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We report on trends observed in the X-ray static structure factor obtained for four homologous imidazolium-
based ionic liquids. In a series of low-energy (laboratory) and high-energy synchrotron X-ray diffraction exper-
iments, the temperature dependent structure was investigated in 1-alkyl-3-methylimidazolium cations, with
chain lengths of n=4, 6, 8, and 10, pairedwith the trifluoromethylsulfonate (TF) anion. Interestingly, the charge
alternation peak in the liquids displays an anomalous temperature evolution, increasing in amplitude as the tem-
perature is raised. Analysis of the pair distribution function (PDF) evolution with temperature for all composi-
tions attributes the observed anomalous behavior to a specific distance in the liquid. Extensive peak modelling
of the structure factors confirms the anomaly for all compositions, which combinedwith the analysis of the tem-
perature of the PDFs, suggests that the entropic tendency to decohere strict charge alternation overcomes
enthalpic tendencies in these liquids.

© 2017 Elsevier B.V. All rights reserved.
1. Body

Room temperature ionic liquids (RTILs) are molten salts with melt-
ing temperatures near 300 K and are a class of materials that have
been the focus of intense research efforts due in large part to their neg-
ligible volatility, high thermal stability, and high oxidation potential [1–
8]. A significant portion of recent literature involving RTILs has focused
on their complicated mesoscale structure [9–14]. The observed struc-
ture of RTILs is dominated by three length scales associated with, at
the closest range, unlike charge adjacency correlations manifesting at
the nearest neighbor length scale, intermediate range charge alterna-
tion, and, in some cases, clear polar-apolar organization [10,15–17]. In
X-ray scattering experiments, polar-apolar ordering can be detected
by a “first sharp diffraction peak” (FSDP) at low momentum-transfer
for awide variety of cation-anion pairings provided the cation has a suf-
ficiently large apolar (non-polar) tail (or tails) extending from the head
of the molecule [15,18,19].

We report here on the temperature-dependent structure, deter-
mined by high-energy and laboratory source X-ray scattering, of a series
of four 1-alkyl-3-methylimidazolium (CnMIM) RTILs with the
trifluoromethylsulfonate (triflate, TF) anion. The alkyl chains on the
cation have lengths n=4, 6, 8, and 10. These ionic liquids are important
not just because of the relatively high reduction potential but also be-
cause the triflate anion has a moderate size—smaller than the more
commonly studied bis(trifluoromethylsulfonyl)amide (NTf2−) but larger
than the small singly charged atomic species such as fluoride, chloride,
or bromide, filling a niche with bot applications and ease of X-ray dif-
fraction data interpretation.

An understanding of the temperature dependence of the structure
and dynamics of RTILs is critical for the tailoring of these liquids for spe-
cific applications. It has been demonstrated that one or more of the fea-
tures in the X-ray structure factor may be missing due to the
complicated interplay between the species-specific correlations, com-
plicating the interpretation of the experimentally determined S(q) [16,
20]. However, temperature-dependent experimental X-ray diffraction
data are extremely valuable for validating details ofmolecular dynamics
simulations of RTILs and subtle features of the structure factor play a key
role in this process [21,22]. Several researchers have reported on the ap-
pearance of anomalous structural evolution with temperature in
pyrrolidinium [23]-, imidazolium [24]- and phosphonium [25,26]-
based RTILs associated with polar-apolar structural units either collaps-
ing with increasing temperature due to the breakdown of relatively
weak alkyl chain interactions or the enhancement of polar networks
due to complicated interplay between enthalpic contributions. To our
knowledge, the anomalous structural trends have been limited to
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longer length scales, near a momentum transfer, q, of ~0.3 Å−1. In this
work, we report on the structural changes in the imidazolium-triflate
family, increasing the alkyl chain length from n=4 to n= 10. Anoma-
lous evolution of the X-ray structure factor is observed at length scales
related to charge alternation. Specifically, as the temperature increases,
there is an intensity increase atmomentumtransfer, q, values associated
with the charge alternation peak. An analysis of the calculated pair dis-
tribution functions identify a length scale, beyond nearest neighbor
bonding lengths, which also grows anomalously.

