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We report the structure functions obtained from x-ray scattering experiments on a series of four
homologous ionic liquids. The ionic liquids are 1-alkyl-1-methylpyrrolidinium cations paired with
the bis(trifluoromethylsulfonyl)amide anion, with alkyl chain lengths of n = 4, 6, 8, and 10. The
structure functions display two intense diffraction peaks for values of the scattering vector q in
the range from 0.6 to 1.5 Å−1 for all samples. Both diffraction peaks shift to lower values of q
for increasing temperature. First sharp diffraction peaks are observed in the structure functions for
q < 0.5 Å−1 for liquids with n = 6, 8, and 10. © 2011 American Institute of Physics.
[doi:10.1063/1.3569131]

Ionic liquids (ILs) are molten salts comprising poly-
atomic organic or inorganic ions that melt at temperatures be-
low 100 ◦C; commonly they are liquids at ambient tempera-
ture. The constituent cations and anions of ILs are commonly
strongly asymmetric, flexible, polar, polarizable, and often
hydrophobic.1, 2 These amphiphilic properties lead to poorly
ordered solids with free energies that favor the liquid over the
crystalline state near ambient temperatures. These properties
of ILs are also responsible for the great interest in using them
for energy applications such as for solar photoelectrochemi-
cal cells, lithium batteries, ultracapacitors, safe handling and
processing of highly radioactive materials, and dissolution of
biomass.3

We report here a temperature-dependent x-ray scatter-
ing study of a series of four ILs having alkyl chains with
lengths n = 4, 6, 8, and 10. The cations are 1-alkyl-1-
methylpyrrolidiniums (Pyrr1,n

+) and the anion for this series
is bis(trifluoromethylsulfonyl)amide (NTf−2 ), shown in Fig. 1.
These ILs are important for electrochemical applications be-
cause the window between oxidation and reduction of the
pure ionic species is 5.3 V.4

The bulk liquid structures of ILs are quite interesting
for two reasons.2 First, they display charge ordering analo-
gous to that observed for molten salts, e.g., of alkali halides.5

The other reason is that ILs can also show first sharp diffrac-
tion peaks (FSDPs)6 in the x-ray or neutron diffraction struc-
ture functions that can be a signature of intermediate range
order.7–10 The FSDPs are observed for many amorphous
solids and glasses but only observed for some liquids. The
structure functions S(q) for the Pyrr1,n

+/NTf−2 ILs show clear
FSDPs for n = 8 and 10, the first reported for this class of
ionic liquids.

a)Author to whom correspondence should be addressed. Electronic address:
ed.castner@rutgers.edu.

Structures of several ILs have been investigated by x-ray
and neutron scattering8–16 and computer simulations.7, 17–22

Since the reports by Wang and Voth17 and Lopes and Padua,18

much attention has been paid to the idea that bulk ILs show
various kinds of nanostructural organization. Urahata and
Ribeiro have discussed charge ordering in their simulation
studies of 1-alkyl-3-methylimidazolium (Cnmim+, with n
= 1, 2, 4, and 8) paired with fluoride, bromide, chloride,
and hexafluorophosphate (PF−

6 ) anions. They reported that
the charge ordering is analogous to that observed in inorganic
molten salts.7 They have also discussed the FSDP that appears
in S(q) at q < 0.5 Å−1. Triolo et al. reported observation
of FSDPs for several Cnmim+ liquids for the range 0.2 ≤ q
≤ 0.5 Å−1, with the peak shifting to lower values of q with
increasing chain length n ≥ 5.8, 9, 13

The FSDPs have been observed in the structure function
S(q) obtained from x-ray and neutron scattering in glasses,
melts and liquids with intermediate range order.5, 6, 23–26 The
FSDP is frequently observed for molten metal halides,5 mix-
tures of tetrahedral glass-formers25 and binary selenides.26

For these systems, the FSDPs are typically observed for mag-
nitudes of the scattering vector in the range from 0.9 ≤ q ≤ 1.5
Å−1. Wilson and Madden discussed several mechanisms by
which the intermediate range order in the structures of amor-
phous fluids or glasses can give rise to such a FSDP.6

