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Ionic liquid-vacuum outer atomic surfaces can be created 

that are remarkably different from the bulk composition.  

In this communication we demonstrate, using low-energy 

ion scattering (LEIS), that for ionic liquid mixtures the 

outer atomic surface shows significantly more atoms from 

anions with weaker cation-anion interactions (and vice 

versa).   

The ionic liquid-gas surface is crucial for a wide range of 

applications: gas capture/storage/separation, nanoparticle and 

thin film preparation, supported ionic liquid phase (SILP) 

catalysis, stationary phases for gas chromatography, and ionic 

liquid purity.1  For absorption to occur, which is required for all 

of the above applications, adsorption must first occur.  

Adsorption is primarily controlled by the composition of the 

ionic liquid-gas outer atomic surface (the atomic layer of an 

ionic liquid which is in contact with the gas), i.e. the adsorption 

sites.  Mixtures of ionic liquids2 give the enticing possibility of 

fine-tuning the ionic liquid-gas surface to give the desired 

adsorption sites.   

 The compositions of ionic liquid-gas surfaces have been 

probed using both spectroscopy and scattering.1, 3  For simple 

ionic liquids (i.e. composed of one cation and one anion) it has 

been demonstrated that there are more alkyl chain atoms at the 

ionic liquid-vacuum outer atomic surface than expected based 

upon the bulk composition.1, 3  Recently, we used low-energy 

ion scattering (LEIS) of He+ to study 23 simple ionic liquids.  

The appearance of characteristic Gaussian-shaped surface peaks 

in LEIS spectra provides unambiguous proof of the presence of 

any element in the outer atomic surface, and peak areas are an 

indication of the amount each element.4  Our results showed 

that the anion, and therefore hydrogen bond acceptor adsorption 

sites, were at the ionic liquid-vacuum outer atomic surface, 

establishing that the outer atomic surface of ionic liquids was 

not composed solely of alkyl chains.5  Research on fine-tuning 

the ionic liquid-vacuum surface using ion mixtures to give the 

desired adsorption sites is in its infancy.  Using Rutherford 

backscattering (RBS) the surface layer composition of a set of 

mixtures was found to be approximately the same as in the bulk 

liquid, i.e. near-ideal.6  However, it must be noted that RBS 

does not exclusively probe the ionic liquid-vacuum outer 

atomic surface, as LEIS does.   

 

 
Scheme 1.  Three ionic liquid mixture systems investigated in 

this communication.   

 

 Here we have used LEIS to investigate three ionic liquid 

binary mixture systems, all containing the [C4C1Im]+ cation and 

two anions, as shown in Scheme 1: [C4C1Im]I1-x[Tf2N]x, 

[C4C1Im]Cl1-x[Tf2N]x, and [C4C1Im][HOSO3]1-x[BF4]x.  

[C4C1Im]Cl (i.e. x = 0 for [C4C1Im]Cl1-x[Tf2N]x) was not 

studied as it is a solid at room temperature.  These mixtures 

were chosen because: (i) of their miscibility at room 

temperature, (ii) the anions in the mixtures have significantly 

different cation-anion intermolecular interactions, and (iii) 

[Tf2N]- and the halide ions are very different in size whilst 

[HOSO3]
- and [BF4]

- are very similar in size (see 

Supplementary Information for details on the molecular 

volume, Vmol, of each simple ionic liquid).  Understanding the 
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impact of cation-anion intermolecular interactions and ion size 

on ionic liquid-vacuum surface composition will provide a 

guide as to whether enthalpy or entropy dominates surface 

formation.   

 Absolute determination of the outer atomic surface 

concentration of each element using LEIS for the ionic liquids 

studied is not possible at present.  However, the scattered ion 

yield for each element in each LEIS spectrum, Yi (the area 

under the Gaussian peak), is proportional to the outer atomic 

surface concentration of each element (see Supplementary 

Information for more details).  Therefore, the percentage of 

outer atomic surface atoms for an element in the mixtures 

relative to the simple ionic liquid can be determined.  This 

percentage can be compared to the percentage of atoms in an 

ideal case (i.e. when the bulk and surface of the mixture have 

the same composition) in order to get an estimation of the 

deviation from ideality.  The amount of each element in the 

bulk liquid is calculated based upon the stoichiometry of the 

mixture, excluding the very small hydrogen atoms (see 

Supplementary Information for more details).  The ideal surface 

composition trends over the whole range of x are plotted as 

solid lines in Figures 1b and 1c for [C4C1Im]I1-x[Tf2N]x and 

[C4C1Im]Cl1-x[Tf2N]x (curved) and in Figures 2b and 2c for 

[C4C1Im][HOSO3]1-x[BF4]x (linear).  Yi against the energy of 

scattered He+ are given in Figures S5 and S6.   

