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Room-temperature ionic liquids (RTILS) are organic salts that are characterized by low melting points. They
are considered to possess a homogeneous microscopic structure. We provide the first experimental evidence
of the existence of nanoscale heterogeneities in neat liquid and supercooled RTILs, such as 1-alkyl-3-methyl
imidazolium-based salts, using X-ray diffraction. These heterogeneities are of the order of a few nanometers
and their size is proportional to the alkyl chain length. These results provide strong support to the findings
from recent molecular dynamics simulations, which proposed the occurrence of nanostructures in RTILs, as
a consequence of alkyl chains segregation. Moreover, our study addresses the issue of the temperature
dependence of the heterogeneities size, showing a behavior that resembles the density one only below the
glass transition, thus suggesting a complex behavior above this temperature. These results will provide a

novel interpretation approach for the unique chemical physical properties of RTILs.

Introduction

Room-temperature ionic liquids (RTILsY are salts with low
melting point, typically below 100C. Their chemical structure
includes a bulky cation, such as 1-alkyl-3-methyl imidazolium
(hereinafter indicated asnthim), and a fluorinated anion, such
as BR~ or PRk~. Such a chemical architecture leads to a very
low melting point (but examples exist, where no crystallization
is observed, e.g., in [C4mim][BP and a wide temperature

window where the liquid state is stable. These features togethe

with the negligible vapor pressure make these liquids ideal
solvents for a wide range of applications, including synthesis,
biocatalysis, electrochemistry, étcl2 Moreover, the chemical

physical properties of RTILs can be easily modulated, changing

behavior of the charged portions and the alkyl tail, respectively,
leading to microphase separation.

It is commonly assumed that intermediate chain length salts,
such as 1-butyl-3-methyl imidazolium tetrafluoroborate, [C4mim]-
[BF4],%6 are structurally homogeneous in their liquid and
supercooled states where they are finding a progressively
increasing number of smart applications. Many studies on these
neoteric solvents consider them merely as simple molten salts
@and only recently a number of simulation studies revealed the
perspective that a substantial structural heterogeneity may
characterize these liquid&.22

Short-range order in liquid [C1lmim]-based RTILs has been
found to be mainly related to electrostatic and hydrogen bond

the alkyl chain length and the nature of the anion, thus leading interactions, leading to the formation of charge ordering over

to the definition ofdesigner salentsfor these liquids:13-15

two or three coordination sheR824 The existence of some

Considering a given anion, X, the phase diagrams of the saltsdegree of order in longer alkyl chain RTILs @@im]X with

obtained increasing the alkyl chain length,in [Cnmim][X]
show a great degree of complexifyl® For example, in the
case of X= [BF47], a detailed investigatidfi has shown the

2 < n < 18) in the molten state has also been obsetfeld.
However, so far, no experimental study exists addressing the
existence of structural correlations in intermediate alkyl chain

existence of three alkyl chain length regimes: (a) short chains length (IACL) RTILs ([Ghmim] with 4 < n < 10), whose

(n < 3) lead to salts with strong interactions, which are
characterized by a distinct crystalline behavior with relatively
high melting points; (b) intermediate alkyl chain lengths<3

n < 10) lead to a wide liquid range, with low freezing points,

and the tendency to form glasses upon cooling; (c) long alkyl
chain lengths{ > 10) salts are characterized by a complex
crystalline behavior, typically showing mesomorphism; their
morphology is influenced by hydrophilic and hydrophobic
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morphology is commonly considered as fully isotropic and
homogeneou¥

Recently, a number of molecular dynamics (MD) simulation
studies identified the occurrence of nanoscale segregation in
IACL RTILs, as due to the alkyl moieties aggregati@n?? This
behavior if experimentally confirmed would provide new
interpretation approaches to the peculiar chemical-physical
properties of these liquids.