Though FSDPs have been observed for a variety of ILs,
until now they have not been reported for systems with the
pyrrolidinium cations shown in Fig. 1. In ILs, the interme-
diate range order leading to these x-ray and neutron scat-
tering correlations arises from a number of different mech-
anisms. For a number of Cnmim+ ILs with longer alkyl
chains, the reported FSDP has been interpreted as an inter-
digitation or bilayering of the alkyl chains. Bradley et al. re-
ported the presence of FSDPs for a series of liquid and liquid
crystalline ILs pairing several different anions with Cnmim+

cations having long alkyl chain substituents, n = 12–18.11

0021-9606/2011/134(12)/121101/4/$30.00 © 2011 American Institute of Physics134, 121101-1
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FIG. 1. Inset: Structure of Pyrr1,n
+ cation (red) and NTf−2 anion (blue).

Structure functions of Pyrr1,n
+/NTf−2 at 295 K. S(q) is plotted for q from

0.03 to 17 Å−1 for n = 6, 8, and 10. For n = 4, q ranges from 0.3 to 17 Å−1.
For clarity, curves are offset by 2.0 vertical units for n = 6, 8, and 10.

A FSDP has also been observed in a series of 1-alkyl-
1-methylpiperidinium NTf−2 ILs15 and in trihexyltetrade-
cylphosphonium (P14,6,6,6

+)/Cl−.16 However, a FSDP is not
observed for IL cations having shorter alkyl chains, such as
tributylmethylammonium (N1444

+) NTf−2 .14 On the other
hand, Atkin and Warr showed that such low q peaks are not
exclusive to ILs with long chains when they reported scat-
tering peaks for ethyl- and propyl-ammonium nitrates at q
= 0.54 and 0.66 Å−1, respectively.27 Thus the presence of
FSDPs cannot always be interpreted as an aggregation of the
cation alkyl chains.

The FSDPs have been observed in x-ray and neutron scat-
tering for Cnmim+ ILs having a number of different anions.
Russina et al. observed FSDPs for Cnmim+/NTf−2 ILs for
n ≥ 6.9 Neutron experiments by Hardacre et al. demonstrated
that the FSDP results from the asymmetry of the cation and is
simply the charge ordering in the liquid structure that arises
from the next nearest neighbor interactions.10 This interpreta-
tion is corroborated by the simulation results on C6mim+/Cl−,
C8mim+/Cl−, and C10mim+/PF−

6 reported by Annapureddy
and Margulis.28

The Pyrr1,4
+/NTf−2 sample was purchased from IoLitec

GmbH. The Pyrr1,6
+, Pyrr1,8

+, and Pyrr1,10
+/NTf−2 ILs were

synthesized by G. A. Baker. All samples were dried on a
Schlenk vacuum/gas line at 318 K for 48 h prior to an ex-
periment; the vacuum container was then back-filled with ar-
gon. Water content of the IL samples was 25–50 ppm as mea-
sured by Karl Fischer coulometric titration. X-ray samples
were prepared in a glovebox under an argon atmosphere.

Wide-angle x-ray scattering (WAXS) data (q = 0.3–
20 Å−1) were collected at the Advanced Photon Source

(APS) beam line 11 ID-C at Argonne National Laboratory.
WAXS data sets were measured for fixed temperatures in
the range from 165 to 373 K. Small-angle x-ray scattering
(SAXS) measurements (q = 0.003–1.855 Å−1) were done
at the National Synchrotron Light Source (NSLS) beam line
X9 at Brookhaven National Laboratory. Only ambient tem-
perature SAXS data were collected. Experimental details
were reported previously14 and are listed in the supporting
information.29 The x-ray experiments measure the coherent
x-ray scattering intensity, Icoh(q), as a function of scatter-
ing vector, q = |�q| = (4π/λ) sin(θ ), where 2θ is the scat-
tering angle and λ is the x-ray wavelength. The Icoh(q) is
corrected in order to calculate the structure function, S(q)
= (Icoh(q) − ∑

i xi f 2
i )/(

∑
i xi fi )2, where xi and fi are the

atomic concentration and x-ray scattering factor, respectively,
for the atomic species i .

