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ABSTRACT: Molecular dynamics (MD) simulations of 1-alkyl-1-methylpyrrolidinium
bis(trifluoromethanesulfonyl)imide ([C,MPy][Tf,N], n = 3, 4, 6, 8, 10) were conducted
using an all-atom model. Radial distribution functions (RDF) were computed and structure
functions were generated to compare with new X-ray scattering experimental results,
reported herein. The scattering peaks in the structure functions generally shift to lower Q
values with increased temperature for all the liquids in this series. However, the first sharp
diffraction peak (FSDP) in the longer alkyl chain liquids displays a marked shift to higher Q
values with increasing temperature. Alkyl chain-dependent ordering of the polar groups and
increased tail aggregation with increasing alkyl chain length were observed in the partial pair
correlation functions and the structure functions. The reasons for the observed alkyl chain-

S(Q)

dependent phenomena and temperature effects were explored.

SECTION: Molecular Structure, Quantum Chemistry,General Theory

Room temperature ionic liquids (RTILs), as promising
electrolytes and green solvents, have been widely studied
in recent years due to their interesting and unique properties
such as negligible volatility and high electrochemical and
thermal stability."* Tonic liquids can be tailored to specific
applications by fine-tuning the functional groups of the weakly
coordinating organic cation and the inorganic/organic anion.®
It is known that the alkyl chain length of the cation influences
both the physical and chemical properties of RTILs. A longer
cation side chain is commonly accompanied by lower density,
lower solubility, slower diffusion, and higher viscosity.*
Imidazolium-based ionic liquids, one of the most studied
RTILs to date, have been reported to exhibit aggregation
behavior as a function of alkyl chain length by atomistic/coarse-
grained molecular dynamics simulation.” ™' Small-angle X-ray
scattering (SAXS) has been used to identify the presence of
liquid crystalline phases in imidazolium-based ionic liquids with
n > 12, depending on the type of anion,'" while structural
heterogeneity has been found in shorter alkyl chain ionic
liquids."*™'* The effect of cation asymmetry on structural
heterogeneity™'® and several physicochemical properties'® has
also been recently addressed. Small-angle neutron scattering
has been used to show that the increased heterogeneity stems
primarily from the increas'ng asymmetry of the cation as the
chain length is increased.'”"
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Recently, 1-alkyl-1-methylpyrrolidinium bis-
(trifluoromethanesulfonyl)imide ([C,MPy][Tf,N], n = 3, 4,
6, 8, 10) has been recognized as an interesting class of ionic
liquids due to its wider electrochemical window: up to 5.9 V,
compared to the more studied [C,mim][TE,N] (4.9 V). Also,
[C,MPy][Tf,N] exhibits higher electrochemical stability than
[C,mim][TE,N]." Presently, only limited studies, especially
computational studies, on pyrrolidinium-based ionic liquids
have been reported. The X-ray scattering study by Santos et
al.*° revealed that long alkyl chain [C,MPy][Tf,N] homologues
display a FSDP for n = 6, 8, and 10, similar to what is observed
in [C,mim][T£,N]." In that study, the FSDP was attributed to
intermediate range ordering arising between the first- and
second-shell neighbors of the asymmetric ions. Additionally, the
shift of structural peaks toward larger distances with increased
temperature has been discussed by Santos et al,*® but the
temperature dependence of the low-Q peak for [C,MPy]-
[T£,N], which exhibits the opposite trend demonstrated in the
new experimental data in this paper, has not been previously
reported. In earlier work, we observed the dynamic
heterogeneity of [C,MPy][Tf,N] has been observed using a
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fluorescence correlation spectroscopy (FCS) method that was
more gronounced for homologues with longer alkyl chain
length.”' However, a corresponding computational study of
[C,MPy][Tf,N] has not been reported, and it would be of
interest to see whether the reported heterogeneity probed by
FCS can be also observed using MD simulation and other
experimental methods. In this paper, we report a combined MD
simulation and SAXS study on the liquid structure of
pyrrolidinium-based ionic liquids, [C,MPy][Tf,N]. Self-aggre-
gation of nonpolar alkyl chains appears clearly in long chain
[C,MPy][T£,N] ionic liquids, and the resulting alkyl chain-
dependent polar group ordering provides a clearer view of the
heterogeneous nature of ionic liquid structures.