In this report we provide the first experimental evidence of
the existence of nanoscale segregation in IACL RTILs, using
X-ray diffraction, a technique which allows probing of spatial
correlations of the order of tens of Angstroms. This finding will
require further investigations both at the theoretical and
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experimental levels to better rationalize the behavior of RTILs ST M ' ' '
in terms of their nanosegregated morphological organization ® [C3mim]Cl
: o [C4mim|Cl 27}
. . @ [Cémim|Cl
Experimental Section 1F o [Csmimjcl 24f r
L [C10mim]CI 21}

The employed RTILs are commercial products that were

purchased either from Merck (chloride salts) or from IOLITEC = 18f
(tetrafluoroborate salts). The tetrafluoroborate salts were kept~_ 315}
for at least 3 months under vacuum at room temperature to 5 12 A
reduce the moisture content. - 10

[C4mim]Cl was molten under vacuum at ca. 8D and kept 0.1
in these conditions for 1 day. Then the sample was kept under '
vacuum at room temperature: under these conditions, the
corresponding liquid salt remained in this state for periods of
weeks, without any indications of crystallization. The same
treatment was applied to 1-allyl-3-methyl imidazolium chloride
(hereinafter indicated as [C3mim]Cl), which has been purchased Q (nm'l)

from IOLITEC. Figure 1. X-ray diffraction patterns from the series of supercooled
[CEmIm]CI, [C8mIm]CI, and [C10mim]Cl were purchased i id RTILs: [Chmim]Cl, n = 3, 4, 6, 8, 10, at 25C. In the inset the

as viscous liquids. They were kept under vacuum at@@or spatial correlatior. = 27/Quax, Quax being the interference peak
1 day and subsequently kept at room temperature under vacuumeposition, is plotted (circles) as a function wfthe alkyl chain length,

without any occurrence of crystallization for extended periods for n > 4. The corresponding data are also reported for the cases

of many weeks. 6 and 8 for [Gmim][BF4] (squares).

WAXS data were collected using a low-temperature Guinier
diffractometer manufactured by Huber (type 645), operating at
the wavelengthh = 1.54 A. The sample was sandwiched
between two amorphous plastic foils, whose contribution was
subsequently subtracted. The instrumental setup allowed
collecting data from 100 K up to room temperature, covering a
Q range between 0.25 and 5.0 &

X-ray diffraction data were also collected at the D02
beamline at the European Synchrotron Radiation Facility
(ESRF), using an instrumental setup which allows covering the
momentum range between 0.01 and 0.9'.AMeasurements 1
were collected at room temperature, using a thermostated bath ’
and the samples were kept in a temperature-controlled flow-
through cell, with internal diameter of 1.9 mm. With this sample
environment, sample and solvent scattering are measured insidt . . . . . .
the same capillary, thus allowing reliable empty cell subtraction. 1 2 3 4 5 6 7 8 9

1 v L] M L] v L] v T v 1 v L) v L]

T T TT

®  [C4mim][BF ]
°  [C6mim][BF ]
@ [C8mim][BF,]

I(cm™)

Data were converted to absolute intensity values, by means of -1

normalization with the scattering from water contained in a Q (nm™)

2.0 mm capillary at 28C, using an incoming beam with energy ~ Figure 2. X-ray diffraction patterns from the series of liquid RTILs
12.5 keV. [Cnmim][BF4], n = 4, 6, 8, at 25°C.

which nicely describes the growth of the spatial correlation upon
increasing the alkyl chain length, with an increase of 2.1 A per

