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The structural and dynamical properties of dicationic ionic liquids (DILs) [C,(mim),](Tf,N),, that is, 3-methylimidazolium dications
separated by an alkyl chain and with bis(trifluoromethylsulfonyl)amide as the anion, were investigated by molecular dynamics (MD)
simulation in combination with small/wide-angle X-ray scattering (SWAXS) measurements. Enhanced spatial heterogeneity is observed
as the DIL chain length is increased, characterized by the changes in the scattering and the increased heterogeneity order parameter
(HOP). Temperature variation imposes only slight influences on the local structures of DILs compared to monocationic ionic liquids
(MILs). The peaks at 0.9 A™ and 1.4 A™! of structure function shift towards low Q as temperature increases, in a similar manner to MILs,
and changes in peak positions in response to temperature changes are reflected in HOP variations. However, the prepeak shift with
increasing temperature is ~3 times smaller in DILs compared to MILs, and both MD and SWAXS indicate a DIL-specific prepeak
shifting. Furthermore, the high ion pair/ion cage stability in DILs is indicative of high thermal stability and relative insensitivity of

structural heterogeneity to temperature variation, which might be caused by the stronger Coulombic interactions in DILs.

Introduction

Spatial heterogeneity in solvent-free room temperature ionic
liquids (RTILs) has been extensively investigated over the past
two decades. Molecular dynamics (MD) simulation' and small-
angle X-ray scattering (SAXS) studies*” have revealed enhanced
spatial heterogeneity in the presence of long alkyl chain of
cations in RTILs. Previous studies* * ® have observed that
prolongation of alkyl chain length or increased aggregation of
alkyl chains corresponds to increased intensity of a prepeak at ~
0.3 A in the structure function of RTILs obtained from either
MD or SAXS. Hettige et al.’ reported that the prepeak in the
structure function is mostly contributed by long-range anion-
anion correlations, due to their large molecular form factor.
Therefore, the X-ray structure functions of RTILs are dominated
by anions instead of cations. It was further demonstrated that the
spatial distribution of charge and polarity alternation is directly
related to the cation head-anion partial structure functions.'

35 Moreover, the influence of temperature on the structural

organization of long-chain RTILs has been investigated both
theoretically and experimentally.> ' '? Shifts of the peaks in the
low-Q region (Q < 2.0 A™") as a function of temperature have
been found. Our former study13 on RTILs [C,MPy][Tf,N] (n=3,
6, 8, 10) reveals that the prepeak located at approximately 0.3 A™
shifts towards high-Q region with increased temperature,
indicating the reduced polarity alternation distance. In contrast,
the peaks at 0.9 and 1.4 A’ corresponding to cation-
cation/anion-anion and cation-anion correlations, respectively,
are observed to shift towards low-Q regions with the increase of
temperature, which is correlated with the increased distance
between ions because of decreased density at high temperature as

%3
S

o
b

o
A

stated in Santos et al.’s work.” However, Kashyap et al. reported
that all the three peaks shift towards low Q with an increase in
temperature for the RTIL tetradecyltrihexylphosphonium
bis(trifluoromethyl-sulfonyl)amide ([P14 666] [T£,N]),"" implicating
that the temperature-dependent peak shift probably relies on the
type of ionic liquids.

Recently, dicationic ionic liquids (DILs) have been receiving
rapidly increasing interest due to their more concentrated charges
and high electrochemical stabilities. Similar to MILs, DILs can
be utilized as solvents,'* catalysts,15 lubricants'®  and
electrolytes.””  The performance of DIL electrolytes in
supercapacitors has been reported in our recent study,'® where we
found a distinctive electrical double layer formed by DILs at
electrode surface in contrast to MILs. These different behaviors
were attributed to electrostatic effects, i.e., the more concentrated
charge densities in DILs. It was also observed that Tf,N-
containing DILs exhibit higher capacitance than their
monocationic counterparts. Moreover, the linkage alkyl chain in
DILs [Cy(mim),]|(X), (n=3, 6, 9, 12; X= BF,, PFs and Br)
exhibits less spatial heterogeneity in comparison with the free
alkyl chain in MILs, as indicated by the lower prepeak intensity
and smaller heterogeneity order parameters (HOPs) in DILs
obtained from MD simulation.'’ In addition, the structure
functions of MILs and DILs also exhibit sensitivity to the type of
anion. However, experimental verification of the above-
mentioned predictions is still missing. Currently, the high melting
points (~ 400 K) of [C,(mim),](X), restrict their applications in
liquid phase at room temperature, whereas this is not the concern
for Tf,N-containing DILs [C,(mim),](Tf,N), due to their lower
melting point (< 280 K). Therefore, there is great interest and

special significance in studying the nanostructural and
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physicochemical properties of [C,(mim),](Tf;N), (n =3, 6, 12) at
different temperatures.

