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What are Ionic Liquids?!

n  Molten salts with a melting point below 373 K 
(NaCl has 1074 K)!

n  Green solvent: vanishing vapor pressure, 
environmental friendly, non-flammable !

n  Applications: catalysis, battery solvents, solar 
cells,…!

n  Designer solvents …!



Design Principles…!
To produce an ionic liquid one has many choices: 

• Variation of cation 

• Variation of side chains for immidazolium 

• Variation of anions 

• Mixtures, chiral solvents, ILCs 

Normally one a posterio measures the properties 

Desire for rational design, i.e. predicting properties 
before synthesis: Can one model ILs a priori? 
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imidazolium based cations: [CnMIM] – with n=1,2,4
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400 K, (10.19 Å)3, 84.02 ps; (8) 48 MMAN ion pairs where 100
snapshots were randomly selected for analysis from the trajectory
of ref 14; (9) 8 ion pairs MMIM Cl, 425 K, (11.62 Å)3, 79.66 ps.
The latter was done with the same setup as the corresponding
larger system of 30 MMIM Cl pairs.19 The two larger systems of
48 ion pairs of EMIM SCN and 64 ion pairs of EMIMDCAwere
used here as preliminary tests to indicate possible size effects on
the distributions of the dipoles and on the correlations studied.
The large computational effort required allows only for short
simulations, and technically, it is important to justify why one
may use a short equilibration time in this context. The starting
configurations obtained from the equilibration by classical simu-
lations gave interatomic forces which were smaller than 0.003 au
after the first step of the quantum calculation. This implied that
the starting configuration provided a reasonable overall liquid
structure and that the equilibration time chosen (0.5 ps) was
sufficient to equilibrate the local electronic degrees of freedom.
As a further test, we considered 10 uncorrelated classical config-
urations to sample statistically the liquid structure found in the
classical molecular dynamics (MD). After performing a wave
function optimization, the largest force acting on an atom was
below 0.004 au for each of them. In a similar study of ionic liquids
in literature, a much larger value of 0.1 au was taken for
identifying equilibrated (at quantum level) configurations ob-
tained from classical samples.30 The resulting electron densities
were used to calculate dipoles and their distributions; we found
the same results obtained for smaller systems. Since we did not
consider quantities linked directly to the dynamic properties of
the system (for which a long equilibration is mandatory), the
technical set up used for these larger calculations was sufficient to
represent a preliminary test. The dipole moments were calcu-
lated using the maximally localized Wannier analysis31,32 every
500th time step. In general, density functional theory (DFT) and
Wannier center-based dipole moments were found to be con-
sistent with experimental values for single molecules in the gas
phase.33,34 For 100 snapshots per system, the Bl€ochl analysis was
done as in ref 9.

3. RESULTS AND DISCUSSION

3.1. Molecular Dipole Moment As Physical Indicator.
In general, the electric dipole moment of an ion (denoted as
dipole in the following), contrary to that of a neutral molecule, is
not defined uniquely, as it depends on the arbitrary choice of the
origin with respect to which it is calculated. This implies that the
absolute value of ionic dipoles does not have a physical quanti-
tative meaning but, defined in a consistent way for all systems,
can be employed for a systematic comparison among different
ions to identify some generic trends. Here, the dipole moment of
imidazolium ions is calculated with respect to the geometric
center of the five ring atoms (COR), the dipole moment of all

other ions with respect to the geometric center of all atoms
(COG). However, our findings are largely independent of such a
choice. Molecular dipoles in ILs are also not experimentally
measurable, however, they represent a powerful tool for a
theoretical interpretation of the system properties. In fact, the
ion dipole moment is an indicator for charge displacement as well
as (being a vector) local molecular packing. It sums up electronic
and steric influences and describes the interplay of charge and
shape; hence, it represents an accurate descriptor for the varia-
tion of the ion’s electrostatic properties upon local liquid
configurational changes. Moreover, the evaluation of dipole
correlations along the whole system provides information about
the effective range of electronic interactions.
3.2. Fluctuations. Figure 2 reports the dipole distributions of

anions and cations for all the systems considered. In general, the
distributions are broader compared to those of nonionic liquids,
such as liquid water.33 The MMIM and EMIM cation dipole
distributions have about the same mean value with a strongly
pronounced spread in all three cases essentially independent of
the counterion. For the chemically more different anions of the
imidazolium ILs, a trend emerges: given the size of each specific
anion, the spread of the distributions is also very pronounced and
rises as the size and polarizability of anions increase. In fact, a
larger size can imply a larger number of both conformational
degrees of freedom (e.g., internal vibrations and local motion of
the side chain) and electronic degrees of freedom (i.e., possibility
of polarization). We may conclude that all these imidazolium
systems are characterized by large electrostatic fluctuations and
that the difference between the imidazolium systems is dictated
mostly by the nature of the anion and not so much by the
chemical specificity of MMIM or EMIM. Going beyond imida-
zolium-based systems to the protic IL MMAN, we have found
that this general trend still holds although in reverse order, i.e.,
the anion has a broader dipole distribution than the cation, which
can bemotivated by the larger van derWaals volume of the anion.
Interestingly, the gas-phase polarizibility of the nitrate anion is
significantly lower than the ones of the SCN or DCA anions, but
the nitrate dipole distribution has a larger spread. This suggests
that, in general, all these systems are characterized by strong
electrostatic fluctuations. The natural question arising at this
point is what the origin of these fluctuations is: Are they the
product of bulk density fluctuations on a large length scale, or are
they the result of very local but largely diverse molecular packing?
A comparison with the results obtained with classical flexible

models shows that the spread of the dipole distribution of the
quantum chemical calculations is 50% larger than that of the
classical studies. Furthermore in quantum chemical calculations,
the ions dipole moment distributions of a gas-phase ion pair are
also broad. The spread is larger compared to the liquid phase.
This is mainly due to the large number of ion pair configurations
associated with strong mutual polarization. The results above

Figure 1. Presentation of one mesomeric structure of (a) MMIM Cl, (b) EMIM SCN, (c) EMIM DCA, and (d) MMAN.