 For [C4C1Im]I1-x[Tf2N]x Gaussian-shaped surface peaks 

were observed in the LEIS spectra for all mixtures due to 

scattering of He+ from surface fluorine and oxygen atoms 

(Figure 1a).  In addition, a peak due to scattering of He+ from 

surface and sub-surface sulfur atoms was observed for all 

mixtures (Figure 1a); the process for producing peaks due to 

sub-surface atoms is explained in the Supplementary 

Information.  A peak due to nitrogen was not observed for any 

mixtures, as expected based upon LEIS of simple ionic liquids.5  

Excitingly, surface peaks due to scattering of He+ from I- were 

observed only for x([Tf2N]-) = 0, 0.02 and 0.1; no I- was 

observed at the outer atomic surface when x([Tf2N]-) ≥ 0.2 

(Figure 1a, and the Supplementary Information for details on 

fitting the LEIS spectra).  This staggering observation means 

that the addition of a very small amount of [C4C1Im][Tf2N] to 

[C4C1Im]I changed the ionic liquid-vacuum outer atomic 

surface dramatically (Figure 1).  For [C4C1Im]I1-x[Tf2N]x the 

amount of fluorine and oxygen increased dramatically and the 

amount of I- decreased dramatically from x([Tf2N]-) = 0 to 

x([Tf2N]-) = 0.1 (Figures 1b and 1c and Figure S5d).  The 

differences between the measured surface amounts and the 

ideal surface amounts are huge at x([Tf2N]-) ≤ 0.3 (Figures 1b 

and 1c).  Overall, for [C4C1Im]I1-x[Tf2N]x there were 

significantly more [Tf2N]- atoms (i.e. fluorine, oxygen) and 

fewer I- at the ionic liquid-vacuum outer atomic surface (Figure 

1b) than expected for ideal surface compositions.   

 Similar results were observed for [C4C1Im]Cl1-x[Tf2N]x 

(Figure S4) as for [C4C1Im]I1-x[Tf2N]x; there were more [Tf2N]- 

atoms (i.e. fluorine, oxygen) at the ionic liquid-vacuum outer 

atomic surface than expected for ideal surface compositions.  In 

addition, for both [C4C1Im]I1-x[Tf2N]x and [C4C1Im]Cl1-x[Tf2N]x 

the amount of outer atomic surface fluorine matched for all 

x([Tf2N]-), within the error of the experiment (Figure 1b), 

further confirming the similarity of results for the mixtures of 

[C4C1Im]I1-x[Tf2N]x and [C4C1Im]Cl1-x[Tf2N]x.  For 

[C4C1Im]Cl1-x[Tf2N]x a peak due to He+ scattering from 

chlorine atoms occurred at ~1910 eV for all x([Tf2N]-) studied 

(Figure S4).  Due to the very small chlorine peak area and the 

sulfur region at 1790 eV to 1835 eV, we cannot determine 

whether this chlorine peak was Gaussian-shaped; therefore, at 

present for the mixtures we cannot determine if chlorine anions 

were at the ionic liquid-vacuum outer atomic surface.   

 

 
Figure 1.  (a) LEIS spectra (4He+, E0 = 3 keV) for  

[C4C1Im]I1-x[Tf2N]x where x([Tf2N]-) = 0, 0.02, 0.1, 0.2, 0.3 and 

1.  (b) % surface fluorine atoms relative to simple 

[C4C1Im][Tf2N] from LEIS data (left axis) and % bulk fluorine 

atoms (which represents an ideal outer atomic surface 

composition, right axis) vs. mole fraction x([Tf2N]-) for 

[C4C1Im]I1-x[Tf2N]x and [C4C1Im]Cl1-x[Tf2N]x.  (c) % surface 

iodine atoms relative to simple [C4C1Im]I (left axis) and % bulk 

iodine atoms (which represents an ideal outer atomic surface 

composition, right axis) vs. mole fraction x([Tf2N]-) for 

[C4C1Im]I1-x[Tf2N]x.   