To our knowledge, the influence of temperature variation on
the nanostructure of [C,(mim),](Tf;N), DILs has not been
previously reported, and it is still unknown whether the low-Q
peaks in the structure functions of DILs show similar shifts with
temperature as those of MILs. Thus, in this work, small/wide-
angle X-ray scattering (SWAXS) measurements were carried out
to investigate the spatial heterogeneity in dicationic
[Co(mim),](T;N), over a wide temperature range. MD
simulations aid in the analysis and interpretation of the structural
ordering at the molecular level. Furthermore, the ion pair/ion
cage stability of [C,(mim),|(Tf;N), is explored using MD, and
compared to monocationic [C,mim][Tf;N] with the goal of
obtaining a comprehensive interpretation of the relationship
between the structural organization and dynamical properties in
DILs.

Materials and Methodology

Chemicals and Synthesis
[Cr(mim),|(TE,N),

of Dicationic Ionic Liquids

Chemicals: All the chemicals, including 1,3-dibromopropane
(99%); 1,6-dibromohexane (96%); 1,12-dibromododecane (98%)
and 1-methylimidazole (97%), were purchased from Sigma-
Aldrich Chemicals in USA and used without further treatment.
The [C,(mim),](Tf;N), (n=3, 6, 12) was prepared through the
intermediate  [C,(mim),](Br),. Initially, 0.098 mol of
dibromoalkane  (n=3:  1,3-dibromopropane, n=6: 1,6-
dibromohexane, n=12: 1,12-dibromododecane) was added into
15.6 mL (0.196 mol) of 1-methylimidazole with 20 mL CH;CN
solvent drop by drop under Ar flowing at room temperature. The
reaction was then heated to 60 °C for 8 h in Ar atmosphere and
the organic solvent was subsequently removed under reduced
pressure, yielding crude [C,(mim),](Br),. The bromide salt was
dissolved in 100 mL water and extracted with three 25 mL
aliquots of ethyl acetate. Water was removed under vacuum
heating and the remaining [C,(mim),](Br), was ion exchange
with LiTf,N in water to yield [Cy(mim),](Tf;N),. The resulting
product was then dissolved in 200 mL EtOAc and further purified
using activated carbon (5 g, BET surface area: 1100 m%g). The
[Cy(mim),](Tf,N), was separated by filtration and then freeze-
dried for three days. The water contents of the dried ILs were
estimated to be less than 0.1 wt% by Karl Fischer titration, whose
influence is negligible.

Small Angle X-ray Scattering Experiment

Small/wide-angle =~ X-ray scattering measurements on
[Ca(mim),](T£,N), with n=3, 6, and 12 were performed using the
Anton Paar S4XSess mc’ instrument at the Center for Nanophase
Materials Sciences at Oak Ridge National Laboratory. The
coherent scattering intensity, /.,,(q) was collected as a function of
the momentum transfer, Q = 4 sin6/A where A4 is the wavelength
and 20 is the scattering angle. Measurements were collected over
a Q-range from 0.05 — 2.7 A”'. The samples were contained in
polyimide tubes with a 1.45 mm inner diameter and 0.06 mm
wall thickness. The tubes were mounted onto a stainless steel
holder and sealed using HPLC fittings. The temperature was
controlled using an Anton Paar TCS 120 unit capable of
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maintaining the temperature within + 0.1°C. The temperature at
the sample position was calibrated with respect to the temperature
of the controller for this sample geometry. Measurements were
conducted in the temperature range of 248 K to 380 K at
approximately 20 K intervals. Scattering measurements were
conducted at 40 kV and 50 mA using a 1.6 cm slit-collimated
beam tuned to the Cu k, wavelength and data were collected
using an image plate detector. Transmission coefficients were
obtained from measurements of the sample-attenuated direct
beam intensity at 11 kV and 8 mA collected on the instrument’s
CCD detector. Raw scattering data corrections included
normalization to the incident beam intensity and sample
attenuation, and background scattering subtraction. Water
scattering was used to calibrate all scattering intensities to
absolute units of differential scattering cross section per unit
volume, 1(Q)=(1/V)ds/dQ (cm™).

