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We present Car—Parrinello molecular dynamics simulations of the liquid imidazolium chloride/AICl; by inserting one
pair of [C,C4im]Cl into liquid AICIs, forming an acidic mixture. Two different starting conditions lead to two trajectories
from which we harvest structural data. For both simulations, we find large anions within the equilibrium phase: In
both trajectories at longer simulation time, the anion size converges to four monomer units, i.e., to Al,Cl;3~. The
cluster size fluctuations indicate that Grotthus diffusion must play a role. We discuss one possible mechanism of
such a reaction changing the anionic species. This process involves many steps of chlorine rattling, bond breaking,
and bond forming. With the aid of the electron localization function, a probable rationale for the formation of larger
anions is determined: Large anionic species are formed simply to account for the “lack of electrons” present in the
acidic melt.

1. Introduction of AICI 3 in the mixture of MCHAICI 3 (where M is a suitable
cation to obtain an IL or a molten salt), the Lewis acidity
basicity can be altered. Compositions containing an excess
of ClI~ [i.e., x(AICI3) < 0.5] are called basic, and those where
X(AICl3) > 0.5 are called acidi&.>" It is the general belief
that such acidic liquids contain anionic species that are larger
than AICl~, such as AICl;~ or Al3Clio.357 While some-
times it is discussed that only the8ll;~ anion is present,
the larger trimeric anion could be shown to play a role, for

lonic liquids (ILs), or room-temperature molten salts that
consist of inorganic anions and organic cations and that form
a new class of solvents, are increasingly appearing in the
literature because of their interesting properties in chemical
and industrial applications: These liquids are alternatives
to “more toxic” liquids, and their solvent properties can be
adjusted to the particular problem by combining the right

cation with the right anioA?2 A wealth of informative review X
articles on ILs are availabfe? example, by Raman IR spectroscopy studiés Neverthe-

In this study we are interested in 1-ethyl-3-methylimida- less, it is still a matter of debate how large the anionic species

zolium ([C,C4im]*) chloroaluminate based ILs, as discovered 2'¢ and at which composition of AlCthey oceur. One .
by Wilkes and co-worker$Depending on the mole fraction decade ago Oye and co-workers brought up the interesting
guestion of an even larger species, namely, thgCId~

*To whom correspondence should be addressed. E-mail: kirchner@ unit.!? In a thorough investigation of the vapor pressure and

thCThUurﬂi;g?s?t%dgoﬁK')’ Ari.P Seitsonen@iki.fi (A.P.S.). by derivation of a thermodynamic model, the presence of a
£IMPMC, CNRS & UniversitePierre et Marie Curie. tetrameric species could be established together with neutral

(1) Davis, J. H.Chem. Lett2004 33, 1072-1077.
(2) Visser, A. E.; Swatloski, R. P.; Reichert, W. M.; Mayton, R.; Sheff, (9) Dymek, C. J., Jr.; Wilkes, J. S.; Einrasrud, M.; Oye, HPAalyhedron

S.; Wierzbicki, A.; Davis, J. H.; Rogers, R. Chem. Commur2001, 1988 7, 1139-1145.
1, 135-136. (10) Dymek, C. J., Jr.; Hussey, C. L.; Wilkes, J. S.; Oye, H. A.
(3) Cocalia, V. A.; Gutowski, K. E.; Rogers, R. @oord. Chem. Re Thermodynamics of 1-Methyl-3-Ethylimidazolium Chlorid@lu-
2006 150, 755-764. minium Chloride. InProceedings of the Joint International Symposium
(4) Welton, T.Chem. Re. 1999 99, 2071-2083. on Molten SaltsMamantov, G., Blander, M., Hussey, C., Mamantov,
(5) Welton, T.Coord. Chem. Re 2004 248 2459-2477. C., Saboungi, M. L., Wilkes, J. S., Eds.; The Electrochemical
(6) Endres, F.; El Abedin, S. Phys. Chem. Chem. PhyX06 8, 2101~ Society: Pennington, NJ, 1987; Vol. 87-7, pp-24.
2116. (11) Gale, R. J.; Gilbert, B.; Osteryoung, R. lorg. Chem.1978 17,
(7) Wilkes, J. SGreen Chemistr2002 4, 73—80. 2728-2729.
(8) Wilkes, J. S.; Levisky, J. A.; Wilson, R. A.; Hussey, C. Inorg. (12) Oye, H. A.; Jagtoyen, M.; Oksefiell, T.; Wilkes, J.\gater. Sci. Forum
Chem.1982 21, 1263. 1991, 73—75, 183-190.
10.1021/ic0624874 CCC: $37.00 © 2007 American Chemical Society Inorganic Chemistry, Vol. 46, No. 7, 2007 2751

Published on Web 03/02/2007



Kirchner and Seitsonen

Formerly, we could show that the pure AlQonsists of
the dimeric species but also of larger speéfetarger
clusters with a size of up to nine monomer units were also
observed, however only with low probability.

