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Nanostructural Organization in lonic Liquids
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Nanometer-scale structuring in room-temperature ionic liquids is observed using molecular simulation. The
ionic liquids studied belong to the 1-alkyl-3-methylimidazolium family with hexafluorophosphate or with
bis(trifluoromethanesulfonyl)amide as the anionsnin][PFe] or [Comim][(CFsSO,).N], respectively. They

were represented, for the first time in a simulation study focusing on long-range structures, by an all-atom
force field of the AMBER/OPLS_AA family containing parameters developed specifically for these compounds.
For ionic liquids with alkyl side chains longer than or equal t9 &jgregation of the alkyl chains in nonpolar
domains is observed. These domains permeate a tridimensional network of ionic channels formed by anions
and by the imidazolium rings of the cations. The nanostructures can be visualized in a conspicuous way
simply by color coding the two types of domains (in this work, we chose=r@alar and greers= nonpolar).

As the length of the alkyl chain increases, the nonpolar domains become larger and more connected and
cause swelling of the ionic network, in a manner analogous to systems exhibiting microphase separation. The
consequences of these nanostructural features on the properties of the ionic liquids are analyzed.

Introduction Such hydrogen-bond networks observed in soldtame also
o ) found in the solid phase. In fact, the structure of some ILs that
Room-temperature ionic liquids (RTILs) are low-melting are solid at room temperature was determined by X-ray
organic salts whose unique properties have been leading to aryiffraction methods and. in the case of [@im]* ILs, the
increasing number of applications as solvents or reaction media.styyctures show that the solid consists of an extended network
Some of those properties were interpreted as the result of ot cations and anions connected together by hydrogen bonds
structural features of the liquid phase at the molecular level. (through the aromatic hydrogens of the imidazolium ring but
~ One of the most widely used and studied ionic liquid families also through the hydrogen atoms of the methyl or methylene
is the one based on imidazolium cations, in particular 1-alkyl- groups directly attached to the ring), with each cation surrounded
3-methylimidazolium hexafluorophosphatesi@m][PFe]. The by at least three anions and each anion surrounded by at least
cations are composed of a polar headgroup, where most of thethree cations. Although the number of anions that surround the
electrostatic charge is concentrated, and of a nonpolar alkyl sidecation (and vice-versa) can change depending upon the anion
chain, whereas the BF anion is octahedral, hence almost size and the imidazolium alkyl substituents, this hydrogen-
spherical. The main difference between RTILs and simple bonded network of ions is a common feature of imidazolium
molten salt3® is the molecular asymmetry built into (at least crystal$ that is retained in the liquid phase.

one of) the ions, usually the cation, as in the example given.  Neytron diffraction analysis can yield the complementary
This asymmetry opposes the strong charge ordering due to th§jqjig structure information. In the case of the dialkylimidazo-
ionic interactions that normally would cause the system 10 jiym systems, a close relationship between the crystal structure
crystallize, and thus, a wide liquid range is obtained. Due 10 anq the liquid structure was found, emphasizing once again the
the molecular structure of the cations infm][PFe] ILs, liquid importance of the hydrogen-bonding interactions betweenSions.
crystalline phases are obse_rve_d for aIky_I S|_de chains longer thanTne existence of hydrogen-bonded clusters both in the solid
dodecyl, but up to &, the liquid phase is isotropit. and liquid phases was also confirmed by IR and Raman
To our knowledge, Compton was the first author to postulate spectroscopy?-12 NMR,!2 and mass spectromett{15
that ionic liquids containing dissolved water “may not .be The dual nature of @im* ionic liquids, in terms of their
regarded as homogeneous solvents, but have to be consideregijivy to interact through electrostatic and dispersive forces,
as nano-structured with polar and nonpolar regiérts"explain was demonstrated through their use as stationary phases in
the large differences in the diffusion of _neutral and char_ge(_j chromatography® It was found that some IL stationary phases
solutes that are observed when comparing dry and wet ionic oo, retain both polar and nonpolar molecules and, surprisingly,

liquids. These authors did not extend such a hypothesis to pureih 4t separation and selectivity for the series of normal alkanes
ionic liquids, but one of them considered the existence of |y a¢ excellent.

hydrogen-bond networks. Watanabe et & have studied the dependence of viscosity,

diffusion, and ionic conductivity on the alkyl-chain length in
*To whom correspondence should be addressed. E-mail: agilio.padua@ [C.mim][(CF3S0)N] ionic liquids, withn = 1, 2, 4, 6, and 8.