The structure functions, S(Q), were computed by using the
program PDFgetX2* and the data was corrected according to:

Q-3 0/

O %)
Here, x; and f; are the atomic concentration and the form factor
of atomic species i, respectively. Additionally, the data were
corrected for sample self-absorption, multiple scattering, and
Compton scattering. The room-temperature S(Q) data for the
series are displayed in Figure 2. The position, amplitude and
width of the peaks of the scattering curves were fit in the range of
Q from 0.08 to 1.9 A" with Gaussian curves. Three Gaussian
curves (N=3) were used to fit the =12 DIL data, and two (N=2)
were used to fit the n=6 and n=3 DIL data.

S(Q) =

Molecular Dynamics (MD) Simulation

The force field used for dications of [Cy(mim),](Tf,N), (n=3,
6, 12) was adapted from the all-atom force field developed by
Yeganegi ef al.,”' which has been validated by reproducing the
experimental densities of DILs with high accuracy.”? The force
field parameters for anions and monocationic [C,mim][Tf,N]
(n=3, 6) were taken from the study of Lopes’s group.”® All
hydrogen bonds were constrained during the simulation using the
LINCS algorithm® and a 1.1 nm-cutoff was used for van der
Waals interactions. Long-range electrostatic interactions were
evaluated using the particle mesh Ewald (PME) method.”
Periodic boundary conditions (PBCs) were applied in three
dimensions. All simulations were performed using the MD
package Gromacs.”® A simulation box consisting of ~1000 ion
pairs at low density was initialized at 800 K for 1 ns, followed by
a 6-ns equilibration at 280, 320 and 360 K in the isobaric-
isothermal ensemble. The equilibrated box size is in the 8-10 nm
range, which is sufficiently large to accurately represent the low-
Q peaks above 0.15 A in the structure function. Trajectories
from a 2-ns production run generated at 1 bar and target

10s temperatures were used for further analysis. Total static structure

factors were calculated using the following equation,?’
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sin(Q

E%Xﬁfa (Qf, (Q)4npf0r‘ 2., (1) 11 o r) i

SQ) =~ >
[Exzfa(Q)}
af

where . and y, are the mole fractions of atom of species o and 3,
respectively. Q is the wave vector, f,(Q) is the form factor of
atom species o, and g,s(r) is the correlation function of atom
species o and , and 7. is the integration cutoff, which equals one
half of the simulation box. The heterogeneity order parameter
(HOP) is used to quantify the effect of increasing the alkyl chain
on the spatial heterogeneity of DILs and MILs, and calculated
from %%

where Ny is the total number of sites in system, 7;; is the distance
between site i and j corrected by periodic boundary conditions,
and 5_ L with L, the length of the cubic simulation box.
N1/3
The value of / increases with increasing spatial heterogeneity
because a tighter packing of sites results in a smaller r;, which
leads to a larger 4.

Results and Discussion

Structural Heterogeneity in [C,(mim),](Tf;N),

The impact of long alkyl chains in BF4-containing DILs on
aggregation has been reported in a previous MD study.'® In our
work on [Cy(mim),](Tf,N),, a similar self-aggregation behavior
was found, as visualized in the MD snapshots shown in Figure 1.

Y

[Cy(mim),](T,N), [Co(mim),](T,N), [C12(mim),](Tf.N),

Figure 1 Snapshots of [C,(mim),](T£;N), from MD simulation at 320 K:
red, anion; blue, cation head; green, alkyl chain.

