li···O(TFSI) coordination numbers of 2.9 and 2.1 respectively (see ESI for further details). These coordination numbers are in very good agreement with very recently reported neutron scattering data[10] for this system, and are a marked improvement on previously-reported simulation results.[11, 3e]
The polarity of a solution is the sum of all possible interactions between the solvent and the solute; in this instance that includes the ability of Li+ to act as a Lewis acid.  It would be inappropriate for this contribution to the overall solvent polarity to be ignored, but it should be noted that Reichardt’s dye is particularly sensitive to ionic interactions.  It should also be noted that the measured solvent polarity are specific for equimolar mixtures of LiTFSI and G3 or G4, and thus may vary substantially depending on the relative ratios of these species or for other lithium salts.
Next, to determine β we used p-nitroaniline 4 and N,N-diethyl-4-nitroaniline 5, both of which have been commonly employed previously.21, 25, 31  In this instance the values were consistent with what would be expected from simple inspection of the ILs and G3 and G4.  The former possesses excellent hydrogen bond accepting ability, while the supressed capacity for G3TFSI and G4TFSI to accept hydrogen bonds, via the ether groups, is expected because the non-bonding electrons on the oxygen atom are already involved in stabilising the lithium cation.
Finally, we sought to elucidate π*, which is thought to capture the polarity-polarizability effect of the solvent.  Of all the Kamlet-Taft parameters, π* is the most open to interpretation and hardest to definitively determine as a reproducible value.  The variability in reported values for other systems seems to arise due to the number of unique dyes being used to determine π*. As the solvent—dye interaction is unique to each dye, this resulted in the calculated value of π* being unique to each dye. 
In this work N,N-diethylamino-4-nitroanilne 5 was used, because this dye has found the most widespread use in  previously-reported determination of π* values. Furthermore, previous work by Welton et al.32 has determined an appropriate ‘s value’ (Eq 2, above) for use with this dye.  Therefore, taking all these factors into consideration, we argue that use of  5 would give the most meaningful π* value here. 
The values we observed for π* in each case are high; 0.94 and 0.90 (for G3TFSI and G4TFSI, respectively). These values are comparable to those determined by Kamlet and Taft for formamide (0.97), 1,1,2,2-tetrachloroethane (0.95), and ethylene glycol (0.92).  The high polarizability of these ILs is consistent with their structure; again, Li+ would be able to induce a large degree of polarity in solutes and is also very polar. The slight decrease in π* observed for G4TFSI compared to G3TFSI is attributed to the more diffuse positive charge in this chelate, being spread over five oxygens and the lithium, versus four oxygens and the lithium in G3TFSI. Indeed, a large increase was observed compared to the parent glymes themselves with G3 and G4 possessing π* values of 0.65 and 0.67, respectively.
Conclusions
In conclusion we have determined the Kamlet-Taft parameters for a selection of solvate ionic liquids and compared them to their parent solvent and commonly used imidazolium-derived ionic liquid. The solvate ILs G3TFSI and G4TFSI possessed very high normalised polarity compared with water (= 1.03) and hydrogen bond donating properties (α = 1.32 and α = 1.35, respectively), despite the lack of acidic hydrogens present in these ILs.  This observation was attributed to the stabilisation of the phenoxy-moiety within Reichardt’s dye, which was supported by molecular dynamics simulations.
The hydrogen bond accepting ability of G3TFSI and G4TFSI (β = 0.41 and α = 0.37, respectively), is thought to be dominated by the TFSI anion, with some contribution from the ether oxygens within the glyme.   Finally, both ILs were found to possess a high π* value, indicating a high degree of polarizability. We anticipate that these parameters will be useful when selecting potential applications for these unique ionic liquids.
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