“”?;ﬁgﬂj{g‘gﬂggﬁm Tenico. They observed that viscosity increases and that both the self-

* UniversiteBlaise Pascal/CNRS. diffusion coefficient and the “ionicity”, or “degree of ion
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dissociation”, decrease with increasing chain length. This is a 25 y T T T T T
somewhat surprising result, since one would expect at first view T
that, as the side-chain length increases, the overall contribution 20F [ pemm—— ]
of the strong, associating electrostatic (and hydrogen-bond) IV ===
terms to the interactions diminishes, while the contribution of = 15k \X T
weaker, nonassociating dispersion forces increases. As a con- &

sequence, it could be anticipated that the viscosity would ('5— 10

decrease as the size of the nonpolar part of the cations becomes @ \/%"«
larger. Evidently, this is not the case. The justification put

forward by several authol®!’ is that it is the increase in the 05 1
van der Waals interactions due to the presence of a long alkyl

chain that leads to higher viscosities. But, this argument seems 0.0 . L L L L L .

to arise from a simple correlation of what is observed, not having /&
a strong molecular basis. These authors therefore focused on ] o r A_ o )

the relative importance of electrostatic and dispersive interac- Figure 1. Site—site intermolecular radial distribution function of the
. . ) L . terminal carbon of the alkyl side-chain in 1-butyl-3-methylimidazolium
tlo“n_s but still ConS|de,red the ionic Iqu|ds to be structur(_ed like hexafluorophosphate, after several independent simulations.

a “simple molten salf (charge-ordering structure) and did not

postulate the emstgncg of separate microdomains. low density arrangement of ions took 500 ps. They were
Molecular modeling is a powerful tool to access condensed- ¢, 1owed by trajectories of 500 ps at constant p, T), p= 0.1

phase structure, but most of the simulation studies with ILs b4 Ewald summation was used to account for the long range

carried out so far concentrated on the local scale around a givenyeractions. We will discuss here almost exclusively the results

cation or aniort?"2* providing results that agree with many of  ,pained with the large systems, since those are less prone to
the structural features found in diffraction experiméhts. artificially induced periodic structures.

On the basis of computer simulation, the long-range structure lonic liquids of the alkylimidazolium family have slow

of ionic liquids was discussed by Urahata and Ribéfraho, microscopic dynamié3d with the diffusive regime attained only

utsmgt a urfutetd-atorir: m.0d6|| of |m|dazoI|u;n ILs, okbtezlhnej[d statlct after trajectories of the order of 1 ns. To ensure that the pres-
structure factors Snowing low wave-veclor peaxs that aré not o,y agits are statistically signifficant, simulations starting

ch%racttenstt;]c Ofli'rlnp.I: mt;ltt_an_salts. Tth?e peaks begatere MOr&om independent equilibrated configurations ware performed
evident as the alkyl side-chain increased fromtd@XCs and then 4 4eir results were compared. First, a simulation box was

to G, indicating long-range ordering. Wang and Vitiery equilibrated as indicated above and a production run was

recently re_por(;ed ‘Zﬁ‘}mﬁﬁ‘ef S.:ijkTan IsLtudyh donte_lusmg 4 executed. Starting with the last configuration of the production
coarse-grained mode’ for e Imidazofium 1S, Where tai-group ., - ye system was then ran for 200 ps at 400 K without

(S'de'Cha'ré) tﬁggregatlonhls orl?served, whlledt.h;a.gapon han"electrostatic interactions, under a pressure of 30 MPa to avoid
groups and the anions show homogeneous distrioutions. Ver\/aporization. In this manner, the main force contributing to the

with SU(‘;.h afsmph?ed model, theg_e a;Jthtcr)]rs obszved tail spacial organization of the ionic liquid was removed and the
aggregation for systems corresponding to the rang Cs mobility of the now uncharged “ions” was greatly augmented.
but no aggregation for shqrter chains. These author_s spggesteqln fact, this uncharged system seems to evolve toward a
that “the aggregation of tail groups should clearly exist in most demixing of “cations” and “anions”.) Then, the electrostatic

organic ionic liquid systems*? . . .. terms were reactivated and the system was again equilibrated

In the present work, we use for the first time atomistic . 300 k and 0.1 MPa for 200 ps. Finally, a new production
simulation to focus on the nanoscale structuring ghiin” salts run of 200 ps was executed. The procedure consisting of a high-
n th? liquid phase, witim = 2 up to 12, a'nd. study the; effect of temperature anealing of the uncharged system followed by a
varying the length of the alkyl side-chain in the cations on the oqqilibration with the full force field was repeated several
long-range structures. times. The radial distribution functions obtained from the
different cycles are in close agreement, as demonstrated by the
example in Figure 1.