Figure 1 shows that the nonpolar alkyl chains segregate from
the polar cation heads and anions in the long-chain
[Cy(mim),|(Tf,N),. This phenomenon is more pronounced for
longer alkyl chains and reflected in the HOP values shown in
Table 1. According to Wang et al.’s study, the HOP value for
homogenously distributed ideal particles is ~15.74, and
heterogeneous system exhibits an HOP above 15.74.2 All HOPs
presented in Table 1 are slightly higher than 15.74, indicating a
heterogeneous distribution of cation heads, anions and chains. An
increase of the HOP as the linking alkyl chain length is increased,
although the increase is not as significant as what is observed in
MILs in our previous work.'” On average, the cation chain
exhibits higher HOP values than both cation heads and anions,

40 which can be attributed to the stronger hydrophobic interaction
between alkyl chains. Recently, Shimizu et al. revealed the
relationship between the size/shape of nonpolar aggregates and
the alkyl chain length by introducing statistical functions,”® in
which the size of nonpolar aggregates increases with alkyl chain

ss and a transition from prolate to oblate aggregate with increased
alkyl chain. Such tendency in DILs should not be as evident as in
MILs because of the insignificant aggregation phenomenon in
DILs, which will be verified in the future work. This method was
then adopted in Bernardes et al.’s study on ionic liquids with

s0 single and double long alkyl side chains.*® Different from DILs,
monocationic ILs with double long alkyl side chains exhibit
greatly enhanced heterogeneity in contrast to those with single
free alkyl chain.

Table 1. Heterogeneity order parameters for head, anion and chain of
55 [Co(mim),](TE:N), (n=3,6,9) at 320 K.

head anion chain
n=3 15.76 £0.00038 15.77 £0.0009  15.79 +£0.0017
n=6 15.77 £0.00048 15.78 £0.0007  15.81 +0.0017
n=12 15.81 £0.00128 15.81 £0.0015  15.92 +0.0047

The total static structure functions of [C,(mim),](Tf,N), were

calculated from MD simulations and compared with the

experimental data measured by SWAXS. Figure 2 shows the
« modelled (b) and experimental (c) S(Q) at 320 K.

(a) n=12
n=6

n=3

05 10 15 20 25 0.5 110 1;5 20 25
QA" QA"

Figure 2. Structure factors (S(Q)-1) of n=3,6,12 DIL from (b) MD

simulation and (c) from experiment. The curves are displayed offset for

clarity and the Q starts from 0.15 A" in Figure 2b and 2c because of the

65 limitation of periodic boundary condition in MD simulations. The amount

of scattering at Q<0.7 A increases as n increases finally forming a

distinct correlation Q1 at ~0.4 A™, that for n=12 is clearly separate from
the Q, peak (0.8-0.9 A™") of the DILs.

Though the structure functions obtained from MD and

70 SWAXS do not exactly align, they share several important
features qualitatively. Both results show the presence of a low-Q
peak located at approximately 0.35 - 0.4 A in the structure
function of [C(mim),](Tf,N), (this feature is absent in both MD
and SWAXS results for n=3 and n=6 ). This observation provides

75 further support for the enhanced heterogeneity in long-chain DILs
as demonstrated in the previous section. Both the MD and
SWAXS structure functions exhibit peaks located at just above

This journal is © The Royal Society of Chemistry [year]
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0.8 A" (Q,) and just below 1.4 A™' (Qs). Several effects could be
responsible for the difference in magnitudes of the S(Q) between
MD and SWAXS, including inaccuracies of the force field used
in MD, or errors in the absorption correction applied to the X-ray
data. However, note that the ratio of the Q, and Q; peak
intensities decreases with increasing chain length in both
experiment and simulation, which increases confidence in the
reliability of this novel result.

Partial structure function analysis helps better understand
these results and determines the specific contributions of local
organization in DILs. Figure 3 shows the origins of the three
main peaks in the structure function from MD calculations. Qs is
mainly due to cation-anion and cation-cation correlations based
on inspection of the partial structure functions shown in Figure 3;
while anion-anion correlations give a negative contribution in this
region. Anion-anion correlations make a major contribution to the
peak at Q,, which coincides with a pronounced minimum of the
cation-anion structure function. In contrast to monocationic
[C.MPy][Tf,N] and BF,-containing DILs, the prepeak position
for [Co(mim),](TH;N), is found at 0.4 A™' (Q,). This value agrees
with Bodo ef al.’s study, which found a prepeak at 0.4 A" for
[Ci2(mim),](T,N), from neutron scattering and MD simulation
analysis.’’ As discussed above, Q, originates primarily from
anion-anion correlations.

cation—cation
—— cation-anion ||

——anion-anion

S(Q)

-10 : ‘ :
0 0.5 1 1.5 2

-1
Q /A
Figure 3. Partial structure functions contributed by cation-cation, cation-

anion and anion-anion correlations of [Cix(mim),](T;N), from MD
simulations at 320 K.