¥
)
¢

trajectory—1

3. Computational Details

We performed the dynamical calculations with the CPMD
code!” We used density functional theory with the general-
ized gradient approximation of PerdeBurke—Ernzerhof
Figure 1. Starting configurations for the simulation of {Ciim]Cl solvated (PBE)® as the exchange-correlation term in the Kelgham
in AlC5. Left panel: trajectory-1. Right panel: trajectory-2. equations, and we replaced the action of the core electrons
on the valence orbitals with pseudopotentials; they are the
same Troullier-Martins ones as in ref 16 for Al and Cl and
of the Vanderbilt ultrasoft tygéfor the C, N, and H of [@C;-
im]*. In this way, we were able to retain the same cutoff
energy of 25 Ry as that for the pure AICIn this case the
saving of computer time is noticeable because only a few
atoms (C, H, and N) bring in the extra terms due to charge
augmentation, and the cutoff energy can be kept low (with
norm-conserving pseudopotentials, one should use760
Ry for a comparable accuracy). We sampled the Brillouin

Al,Cls dimers at high mole fractions of Algli.e, in highly
Lewis acidic mixtures? The different mole fractions of AlGI

in ILs that are genuinely very complex are accompanied by
numerous anions in equilibrium with each other.

The puzzle of different anions and their transformation
into each other have prompted us to carry out-Rairrinello
molecular dynamics (CPMD) simulations in which spontane-
ous events can occdt:'® In CPMD simulations, the
o e e 1412 zone a1 i crpyng prad by cordtors.

tions are computer time intensive because in each step of a ’\\IIVe,d||_(|j the s;rr?ulatlor:stmtthb:VT etntsemble, templ?cyér;% K
long trajectory an expensive quantum chemical calculation a‘n g‘:’gero?gekreeem;;g z;saaaﬂ a‘?ear?nge::i;rrzc?er'st'c
has to be carried out. However, the high computational effort (i P uid) ISt

is well invested because CPMD calculations have a numberfre?uer]lCy ?/]:/595 e, ?dSttrhetCh'Tg .rtno\(/je IOI the ?IQZI f
of intrinsic advantages over either traditional quantum molecules. Ve propagated the velocily Verlet equations o

chemical or classical force-field-based meth&dve un- motion with a time step of 6 ater 0.145 fs, and the fictitious
dertook dynamical CPMD simulations of one pair ob(- electron mass was set to 900 au. A cubic simulation cell
im]CI (1-methyl-3-ethylimidazolium chloride, emim chlo- with art1hedge Iength o.ftl.SOihnm with :iéjrgcilfcile; OJVAICI
ride) in 30 AICk (i.e., modeling the acidic mixture). ?z:\\rlwe;vo fr:zr;?)rieesnzlr%/ ?OS ine glg,ag tfa’ect%c-l. is ?38 0
This Article is structured as follows: First, we discuss the ] ploying - raectory '

. . . _ | d trajectory-2 28.4 ps long.
systems investigated. After this, we present the computanonalpS ong and frajectory ps fong

. . : In the analysis, we used a geometrical criterion to assign
details. Next, we turn to the results with the main focus on S . e
: . S . the connectivity between different molecular motifs in the
the nature of the diverse anions. We will finish the Article

with conclusions liquid. Al and CI atoms were defined to be bound if the
' distance between them is at most 1.5 times the bond length

in the AICl; monomer, leading to a cutoff radius of 276 pm.
Two Al atoms were regarded as belonging to the same cluster