The structure functions shown in Figs. 1 and 2 were
calculated using the PDFgetX2 program30 as described
previously.14 For the Pyrr1,6

+, Pyrr1,8
+, and Pyrr1,10

+/NTf−2
samples, we combined the structure functions from the NSLS
SAXS and APS WAXS data for a q range from 0.003–17 Å−1.
Data for n = 6, 8, and 10 are first reported here; our control
for the n = 4 sample quantitatively reproduces the WAXS
data reported by Fukuda et al.12

For Pyrr1,4
+/NTf−2 and N1444

+/NTf−2 ,12, 14 a comparison
of the measured structure functions S(q) with those com-
puted from molecular simulations shows that the q range
between 0.003 and 2 Å−1 is associated with the inter-
molecular contributions while the shape of the S(q) func-
tion for q > 2 Å−1 is determined by intramolecular correla-
tions. In Fig. 1, the features in S(q) in the range from 2 to
12 Å−1 arise predominantly from scattering contributions
from the electron density on the anions. This claim is sup-
ported by two sets of evidence. First, the observed S(q)
functions for the Pyrr1,n

+/NTf−2 ILs in Fig. 1 are not only
very similar to each other, but are also very similar to those
for other ILs,12 including the Cnmim+/NTf−2 series9 and
N1444

+/NTf−2 .14

We believe that the two intense peaks in S(q) shown in
Figs. 1 and 2 at q = 0.84 and 1.35 Å−1 are intermolecular in
nature. One support for this assignment is that for a similar
nonaromatic ammonium IL, N1444

+/NTf−2 , the peak in S(q)
near 0.84 Å−1 results from strong anion–anion and somewhat
weaker cation–cation correlations with strong anticorrelations
between cations and anions14 and the peak near 1.35 Å−1 re-
sults from cation–anion correlations14 similar to the charge
ordering found for molten alkali halides.5

No FSDP is observed for Pyrr1,4
+/NTf−2 in Fig. 1 or

Fig. 2. The low-q shoulder for Pyrr1,6
+/NTf−2 , the red curve

in Fig. 1, can be fit to a peak maximum of 0.53 Å−1. In Fig. 2,
this same shoulder is seen to sharpen with decreasing tem-
perature. For n = 8 and 10, the FSDP becomes prominent.
The FSDP in S(q) shows increased amplitude and shifts from
qmax= 0.38 Å−1 for n = 8 to 0.30 Å−1 for n = 10. The notice-
able change in the intensities of the first and second peaks in
Fig. 1 may be due to complex interference between self-ion
and cross-ion terms that can be attributed to the electron den-
sity distribution variations in the overall amorphous structure.
A Bragg-type analysis of 2π/qmax for the n = 6, 8, and 10
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FIG. 2. The measured temperature-dependent x-ray structure functions for
Pyrr1,n

+/NTf−2 , showing only the q range of 0.3–2.0 Å−1. Curves are offset
vertically by 0.5 units with increasing temperature.

liquids shows that these three points lie on a line with a slope
of 1.80 Å per methylene group. This is intermediate between
the FSDP behaviors for Cnmim+/NTf−2 and the piperidinium
NTf−2 ILs, which have slopes of 2.0 and 1.1 Å per CH2 group,
respectively.9, 15

For the Cnmim+/NTf−2 ILs, Russina et al. reported a sys-
tematic investigation of the FSDP using x-ray scattering as
a function of cation alkyl chain length for n between 1 and
10 at ambient temperature.9 Our SAXS–WAXS data for the
Pyrr1,n

+/NTf−2 series of ILs show features similar to those
reported for the Cnmim+/NTf−2 series, where the interme-
diate scattering peak shifts from 0.92 to 0.89 Å−1 as the
chain length is increased from methyl to ethyl and then the
value of qmax is constant at 0.84 Å−1 for n between 3 and 10

carbon atoms.9 Similarly, for the Pyrr1,n
+/NTf−2 ILs, n = 6, 8,

and 10, this peak in S(q) remains at approximately 0.84 Å−1.
Though the anions are common to both of these series of ILs,
the cations have two rather substantial differences. The imida-
zolium cation is planar and aromatic while the pyrrolidinium
cation is nonplanar and nonaromatic. Nevertheless, both liq-
uids display remarkably similar scattering intensities in the
x-ray experiments because the average electron density for
each of the anion atoms is substantially greater than for the
cation atoms.