Temperature Influence

Although a large body of research focuses on the spatial
heterogeneity in ionic liquids, the influence of temperature on
their structural organization is rarely reported. Previous studies
have investigated the physical basis of the observed temperature-
dependent peak shifts in the structure functions of MILs, but not
for DILs.

In both SWAXS and MD (Figure 4), Q, and Q; slightly shift
towards low Q as temperature increases. Our previous study on
[C,MPy][Tf,N] showed that the peaks at 0.9 A" and 1.4 A" shift
to low Q with increasing temperature, whereas the prepeak at 0.3

0 A’ shifted to high Q due to decreased size of aggregates formed

by alkyl chains. However, in this study on DILs, the shift of Q, to
lower Q is trivial, as observed in MD simulation in Figure S1 of
Supplementary Information (SI). In SWAXS of Figure 4, we
show that the prepeak position (Q;) in general shifts to high Q as

45 temperature increases. However, in the temperature range of 280-

360 K, Q, is insensitive to the variation of temperature, which is
substantiated by the visual inspection of the snapshots obtained
from MD simulations at different temperatures, shown in Figure
S2. The radial distribution functions (RDFs) of cation head-head,

so head-anion and anion-anion of [C;,(mim),]|(Tf,N), at 280, 320

and 360 K were calculated (Figure S3), in which the differences
of RDFs at varying temperatures are nearly invisible, consistent
with the observation in structure function.

0.9+— T T T

0.8+

1.06— T T T

1.04+ {

1.021 3 8

Q,(T)/Q,(300K)
3

0.94

320 360
T(K)

240 280 200

ss Figure 4. (a) Scattering intensities for n=12 DIL at varying temperatures;

6f

[&

S

o

(b)Variation in position of Q;, Q,, and Q; peaks for n=12 DIL.
Qi(300K)=0.35 A", Qx(300K)=0.776 A", Qs(300K)=1.283 A™!, and the
respective d-spacings according to 2 /Q are 18.0 A, 8.1 A and 4.9 A.

In addition, the nearly constant heterogeneity order parameters
for dicationic [Cjp(mim),](Tf,N), calculated at different
temperatures from MD simulation (Table 2), indicates that the
structural heterogeneity does not significantly change in the
temperature range of 280 K to 360 K. Although HOPs are not
entirely constant as temperature increases, such variation is
negligible and, which does not cause the evident enhancement or
weakening of the aggregation in long-chain DILs. Interestingly, a
correlation is observed between the HOP and the peak widths in
the experimental data as a function of temperature, as shown in
Figure S4. The width of low-Q peak, Q, in the n=12 DIL is

4 | Journal Name, [year], [vol], 00—00
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relatively unchanged, in correspondence to the negligible HOP
variation. However, the Qs peaks broaden toward low Q with the
increase in temperature. The Q, peak, due primarily to anion-
anion correlations, becomes sharper with increased temperature
in all three studied DILs. This behavior might be caused by the
interplay of weakened hydrophobic interactions and strong,
temperature-independent  electrostatic  interactions between
charge centers, leading to more well-defined ordering of ions at
higher temperature.

Table 2. Heterogeneity order parameters for head, anion and chain of
[Ci2(mim),])(T£;N), at 280K, 320 K and 360 K.

Temperature (K) head anion chain

280 15.80 £0.0009 15.81£0.0014 15.91 £0.0031
320 15.80£0.0012  15.81+£0.0015 15.92 +0.0047
360 15.80+0.0014  15.81 £0.0019  15.90 + 0.0048