The all-atom force field developed by Smith’s group®* has
been applied here to the [C,MPy][Tf,N] ionic liquids.
Simulation details are given in the Supporting Information. A
cubic simulation box consisting of 125 ion pairs equilibrated at
298 K with a time step of 1 fs was adopted. Snapshots at 4 ns
for all RTILs are shown in Figure 1.

C,MPy C,MPy CGMP\,!

c,MPpy

C,,MPy

Figure 1. Snapshots of a series of ionic liquids [C,MPy][T£,N]. Red
atoms indicate the charged pyrrolidinium ring. The alkyl chains are
shown as green.

It is clear that the tail groups aggregate and form several
spatially heterogeneous domains. The domains grow larger with
increasing alkyl chain length of the cationic [C,MPy]*. The
intermolecular center of mass (COM) site—site radial
distribution functions (RDFs) were calculated as shown in
Figure S1 of the Supporting Information. Initially, we assumed
the cations would assemble through tail aggregation in
[C,MPy][Tf,N] as the alkyl chain length was increased, similar
to the phenomenon reported in imidazolium-based ionic
liquids. Surprisingly, the calculated cation—cation RDF
decreases with increasing n, while the peak shifts to longer
distances (Figure S1a). These results suggest that a longer alkyl
chain does not cause cation aggregation. On the contrary, the
cations are more spatially separated as n was increased. This is
possibly due to the shift of cation COM. With increasing alkyl
chain length, the COM is shifted toward the alkyl chains.
Nevertheless, the length of the side alkyl chain of the cation
does not affect the anion—anion radial distribution (Figure
S1b). The cation—anion RDF is greatly decreased with
increasing n (Figure Slc). To exclude the effects of the alkyl
chain on the COM of the cation, we calculated the RDF of the
pyrrolidinium ring relative to the COM of the anion. An
opposite trend, in which the correlation of ring—anion increases
with increased alkyl chain length, was observed (Figure S1d).
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This phenomenon agrees with Margulis’ report on imidazo-
lium-based ionic liquids.” The RDF of the alkyl side-chain
terminal carbon is typically the most direct evidence of alkyl tail
aggregation. However, no evident differentiation among
[CeMPy]*, [CgMPy]*, and [C,(MPy]* was observed (Figure
S2), in contrast to reports on imidazolium-based ILs.”’
Although the RDF of the terminal carbon does not clearly
show the expected behavior, the coordination number increases
as n increases, from 3 for n = 3 to 6.8 for n = 10, which indicates
the enhancement of aggregation behavior.

To further explore the effects of alkyl chain length on the
liquid structure of [C,MPy][T£,N], the structure function S(Q)
of all five ILs was calculated and compared with SAXS results,
as shown in Figure 2a. For scattering at low values of wave
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Figure 2. (a) Structure functions for n = 3, 4, 6, 8, 10 [C,MPy][T£,N]
measured at room temperature. Open symbols in varying colors
represent SAXS results; the solid lines with corresponding colors
represent MD calculated results. (b) Partial structure functions
contributed by varying site—site correlations of [C;,MPy][Tf,N]
calculated from MD simulation at 298 K. Here the ring is defined as
the center of mass of the pyrrolidinium ring; the tail is defined as the
terminal carbon of alkyl chain.

vector transfer in ionic liquids, sources of higher electron
density are needed in order to provide good X-ray contrast.
The cation ring and the corresponding anion in [C,MPy]-
[TE,N] are closely bound, forming a polar group in the ionic
liquid that provides excellent X-ray contrast with neighboring
alkyl chains. Our SAXS provided information with a 0.01-2.8
A™' Q range, covering both intermolecular and large-scale
intramolecular length scales.