 

 For [C4C1Im][HOSO3]1-x[BF4]x Gaussian-shaped surface 

fluorine peaks were observed in the LEIS spectra for all 

mixtures studied due to scattering of He+ from surface fluorine 
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atoms (Figure 2a); therefore, for [C4C1Im][HOSO3]1-x[BF4]x for 

all mixtures studied there was a significant concentration of 

fluorine atoms at the ionic liquid-vacuum outer atomic surface.  

For [C4C1Im][HOSO3]1-x[BF4]x peaks due to boron or nitrogen 

were not observed, as expected based upon LEIS of simple 

ionic liquids.5  Strikingly, for [C4C1Im][HOSO3]1-x[BF4]x peaks 

were observed due to scattering of He+ from surface oxygen 

atoms, and both surface and sub-surface sulfur atoms (Figure 2a 

and Figure 2c) only where x([BF4]
-) ≤ 0.25.5  Above this 

concentration, i.e. x([BF4]
-) ≥ 0.5, there was not a significant 

concentration of oxygen or sulfur atoms at the ionic liquid-

vacuum outer atomic surface.  The differences between the 

measured surface amounts and the ideal surface amounts are far 

greater than the error at x([BF4]
-) ≤ 0.5 (Figures 2b and 2c).  

Overall, for [C4C1Im][HOSO3]1-x[BF4]x there were more atoms 

from [BF4]
- and fewer atoms from [HOSO3]

- at the outer atomic 

surface than expected for ideal surface compositions (Figures 

2b and 2c).   

 For [C4C1Im]I0.8[Tf2N]0.2 no iodine peak was observed, but 

the amount of fluorine atoms at the outer atomic surface was 

smaller than the amount of fluorine atoms for simple 

[C4C1Im][Tf2N] (Figure 1).  For [C4C1Im][HOSO3]0.5[BF4]0.5 

no oxygen or sulfur peaks were observed, but the amount of 

fluorine atoms at the outer atomic surface was smaller than the 

amount of fluorine atoms for simple [C4C1Im][BF4] (Figure 2).  

Therefore, for both of the mixtures discussed in this paragraph 

there were in total fewer anionic atoms at the outer atomic 

surface than expected for an ideal surface composition of the 

mixture.  These results point towards the presence of more 

cationic atoms, i.e. carbon and hydrogen, at the outer atomic 

surface than expected for an ideal surface composition.  

However, this tentative conclusion needs to be checked using 

techniques such as oxygen scattering (which can be used to 

investigate the amount of hydrogen atoms at the outer atomic 

surface).3b   

 Most ionic liquid mixtures exhibit near-ideal bulk 

behaviour, and most ionic liquids are miscible at room 

temperature.2  However, for ionic liquids composed of ions 

with very different sizes, the entropy of mixing can be 

sufficiently negative for immiscibility to occur.7  The outer 

atomic surfaces of the mixture systems we have investigated 

here show strong deviations from ideality.  Our observed trends 

in outer atomic surface composition can be explained by the 

strength of the intermolecular cation-anion interactions, i.e. 

