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Abstract

The behavior in the bulk and at interfaces of biphilic ionic liquids in which either

the cation or anion possesses moderately long alkyl tails is to a significant degree

well understood. Less clear is what happens when both the cation and anion possess

tails that are not apolar such as in the case of ether functionalities. The current article

discusses the structural characteristics of C2OC2OC2-mim+/C2OC2OC2-OSO−

3 in the

bulk and at the vacuum interface. We find that the vacuum interface affects only

the nanometer length scale. This is in contrast to what we have recently found in

(J. Phys. Chem. Lett., 2016, 7 (19), 3785-3790) for isoelectronic C[8]-mim+/C[8]-

OSO−

3 , where the interface effect is long ranged. Interestingly, ions with the diether

tail functionality still favor the tail-outwards orientation at the vacuum interface and

the bulk phase preserves the alternation between charged networks and tails that is

commonly observed for biphilic ionic liquids. However, such alternation is less well

defined and results in a significantly diminished first sharp diffraction peak in the bulk

liquid structure function.

Introduction

A significant portion of the ionic liquid (IL) literature describes systems in which cations have

a polar head and an apolar tail and anions are in general smaller, more or less symmetrically

charged and with no significant apolar components.1–19 All of these ILs fall into what one

could call the biphilic paradigm, where either the anion of the cation is strongly amphiphilic,

having polar head groups and apolar tails. Less well studied are systems in which anions and

cations have similar polar/apolar characteristics. The last few years have brought significant

interest to systems in which the cation contains tails that are ether functionalized.20–27 This

is because such systems have been shown to be of low viscosity21,28,29 and advantageous for

electrochemical or energy applications in general.30–38

The current computational study focuses on C2OC2OC2-mim+/C2OC2OC2-OSO−

3 (shown
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in Fig. 1) in which tails are polar, have identical functionalities, and identical length.

We want to contrast the current work on bulk and interfacial properties of C2OC2OC2-

mim+/C2OC2OC2-OSO−

3 , with prior results on C[8]-mim+/C[8]-OSO−

3 ,
39 where cationic

and anionic tails are identical and apolar. All simulation data on C[8]-mim+/C[8]-OSO−

3

used in this work is published as reference 39.

NN
O

O

H3C

O

O

O S

O

O

O
-

Figure 1: Chemical structure of C2OC2OC2-mim+/C2OC2OC2-OSO−

3 .

We recently observed that in the case of C[8]-mim+/C[8]-OSO−

3 , bulk and slab configura-

tions in contact with vacuum are very different.39 The bulk liquid morphology is sponge-like,

with a disordered but apparently continuous charge network intercalating the apolar liquid

subcomponent. Instead, the slab configuration forms a repetitive lamella. Such condensed

phase morphological transformations can potentially be very attractive for energy applica-

tions particularly for capacitors. To the best of our knowledge, the behavior in the bulk

and at interfaces of the isoelectronic C2OC2OC2-mim+/C2OC2OC2-OSO−

3 is yet unstud-

ied. Do ions with symmetrical tails that break the polar-apolar biphilic paradigm modulate

intermediate range order? How deep into the IL does the effect of the interface persist?

We know from our prior work25,27 and that of others24,26 that tails of ions with ether

functionalities tend to curl towards the charged head. This curling combined with the

solvation by charge of the ether functionality has been shown in other systems to disrupts

charged head-tail alternation and hence diminish the intensity of the X-ray prepeak.25–27 In

the case of C2OC2OC2-mim+/C2OC2OC2-OSO−

3 , where both cationic and anionic tails are

3
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moderately long, the extent to which charged heads and tails alternation may persist in the

bulk and at the interface is unclear. Does the liquid still show a well defined charge network

that forms a separate nanoscale domain with the apolar tail subcomponents? This leads

next to the question: what is the behavior of the diether functionalized tails at the vacuum

interface?

Computational and Theoretical Methods

The protocol used for the equilibration of the bulk and vacuum-IL interface of C2OC2OC2-

mim+/C2OC2OC2-OSO−

3 is given below. All protocols and data for C[8]-mim+/C[8]-OSO−

3

are from reference 39.