The temperature-dependent WAXS data for the
Pyrr1,n

+/NTf−2 series of ILs shown in Fig. 2 were col-
lected for several temperatures that include the normal
liquid above Tm as well as a number of temperatures for
which stable supercooled liquids could be observed. For
Pyrr1,4

+/NTf−2 , we were able to observe the glass at 165 K;
for Pyrr1,6

+/NTf−2 , the WAXS data were measured just above
Tg at 205 K. Data were recorded for values of q in the range
0.3–20 Å−1. Partial crystallization prevented observation of
the supercooled Pyrr1,8

+/NTf−2 and Pyrr1,10
+/NTf−2 liquids

below 250 and 295 K, respectively. For these cases, sharp
peaks were superposed atop the broad amorphous peaks
shown in Fig. 2; these data can be found in the supplementary
information.29 The appearance of sharp peaks in the diffrac-
tion patterns correlates with the phase transitions observed in
differential scanning calorimetry; these data are also graphed
and tabulated in the supplementary information.29

The WAXS data display broad features beyond 2 Å−1 as
shown in Fig. 1 for all temperatures for the ILs studied here.
All samples exhibit similar temperature dependence in which
the S(q) peaks at approximately 0.84 and 1.35 Å−1 shift to
longer correlation lengths (lower q values) as the temperature
increases, as shown by the black arrows in Fig. 2. Both of
these peaks in S(q) were fit to Gaussian functions and plotted
in Fig. 3. The peak maxima at about 0.84 and 1.35 Å−1

decrease linearly with increasing temperature for each of
the four samples. Temperature-dependent density data is

q
 (

Å
–1

)

350300250200150

Temperature (K)

0.88

0.86

0.84

0.82

1.38

1.36

1.34

1.32
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Pyrr1,n
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–

,  n=4
,  n=6
,  n=8
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FIG. 3. Temperature dependence of the diffraction peak positions shown in
Fig. 2 for Pyrr1,n

+/NTf−2 ; dashed lines are linear fits.
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available only for Pyrr1,4
+/NTf−2 ;31 for this IL, the inverse

of the peak maxima scales linearly with density. This is simi-
lar to observations for other ILs such as N1444

+/NTf2
−14 and

bmim+/PF−
6 .32

In summary, we presented the x-ray structure functions
S(q) for the series of four homologous Pyrr1,n

+/NTf−2 ILs.
The peak at 0.84 Å−1 is assigned to the self-ion correlations
superposed with cation–anion anticorrelations. The peak at
1.35 Å−1 is assigned to the cation–anion correlations in the
liquid that result from charge ordering, analogous to atomic
molten salts. We attribute the FSDP observed for Pyrr1,8

+

at 0.38 Å−1 and at 0.30 Å−1 for Pyrr1,10
+ to intermediate

range charge ordering that arises between the first and sec-
ond shell neighbors in a liquid composed of asymmetrical
ions. Ongoing work involves further exploration of the struc-
ture of the Pyrr1,n

+/NTf−2 series of liquids using molecular
simulations. We note that interference between correlations
arising from ion self-interactions versus cation–anion cross-
correlations may lead to appearance or cancellation of peaks
in the structure functions.9, 10, 14, 28