enthalpic driving forces.  The strength of the intermolecular 

cation-anion interactions can be judged by the cohesive energy 

densities or the Kamlet-Taft hydrogen bond acceptor number, β 

(see Supplementary Information, Table S5, for more details on 

these values).  Cation-anion interactions are significantly 

weaker for [C4C1Im][Tf2N] than for [C4C1Im]Cl and 

[C4C1Im]I; β for [C4C1Im]Cl and [C4C1Im]I are significantly 

larger than for [C4C1Im][Tf2N],8 and the cohesive energy 

densities for [C8C1Im]Cl and [C8C1Im]I are significantly larger 

than for [C8C1Im][Tf2N].9  Cation-anion interactions are 

significantly weaker for [C4C1Im][BF4] than for 

[C4C1Im][HOSO3]; β for [C4C1Im][HOSO3] is significantly 

larger than for [C4C1Im][BF4].
10  Therefore, for all mixtures 

studied here the anion with weaker cation-anion intermolecular 

interactions had significantly more outer atomic surface atoms 

than expected for an ideal outer atomic surface.  This 

observation can be explained by the following: cation-anion 

interactions must be broken to form the ionic liquid-vacuum 

surface, i.e. they are missing the interactions from the vacuum 

side that would occur when in the bulk liquid. Therefore, the 

weakest cation-anion interactions are most readily broken, 

leading to an outer atomic surface with more of such ions than 

expected for an ideal surface.  For the mixtures containing very 

similarly sized anions ([C4C1Im][HOSO3]1-x[BF4]x) we found 

significantly more outer atomic surface atoms of one anion over 

the other.  We can conclude that the anion size appears to have 

little impact upon the ionic liquid-vacuum outer atomic surface 

composition, and cation-anion intermolecular interactions 

dominate surface formation.   

 

 
Figure 2.  (a) LEIS spectra (4He+, E0 = 3 keV) for 

[C4C1Im][HOSO3]1-x[BF4]x where x([BF4]
-) = 0, 0.02, 0.1, 0.25, 

0.5, 0.75 and 1.  (b) % surface fluorine atoms relative to simple 

[C4C1Im][BF4] from LEIS data (left axis) and % bulk fluorine 

atoms (which represents an ideal outer atomic surface 

composition, right axis) vs. mole fraction x([BF4]
-) for 

[C4C1Im][HOSO3]1-x[BF4]x.  (c) % surface oxygen atoms 

relative to simple [C4C1Im][HOSO3] from LEIS data (left axis) 

and % bulk oxygen atoms (which represents an ideal outer 
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atomic surface composition, right axis) vs. mole fraction 

x([BF4]
-) for [C4C1Im][HOSO3]1-x[BF4]x.   

 

 In this work, we have studied a very similar mixture to that 

studied using RBS; the only difference is the cation alkyl chain 

length, [C4C1Im]Cl0.5[Tf2N]0.5 vs. [C6C1Im]Cl0.5[Tf2N]0.5.
6  We 

have found significantly more outer atomic surface atoms from 

[Tf2N]-, whereas using RBS for [C6C1Im]Cl0.5[Tf2N]0.5 the ratio 

of [Tf2N]- to Cl- was approximately 1:1 in the surface layer6.  

We believe this difference is due mainly to the greater surface 

sensitivity of LEIS compared to RBS; the different alkyl chain 

lengths may play a part, although we expect this effect to be 

relatively unimportant.  In addition, our results shed significant 

light upon a study of a SILP model system, [Pt(NH3)4]Cl2 

dissolved in [C2C1Im][C2OSO3] ([C2OSO3]
- = ethylsulfate).11  

For SILP catalysis, the reaction is likely to occur near to the 

ionic liquid-gas outer atomic surface (which minimises mass 

transfer limitations).  Therefore, a surface-active catalyst will 

minimise the amount of catalyst needed in the system.  It was 

found that the soft Pt complex ions were enriched in the surface 

layer, and Cl- were depleted.11  The depletion of Cl- agrees with 

our results here; cation-Cl intermolecular interactions are 

expected to be the strongest in this ion mixture. The 

intermolecular interactions between [Pt(NH3)4]
2+ and 

[C2OSO3]
- are likely to be weaker than the intermolecular 

interactions between [C2C1Im]- and [C2OSO3]
-, leading to more 

[Pt(NH3)4]
2+ in the surface layer than for an ideal surface.   

Conclusions 

 We have demonstrated using careful choices of ion mixtures 

that the ionic liquid-vacuum outer atomic surface composition 

can be very different to the ideal surface composition, allowing 

one to fine-tune the ionic liquid-vacuum outer atomic surface 

for different applications.  For example, it is possible that the 

kinetics of water adsorption would be slowed by adding a small 

amount of [C4C1Im][Tf2N] to [C4C1Im]I, as adding a small 

amount of [C4C1Im][Tf2N] to [C4C1Im]I would greatly reduce 

the number of hydrogen bond acceptor adsorption sites at the 

ionic liquid-vacuum outer atomic surface.  In addition, our 

findings advocate the use of catalysts with weaker cation-anion 

intermolecular interactions than the ionic liquid support, thus 

maximising the amount of catalyst at the outer atomic surface.  

Finally, our results show that low bulk amounts of ionic 

impurities may substantially affect the surface chemistry of 

ionic liquids for any application.   
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