The influence of temperature on the structural heterogeneity of
DILs is compared with to that of MILs, as shown in Figure 5. It is
clear that MILs exhibit the higher prepeak intensity than DILs
regardless of the temperature, which is in agreement with our
previous report that the free alkyl tails in MILs are able to form
more significant aggregation than the linkage chains in DILs. The
peak intensity at 0.9 A is slightly decreased for DILs. According
to partial structure functions shown in Figure 3, the peak at 0.9 A°
' (Q,) results from the positive contributions by the anion-
anion/cation-cation and negative contribution by cation-anion
correlations at 7 A in real distance. This is correlated with the
enhanced correlations in MIL at this distance as shown in RDFs
of Figure S5. Although similar cation-anion and anion-anion
correlation at 7 A for DIL and MIL are observed, the cation-
cation correlation (Figure S5a) of MIL at 7 A is significantly
higher than that of DIL. Thus, the combined effects of ion
correlations result in increased Q, of MIL. Whereas the peak
intensity at 1.4 A™', mainly contributed by the cation-cation and
cation-anion correlations at 4.5 A, is decreased. Similarly, DIL
and MIL exhibit nearly identical cation-anion correlations, but
DIL shows enhanced cation-cation correlation at 4.5 A, indicating
increased Q; of DIL. The weaker ion interactions at 7 A and
stronger correlations at 4.5 A presented in DIL match the
observations of structure functions in Figure 5 very well.

Another phenomenon noticed is that the prepeak in
monocationic  [Cgmim][Tf,N] shifts towards high Q as
temperature increases, similar to our previous finding in
[C.MPy][T£,N]."* However, it is difficult to identify a trend in the
dicationic [C;(mim),](Tf;N), prepeak position with increased
temperature, i.e., the prepeak shift is much smaller in magnitude.
On this much smaller scale, the prepeak appears to move towards
lower Q in simulation, but moves to higher Q in the experiment.
A shift to low Q has been reported for monocationic
[P14666][THN] from SAXS and MD simulation."’ We speculate
that the temperature-dependent prepeak shifts are in fact
dependent on the type of ionic liquids or temperature sensitivity
of the aggregates formed by the long alkyl chains.

=N
3

90

95

S(Q)

-1 I I I I
15 2

Q /A"

Liguiv o0 1vtan swaus suutiuie TuLVUULE (Wil W < V.1 23 ) UL uivauuine
[Ci2(mim),](TE;N), (solid lines) and monocationic [Cemim][T,N] (dashed
lines), calculated from MD simulations. The blue, green and red lines
denote the data obtained at 280, 320 and 360 K, respectively.

25

To glean additional insight into the nature of these interactions,
it is helpful to compare the experimentally-obtained relative peak
shift in the n=12 DIL, shown in Figure 4b, with the relative peak
shift in the n=10 MIL [C,MPy][Tf,N], which was reported
previously'® by us over the same temperature range (~300 - 360
K). The shifts of the second peaks, near 0.8 A, are 2.6% and
3.5% for [C;(MPy][Tf;N] and [C;(mim),](T£,N), ionic liquids,
respectively. This correlation is due to close-range electrostatic
interactions. It seems reasonable that these changes are

s comparable because similar charged species are found in both

RTILs. However, the shifts in the low Q peak are 4.8% for
[C1oMPy][TE,N] and only 1.5% for [Cjp(mim),](Tf,N),. This
difference by more than a factor of 3 in the relative peak position
changes indicates that, on the scale of the alkyl chain separation,
the DIL structure is more stable and insensitive to temperature
variation than MIL. According to our discussion above, it is
noteworthy that the position of a given peak is determined by
multiple correlations. Therefore, it is difficult to attribute the
resulted peak to a single correlation. On the other hand, the
temperature dependence of a shoulder or neighboring peak may
also result in peak shift, which greatly increases the difficulty of
exploring the origin of peak shift by temperature variations.

This prepeak shift behavior supports the results of the HOP
analysis and of the ion pair stability analysis present in the next
section, which point to a structurally stable DIL as temperature is
varied. The small prepeak shift in the n=12 DIL explains the
difficulty in following this change in the MD simulation. The
peaks at 0.9 A' and 14 A7 in both [Cemim][Tf,N] and
[Ci2(mim),](T,N), shift to lower Q, which indicates a decrease
in density at higher temperatures, leading to greater distances
between ions. However, this effect is less evident in dicationic
[Ci2(mim),](TE,N), probably owing to its high viscosity
compared to monocationic [Cemim][TH,N].