When studying microstructured fluids, the size of the systems  The first indication that clustering of the nonpolar side-chains
and the duration of the simulations are of particular impor- in pure ionic liquids was occurring arose from an analysis of
tance: periodic boundary conditions can induce artificial finite- the intermolecular end-carbon to end-carbon-ssiée radial
size effects on the length scales of the observed nanostruétures, distribution function (RDF). As shown in Figures 1 and 2, a
and the slow dynamics of ionic liquids require long simulations. marked first peak is present for,CCq, and G, indicating
Even facing these exigences, we opted to represent the systemslustering of the alky! tails. Such a marked peak is absent in
by an all-atom force field?-28which is based on the AMBER/  Cz, meaning that in this IL the nonpolar chains are too small
OPLS_AA frameworkR®3%but was to a large extent developed and are found to be “diluted” in a medium where strong
specifically for ionic liquids. We estimated that accurate electrostatic interactions prevail. Such a medium is formed by
conformational energetics and finely detailed electrostatic chargethe anions and by the imidazolium rings of the cations, where
distributions are relevant when trying to render subtle energetic the positive charge is concentraféd.
or configurational features, such as the ones responsible for the To identify more precisely which parts of the ions can be
nanostructuring. considered to be forming the “charged” and the “nonpolar”

The molecular dynamics runs were performed using the regions, the partial charge distributions generated for the
DL_POLY program! on cubic boxes af = 300 K. Simulations molecular force field 28were inspected. Atoms that we assign
were run with different system sizes: 256, 500, and 700 ions. to the charged regions are, in the imidazolium cations, those of
For the heaviest of the ionic liquids, {@nim][PFg], the large the imidazolium ring, plus atoms bonded to these, and also
system contained 19 600 atoms. Equilibrations starting from a hydrogens bonded to the first carbons of the alkyl chains (those

Results and Discussion
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Figure 2. Site—site intermolecular radial distribution functions of the
terminal carbon of the alkyl side-chain in several ionic liquids composed
of 1-alkyl-3-methylimidazolium cations and P&t (CRSO,).N~ anions.

Figure 3. Mapping of the electrostatic potential onto an isoelectronic {e)

density surface obtained ab initio at the MP2 level (darker blue shades Figure 5. Snapshots of simulation boxes containing 700 ions of
represent more positive reglons) in then@m™ cation. Details of the [C.mim][PFs]. The application of a coloring code enables clear
calculations can be found in the literatire. identification of the charged and nonpolar domains that form in ionic
liquids. The lengths of the box sides are given: (anin][PFs] CPK
coloring; (b) [Gmim][PFs] same configuration as in a with red/green

v (charged/nonpolar) coloring; (c) [@im][PFs] | = 49.8 A; (d)
&’f [Cemim][PF] | = 52.8 A; () [GmIM][PFs] | = 54.8 A; (f) [Ciamim]-
[PFs] 1 =59.1 A.

Figure 4. Coloring code used to distinguish the “polar” from the SOMe cases, dispersed microphases (§) @, in others,
“nonpolar’ regions of the ions: (left) Corey, Pauling, Koltun continuous ones (in {).
(CPK) coloring; (right) red/green coloring. The example given is The simulation snapshots of Figure 5, especially those
[Csmim][PFe]. rendered under the red/green polar/nonpolar convention, provide
a powerful visual insight into the nature and evolution of the
connected to the imidazolium nitrogens); atoms that we identify observed structures as the length of the nonpolar chain is
as forming the nonpolar region of the ion are those frominC  increased. However, a more complete analysis can be performed
the alkyl chains onward. The rationale for such a division is if the radial distribution functions (and corresponding static
illustrated in the electrostatic surface potential plot in Figure 3. structure factors) are considered.
In anions such as BfF PR, CRSG;~, and (CESO).N-, all Polar Tridimensional Network. All of the IL structures in
atoms belong to the charged set. Figure 5, from Gmim to C;omim, exhibit polar (red) domains
Visualization of the charged and nonpolar domains that that become more and more permeated by nonpolar (green)
eventually form in the liquid phase can be achieved in a very regions but, nevertheless, manage to preserve their continuity.
effective way by applying a coloring code: red was chosen for An analogy can be made to a gel, where, despite the eventual
the atoms of the charged or “polar” regions, and green, for those swelling of the system, the interconnectivity of the cross-linked
of the nonpolar ones, as in Figure 4. Examples of simulation phase remains intact.
boxes containing ionic liquids are shown in Figure 5. To confirm the persistence of the polar structure as the alkyl-
The results of the present study agree with those of Wang chain length increases, we first analyzed the angmon center-
and Vott#> concerning the broad picture, but our use of an of-mass RDFs, shown in Figure 6a. It is obvious that the anion
explicit-atom model provided additional detail. The distribution anion distances remain the same in all ILs, meaning that the
of the charged domains is not homogeneous, but instead, it hagpresence of longer alkyl chains will have to be accommodated
the form of a continuous tridimensional network of ionic for without disruption of the cationanion network and their
channels, coexisting with the nonpolar domains which form, in characteristic distances.
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Figure 6. Center-of-mass radial distribution functions between an&mon (aa) and cationcation (cc) pairs in [@mim][PFs]. Pairs denoted as
il and ia correspond to (the centers of mass of) the imidazolium rings in the cations relative to each other and relative to the anion, respectively.