The X-ray diffraction patterns from the series of chloride salts —CH,— unit.
at room temperature are plotted in Figure 1. We limit our  The finding that supercooled chloride-based RTILs show a
description to the loweQ range, aiming to describe shorter high degree of nanoscale organization is outstanding, as liquid
range correlations in a subsequent report. In the reportedand supercooled RTILs with intermediate alkyl chain length are
Qrange, the most striking feature is the occurrence of diffraction generally considered to be morphologically homogeneous.
peaks in some of the intermediate alkyl chain length salts. In To confirm these findings on a different set of RTILs, we
particular, it can be observed that while [C3mim]Cl| shows a also measured the X-ray diffraction pattern from jBBased
monotonously increasing signal, all the other salts (i.e., [C4mim]- RTILs, namely, [C4mim][Bg], [C6mim][BF,], and [C8mim]-
Cl, [C6mim]CI, [C8mIm]CI, and [C10mim]Cl) show a peak [BF4]. These salts are thermodynamically stable liquids at room
whose position strongly depends on the alkyl chain length.  temperature and have not been reported to crystallize. The

This is the first experimental indication of the existence of a corresponding X-ray diffraction data at room temperature are
nanoscale ordering in RTILs with intermediate alkyl chain plotted in Figure 2. In the inset of Figure 1 we also report the
length. corresponding correlation lengths,for the cases [C6mim][Bff

In the inset of Figure 1, the alkyl chain length dependence and [C8mim][BR] and these spacings are quite close to the
of the spatial correlatiorl,, corresponding to the interference corresponding ones obtained for the chloride-based RTILs.
peak positionQuax, is reported Il = 27/Quax). The observed These results suggest that the behavior observed for the
spatial correlations range from 13 to 27 A for the investigated chloride-based RTILs is confirmed for the case of the tetrafluo-
RTILs, indicating the existence of ordering at the nanometer roborate-based RTILs, thus indicating that the observed nanos-
scale. This ordering strongly depends on the alkyl chain cale correlations exist both in supercooled and in liquid RTILs.
length: the reported straight line corresponds to a linear fit  We also have collected X-ray diffraction data on RTILs based

Results and Discussion
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tails; such a process occurs embedded in a polar environment
that is built up by the anion and the charged imidazolium
rings: as a consequence of the strong and isotropic Coulombic
interactions, MD simulations propose a structurally homoge-
neous matrix built up by the charged portions of the RTIL. The
short range, collective interactions between the uncharged alkyl
chains then lead to quite stable segregated domains.

MD simulations also propose that above a certain temperature,
T., these alkyl domains will mef2 Though these simulations
were run using a unrealistic potentfato describe the precise
details of the RTIL architecture, still they get the essence of
the phenomenology.

Our measurements were not conducted at sufficiently high
temperature to observe any effect that might be related to the
melting of the domains, but some indications exist in the
literature for such a process. In their report on the thermody-
namic properties of [C4mim][Rf Kabo et al® observed an
endothermic contribution between 400 and 420 K. We repeated
Figure 3. X-ray diffraction patterns from liquid and supercooled DSC, measureme.ntsl on this RTIL in Qur laboratory .a”‘?'
[C8mim][BF.], as a function of temperature from 90 to 290 K. The confirmed these findings. These observations refer to a liquid
data include the liquid and glassy stafg ¢ 190 K). In the inset a sample and, though one cannot exclude to relate it to the effect
quantity proportional to 1/¢2/Quax),® Quax being the interference peak  of a small amount of residual water dispersed in the sample, it
position, is cgmpared to the extrapolati_on inthe onv-temperature region might as well be related to thaeltingof the nanoscale domains
of the experimental data for the density of [C8mim]RF in [C4mim][PR. Similarly, Hamaguchi and co-workee®

on other anions and the same qualitative behavior is observed:mterpreted the very long thermal equilibration of [CAmim]Cl

RTILs possessing intermediate alkyl chain lengths are character-at uoop as due fo the existence of "some local St ructures” in

ized by the existence of a substantial degree of intermediatethe “ql.“d RTIL. These f!ndlngs suppqrt the scenario of a phase
. . : transition from the solid nanodomains to the homogeneous

range order whose spatial extent is proportional to the alkyl liquid

chain length. )

To get further insight into the morphological details of liquid ]

and supercooled RTILs, we have explored the temperature Conclusion

dependence of the X-ray diffraction pattern from selected RTILs.