Bulk IL simulations: The bulk phase of C2OC2OC2-mim+/C2OC2OC2-OSO−

3 was mod-

eled using a simulation box containing 1000 pairs. All molecular dynamics simulations were

performed using the GROMACS40 package using a combination of parameters derived from

the well-established Canongia-Lopes & Pádua41 (CL&P) potentials as well as references 42–

46. Dihedral parameters that included ether functionalities were taken from citations40,44,45

as described in reference 25. Charges (Tables S.1 and S.2 in the SI) were not available from

literature and were fitted using the CHelpG method at the DFT level (B3LYP) and using

the 6-311++G** basis set in Gaussian09.47 For C[8]-mim+/C[8]-OSO−

3 and C2OC2OC2-

mim+/C2OC2OC2-OSO−

3 , figures S.2 and S.3 in the SI display a comparison of relevant

dihedral distributions in tail components resulting from our choice of force field parameters.

As done in our previous studies,12,13,25,48–50 the system was first equilibrated for ∼2.5 ns

by scaling the atomic charges from 0% to 100%, and raising and lowering the pressure. Then

a simulated annealing protocol was followed for 4 ns by raising the system temperature from

300 K to 500 K and then bringing the temperature back to the desired target temperature

of 425 K. After the simulated annealing procedure, the system was equilibrated in the NPT

ensemble for 8 ns at 425 K and 1 bar pressure. During this final stage of equilibration, the

4
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Nose-Hoover51,52 thermostat and Parrinello-Rahman53 barostat were utilized to control the

temperature and pressure of the system. The Leap-Frog algorithm was used as the integra-

tor for the equations of motions, with a time step of 1 fs. Coulomb and Lennard-Jones cut

offs were set to 1.5 nm, while the Particle Mesh Ewald (PME)54,55 method (EW3D) was

used to calculate electrostatic interactions with an interpolation order of 6 and Fourier grid

spacing of 0.8 Å. The final dimensions of the thoroughly equilibrated box were 8.52391 x

8.52391 x 8.52391 nm3. Vacuum-IL simulations: For the vacuum-IL simulation, the thor-

oughly equilibrated bulk C2OC2OC2-mim+/C2OC2OC2-OSO−

3 was further equilibrated in

the NVT ensemble for 5 ns. The simulation box was then placed at the center of a tetragonal

supercell of dimensions of 8.52391 x 8.52391 x 34.09564 nm3. The electrostatic interactions

during the vacuum-IL simulation were calculated using the PME method along with the

Yeh-Berkowitz56 correction (EW3DC).57 The system was then further equilibrated in the

NVT ensemble for 5 ns, followed by 8 ns of simulated annealing in which the temperature

of the system was ramped up to 725 K and brought back to 425 K. Finally, once at target

temperature, the system was further simulated in the NVT ensemble for at least 100 ns.

The final 16 ns of the fully equilibrated run were utilized for structural analysis. For the

purpose of partitioning the structure function into subcomponents, the cationic head group

was defined to include the ring, methyl group, and up to the second methylene group in the

diether chain. In the case of the anion, the head group was defined to include up to the first

methylene group. These definitions were chosen to match those for C[8]-mim+/C[8]-OSO−

3

in reference 39 as they properly define the charged subcomponents for that system. Notice

that this is not the same as the color-coding in Figs. 1, 3 and S.4 in the SI which was chosen

for pictorial purposes.

5
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Results and Discussion

We first compare the bulk liquid structure functions S(q) for C2OC2OC2-mim+/C2OC2OC2-

OSO−

3 and C[8]-mim+/C[8]-OSO−

3 . In Fig. 2(a), two characteristic peaks can be observed

in the S(q) for both systems. The broad peak in S(q) near q = 1.4 Å−1 is due to many in-

tramolecular and close range intermolecular interactions; this is what we have defined in prior

articles as the adjacency peak.49,50,58 The peak at low q is what is commonly called a prepeak

(or first sharp diffraction peak) and is due to alternation on the nanoscale. In the case of typ-

ical biphilic ionic liquids the prepeak is linked to polar-apolar alternation. Two salient points

must be explored. First for both liquids the charge alternation peak (at around q = 1 Å−1) is

mostly eliminated. Second, the prepeak is significantly more pronounced in the case of C[8]-

mim+/C[8]-OSO−

3 . For C[8]-mim+/C[8]-OSO−

3 and C2OC2OC2-mim+/C2OC2OC2-OSO−

3 ,

Figures S.1 (a) and S.1 (b) in the supporting information show selected partial subcompo-

nents of S(q). These two plots clearly prove that the charge alternation peak is missing

only due to almost complete cancellations of same-type and opposite-type interactions and

not because charge alternation symmetry is absent in any of the two systems. We have

explained in prior work that this almost perfect cancellation phenomenon is common.48,59