The CnMIM/TF (n = 4, 6, 8, and 10) ionic liquids were purchased
from IoLitec GMBH and were prepared for the X-ray diffraction experi-
ments in a glove box under a nitrogen atmosphere (b1 ppm H2O) and
sealed into 2 mm diameter quartz capillaries available from Hampton
Research Corp. High energyX-ray (HXRD) experimentswere conducted
at the Advanced Photon Source (APS) at Argonne National Laboratory
(ANL) at beam line 6-ID-D in transmission geometry (E = 67.559 keV,
λ = 0.1835 Å) to a momentum transfer, q, of 15 Å−1 at a sampling
rate of 1 Hz using a GE Revolution 41-RT amorphous Si flat-panel X-
ray detector. The minimum momentum transfer was purposefully lim-
ited to ~0.6 Å−1 by placing a large tungsten beamstop placed in front of
thedetector.While obstructing the lower-q regions of the scattering sig-
nal including the FSDP, the beamstop geometry and size completely
absorbed any fluorescence signal from the beamstop itself that can
add background to the low-q signal, which itself is impossible to re-
move. Capillaries were placed in a custom scattering furnace allowing
the temperature to be adjusted between 280 K and 450 K and equili-
brated to within 1 K.

The structure factor, S(q), was derived from the scattering data by
first applying an appropriate gain map, masking bad pixels, applying a
pixel efficiency map, averaging images, subtracting the appropriate
dark current and scattering background. A silicon pin diode placed up-
stream of the sample was used to normalize the background correction
to the actual flux incident on the sample at different temperatures. Im-
ages were then corrected for oblique incidence, absorption, multiple
scattering, fluorescence, Compton scattering, and secondary container
scattering contributions using in-house analysis packages written in
LabView™ [27]. A series of measurements of duration 60 s were made
C4MIM/TF
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Fig. 1. Comparison between the measured intensity, I(q),
at each temperature step. The total static structure factor was calculated
from the scattering data using

S qð Þ ¼ I qð Þ−Pn
i¼1 ai f i qð Þj j2

∑n
i¼1 ai f i qð Þ�� ��2 þ 1 ð1Þ

where I(q) is themeasured diffraction intensity, ai is the atomic fraction
of each element, and fi(q) is the q-dependent atomic form factor for each
species. The sums were made over all species and an isotropic and sta-
tistically homogeneous atomic distribution was assumed.

Low energy (Mo-Kα, E = 17.4 keV, λ = 0.71 Å) X-ray diffraction
scans (XRD) were conducted at room temperature for all of the RTILs.
A PANalytical Empyrean diffractometer was used to extend the scatter-
ing q down to 0.2 Å−1 (total range 0.2 Å−1 b q b 17Å−1). A focusingmir-
ror was used to focus the radiation through the sample (sealed in a
2mmdiameter capillary andmounted in a PANalytical capillary spinner
stage) onto an X'Celerator Scientific detector in scanning mode. Data
were collected in transmission mode for 3.5 h total over the q-range of
interest and appropriate background scans were subtracted.

The measured intensity vs. momentum transfer is shown in for
CnMIM/TF (n=4, 6, 8, and 10) at room temperature using the low-en-
ergy XRD. A FSDP is evident for longer (n N 4) alkyl chain lengths consis-
tent with previous investigations pairing the imidazolium cation with
the TFSI anion [19,28]. Very few studies exist pairing the imidazolium
cation with the TF anion. This study has tremendous value since the
TF anion has far fewer electrons per molecule than the more common
TFSI, enhancing the relative scattering strength of the cation in X-ray in-
vestigations at all incident energies [29] while preserving favorable
electrochemical properties of the RTIL itself. It can be seen in Fig. 1
that as the alkyl chain increases in length from n = 4 to n = 10, three
peaks emerge. The charge adjacency peak appears constant for all com-
positions at q ~ 1.4 Å−1; the charge alternation peak, appearing as a
shoulder on the low-q side of the adjacency peak, is in the vicinity of q
=0.9 Å−1; the FSDP, appearing for chain lengths greater than four car-
bons long, appears at q ~ 0.35 Å−1 for n=6, q ~ 0.28 Å−1 for n=8 and q
~ 0.24 Å−1 for n=10. Clearly, the FSDP peak grows relative to both the
C6MIM/TF