In Figure 3, the data for [C8mim][Bjfare reported for selected

temperatures in the range -9290 K. One can appreciate a -, 10) have been shown, by means of X-ray diffraction, to be
d'Stht_ temperature c_iependence for the X_—ray diffraction characterized by the existence of structural organization at the
pattern: upon decreasing the temperature .the mte_rference IC)ealﬁanometer scale, both in their liquid and supercooled state. The
zglrfrtjspt)(())nldoi\;]vgerSQpa)[/i:IIu(?(?;rel[;?;gﬁtlgigeafljhilgcggﬁzsil\zgr ?Sf ;?e cha_racteristic size _of these structu_ral heterogeneities is fo_und
odds with the expectation on the ba’lsis of the temperature o linearly scale Wlth. the aIkyI. chain length, thus suggesting
dependence of the density. In the inset of Figure 3 the thatthe_se nan_odomalns are built up by the aggregation of neutral
temperature dependencep}f(za/(ZH/QMAx) 3 whereo. is a aIkyI_ talls_, vv_hlch are surroun_ded by charges whose unlforr_n

. ) I T . .. spatial distribution is determined by the strong electrostatic
scaling term that is chosen to facilitate comparison with density interactions
d? tﬁ' 's plotted. Thiz data 3 etis cofmr[‘) a:jed with t? e extrapolation The temp.erature dependence of the X-ray diffraction patterns
of the temperature dependence of the density of [C8mim}[BF 3
reported b)p/ Harris et éFI;.that was determined iz the[ ranggﬂé[n from [C8mim][BF,] shows a peculiar behavior: the interference

peak that is associated with a spatial correlation of the order of

363 K. The extrapolation of the temperature dependence of the ’ >
20 A shifts with temperature. Between room temperature and

density to the belowky range (whereTg ~ 190 K) nicely . . . oo . .
accounts for the peak position shift observed in this temperature 19 the size of this spatial correlation increases with decreasing

range. On the other hand, in the high-temperature range, betweef€mperature. BelowTq the density-driven decreasing of the
room temperature and the glass transition, the interference pealdomain size is recovered upon decreasing the temperature. These
shifts following a behavior that strongly deviates from the observations seem to indicate that dlffuswg processes strongly
density one. Such evidence would indicate that the mechanismaffect the morphology of these nanodomains.
responsible for the temperature dependence of the spatial The observed morphological organization will require further
correlation growth with decreasing temperature is related to detailed theoretical and experimental efforts to be fully under-
diffusion: as long as diffusive processes get arrested (i.e., belowstood and exploited. Moreover, this nano-organization is
To), the spatial correlation does not grow any longer and its expected to lead to important effects when mixing RTILs with
size is only determined by the density changes. polar or nonpolar components and to play a major role for new
The scenario emerging from this experimental evidence is applications such as smart synthesis, solutes confinement, phase
quite complex and can be rationalized considering that in the equilibria, etc.
explored temperature range those RTILs which are characterized
by an alkyl chain lengtm > 4 show a distinct degree of Acknowledgment. We acknowledge the European Synchro-
intermediate range order, in agreement with the proposalstron Radiation Facility for provision of synchrotron radiation
suggested on the basis of MD simulatidfs?2 This structural facilities and we would like to thank Dr. T. Narayanan for his
correlation is the consequence of the aggregation of the alkyl kind and competent assistance in exploiting beamline ID02. A.T.

Neat room-temperature ionic liquids based on alkyl imida-
zolium cations with intermediate length for the alkyl tail £4



4644 J. Phys. Chem. B, Vol. 111, No. 18, 2007

gratefully acknowledges access to the Hahn-Meitner Institut

Triolo et al.

(15) Viser, A. E.; Swatlowski, R. P.; Rogers, R. Green Chem2000

facilities. A.T. and O.R. dedicate this work to Isabella Maria 2 1-

Triolo.