Three peaks were observed as shown in Figure 2a; for
example, for n = 10, peaks occur near 1.35, 0.8, and 0.3 A™".
Figure 2b is the unweighted partial structure functions for n =
10 calculated by Fourier transformation of corresponding MD-
generated site—site RDFs of [C,MPy][Tf,N]. We first consider
the peak near 1.35 A™", corresponding to the real space distance
of 27/135 = 4.65 A, which is close to the ring—anion
correlation. Figure 2b explicitly shows that the strongest
contribution to the peak near 1.35 A" is from the ring—anion
correlations, which is consistent with Aoun’s computational
result on [C,mim+]"”** and Santos’ X-ray scattering study on
[C,MPy][Tf,N].>*° We now consider the two peaks near 0.8
and 0.3 AL, Peaks that arise at low Q values, or FSDPs, are a
prominent feature in network glasses and typically interpreted

. . . 24-28 .
as a sign of intermediate range order. Two main trends are
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immediately evident from observation of S(Q) within Q < 1
A”'. First, a strong alkyl chain-dependent FSDP (see Figure 2b)
occurs (clearly defined at ~0.29 A~ for n = 10). This FSDP
drops in intensity and shifts toward higher Q (0.36 A™' for n =8
and 0.47 A™' for n = 6) and decreases in intensity as the alkyl
chain length is shortened so that its contribution at n = 4 and n
= 3 is weak as shown in Figure 3b. Second, Figure 2b shows

(b)
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Figure 3. (a) Tail—tail correlation functions of [C,MPy][T£,N]. (b)
The corresponding partial structure functions of (a). (c) Tail—tail
correlation functions of [C,,MPy][Tf,N] as a function of temperature.
(d) The corresponding partial structure functions of (c) calculated at
298 and 363 K.

that at 0.8 A™!, corresponding to a real space distance of 7.8 A,
positive contributions from the cation ring—ring and anion—
anion correlation along with a negative contribution from the
cation ring—anion correlation are present. This is similar to
what has been observed in imidazolium-based ionic liquids®”*°
with CI and PFg anions and is a clear sign of the charge
ordering in this system. Figure S1 shows the deep valley in the
cation—anion real space correlation function (Figure Slc) that
corresponds to the distance between the like-charged species
(Figure Sla). Since the peak near 0.8 A™" in Figure 2a does not
change in position substantially as the alkyl chain length is
decreased, it appears that the low-Q peak near 0.3 A™' merges
with the second polar group peak near 0.8 A™' noted by the
slight yet systematic increase of the second peak’s intensity as
the chain length is decreased. These low-Q features can provide
insight into the large-scale organization of the [C,MPy][Tf,N]
system.

The X-ray-weighted subcomponents of partial structure
function contributed by cation—cation, cation—anion, and
anion—anion correlations (Figure S3a) were calculated using
Santos’s method.'> As reported by Annapureddy et al.* for
imidazolium-based RTILs, our results suggest that anion—anion
correlations contribute positively to the positive FSDP and the
second peak located at 0.8 A™'. Negative contribution to the
peaks results from the cation—anion correlation. The atomic
partial structure factor was then calculated as shown in Figure
S3b, which demonstrated that the positive FSDP was mainly
from cross-atom correlations in anions. However, carbon—
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carbon and hydrogen—hydrogen correlations barely contribute
to the structure function. These findings are in agreement with
our above analysis.

The results of several experimental and computational
investigations have been recently combined by Annapureddy
et al.*”* Their study identifies the origin of the prepeak in
imidazolium-based ionic liquids and offers a way to describe
liquid-state structural observations based on observed crystallo-
graphic ordering. Although the crystalline and liquid states are
not the same, this approach nevertheless helps to understand
the scattering measurements. A similar approach is used here to
describe the alkyl chain-dependent experimental observations
in our pyrrolidinium system. We define Iy, as the structural peak
corresponding to the nearest-neighbor polar group separation,
which is primarily governed by electrostatic interactions, and I,
as corresponding to the alkyl chain-separated polar group
distance.