What is most interesting is that whereas the amplitude in S.1 (a) and S.1 (b) of charge alter-

nation subcomponents in the structure function S(q) slightly below q = 1 Å−1 is of the same

order of magnitude –both liquids form charge alternation networks– the polar contribution

to the prepeak is very different. The difference in the prepeak region is best appreciated from

Fig. 2(b) where head-head, tail-tail and head-tail subcomponents of S(q) are displayed for

the two ILs. In this figure we see that polar-apolar alternation for C[8]-mim+/C[8]-OSO−

3 ,

gives rise to two peaks and one antipeak at smaller q values (indicating larger domains) than

the same type of alternation in the case of C2OC2OC2-mim+/C2OC2OC2-OSO−

3 . When

peaks and antipeaks are compared in Fig. 2(b), intensities are larger by an order of mag-

nitude in the case of C[8]-mim+/C[8]-OSO−

3 . Consistent with previous literature25,26 for

systems with cationic tails containing ether groups, Fig 2(b) shows that different degrees of

6
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curling and the moderately polar nature of these functionalities significantly diminishes but

does not completely eliminate the charge network-tail alternation symmetry.

0 0.25 0.5 0.75 1 1.25 1.5 1.75 2

q(Å
-1

)

-2

0

2

4

6

8

10

S(
q

)

Ether-Total-S(q)
Alkyl-Total-S(q)

(a)

0 0.25 0.5 0.75 1 1.25 1.5 1.75 2

q(Å
-1

)

-40

-20

0

20

40

S(
q

)

Ether-Head-Head
Alkyl-Head-Head
Alkyl-Tail-Tail
Alkyl(Head-Tail + Tail-Head)
Ether-Tail-Tail
Ether (Head-Tail + Tail-Head)

(b)

Figure 2: (a) Total structure function, S(q) for the two systems studied and (b) head-head,
tail-tail and head-tail+tail-head subcomponents of S(q). For biphilic ILs this corresponds
to the polarity partitioning of S(q) described in references 48, 59 and 12.

Fig. 3 shows snapshots of C2OC2OC2-mim+/C2OC2OC2-OSO−

3 in the bulk and at the

IL-vacuum interface in the slab configuration. Figure S.4 in the SI shows the same informa-

tion but for the case of C[8]-mim+/C[8]-OSO−

3 , (please see also Fig. 6 in reference 39). As we

have previously noted in reference 39, the bulk phase in the case of C[8]-mim+/C[8]-OSO−

3

(Fig. S.4 (a)) can be described as sponge-like, where a continuous but disordered network

of charge intercalates with the apolar subcomponent. The periodicity of the separation be-

tween charged regions (intercalated by tails) is well defined as can be appreciated from the

intense prepeak in Fig. 2(a) and visually from Fig. S.4 (a). In the case of C2OC2OC2-

mim+/C2OC2OC2-OSO−

3 , in Fig. 3 (a) we can also visually distinguish areas of charge

alternation. However, as was discussed previously for systems in which only the cation has

ether functionalities,25,26 the separation between alternating charge strings and tail regions

is not very well defined and charge is more homogeneously distributed. This results in a

much smaller prepeak in S(q) with a concomitant decrease in the partial subcomponents of

S(q) at the prepeak region in Fig. 2(b).

7
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Figure 3: Snapshots of bulk and slab configurations for C2OC2OC2-mim+/C2OC2OC2-
OSO−

3 . Inset on the right side shows expanded versions of the the two interfacial regions.
The color code follows the same convention as in Fig. 1. Only the immediate liquid vicinity
of the interface is affected in the case of C2OC2OC2-mim+/C2OC2OC2-OSO−

3 . This should
be contrasted with Fig. S.4 in the SI and Fig. 6 in reference 39 which show that the effect
of the interface is long-ranged in the case of C[8]-mim+/C[8]-OSO−

3 .

Perhaps what is most interesting is the situation at the liquid vacuum interface in the

slab configuration. As can be seen from Fig. S.4 (b), for C[8]-mim+/C[8]-OSO−

3 changes are

dramatic when compared to the bulk (Fig. S.4 (a)). A lamellar phase propagates across the

approximately 9 nm slab. The effect of the interface is long ranged, as we have described in

reference 39. As can be appreciated from Fig. 3 (b), the opposite is true for the isoelectronic

diether functionalized analog where surface induced order is only observed in the vicinity

of the interface. Figure 3 (b) clearly shows that ether containing tails are preferentially

localized at the vacuum interface, and that a charge layer parallel to the vacuum interface is

formed. However, the interface does not induce patterning of the liquid beyond its immediate

vicinity, in contrast to what occurs in the case of C[8]-mim+/C[8]-OSO−

3 . Insets on the

right side of Fig. 3 highlight the shorter ranged organization in the case of C2OC2OC2-

mim+/C2OC2OC2-OSO−

3 .