In this Article, we study one [€Z;im]Cl pair solvated in if they are linked with at least one Cl atom bound to both
30 molecules of AIGE see Figure 1. The initial geometry Al atoms by the criterion given above.
was taken from a sample of liquid AlQlith 32 molecules,
where we replaced one dimer with the,{GGim]* cation. 4. Results
We calculated two trajectories, one where in the beginning  4.1. Size Evolution of the Anion Cluster Figure 2 shows
we placed the ions in close proximity (denoted with traj-1 the evolution of the anionic cluster size (counting the number
or trajectory-1; left panel of Figure 1) and one where we of Al atoms in an observed anion) with simulation time.
started from separated ions (abbreviated with traj-2 or  Taking a look at the development of the cluster size, we
trajectory-2; right panel of Figure 1). Within the equilibration  find two regions in the simulation trajectory-15 where both
phase of the simulations, large clusters form already. This jons are close together, one with a cluster size of two (first
is the reason why in Figure 1 there appear large anions g ps) and one with a cluster size of four (last 15 ps), which

2. Systems Investigated

instead of the anions Clor AICI,". is accompanied by fluctuations to a trimer and seldomly to
(13) Kirchner, B.; Wennmohs, F.; Ye, S.; Neese,Grurr. Opin. Chem. (16) Kirchner, B.; Seitsonen, A. P.; Hutter,JJ.Phys. Chem. R006 110,
Biol. 2007, in press. 11475-11480.
(14) Thar, J.; Reckien, W.; Kirchner, Bop. Curr. Chem2007, 268 133~ (17) CPMD, version 3.8; IBM Corp.: New York, 19962003; MPI fir
171. Festkaperforschung: Stuttgart, Germany, 199001. See also
(15) Hutter, J.; Marx, D. Proceeding of the February conferencélichiu www.cmpd.org.
In Modern Methods and Algorithms of Quantum ChemjsByoten- (18) Perdew, J. P.; Burke, K.; Ernzerhof, Rhys. Re. Lett. 1996 77,
dorst, J., Ed.; John von Neumann Institute for Computinglicdu 3865-3868 (original PBE).
Germnay, 2000. (19) Vanderbilt, D.Phys. Re. B 199Q 41, 7892-7895.
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Figure 3. Al—Cl distances (in pm) illustrating the structural diffusion.
The distances marked in black, red, and green belong to the dimeric anion
(<16 ps), and the blue line marks the approach of a neutral dimer to form

even larger clusters (see the gray line in Figure 2). In the tetrameric species. One time step is 1.45 fs long.
trajectory-2 (see the black line in Figure 2), we find that
larger clusters of up to nine units are stable for about 10 ps,
and after this, a cluster size of approximately seven is
populated for 10 ps. In the last time region of trajectory-2,
the average size of the cluster is like that for trajectory-1
about four. Thus, the major cluster size of the anion in
simulations of this kind is four (ACl;37). Experimentally

the accepted picture is that of All;~, and since the seminal
work of Dymek and co-workers, ACl;o~ is proven to play
arole at mole fractions of AlGbeing larger than 0.5Earlier
studies also indicated this trimeric ani®n?2 However, from

a thermodynamic model, Oye et al. were able also to show
that in very high regions af(AICl ) tetrameric anions next

to increasing gamounts of the nc)autral dimeric species arecompound AK?IG' o )

present, which is in agreement with our observatiéns. Structural diffusion in ILs was inferred and observed

Although our main cluster species contains four units, we Préviously by experiment and theory. For example, Seifert
also see fluctuations to other cluster sizes. which is in @nd co-workers obtained a structural diffusion mechanism

agreement with the requirement that the anions must be infOr @ €xcess proton in imidazolium chafttgzurthermore,
equilibrium with each other. Grotthus diffusion for anions in ILs was discussed previously

4.2. Possible Mechanism of Structural Diffusion.The at the experimental data of conductance and viscé3fy.
changes of the cluster size along time evolution can be N AIBrs/TMSuBr (trialkylsulfonium bromide) as compared
understood under the assumption of structural diffusion. {©© HBI/TMSUBr, the authors obtained a 7-fold decrease in
Structural or Grotthus diffusion was termed in liquid water, ViSCOSity but a 24-fold increase in conductaft®. The
and it is a process of concerted bond breaking and forming.V'SCOS'ty change is ascrlb_ed to th_e different ion sizes, while
It allows the proton in water to migrate very fast and to react € conductance change is explained by a Grotthus mecha-
to different ionic specie® nism for the Br exchangé>2®

In Figure 3, we show characteristic ACI distances in 4.3. Interpretation of Lewis Acidity with the Electron
picometers that illustrate one mechanism for such a Grotthus-Localization Function. In order to shed light on the Lewis
like process, namely, the reaction from a dimeric anion plus acidic properties, we calculated the electron localization
a neutral dimer to a tetrameric anion. We observe that the function (ELF) at anions that were extracted from the CPMD
bridged chlorine (&) of the dimeric anion rattles between Simulations and at smaller anions like"Cllypical species
the two Al atoms (see the red line with filled dots and the found in the simulations together with the calculated ELF
black line with open dots in Figure 3). This movement is are displayed in Figure 4.