ACKNOWLEDGMENTS

We thank Dr. Lin Yang (NSLS, beamline X9) for the
lower q x-ray scattering data shown in Fig. 1. We thank
Dr. Chris Benmore (APS, beamline 11-ID-C) for advice on
data collection and subsequent data analysis. This work was
supported at Rutgers by the U. S. Department of Energy
(DOE) , Office of Basic Energy Sciences, Division of Chem-
ical Sciences, Geosciences, and Biosciences, SISGR Grant
No. DE-FG02-09ER16118. Use of the Advanced Photon
Source at Argonne National Laboratory was supported by the
U. S. Department of Energy, Office of Science, Office of Basic
Energy Sciences, Contract No. DE-AC02-06CH11357; use of
the National Synchrotron Light Source, Brookhaven National
Laboratory, was supported by the U. S. Department of Energy,
Office of Science, Office of Basic Energy Sciences, Contract
No. DE-AC02-98CH10886.

1E. W. Castner, Jr. and J. F. Wishart, J. Chem. Phys. 132, 120901 (2010).
2E. W. Castner, Jr., C. J. Margulis, M. Maroncelli, and J. F. Wishart, Annu.
Rev. Phys. Chem. 62, 85 (2011).

3J. F. Wishart, Energy Environ. Sci. 2, 956 (2009).
4P. C. Howlett, E. I. Izgorodina, M. Forsyth, and D. R. MacFarlane, Z. Phys.
Chem. 220, 1483 (2006).

5M. P. Tosi, D. L. Price, and M.-L. Saboungi, Annu. Rev. Phys. Chem. 44,
173 (1993).

6M. Wilson and P. A. Madden, Phys. Rev. Lett. 72, 3033 (1994).
7S. M. Urahata and M. C. Ribeiro, J. Chem. Phys. 120, 1855 (2004).
8A. Triolo, O. Russina, H.-J. Bleif, and E. Di Cola, J. Phys. Chem. B 111,
4641 (2007).

9O. Russina, A. Triolo, L. Gontrani, R. Caminiti, D. Xiao, L. G. Hines, Jr.,
R. A. Bartsch, E. L. Quitevis, N. Pleckhova, and K. R. Seddon, J. Phys.:
Condens. Matter 21, 424121 (2009).

10C. Hardacre, J. D. Holbrey, C. L. Mullan, T. G. A. Youngs, and D. T.
Bowron, J. Chem. Phys. 133, 074510 (2010).

11A. E. Bradley, C. Hardacre, J. D. Holbrey, S. Johnston, S. E. J. McMath,
and M. Nieuwenhuyzen, Chem. Mater. 14, 629 (2002).

12S. Fukuda, M. Takeuchi, K. Fujii, R. Kanzaki, T. Takamuku, K. Chiba,
H. Yamamoto, Y. Umebayashi, and S.-i. Ishiguro, J. Mol. Liq. 143, 2
(2008).

13A. Triolo, O. Russina, B. Fazio, R. Triolo, and E. DiCola, Chem. Phys.
Lett. 457, 362 (2008).

14C. S. Santos, H. V. R. Annapureddy, S. Murthy, H. K. Kashyap, E. W.
Castner, Jr., and C. J. Margulis, J. Chem. Phys. 134, 064501
(2011).

15A. Triolo, O. Russina, B. Fazio, G. B. Appetecchi, M. Carewska, and S.
Passerini, J. Chem. Phys. 130, 164521 (2009).

16L. Gontrani, O. Russina, F. L. Celso, R. Caminiti, G. Annat, and A. Triolo,
J. Phys. Chem. B 113, 9235 (2009).

17Y. Wang and G. A. Voth, J. Am. Chem. Soc. 127, 12192 (2005).
18J. N. A. Canongia Lopes and A. A. H. Pádua, J. Phys. Chem. B 110, 3330

(2006).
19B. L. Bhargava, R. Devane, M. L. Klein, and S. Balasubramanian, Soft

Matter 3, 1395 (2007).
20Y. Wang and G. A. Voth, J. Phys. Chem. B 110, 18601 (2006).
21O. Borodin and G. D. Smith, J. Phys. Chem. B 110, 11481 (2006).
22M. G. Del Popolo and G. A. Voth, J. Phys. Chem. B 108, 1744

(2004).
23Q. Mei, C. J. Benmore, and J. K. R. Weber, Phys. Rev. Lett. 98, 057802

(2007).
24M. Wilson and P. S. Salmon, Phys. Rev. Lett. 103, 157801 (2009).
25S. S. Uzun, S. Sen, C. J. Benmore, and B. G. Aitken, J. Phys.: Condens.