The statistical conformations of polyethylene oxide (PEO) have been previously stud-

ied.60,61 In particular, our group and others24–27 have discussed how curling affects interme-

diate range order for different ILs in which cationic tails contain ether functionalities. To

8
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explore the effect of diether functionalities in the context of interfaces, Fig. 4 shows (i) for

cations, the Z-dependent average distance between the imidazolium nitrogen connected to

the longer diether (alkyl) tail and the terminal tail carbon and (ii) for anions, the distance

between the sulfonyl oxygen connected to the diether (alkyl) tail and terminal tail carbon.

As is to be expected, because of tail kinks and curling in the case of the ether containing ions,

12 14 16 18 20 22 24
Z coordinate (nm)

4
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9
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D
is

ta
n
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-

3

3

-}

(a)
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D
is

ta
n

ce
 (Å

)
C[8]-mim
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+
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(b)

Figure 4: Z-dependent distance between imidazolium nitrogen (cation)/ sulfonyl oxygen
(anion) and terminal carbon atom in the tail for (a)C2OC2OC2-OSO −

3 and C[8]-OSO−

3 ,
(b)C2OC2OC2-mim + and C[8]-mim+. This distance is consistently smaller both for anions
and cations in the case of diether containing tails because of kinks and curling. Notice the
expansion of the diether tails in the proximity of the interface. (Large oscillations at the
edges are due to low number count and poor statistics)

distances are smaller when compared to the ions with alkyl tails. Interestingly, when ether

functionalized tails meet the vacuum interface, there is a slight increase in this separation.

In other words tails are slightly less curled at the interface. Fig. 5 shows the projection of

the vector connecting the imidazolium nitrogen (cation)/ sulfonyl oxygen (anion) and the

terminal carbon onto the Z unit vector as a function of Z across the slab. Comparing of

Figs. 4 and 5 reveals that both C[8]-mim+/C[8]-OSO−

3 and C2OC2OC2-mim+/C2OC2OC2-

OSO−

3 have tails mostly pointing towards the vacuum at each interface. In the case of the

alkyl tails, it is almost the full length of the vector that projects onto the Z axis. Tails

in C2OC2OC2-mim+/C2OC2OC2-OSO−

3 also point towards the vaccum interfaces but are

9
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Figure 5: Z-dependent average projection of the vector between imidazolium nitrogen
(cation)/ sulfonyl oxygen (anion) and terminal carbon atom in the tail and a unit vector
along Z perpendicular to the interfaces for (a)C2OC2OC2-mim+/C2OC2OC2-OSO−

3 and
(b)C[8]-mim+/C[8]-OSO−

3 . This function is similar to the Z-dependent order parameter
〈P1(θ)〉 except that we have chosen not to normalize the function so that the actual values
can be directly compared with the Z-dependent distance in Fig. 4.(Large oscillations at the
edges are due to low number count and poor statistics)

more spatially diffuse. In agreement with Figs. S.4 (b), 3(b) and corresponding insets, we see

from Fig. 5 that the vector projection oscillates across the full length of the slab in the case

of C[8]-mim+/C[8]-OSO−

3 but only a single oscillation at each interface can be observed in

the case of C2OC2OC2-mim+/C2OC2OC2-OSO−

3 . This emphasizes the local vs. nonlocal

effect of the interface for each of these two isoelectronic systems.

Conclusions

Significant similarities and differences exist in the structure of ILs composed of symmetric

ions when these possess alkyl or isoelectronic diether tails. Both form complex alternating

networks of charge and both display tail components at the vacuum interface. However,

interfaces induce patterns in the liquid morphology of C[8]-mim+/C[8]-OSO−

3 at least across

an approximately 9 nm slab. Instead, in the case of C2OC2OC2-mim+/C2OC2OC2-OSO−

3

the patterning effect is strictly localized at the interface. Diether tails curl, and this combined
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with the more polar nature of these functionalities significantly diminishes the intermediate

range order and hence the intensity of the prepeak.
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Graphical TOC Entry

Cartoon representation of arbi-
trarily selected ions from the interfacial region that for alkyl and diether
tails illustrate orientation and conformations.
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