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ABSTRACT: Numerous experimental and computational studies have shown that the structure 

of ionic liquids is significantly influenced by confinement and by interactions with interfaces. 

The nature of the interface can affect the immediate ordering of cations and anions changing 

important rheological characteristics relevant to lubrication. Most studies suggest that such 

changes are local or short ranged and that bulk properties are reestablished on a length scale of a 

few nanometers. The current study focuses on the 1"methyl"3"octylimidazolium octylsulfate 

ionic liquid for which both the cation and anion have moderate length linear alkyl tails. For this 

system we find that the bulk phase is dominated by the very common sponge"like morphology 

characteristic of many ionic liquids. However, at the vacuum interface a lamella structure is 

observed that is not restricted to the vicinity of the surface but instead extends across the full 9 

nm slab of our simulation. We suspect that in reality it could extend significantly beyond this. 

 

 

  

 Ionic Liquid, Phase Transition, Confinement, Long Range Transformations, 

Surfaces, Interfaces. 
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There is already extensive literature on the interaction of ionic liquids (ILs) with surfaces and in 

confined environments1"31. Recent review and perspective articles by the groups of Atkin, 

Greaves and Salanne provide interesting and enlightening standpoints on different aspects of 

ionic liquids at interfaces.3,32"34 However, very recently several experimental studies35"37 (also 

Welton, T.  ASIL7 " 7th Australian Symposium on Ionic Liquids, 2016) have challenged our 

most basic understanding of ILs based on well conducted simulations for systems with 

interfaces. These experiments appear to imply that interaction with surfaces can induce 

phenomena that are much longer ranged and that persist for much longer times than would be 

expected from simulation results. Because of charge screening, simulations would often predict 

that effects of interfaces should decay within a couple of nanometers. Furthermore, establishing 

ionic gradients on these length scales should occur on computationally accessible time scales of 

nanoseconds. An intriguing recent article by the group of Espinosa"Marzal35 demonstrated that 

the use of an extended surface force apparatus that repeatedly imposes and releases confinement 

of a film of 1"hexyl"3"methyl"imidazolium ethylsulfate, induces a phase transformation that was 

not relieved by the removal of such confinement; the induced structure extended over 60 nm, a 

length scale over which surface properties would be expected to dissipate. Another interesting 

very recent experiment reported by Shaw and coworkers36 was an order"disorder transition over 

a micrometer length scale when IL films based on the TFSI anion were formed while applying 

shear. Relaxation of this order occurred only on a time scale of hours. Yet another study by the 

group of Haverhals37 where cyclic voltammetry coupled with surface enhanced infrared 

absorption spectroscopy was used, demonstrated that for certain ILs there appears to be 

hysteresis in the current"voltage curve indicating morphological changes of the IL that remain 

active on macroscopic time scales. 
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These transformations which would appear to occur on macroscopic time scales are a significant 

challenge for computational studies and therefore  interpretation of many of these studies 

is still missing. The current study focuses on the 1"methyl"3"octylimidazolium octylsulfate 

(C[8]"mim+/C[8]"O"SO3
") system which belongs to the same family as that studied by Espinosa"

Marzal but where both the anion and cation have longer octyl tails. It is expected that this 

increase in symmetry may facilitate the observation of order transitions that may be frustrated 

and difficult to observe on computational time scales for more asymmetric ions. The current 

work will serve as a benchmark for our experimental studies of the interfacial structure for this 

system using angle"resolved X"ray photoelectron spectroscopy (AR"XPS)38"46, since AR"XPS 

can provide depth profiling of the atomic composition of the top 1.0"1.5 nm of the interface. AR"

XPS will be able to confirm whether an excess of alkyl groups is found at the vacuum interface, 

though X"ray or neutron reflectivity experiments, AFM images, or other methods will be 

required to prove the existence of the lamellar structures we report below. The computational 

work presented here contains the analysis of the structure of this system in the bulk phase, with 

particular emphasis on a detailed study of the structure function S(q) and its subcomponents. It 

also contains the effect that introducing vacuum interfaces at opposite ends of a large simulation 

box has on liquid morphology. We will show that this perturbation results in dramatic changes 

that not only affect the immediate vicinity of the liquid"vacuum interface but that propagates 

throughout the whole simulation slab.  