Matter 20, 335105 (2008).
26E. Bychkov, C. J. Benmore, and D. L. Price, Phys. Rev. B 72, 172107

(2005).
27R. Atkin and G. G. Warr, J. Phys. Chem. B 112, 4164 (2008).
28H. V. R. Annapureddy, H. K. Kashyap, P. M. D. Biase, and C. J. Margulis,

J. Phys. Chem. B 114, 16838 (2010).
29See supplementary material at http://dx.doi.org/10.1063/1.3569131 for

more detailed information on WAXS and DSC experiments.
30X. Qui, J. W. Thompson, and S. J. L. Billinge, J. Appl. Cryst. 37, 678

(2004).
31R. L. Gardas, H. F. Costa, M. G. Freire, P. J. Carvalho, I. M. Marrucho,

I. M. A. Fonseca, A. G. M. Ferreira, and J. A.P. Coutinho, J. Chem. Eng.
Data 53, 805 (2008).

32A. Triolo, A. Mandanici, O. Russina, V. Rodriguez-Mora, M. Cutroni, C.
Hardacre, M. Nieuwenhuyzen, H.-J. Bleif, L. Keller, and M. A. Ramos, J.
Phys. Chem. B 110, 21357 (2006).

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

128.252.67.66 On: Mon, 29 Jun 2015 20:38:41

http://dx.doi.org/10.1063/1.3373178
http://dx.doi.org/10.1146/annurev-physchem-032210-103421
http://dx.doi.org/10.1146/annurev-physchem-032210-103421
http://dx.doi.org/10.1039/b906273d
http://dx.doi.org/10.1524/zpch.2006.220.10.1483
http://dx.doi.org/10.1524/zpch.2006.220.10.1483
http://dx.doi.org/10.1146/annurev.pc.44.100193.001133
http://dx.doi.org/10.1103/PhysRevLett.72.3033
http://dx.doi.org/10.1063/1.1635356
http://dx.doi.org/10.1021/jp067705t
http://dx.doi.org/10.1088/0953-8984/21/42/424121
http://dx.doi.org/10.1088/0953-8984/21/42/424121
http://dx.doi.org/10.1063/1.3473825
http://dx.doi.org/10.1021/cm010542v
http://dx.doi.org/10.1016/j.molliq.2008.02.012
http://dx.doi.org/10.1016/j.cplett.2008.04.027
http://dx.doi.org/10.1016/j.cplett.2008.04.027
http://dx.doi.org/10.1063/1.3526958
http://dx.doi.org/10.1063/1.3119977
http://dx.doi.org/10.1021/jp808333a
http://dx.doi.org/10.1021/ja053796g
http://dx.doi.org/10.1021/jp056006y
http://dx.doi.org/10.1039/b710801j
http://dx.doi.org/10.1039/b710801j
http://dx.doi.org/10.1021/jp063199w
http://dx.doi.org/10.1021/jp061593o
http://dx.doi.org/10.1021/jp0364699
http://dx.doi.org/10.1103/PhysRevLett.98.057802
http://dx.doi.org/10.1103/PhysRevLett.103.157801
http://dx.doi.org/10.1088/0953-8984/20/33/335105
http://dx.doi.org/10.1088/0953-8984/20/33/335105
http://dx.doi.org/10.1103/PhysRevB.72.172107
http://dx.doi.org/10.1021/jp801190u
http://dx.doi.org/10.1021/jp108545z
http://dx.doi.org/10.1063/1.3569131
http://dx.doi.org/10.1107/S0021889804011744
http://dx.doi.org/10.1021/je700670k
http://dx.doi.org/10.1021/je700670k
http://dx.doi.org/10.1021/jp062895t
http://dx.doi.org/10.1021/jp062895t