Analysis of the peak positions and intensities in the SAXS
data for Q < 1 A™! for the series in this study yields some
interesting trends. These were obtained by fitting two Gaussian
functions with a quadratic baseline, in a manner similar to other
studies,”®®® which fit the data well More information is
provided in Figure S4 of the Supporting Information along with
the results of these fits provided as plots of the peak position, as
well as peak height, as a function of alkyl chain length. The peak
positions for samples with n = 6 to n = 10 lie on a line with a
slope of 2 A per CH, group. The low-Q peak I, centers for n =
3ton=10 (Figure S4a) convert to real space values between
8.8 and 22 A, respectively, corresponding to the peaks lying on
a line of slope (22 A — 8.8 A)/7 = 1.9 A per CH, group;
focusing just on samples with n = 6 to n = 10, the slope is 2 A
per CH, group. Hence, the measured alkyl chain-separated
polar group distance for a given n is less than twice that of an
all-trans n-alkyl chain for all the ionic liquids. This suggests
some level of interdigitization29’30 or coiling of the alkyl chains,
especially for the longer alkyl chain liquids. The low-Q I, peak
contribution (see Figure S4b) is clearly visible for n = 10 and 8
but less obvious for n = 6, 4, and 3. From the low-Q I, peak
analysis (see Figure S4a) we obtain peak positions correspond-
ing to distances of 13.3, 9.6, and 8.8 A for n = 6, 4, and 3,
respectively, for the alkyl-chain-separated polar group distance.
As the alkyl chain length decreases, it is clear that this
dimension approaches the near-neighbor polar group separa-
tion distance of 7.8 A (i.e., I; peak) which shows no significant
alkyl chain length dependence. Thus, the I peak at 0.8 A™'
shows a systematic increase in intensity with decreasing alkyl
chain length, while the low-Q I, peak is diminished (Figure 2
and Figure S4). These observations are consistent with
previous reports on the alkyl chain length dependence of the
low-Q scattering in imidazolium-based RTILs.'”*

Figure 3b shows that the tail—tail correlations contribute to
the FSDP, especially for longer chain [C,MPy][Tf,N]. The
main peak in the tail—tail partial structure functions coincides
with the peaks of other partials involving the anions, cations,
and tails, and while other correlations play a dominant role due
to their electronic weights as shown in Figure S3, it is
nevertheless present and plays a role in the organization of the
charged species in the system. The contribution of tail—tail
correlations to I, is smaller for n < 6, and the peak position
shifts to higher Q with a decrease in n. These results show that
longer alkyl chains greatly favor tail—tail assembly as reported
in the FCS experiments.”' For chain length n < 6, the alkyl
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chain van der Waals forces cannot overcome the electrostatic
forces to exhibit closer association.

The temperature effects on the structure functions of
[C,MPy][Tf,N] obtained from both simulation and SAXS
are shown in Figure 4. It is common to observe broadening of

(b)
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Figure 4. MD (a) and SAXS (b) curves showing the temperature
dependence of structure factors for [C,MPy][T,N]. Black symbols
denote MD/SAXS results at 298 K, green symbols denote MD/SAXS
results at 348 K, and red symbols denote MD/SAXS results at 363 K.
The curves have been offset vertically for clarity. The second and third
peaks shift toward lower Q values as the temperature is increased;
however, the alkyl-chain-separated polar group peak shifts toward
higher Q with increasing temperature for n = 6, 8, and 10.

diffraction peaks as the temperature is raised in a liquid.*'~>*

The shift of diffraction peaks to lower Q values is a feature that
correlates with a density decrease®® as intra- and intermolecular
distances increase. These observations hold for the current
series under investigation, with the exception of the alkyl chain-
dependent peak, I,. For n = 8 and 10, there is a clear shift of
this FSDP to higher Q with increasing temperature (Figure 4).
For n = 3, 4, and 6, this effect, if present, is very slight.

The work reported by Triolo on [C,mim][BF,] with n = 3—
10 exhibits a similar trend in the supercooled liquid in the range
from 90 to 290 K.’ For temperatures above the glass
transition, T, they attribute a spatial correlation decrease
with increasing temperature to diffusion, and when diffusive
processes are arrested below T, then the peak shift is strictly
related to density changes. In order to reveal the temperature
effects on the FSDP position, the temperature-dependent tail—
tail correlation was analyzed. Figure 3c displays calculated tail—
tail correlations for [C,;,MPy][Tf,N] at varying temperatures
and the corresponding S(Q)s in Figure 3d. As the temperature
was raised, the FSDP shifted to higher Q; no significant change
in the first- and second-neighbor position occurs, but an
increase in the ordering between the tails does occur as
indicated by the narrowing in the correlation peak. Also, the
tail—tail coordination number calculated by integration of its
correlation from 0 to 12 A decreased from 11.6 at 298 K to 10.8
at 363 K, which may be crucial for an understanding of the
temperature-dependent FSDP shift. The changes in the peak
position from 298 to 363 K as a function of chain length, n, are
plotted in the Supporting Information (Figure SS). The
negative values correspond to shifts toward lower Q and
positive values toward higher Q as the temperature was