In Figure 6, we present a schematic representation of how the
n=12 DIL structure changes with temperature, that agrees with
the experimental and simulation results. Specifically, the average
close-contact ion separation increases with temperature. As
temperature is increased, the conformation on the right is
favoured over the conformation on the left. The preference for
more clongated chains results in alkyl chain-separated polar

This journal is © The Royal Society of Chemistry [year]
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groups that move slightly closer to each other as temperature is
increased, in agreement with the experimental data. This
speculative model is strongly supported by the distribution of
angles formed by the linking alkyl chain in n=12 DIL, shown in
Figure S6. Chain conformations spanning the range ~90° to
~160° are clearly visible at all three temperatures. However, a
larger population of angles become widened with the increase of
temperature, indicating the elongated chains at higher
temperatures. At this point, it is difficult to decide whether the
observed structural features might be common in a broader class
of DILs. We hope that this study inspires more work to explore
this interesting question.

Nt
L ASE AS L A

+A
WYV

Figure 6. The alkyl chain separated polar groups, separated by a distance
r;, in the n=12 DIL adopt several configurations that span alkyl chain
bending angles from ~90° to ~160°. As temperature increases, the alkyl
chain bending angle within an increasing fraction of dications increases,
11 decreases, and the close-contact distances between ions increase.

Ion Pair/Ion Cage Stability

The dynamical properties of dicationic [C,(mim),](Tf,N), are
less frequently reported in comparison to structural properties,
but have great relevance for practical applications. Ishida ef al.
investigated the relaxation process of the DIL [Cg(mim),](Tf;N),
and compared it to its monocationic analogue [Cymim][Tf,N]
using MD simulations,’”” in which they attributed the
heterogeneous dynamics in DIL to its structural heterogeneity.
Moreover, imidazolium-based DILs have been reported to exhibit
higher stability than corresponding monocationic analogues,”
which is related to slower translational motion or diffusion in
DILs as demonstrated in both Ishida’s™ and Yeganegi’s studies.’!
In this section, the ion pair/ion cage time correlation functions of
DILs will be studied with the goal of exploring the stabilities of
ion pairs and diffusion-limiting cage-like structures at the
nanoscale. An ion pair is defined as an anion with closest contact
with the central cation and an ion cage is formed by all the anions
in the first neighbouring shell of a central cation, which are
determined by the radial distribution function of cation-anion.
Zhao et al. have suggested that no long-lived ion pairs exist in
ionic liquids, based on calculated correlated motion of cations
and anions.**

Zhang et al. then correlated the high stability of ion pairs in
RTILs with their thermophysical properties, i.e. high melting
points and high viscosities.®> Both of these studies have
concentrated on MILs, while the stability of ion pair/ion cage
formations in DILs remained unexplored. Here, we calculate the
ion pair/ion cage time correlation function C(t) using the
following equation:

(n(O)(1))
(1)

C(1)=

where A(?) is unity when a particular ion pair or ion cage formed
so at time ¢, and zero otherwise. The calculated ion pair correlation
functions for [C,(mim),](Tf,N) and [C,mim][Tf,N] at 320 K are
shown in Figure 7.

It can be seen that ion pair correlation functions for
[Cy(mim),](TE,N), decay slower than those of monocationic
[C.mim][T,N], indicating the higher stability of dication-anion
pairs in DILs compared to MILs. The self-diffusion coefficients
of dications are thus much smaller than those of their
monocatonic analogues (e.g. [C3(mim)2]2+:1.71><10'12 m’s;
[Csmim]": 1.08x10™"" m%™). Additionally, the ion pair stability
in DILs exhibits weaker chain-length dependence in comparison
to MILs. With the increase of alkyl chain length in
[Co(mim),](Tf;N),, a slight decrease in ion pair stability is
noticed, accompanied by a higher diffusion coefficient, as was
already reported in Yeganegi et al.’s study.”! However, the chain-
length dependent ion pair stability is reversed in monocationic
[Comim][TEN]. Long-chain [Cgmim][Tf;N] shows higher ion
pair stability than short-chain [Csmim][Tf,N], which is related to
the slower diffusion of long-chain [Cgmim][Tf;N], as evidenced
by Broadband Dielectric Spectroscopy (BDS) and Pulsed Field
70 Gradient  Nuclear =~ Magnetic ~ Resonance = (PFG-NMR)

measurement.*

5

b

6f

S

6!

a5

— [C,(mim),)(TE,N),

0ot —[C,(mim),)(TE,N), |
— [C,,(mim),I(Tf,N),
0.8 - - -[C mim][TE,N]
[C mim][TE,N]

;

lon Pair Correlation Function C(t)
o
o

0.5

0.4

0.3

0.2 . . . \ . . . L

1] 100 200 300 400 500 600 700 800 900 1000
time (ps)

Figure 7. Ton pair correlation functions of dicationic [C;(mim),](Tf,N),
75 (solid lines) and monocationic [C,mim][Tf,N] (dashed lines) calculated
from MD simulations at 320 K.