ILs are often composed of cations and anions of significantly different size. This is not the case 

for C[8]"mim+/C[8]"O"SO3
"  (see Fig. 1) where both species have charge heads and alkyl tails of 

equivalent and moderate lengths. 
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A = C[8]"mim+ (cation), B = C[8]"O"SO3" (anion). 

 

 In the bulk liquid phase, this structural symmetry results in a disordered but continuously 

percolating network of charges with alkyl tails acting as spacers between strings of alternating 

charge. It is expected as we have observed in prior work47 that because positive and negative 

charges alternate, so should cationic and anionic alkyl tails. A three dimensional view of the 

system presented in Fig. 2 reveals a sponge"like structure that is reminiscent of many other 

previously reported in the literature.47"50 
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Snapshot of the equilibrated bulk C[8]"mim+/C[8]"O"SO3" system with surface encompassing a 

disordered but continuously percolating network of charges. Charge strings and apolar subcomponents appear to 

form a bicontinuous sponge"like pattern. (Blue"Anion tail, Green"Cation tail, Red"Cation head and Yellow"Anion 

head). 

Figure 3 shows that the total S(q) of the bulk liquid includes the three typical features that are the 

hallmark of charge and polarity alternation.47,51"58 The prepeak, associated with the typical length 

scale in which strings of charge are separated from other strings of charge by an apolar region 

can be seen at about 0.25 Å"1, whereas a shoulder corresponding to positive"negative alternation 

is observed at distances slightly below 1 Å"1. The peak at around 1.4 Å"1 is associated with all 

types of intramolecular and short range intermolecular interactions between adjacent species. 
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Computationally derived total structure function S(q) for the equilibrated bulk IL. 

 

A noticeable feature in Fig. 3 is that the prepeak appears at inverse distances (q) shorter than that 

for most common ionic liquids, which means that this feature appears at larger length scales 

(d=2π/q, where d is the real space distance). This is likely a consequence of the fact that both 

cations and anions possess moderate size alkyl tails, whereas for most other systems only one of 

the species has significant apolar components. Figures 4 and 5 display subcomponents of S(q) 

that correspond to what we have termed natural variables.52  
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Partial cation"head/anion"head subcomponent of S(q) in the bulk indicating as an antipeak (at slightly 
less than 1 Å"1) the characteristic inverse length scale associated with charge alternation and as a peak at about 0.25 
Å"1 the characteristic inverse range for polarity alternation.

These subcomponents allow for the unequivocal interpretation of the S(q) data. The polarity 

partitioning of S(q) showing two peaks and one antipeak56 at the same q value as the prepeak is 

indicative of the characteristic distance for polar"apolar alternation (see Fig. 5). This alternation 

is associated with string of charges separated by tails (or tail regions separated by strings of 

charge within the sponge). Instead, the charge partitioning of S(q) (of which only the cation 

head"anion head subcomponent is shown in Fig. 4) is useful in identifying the characteristic 

distance for charge alternation within network strings. The cation head"anion head 

subcomponent of S(q) (shown in Fig. 4) features what we have termed an antipeak at the inverse 

distance corresponding to charge alternation (positive and negative count as “opposite type” 

species in this regime)53 whereas it displays a peak in the low q region associated with the 

prepeak (in this case both positive and negative charge components count as “same type” species 

since they are both polar).59 This function allows for the clearest identification of the two 
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different alternation regimes associated with (1) polar and apolar subcomponents at low q and (2) 

positive and negative subcomponents in the vicinity of the q=1 Å"1. 