C10MIM/TF
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Fig. 3. Comparison between the experimental structure factors of C4MIM/TF at different
temperature, spanning the range of acquired data. The high-q data have no temperature
dependence while the low-q data (inset) show anomalous correlation enhancement
with increasing temperature.
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charge alternation peak and the charge adjacency peak with increasing
chain length. Extensive theoretical modelling work has been undertak-
en to understand the nature of the FSDP. It is generally accepted that the
strong Coulombic interaction between the cation head and the anion is
moderated by the relatively weak London dispersion forces between
the alkyl tails. Subsequent charge adjacency that develops, and for
long enough alkyl tails, aggregation develops [15,30,31]. Several differ-
ent models have been proposed to explain the observed structural de-
pendency of the FSDP on the alkyl chain length, including
interdigitation, micelle formation, sponges, sheets, or as primarily a
side effect of the electrostatic interaction resulting in complicated
polar-apolar ordering [32–36]. Shimizu et al. [15] visualize the associa-
tions at the three dominant length scales, shown in Fig. 2 for C8MIM/
TF, as [1] cation-anion nearest neighbor ordering (main peak in I(q)
and S(q)), [2] closest cation-cation and anion-anion ordering charge al-
ternation, and [3] ion-ion ordering mediated by the non-polar cation
tails manifesting as a FSDP. The polar-apolar structural signature has
been shown to manifests as a first sharp diffraction peak in the X-ray
structure factor, S(q), in the range of q = 0.2–0.5 Å−1 when the size of
the alkyl chain is sufficiently large regardless of the ionic liquid family
[15,18,25,37] or whether the cationic tail is linear, branched, or cyclic
[20].

Fig. 3 shows experimentally derived temperature-dependent S(q)
data for C4MIM/TF at four temperatures, ranging from 310 K to 410 K.
Since these data were taken using high-energy X-rays in the setup de-
scribed earlier, the q-range will not show any first sharp diffraction
peaks. The structure factors have a high-q region (q N 4 Å−1) that
shows no temperature dependence, consistent with computational in-
vestigations attributing these features to intra-molecular correlations,
which should have negligible temperature variations over approxi-
mately 100 K. This behavior is observed for all compositions. The inset
in Fig. 3 demonstrates that the lower-q region shows considerable tem-
perature dependence. Most importantly, the temperature dependence
of the charge adjacency peak appears, at least superficially, to be anom-
alous, becoming enhanced with increasing temperature. While anoma-
lous FSDP trends have been observed, both in length scale (position)
Fig. 2. Experimental I(q) for C8MIM/TF from Fig. 1 where the small vignettes above the
peaks represent structures associated with ordering of the cation polar (red), cation
apolar (grey), and anion (blue) molecular structures. The vignettes correspond to [1]
cation-anion nearest neighbor ordering, [2] closest cation-cation and anion-anion
ordering charge alternation, and [3] ion-ion ordering mediated by the non-polar cation
tails manifesting as a FSDP. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
and correlation strength (height), this is, to our knowledge, the first re-
port of anomalous features in the charge alteration peak.

In order to determine the effect of this anomalous charge alternation
peak evolution on the real space distribution of molecules, the pair dis-
tribution functions, G(r)s, for each composition were calculated from
the experimentally determined S(q)s by a Fourier transform,

G rð Þ ¼ 2
π

Z
S qð Þ−1ð Þ sin qrð Þ

q
q2dq ð2Þ

This real space distribution function doesn't require knowledge of
the average density yet retains information about real space distribu-
tions and their temperature dependencies. A Lorch functionwasutilized
to remove noise in the Fourier transform due to slight curvature in the
Fig. 4. Calculated pair distribution functions for C4MIM/TF, C6MIM/TF, C8MIM/TF and
C10MIM/TF at a common temperature of 300 K. The curves are vertical shifted to
emphasize the clear qualitative similarities between the distribution function, which are
expected, since no FSDP is observable in the experiment. The peak positions are observed
to be indistinguishable amongst compositions despite the variation in chain lengths.



Fig. 5. Calculated pair distribution functions for C4MIM/TF, C6MIM/TF, C8MIM/TF and
C10MIM/TF at a common temperature of 300 K. The nominal non-hydrogen
intramolecular bond lengths are shown. The solid vertical lines indicate the relative
bond lengths for the Anion; the dashed vertical lines indicate the relative bond lengths
for the Cation where the range of C\\N bonds is shown in the shaded box.
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static structure factor over this finite q-range. An analysis of G(r) for
these S(q) data have the advantage that the contributions to the FSDP
are removed and the causes of the anomalous charge alternation peak
evolution can be better isolated. Fig. 4 displays the pair distribution
function for each composition at a common temperature, 300 K.

The pair distribution functions are qualitatively very similar with
measured peak locations at common temperatures being indistinguish-
able across compositions. In Fig. 5, below, the vertical stacking offset is
removed and the nominal nearest neighbor intramolecular bond
lengths are shown.