128

increased. For n = 10, the shift over this temperature range was
0.013 A7,

The following is an interpretation of our observations.
Because of the increased interaction between alkyl chains as the
chain length is increased (shown in the present simulation,
Figure 3), the alkyl chains play a significant role in the ordering
of the liquid. There is, in effect, competition between the strong
charge ordering of the ions and the weaker van der Waals
influence of the alkyl chains. At ambient temperatures, the van
der Waals interactions are stronger for the long alkyl chain
liquids and increase chain association. However, at higher
temperatures, the van der Waals interactions are reduced and
the polar group electrostatic forces dominate. At higher
temperatures it is more likely for a cation tail to diffuse"
from its nonpolar aggregate, thus resulting in a decrease in the
aggregate size shown by the slight shortening of the alkyl-chain-
separated polar group distance (Figure 4). The diffusion step is
necessary to preserve first-neighbor ionic distances, since they
are dependent on the density rather than the temperature. This
reduction in aggregate size will result in shorter chain aggregate
correlation distances, indicated by the shift to higher Q values
in the tail—tail partial S(Q) (Figure 3b).

MD simulations, as shown in the snapshot at 4 ns (Figure 1)
and the RDFs (Figure 3b), clearly demonstrate that the
aggregation size increases with increasing alkyl chain length,
consistent with our FCS findings.>' The FCS results showed
evidence for self-aggregation domains for [Cympy][Tf,N], and
SAXS experiments show evidence of the existence of an alkyl
chain-dependent weak polar group ordering, I,, for n = 3 and 4.
MD simulations suggest the averaged aggregation size for
[C;MPy][Tf,N] is ~3 alkyl chains. All the techniques
unambiguously show the self-aggregation for n > 4.

Structural heterogeneity in ILs has been a subject of
considerable attention in the past few years. It has been
reported that long chain [C,mim+] (n > 12) systems or
alcohols can form micelle-like structures easily. The self-
aggregation of midrange alkyl chain [C,mim+] systems was first
suggested by MD simulations from Voth et al.” and supported
by SAXS from Triolio et al."*'* Hardacre and co-workers'”
called the meaning of the FSDP peak into question through
well-designed SANS experiments based on selectively H/D-
isotopically substituted [C,mim+] systems. Other experimental
evidence, such as the observation of pronounced “hyper-
polarity”, biphasic diffusion dynamics observed using FCS, and
rotational dynamics probed by optical heterodyne-detected
Raman-induced Kerr effect spectroscopy,’> point to self-
aggregation, or locally ordered domains/structures, or micro-
phase separation of ionic liquids. The results from our MD
simulation support the aggregation of alkyl chains in [C,MPy]-
[T,N], as evidenced by the snapshot in Figure 1. The SAXS
measurements in turn highlight the ordering of the polar
groups that results from both electrostatic ion ordering at short
distance and the complex alkyl chain interactions at further
distances. More carefully designed SANS experiments with
different H/D-isotropically exchanged [C,MPy][T£,N] as well
as rotation dynamics of dyes in [C,MPy][Tf,N] probed by
fluorescence anisotropy spectroscopy will be reported else-
where.

In summary, molecular modeling and small-angle X-ray
scattering were applied to elucidate the alkyl chain length and
temperature effects on the nanoscale organization of
pyrrolidinium-based ionic liquids. For the first time, we
demonstrated that the cation tails of pyrrolidinium-based
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ionic liquids with long alkyl chains exhibit aggregation behavior
which is analogous to imidazolium-based ionic liquids. The
alkyl chain segregation is attributed to electrostatic interactions
between polar groups and van der Waals forces of the nonpolar

alkyl chains.
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