 

Total S(q) in the bulk phase and its subcomponents defined via the polarity partitioning. Two peaks 
(polar"polar and apolar"apolar) counter an antipeak (polar"apolar + apolar"polar) clearly identifying the periodic 
repetition of strings of alternating charges spaced by the apolar network. Alternatively, this also represents the 
typical separation between apolar subcomponents that are alternated by a polar string. 

 

Apart from the prepeak appearing at lower q values than in most other ILs, the structure of C[8]"

mim+/C[8]"O"SO3
" appears similar to that of many other systems we have already studied47,51"

58,60,61 where networks of polar and apolar subcomponents are present. However, what we find 

most interesting is the transformation that occurs upon the introduction of opposing apolar 

interfaces, in our case vacuum, leaving the previously equilibrated liquid in a slab configuration.  

Page 9 of 19

ACS Paragon Plus Environment

The Journal of Physical Chemistry Letters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

10

 

Snapshot of the equilibrated system in the slab conformation clearly showing C[8]"mim+/C[8]"O"SO3
" in 

the lamellar phase. (Blue"Anion tail, Green"Cation tail, Red"Cation head and Yellow"Anion head). 

Because we are interested in understanding phenomena beyond the first nanometer from the 

surface, we prepared a large box with 1000 ion pairs with initial configuration derived from the 

fully equilibrated bulk structure. The approximate distance between the two vacuum surfaces is 9 

nm. Figure 6 shows that after thorough equilibration in the slab configuration the condensed 

phase sponge"like structure morphed into a lamellar phase. The lamellar structure was not just at 

the interface but instead was established across the entire slab. We expect that such phase could 

persist also on thicker slabs not easily accessible computationally. 
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Figure 7 shows the molecular number density per unit volume for cation head, cation tail, anion 

head and anion tail across the slab. 

Molecular number density profiles for C[8]"mim+/C[8]"O"SO3
" in the slab configuration. Each line 

represents the group or molecular number density per unit volume for different groups in the system along the Z axis 
of the extended simulation box. 

 From this we learn that cationic and anionic heads and tails oscillate in sync along the direction 

perpendicular to the surface.  Figure S.1 in the Supporting Information, which displays the 

average of the first Legendre polynomial P1(θ) across the slab, helps shed light on the nature of 

charge and polarity alternation in the lamellar phase. At each interface, cationic and anionic tails 

are vacuum exposed and inside the slab heads and tails alternate establishing the lamellar phase. 

In conclusion, recent experimental observations have led to the suggestion that interactions with 

interfaces, electrical potentials or even certain mechanical perturbations can result in IL behavior 

that cannot be simply explained by polarization or close range effects of the confining interface. 
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The phenomena observed appear to occur on length scales and time scales much longer than 

would be predicted by nanometer range organization. While the data is not sufficient for an 

overall picture we speculate about possibilities for longer range structures induced by the 

interface. Can different condensed phase polymorphic phases of ILs be “engineered” on the 

many nanometer length scale via confinement perturbations or other external stimuli? We cannot 

unequivocally address this question computationally for ILs of low symmetry as time scales and 

length scales may be prohibitive; however, recent experiments appear to point in this direction. 

We emphasize that ""albeit with higher symmetry"" C[8]"mim+/C[8]"O"SO3
" shares significant 

similarities to C[6]"mim+/C[2]"O"SO3
", an IL for which successive confinement interactions 

resulted in a disordered to ordered transformation on a 60 nm length scale that persisted on 

macroscopic time scales after removal of the perturbation. Hence, the current study provides a 

platform for the discussion and exploration of such type of longer range transformations on a 

time scale amenable to simulation. Our study indicates that C[8]"mim+/C[8]"O"SO3
" shows a 

transformation from a sponge"like to a lamella phase as it comes into contact with apolar vacuum 

interfaces. The changes observed are not confined to the proximity of the interface but instead 

propagate on a 9 nm length"scale. We suspect that the system could support layered structures 

even thicker across hydrophobic interfaces but confirmation will require further studies. Because 

of the extra symmetry in our system, the sponge to lamella transformation was facile. However, 

other systems that are less symmetric may require macroscopic time scales for morphology 

changes to be observed. Such structural transformations may be much less dramatic than those 

observed here but may explain for example the changes in the IR spectra upon film formation in 

the experiments of the Shaw group. The current work does not attempt to directly address the 

several novel experimental observations that could potentially be consistent with longer range 
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transformations at interfaces with ILs. We instead provide a simple model system of an IL that at 

least computationally may show a many nanometer transformation upon the introduction of 

surface interactions. We plan in the future to study variations of this system for different alkyl 

tail sizes as well as other slab configurations to see if thicker lamellar phases can be supported. 