The ion-cage time correlation function (see Figure 8) decays
faster compared to the corresponding ion pair time correlation
function, consistent with a previous study carried out on MILs.*®

so Similar to ion pairs, the ion cages formed in DILs are more stable
than those in MILs. However, a different chain-length
dependence of the ion cage relaxation was observed. Long-chain
[Ci2(mim),](Tf;N), exhibits the slowest decay, indicating the
longest life time of ion cages. This finding is inconsistent with the

ss chain length dependent increase of diffusion coefficients of
anions in DILs ([Cy(mim),J(TEN),: 235x1077 m’s' <
[Co(mim),](TE;N),: 2.71x107"% m’s' < [Cpp(mim),](THN),:
3.00x10"? m?™"). However, according to Shirota et al’s
measurements,> the viscosity of [C,(mim),](Tf,N), is not linearly

9 dependent on alkyl chain length, which decreases for short chains
and then increases as the chain length increases. This trend is not
captured by the molecular dynamics simulations in this work.
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Figure 8. Ion cage correlation functions of dicationic [Ci,(mim),](Tf:N),
(solid lines) and monocationic [C,mim][Tf,N] (dashed lines) calculated
from MD simulations at 320 K.

For MILs, short-chain [Cymim][Tf,N] still exhibits a faster
decay than [Cegmim][Tf,N], consistent with their ion pair
correlation function. Compared to DIL [C,(mim),](Tf,N),, the
differences of ion cage stability between monocationic
[C;mim][Tf,N] and [Cesmim][Tf,N] are more pronounced, likely
caused by the big differences in the anion diffusion coefficients
(e.g. [Comim][TEH:N]: 9.55x1072 m’s™' vs. [Cymim][THN]:
6.82x10"2 m%™). In general, both the ion pairs and ion cages
formed in DIL [C,(mim),](Tf,N), exhibit longer life time than in
MIL [Cymim][Tf,N]. This is possibly due to the stronger
Columbic network formed in DILs due to the additional
positively charged cation head in dications.

Conclusions

This work explores the structural and dynamical properties in
a series of typical DILs, [C,(mim),](Tf;N), (n=3, 6, 12), using
MD and SWAXS. Enhanced structural heterogeneity
[Ca(mim),](Tf;N), and elongation changes of the alkyl chain
with temperature were studied for the first time by SWAXS and
MD simulation. Moreover, it was found that temperature

in

s variation does not impose a significant influence on the structural

assembly of nonpolar alkyl chains or polar cation heads and
anions, which is evidenced by only negligible changes in the
heterogeneity order parameters at different temperatures. In
contrast to its MIL counterpart, [Cemim][Tf,N], DIL
[C1o(mim),](T£;N), exhibits a prepeak at 04 A" at all
temperatures studied, indicating a non-obvious aggregation of
linkage alkyl chains, consistent with a previous finding for DIL
[Cn(rnim)z](BR;)Q.19 It was demonstrated that the different trends

of temperature dependent prepeak shifts observed in
[Cy(mim),](T£,N), and other MILs correlate with the type of ionic
liquids.

Additionally, the ion pair/ion cage stability, an indicator of the
dynamical properties of RTILs, was investigated. It is found that
in both DILs and MILs, the ion pair stability is consistent with
the translational mobility of ions similar to previous studies.”
MILs of the type [C,mim][Tf;N] show a diffusion-dominating
ion cage stability, whereas DILs show the opposite trend,

9
3

c~
9

75

%
S

90

95

suggesting more complicate dynamics in DILs, which are not
captured by MD simulation. Therefore, an optimized force field

s with high accuracy is needed to study the dynamic properties of

DILs [C,mim][Tf,N] in greater detail. In addition, in the DILs
[Cy(mim),]|(TH,N), , both ion pair and ion cage effects posses a
longer life time than in MILs, probably resulting from the
stronger Columbic network of divalent ions, which may be the
cause of the temperature insensitive structural variation in DILs
as well.
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