Figure 2. Evolution of the cluster size (counting the number of Al atoms
in an observed anion) for both trajectories.

to Al' is long and vice versa. The reaction includes several
complicated steps: The terminal chlorine §Glttached to
Al (green line with filled squares) vibrates in phase with
the CP—Al' distance (the black line at time step 47); i.e.,
the Al'—CIt distance is long when the StAI" distance is
short. At the instance where the distance betweenaGd

Al [r(CIP—AI"] is smallest (time step 48) and '@ixhibits

a maximum distance to Ala neutral dimeric unit approaches
and forms a covalent bond (see the blue line with stars
indicating the CHAI'" distance in Figure 3). The approach
from 400 to 200 pm takes 6 fs. It appears as if a (pseudo)
AICl,~ provides electron pairs for the electron-deficiency

mainly such that the distance to'Ad short when the distance For the sake of comparison, we added @hd AICL™,
which we obtained from geometry optimization. ELF is
(20) Rytter, E.; Oye, H. A.; Cyvin, S. J.; Cyvin, B. N.; Klaeboe,JPlnorg. shown for the isosurface value 0.88 (blue spheres). Please
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Figure 4. ELF for different units in blue. I: AlCle. IIl: Al,Cl7~. lll: Al 4Cliz™. IV: AICI4~. V: CI~. Green atoms: Cl. Orange atoms: Al.

v

note that ELF is not an observable but only a concept, suchtion and because in the acidic mixture the size of the anions
as, for example, the oxidation state. However, these conceptss still a matter of debate in the literature, we chose to
have proven to be very useful for chemists. Roughly simulate such an acidic liquid by solvating one pair ofQ¢
speaking, ELF decomposes the electron density into sectionsm]Cl within liquid AICl3. Starting from both close and
of space that correspond to electron pairs. ELF is a function distant ions, the anion size converges to four monomer units
of real space, and high values of ELF indicate high along the simulations. This nicely agrees with experimental
probabilities of electron pairs, i.e., a higher localization of observations of an anion as large as four monomer units,
the electron pairs. In Figure 4, we immediately recognize i.e., Al,Cl;37.*>? What is also visible in the time evolution of

that CI” (V) is a Lewis base and ACI;~ (Il) as well as Ap- both trajectories is that the anion size fluctuates, such that it
Cls (I) are both Lewis acids because Cllisplays a full can be assumed that numerous anion sizes are in equilibrium
sphere, while the dimers exhibit at the' @oms also full- with each other, which infers that Grotthus diffusion must

doughnut-shaped spheres but at the &&bms half-moon- play a role. In our simulation, we chose an example that
shaped spheres. It is obvious that due to the half-moon-serves as one possible mechanism of such a transformation
shaped spheres electron pairs can be accepted at these sitegtween different anionic species. In general, it should be
as opposed to the doughnut-shaped spheres,A(M) fits noted that this process involves many steps of chlorine
this picture because the fourt@oms also are enclosed by rattling, bond breaking, and bond forming similar to the
the full-doughnut-formed sphere. Note that the anionic dimer structural diffusion process of the proton in wateiVith

is connected via shared corners and the neutral dimer viathe aid of the ELF, one rationale for the formation of larger
shared edges; this is displayed in the inlet of panels | and Il anions could be determined. Large anionic species are formed
of Figure 4. Because in the neutral dimer two half-moons simply to account for the “lack of electrons” present in the
are found, i.e., one half-moon per monomer unit, and in the acidic melt. A smaller anion with Lewis base character would
anionic dimer there are 0.5 half-moons per unit, it is clear immediately be captured by the electron-deficiency com-
that either the neutral dimer and/or larger anions (for pound ALCls according to the picture that is provided by
example, 0.75 half-moons per unit in the tetramer) must play the ELF.

a role. These species are formed simply to account for the ,
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In this work, we have presented the first CPMD simula-
tions on ILs built from chloraluminates and imidazolium
chloride. Because the Lewis aciditpasicity properties of
these liquids can be changed by the right choice of composi-1C0624874
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