We hope that this work can foster further discussions, calculations and experiments that can fully 

elucidate these very intriguing phenomena. 

Computational Methods 

Bulk IL simulations: The bulk phase of 1"methyl"3"octylimidazolium octylsulfate was modeled 

using a simulation box containing 1000 ion pairs. All molecular dynamics (MD) runs were 

carried out using the GROMACS62,63 package. Canongia Lopes"Pádua64 and Optimized 

Potentials for Liquid Simulations All"Atoms (OPLS"AA)65,66 force fields were used to model the 

system.  As in previous studies52,54,55,58,59,67,68 we have used several factors not just the 

temperature as equilibration parameters. In particular, for this study the system was equilibrated 

for ∼ 1 ns by scaling the atomic charges from 0% to 100%, and raising and lowering the 

pressure. The procedure was then followed by a 4 ns simulated annealing scheme. In the 

annealing protocol, the temperature of the system was ramped up from 300 K to 500 K and then 

brought down to the desired 425 K temperature and 1 bar pressure. The equilibration was then 

continued for 8 ns in the NPT ensemble. The coordinates of atoms during the production run 

(final 1 ns) of this NPT simulation were saved every 1 ps for analysis. The temperature of the 

system was controlled by a Nosé"Hoover  thermostat69,70 and the pressure using the Parrinello"

Rahman71 barostat. The equations of motion were integrated using the Leap"Frog algorithm with 

a time step of 1 fs. Coulomb and Lennard"Jones cut"offs were set to 1.5 nm and the Particle 

Mesh Ewald (PME)72,73 (EW3D) method with an interpolation order of 6 and Fourier grid 
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spacing of 0.8 Å was used to account for electrostatic interactions. The final dimensions of the 

well equilibrated simulation box were 8.95456 nm x 8.95456 nm x 8.95456 nm. 

Vacuum"IL simulation: For the IL in the slab configuration, electrostatic interactions were 

computed by using the PME technique together with the Yeh"Berkowitz correction74 (EW3DC).  

Prior to introducing the vacuum interfaces, the well equilibrated simulation box from the bulk 

study was further extended in the NVT ensemble for 5 ns. The last configuration was then placed 

at the center of a tetragonal supercell of dimensions 8.95456 nm x 8.95456 nm x 35.81824 nm so 

that the length of the additional empty space was larger than the lateral box lengths. This has 

been reported as relevant to the successful application of EW3DC.74,75 For the initial 

equilibration of the slab configuration a 8 ns simulated annealing protocol was followed in which 

the system started 300 K above target temperature and was brought to 425 K.  After this, the 

system was thoroughly equilibrated for more than 0.1µs at 425 K. The final 16 ns were used for 

the analysis of the vacuum"IL interface. 

Structure Function: The structure function S(q) for the bulk IL was computed using the same 

formulation as in our prior studies (see for example equation 1 in reference60). In the current 

work we use the polarity partition of S(q)59 as well as the cationic head" anionic head 

subcomponents of the total S(q).53 These functions result in the most natural way52 to analyze the 

features in the overall S(q) of ILs. Cation and anion head groups define the polar subcomponent; 

alkyl tails are the apolar subcomponent. The cationic head group is defined as the ring, the 

methyl group and up to the second CH2 group in the octyl chain. The anionic head group is 

defined to include up to the first CH2 group in the alkyl chain. These definitions are based on the 

partial charges assigned to groups in the force field. 
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