The analysis of the catiercation center-of-mass RDFs Sl T A coc2 -----
shown in Figure 6b does not yield such a clear picture: although C4-C4 —-—--
the positions of the first peaks remain constant fgmn and 20r ¢ 1(1:86?13 T
Cemim, the height and definition of these peaks diminish as C12-012 weeveeeee ]
the alkyl chain becomes longer. This is the consequence of two 15[ .
factors: First, in cations with longer side chains, a higher = N
proportion of the atoms do not belong to the polar network. 2 40 v,ﬂf*-'\\‘ e
Second, the fact that the larger cations are more flexible in their \ -
conformations means that the center of mass is away from the 05 L b
polar headgroups and may even be positioned somewhere ]
“outside” the molecule. Therefore, a RDF considering the center . ) . .
of mass of entire cations cannot capture correctly the structure 0.0 0 8 12 16

of the polar domain. r/ &

Thus, we calculated for [Gmim][PFg] the cation-cation Figure 7. Intermolecular atomatom radial distribution functions
RDF considering only the centers of mass of the imidazolium between several equivalent carbons along the alkyl side-chain in
rings and the adjacent atoms (the atoms colored red in Figure[Cizmim][PF].

4). The RDFs presented in Figure 6¢c are similar to those

obtained for the anioranion pairs and emphasize that only behavior is apparent in all ILs with the nodes appearing always
the imidazolium rings and the adjacent atoms belong to the polarat the same distance (cf. Figure 6a together with Figure 6d).
network. Conclusions similar to the ones drawn for the arion Nonpolar Domains. The formation of a nonpolar domain
anion RDFs can be reached. was first suggested by analysis of the alkyl-chains’ end carbon

Finally, the RDF between the (center of mass of the) anion RDFs (see Figure 2 and the corresponding discussion). Here,
and the center of mass of the imidazolium ring (including We try to convey structural information about the typical size
adjacent atoms) was considered, and it is shown in Figure 6d.and topology of the nonpolar domains. RDFs taking into account
The most conspicuous feature of this RDF, when taken togetherall the atoms of the side-chain do not yield any insightful results
with the anion-anion and cationcation RDFs, is that the  since these RDFs do not show pronounced peaks, due to the
former function is in opposition of phase with the latter two, multiple possible combinantions (and therefore distances) of
the typical charge-ordering structure being recovered. Suchpairs of atoms along the alkyl chain.
behavior is logical if we take into account the electrostatic nature  One solution is to select only some pairs of carbon atoms.
of the interactions between anions and cations: the first neighborSuch a procedure was implemented fornf@im][PFs], and
shell of a given ion is always populated by ions with inverse Figure 7 represents the RDFs between pairs of equivalent carbon
charge (hetero interactions), the second shell, by ions with atoms as one moves along the alkyl chain, from its end carbon,
charges of the same sign (homo interactions), and so forth. ThisC12, toward the imidazolium ring: C11, C8, C4, and C2. The
means that the homo pair RDFs (e.g., arianion) will have  trend is obvious: as we proceed along the chain toward the
peaks and troughs corresponding to even and odd-shell distancesging, the first peak decreases in intensity until we see a trough
respectively, while the inverse is valid for the hetero pair RDFs for C2. There is stronger spacial correlation between the ends
(anion-imidazolium ring of cation). of the tails than between the parts of the chain that are closer

The final demonstration of the persistence of the polar to the polar headgroup. This is an analogous situation to that
network from Gmim to Comim is that this out-of-phase  found in spherical micelles.
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Figure 8. Topology of the nonpolar domains. The snapshots are of simulation boxes containing 700 iofiof][BFs] with only the atoms of
the nonpolar domain represented: (leftyf@m][PFe]; (middle) [Camim][PFg]; (right) [Cemim][PFe).