References and Notes

(1) Holbrey, J. D.; Seddon, K. RClean Prod. Processe99 1, 223.

(2) Seddon, K. RJ. Chem. Tech. Biotechn@P97, 68, 351.

(3) Welton, T.Chem. Re. 1999 99, 2071.

(4) Wasserscheid, P.; Keim, \ngew. Chem., Int. EQ00Q 39, 3772.

(5) lonic Liquids IlIB: Fundamentals, Progress, Challenges and
Opportunities— Transformation and ProcesseRogers, R. D., Seddon,
K. R., Eds.; American Chemical Society: Washington DC, 2005.

(6) Electrochemical Aspects of lonic Liquid®hno, H., Ed.; Wiley-
Interscience: Hoboken, NJ, 2005.

(7) Antonietti, M.; Kuang, D.; Smarsly, B.; Zhou, YAngew. Chem.,
Int. Ed. 2004 43, 4988.

(8) Blanchard, L. A.; Hancu, D.; Beckman, E. J.; Brennecke, J. F.

Nature 1999 399, 28.

(9) Earle, M. J.; Esperanca, J. M. S. S; Gilea, M. A.; Lopes, J. N. C,;

Rebelo; L. P. N.; Magee, J. W.; Seddon, K. R.; Widegren, JNAture
2006 439, 831.

(10) Earle, M. J.; Katdare, S. P.; Seddon, K.QRg. Lett 2004 6, 707.

(11) Yamanaka, N.; Kawano, R.; Kubo, W.; Kitamura, T.; Wada, Y.;
Watanabe, M.; Yanagida, &hem. Commur2005 740.

(12) Liu, Q.; Janssen, M. H. A.; van Rantwijk, F.; Sheldon,Green
Chem.2005 7, 39.

(13) Gordon, C. MAppl. Catal., A2001, 222 101.

(14) Kim, K.-W.; Song, B.; Choi, M.-Y.; Kim, M.-JOrg. Lett.2001
3, 1507.

(16) Holbrey, D.; Seddon, K. Rl. Chem. Soc., Dalton Tran4999
2133.

(17) Gordon, C. M.; Holbrey, J. D.; Kennedy, A. R., Seddon, KJR.
Mater. Chem199§ 8, 2627.

(18) Bradley, A. E.; Hardacre, C.; Holbrey, J. D.; Johnston, S.; McMath,

.E. J; Nleuwenhuyzen MChem. Mater2002 14, 629.

(19) Urahata, S. M.; Ribeiro, M. C. Cl. Chem. Phys2004 120,
1855.

(20) Wang, Y.; Voth, G. A.J. Am. Chem. Soc2005 127,
12192.

(21) Canongia Lopes, J. N. A,; Padua, A. A.HPhys. Chem. B006
110, 3330.

(22) Wang, Y.; Voth, G. AJ. Phys. Chem. R00§ 110, 18601.

(23) Hardacre, C.; Holbrey, J. D.; McMath, S. E. J.; Bowron, D. T;
Soper, A. K.J. Chem. Phys2003 118 273.

(24) Deetlefs, M.; Hardacre, C.; Nieuwenhuyzen, M.; Padua, A. A. H.;
Sheppard, O.; Soper, A. K. Phys. Chem. B006 110, 12055.

(25) Harris, K. R.; Kanakubo, M.; Woolf, L. AJ. Chem. Eng. Data
2006 51, 1161.

(26) Kabo, G. J.; Blokhin, A. V.; Paulechka, Y. U.; Kabo, A. G,
Shymanovich, M. P.; Magee, J. WI. Chem. Eng. Data2004 49,
453.

(27) Saha, S.; Hayashi, S.; Kobayashi, A.; HamaguchiChem. Lett.
2003 32, 740.

(28) Hayashi, S.; Ozawa, R.; Hamaguchi, Ghem. Lett.2003 32,
498.