The G(r) peak at ~1.4 Å is dominated by the C\\F, S\\O, C\\N and
C\\C bonds for all compositions and shows statistically insignificant
changes in position and amplitude with temperature. However, as
shown in Fig. 6 for C8MIM/TF, there is considerable temperature depen-
dence in the larger coordination shells. All compositions display the
Fig. 6. Calculated pair distribution function for C8MIM/TF over a temperature range of
280 K to 457 K. All peaks except the peak at ~2.5 Å shift to the right and decreases in
magnitude with increasing temperature reflecting a decreasing liquid density and
decoherence of liquid structure. The inset shows the anomalous behavior of the peak
around 2.5 Å, likely a charge adjacency length scale.
same qualitative behavior: Aside from the peak around 2.5 Å, all G(r)
peaks shift noticeably to higher-r, and decrease in magnitude. Obvious-
ly, without the FSDP information nothing should be concludedquantita-
tively from the peak behavior, however, the qualitative behavior of the
peak at ~2.5 Å appears to be anomalous. Interestingly, this peak likely
corresponds to a polar-polar length scale demonstrating that a local
structural unit seems to slightly increase in coherence with increasing
temperature, potentially explaining the anomalous charge alternation
peak behavior with temperature. It isn't surprising that this growth in
the PDF peak with increasing temperature at a position 2.5 Å doesn't
manifest in the charge adjacency peak in S(q) since that function con-
tains the Fourier components of the real-space distribution rather
than a direct length to inverse-length conjugate relationship.

The double peak shape of the charge adjacency and charge alterna-
tion peaks in the static structure factor cannot be interpreted directly
since it is the result of (at least) two overlapping peaks. Because those
peaks shift and change width with temperature, quantitative assess-
ments of the peak features such as height, position and width are
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Fig. 7. Example peakfits for (a) C4MIM/TF at 400 K and (b) C10MIM/TF at 450 K. For these
particular examples no backgroundwas used in the fitting processes. The blue peak is the
fitted charge alternation peak and the red peak (larger) is thefitted charge adjacency peak.
(For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)



Fig. 8. Structure factor peak height trends for all compositions utilizing a double
Lorentzian peak fitting scheme with zero background. The main peak (filled symbols),
for all compositions, decreases in magnitude as the temperature increases. The charge
alternation peak (open symbols) shows an enhancement with increasing temperature
for all compositions.
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unreliable. To overcome this, the double peakwas deconvoluted using a
wide range of peak fitting processes including double Guassian, double
Lorentzian, Lorentzian-Gaussian mixtures and those peak fitting
schemes with polynomial background subtractions. This was an effort
to establish confidence in the anomalous qualitative character of the
charge alternation rather than extract quantitative information about
the peak evolution in large part because there is no physical reason to
choose oneof these peak shapes over another. Fig. 7 shows two example
peak fits utilized in this investigation, however, all compositions at all
temperatures were fit using the above schemes. Note how dramatically
the charge alternation peak shifts in the total structure factor both in
magnitude and position due to the charge adjacency peak's broad
low-q tail.

For all compositions and all fitting schemes, it should be noted that
the charge adjacency peak maintains an intuitive temperature evolu-
tion: It shifts to lower-qwith increasing temperature (shifting to longer
length scales); it broadens with increasing temperature (reflecting an
entropically favored larger distribution of structures) and it decreases
in amplitude with increasing temperature (reflecting an overall
decoherence of the structures present). However, the charge alternation
peak remains anomalous in its amplitude trend with temperature, that
is, for all compositions and fitting schemes, it grows as the temperature
increases. The peakheight trend (for one specificfitting scheme: Double
Lorentzian, zero assumed background) is shown in Fig. 8. It should be
noted that the charge alternation peaks shifts to lower-qwith increasing
temperature, maintaining an intuitive temperature dependency.

This is an important result for twomain reasons. First, this provides a
quantitative validative mechanism for molecular dynamics simulations
of these ionic liquids. Second, from a mechanistic perspective, this sug-
gests that in these liquids, despite the development of polar-apolar
structures for alkyl chain length greater than four, there remains a con-
sistent behavior at this length scale. It has been shown that the charge
alternation peak is a manifestation of charge alternation tendencies in
the liquid [15,16]. On the one hand, there is a large positive contribution
to S(q) from like-charged ions ordering at a second nearest neighbor
distance. Simultaneously, there is a large negative contribution to S(q)
fromunlike ions resisting ordering at this same length scale. As the tem-
perature is raised, there is a competition between enthalpic contribu-
tions to the free energy, which is reduced as electrostatic potential
energy is reduced, and entropic contributions, which reduce the free en-
ergy by maximizing the number of configurations present. These two
competing entities drive temperature dependence of charge alternation
and the one that changes more rapidly dictates the sign of the alterna-
tion peak amplitude change with temperature. Our results suggest
that entropy wins out for these systems but additional theoretical
work is certainly required to verify these assertions.
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