The C4-C4 RDF in [Gomim][PFs] (Figure 2) can be 20 T © :Tnm][PFG]I—
compared to the end-carbon RDF insf@im][PFg] (Figure 7). [ :(\' [Cimim][PFG] _____
Interestingly, for C4C4, the first peak corresponds to a 15 E .‘ [Cemim][PFg] ------
probability slightly higher than that found for the isotropic bulk [ 2 [Cgmim][PFg] - ]
density (1 in the normalized scale) whereas for the end-carbon (Comim][PFg] —-—-— ]
of [C4smim][PFs] the RDF shows a strong first peak, meaning o
that spacial correlation is stronger between the terminal carbons
of the chains, even if they are of different lengths. It is observed
that the nonpolar domains in the ILs become thicker as the alkyl
chain lengthens, as illustrated in Figure 8. Connectivity between
nonpolar regions is absent in J@im][PFg], already present in
[C4mim][PFg], and ubiquitous in [@nim][PFg].

From Microdisperse to Bicontinuous MicrophasesWhen
the information gathered in the two previous sections is put
together, i.e., one persistent tridimensional polar network
becomes permeated with increasingly larger nonpolar domains,
the evolution observed in the snapshots of Figurefatan be
understood. We are now in position to quantify the characteristic
length scales of such structures. To achieve that, the radial
distribution functions between centers of mass (COMs) belong-
ing to the polar (red) and nonpolar (green) regions were
calculated. The “red” COMs are those of the anions and of the
imidazolium rings (and adjacent atoms) in the cations; the k/&™"

“green” COMs are those of the alkyl chains. The static partial Figure 9. Static structure factors for j@im][PFs] calculated from
structure factorsS;j(k), corresponding to the partial RDFs, radial distribution functions: (top plot) total structure factor considering
Oi (r), were calculated by Fourier transform according to eq 1, the_ centers of ma_ss of the polar and no_npolar atom groups from the
wherep is the number density of centers of mass considered cation and the anion; (bottom plot) partlal structure factors between
(two in each cation and one in each anion). centers of mass of the nonpolar regions.

S(k)

S(k)

A TABLE 1: Length Scales of the Polar/Nonpolar Domains
(k) = TP Cr ey — i Obtained from Analysis of the Static Structure Factors, in
Sk=1+ k -[0 [9(r) = LIr sin(rk) ar 1 lonic Liquids with Increasing Alkyl-Chain Length

To obtain a total structure factor, the partial structure factors 'On"C liquid peak wavenumber (A) length scale (A)
were combined using eqZyherex is a fraction of the centers {gzm:m}%ﬁiﬁ% 8-22 E
. — 2 —1 4 6. .
of mass: Xeq = 4/3 andXgreen= /3. [Comim][PF] 050 13
[Csmim][PF] 0.43 15
SK =5 > xx§K @) [Coomim][PF] 0.3 20
T

of interest to evaluate the characteristic wavelength of the polar/
The results for the total structure factors for a series of ILs are nonpolar domains lies between those two peaks, namely, the
shown in Figure 9. small peaks at about 0-4.5 A1 (see inset in Figure 9). The

The most conspicuous features in the structure factors arepeak for [G2mim][PFs] could not be accurately resolved due

the strong peaks around 1.4 $that correspond to a wavelength  to its superposition with the peak of the box boundary, but its
of around 2/1.4 = 4.5 A, i.e., to the distances between position could nevertheless be inferred approximately. The peak
successive neighbor shells in the liquid structure (irrespective wavenumbers correspond to the length scales presented in Table
of the green or red nature of the neighbors) and a smaller peakl. The domains’ length scales in the different ionic liquids can
around 0.2 A1 corresponding to a wavelength of around 30 A, be visualized by comparing the values in Table 1 with the
which is the size of the simulation boxes and also the cutoff pictures in Figure 5, taking into account the lengths of the
distance in the RDFs. No attempt was made to artificially extend simulation boxes given in the figure caption.
the range of the radial distribution functions in order to correct ~ From the total structure factors (Figure 9 top plot), it would
the behavior of the structure factors at short reciprocal lengths seem that the structure of f@im][PF] resembles closely that
and, in this manner, eliminate artificially such a peak. The region of the remaining ILs. However, a closer analysis of the partial
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structure factor corresponding to the nonpolar regions only  (2) Hansen, J. P.; McDonald, I. Rheory of Simple Liquid2nd ed.;
(Figure 9 bottom plot) shows, through the succession of peaksAcademic Press: London, 1986.

at short reciprocal lengths present in the long-chain ILs, that ~ (3) Hansen, J. P.;McDonald, I. Rhys. Re. A 1975 11, 2111.
structuring of the nonpolar domains is indeed absent in Man(:;_) ghogr?]‘inég% é\”'égzo?'_brey' J. D.; Kennedy, A. R.; Seddon, K.JR.
[Comim][PFe]. The peal_<s at short reciprocal Iengthg in the total (5) Scraer, U.; Wadhawan, J. D.; Compton, R. G.; Marken, F.; Suarez,
structure factor of [@nim][PFs] are due to structuring of the  p. A. Z.; Consorti, C. S.; de Souza, R. F.; DuponiNéw J. Chem200Q

polar domain. 24, 1009.
(6) Dupont, JJ. Braz. Chem. So2004 15, 341.
Conclusion (7) Consorti, C. S.; Suarez, P. A. Z.; de Souza, R. F.; Burrow, R. A,;

Farrar, D. H.; Lough, A. J.; Loh, W.; da Silva, L. H. M.; Dupont, 1.

Computer simulation using an all-atom force field predicted Phys. Chem. R005 109, 4341.
that pure ionic liquids of the 1-alkyl-3-methylimidazolium (8) http://www.ccdc.cam.ac.ok/ (accessed Jan 2006).
family show structuring of their liquid phases in a manner that (9) Hardacre, C.; Holbrey, J. D.; McMath, S. E. J.; Bowron, D. T.;
is analogous to microphase separation between polar andSOF’fOr' g_ K.J. ih?wm' ghyszlt()og 13183273H N ELR L w
nonpolar domains. It was observed that the polar domain hasW”(keS), J_'eg‘zr_' A 6hem?36a§88”11rd 2762'2‘_8“ - B Rovang, J. W,
the structure of a trldlmensmr_]al_network of ionic cha_mnels, (11) Hayashi, S.; Ozawa, R.; o Hamagushi,Ghem. Lett2003 32
whereas the nonpolar domain is arranged as a dispersedyggs.
microphase for ethylmethyllmldazollum ILs and as a continuous (12) Ozawa, R.; Hayashi, S.; Saha, S.; Kobayashi, A.; o Hamaguchi,
one for longer side-chains, such as hexyl, octyl, or dodecyl. In H. Chem. Lett2003 32, 948.
our systems, the butyl side-chain marks the onset of the (13) Fannin, A. A, Jr; King, L. A Levisky, J. A.; Wilkes, J. 3.
transition from one type of structure to the other. Phys. Chem1984 88, 2609. _ _

The present results agree with other simulation work reported ¢ (Eljr) ?b&ﬂieg‘;éé‘rbﬁig%?“éw'Z'Z'SE" Greenaway, A. M.; Seddon, K.
in the literature, namely, by Urahata and Rib&rand by Wang '(15)' Gozzo. F. C.- Santos. L. S.- Augusti R.: Consorti, C. S.: Dupont
an Voth?5 although different system sizes, depths of analysis, J.: Eberlin, M. N.Chem—Eur. J. 2004 10, 6187. T '
and details in the description of molecular interactions were  (16) Anderson, J. L.; Armstrong, D. WAnal. Chem2003 75, 4851.
used in these other reports. (17) Tokuda, H.; Hayamizu, K_; Ishii, K.; Susan, M. A. B. H.; Watanabe,

Although no direct experimental evidence at the molecular M. J. Phys. Chem. 005 109, 6103.
level was found in the literature to corroborate these simulation _ (18) Bonfige, P.; Dias, A.-P.; Papageorgiou, N.; Kalyanasundaram, K.;
results, they can help to explain a number of other observations,Grazel’ M. Inorg. Ch?m'l.g% 35, _1168'
already discussed in the Introduction. For example, we can now (19) Hanke, C. G.; Price, S. L.; Lynden-Bell, R. Mol. Phys.2001

99, 801.
attribute the behavior in viscosity, diffusion coefficient, and ionic 20y de Andrade, J.; Boes, E. S.; Stassen]HPhys. Chem. R002
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