Protic IL:  
monomethyl 
ammonium 
nitrate (MMAN) 

Investigated Systems!
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F. Dommert et al., Force Fields for Studying the Structure and Dynamics of Ionic Liquids: A Critical 
Review of Recent Developments, ChemPhysChem 2012, http://dx.doi.org/10.1002/cphc.
201100997. 

Problems with Current IL Classical FFs!

§  Dynamics an order of magnitude to slow 

§  Dielectric properties questionable 

§  Missing transferability 

§  Slow dynamics makes it time consuming to 
parametrize them 

§  Polarizability often not taken into account 

§  StandardFF CLaP: C. Lopez and A. Padua, J. 
Phys. Chem. B 110, 19586 (2006) 



Previous Charge Scaling Approaches!

Conventional Solution: semi-empirical approach 
(“engineering”): 

•  Global scaling of ionic charges to q < ±1:  

•  Müller-Plathe et al. (1996), Morrow and Maginn (2002), 
Bühl et al.  (2005), Bhargava and Balasubramanian 
(2007), Youngs and Hardacre (2008); may need 
additional refinement to reproduce the density correctly 

•  Drawback: many parameters, little physical guidance 



Previous Charge Scaling Approaches!

Conventional Solution: semi-empirical approach 
(“engineering”): 

•  Global scaling of ionic charges to q < ±1:  

•  Müller-Plathe et al. (1996), Morrow and Maginn (2002), 
Bühl et al.  (2005), Bhargava and Balasubramanian 
(2007), Youngs and Hardacre (2008); may need 
additional refinement to reproduce the density correctly 

•  Drawback: many parameters, little physical guidance 

•  Our approach: fitting the electron density of a bulk 
system using the Blöchl method  

•  Partial charges derived from ab initio results... 



Ab initio CPMD Results for the Bulk!

•  Charge fitting for 100 
snapshots from the 30 
IP CPMD simulation 

•  Using Blöchl method 
•  Corresponds to 3000 

IPs 

CPMD

CLaP- FF 

Charge screening 
reduces charge to 
±0.63 



Charge Scaling is general in ILs:!
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indicate that while, in general, the large spread seems intrinsic to
ILs and their electronic properties, the actual dipole moment
distributions are very sensitive to the specific ions environment.
The decisive interactions are characterized by a certain range that
needs to be quantified.
In the next section, we address this point by comparing various

correlation functions and by comparing large systems with
smaller systems of eight ion pairs.
3.3. Locality. Figure 2 reports the dipole distributions for both

the large systems considered and their thermodynamical equiva-
lent systems of eight ion pairs. It is remarkable that the ion dipole
moment distributions of the large systems and the eight ion pair
systems are the same in all cases. A possible scenario emerging
from this comparison is that an ion is influenced only by its
immediate neighbors in the short time and seems to not
experience perturbations from the long-range behavior of the
liquid. Indeed, the counterions in the first shell overcompensate
the charge of an ion, thus, showing overscreening.20,35,36This result
would strongly support the idea of ions rattling in a long-living
ion cage proposed in literature.14,37!40 The statement above is
certainly true for the simulations done here. However, at this
stage, it should not be taken as a general claim but only as an
indication of a possible trend. In fact, the box sizes of the systems
providing a statistically significant set of reliable data (i.e., ion
pairs <48) are truncated at distances well short of those where the
radial distribution functions go to unity. It is, however, rather
encouraging that short simulation tests on larger systems (48 ion
pairs EMIM SCN and 64 ion pairs EMIM DCA), which do not
suffer from the limitation above, confirm all the conclusions
reached here. To further check the idea of locality, we test the
range of extension of three types of electrostatic interactions:
monopole!monopole, monopole!dipole, and dipole!dipole.
The interionic radial distribution functions would not capture the
electrostatic effects, as they are dominated by excluded volume
interactions. To obtain the monopole interactions between ions,
we fit a set of partial charges on the atom centers that give a best

fit to the multipole moments of the bulk ion configurations in
Fourier space via the Bl€ochl method.9,41 Surprisingly enough, we
find for all investigated systems, ionic charges considerably less
thanone, in the range 0.55!0.7 in units of the elementary charge e, see
Table 1. Force fields with ad hoc reduced ionic charges,21,37,42

treating this just as another free parameter in the force field
description, have been partially successful to reproduce dynamical
quantities of ILs besides the static ones. In this context, our results
suggest that the charge reduction may be a real physical effect as
proposed by experiments.43 For instance for EMIM DCA, the
reduced charges correspond to an electronic dielectric constant
εel = (q/qeff)

2 ≈ 2.2, which is in agreement with the experimental
refraction index n = (εel)

1/2≈ 1.5 44 Moreover, the cation charges
in the large and the small systems obtained via this analysis are the
same within the standard deviation in all cases, demonstrating that
this charge reduction effect takes place over a range of only a few
angstroms. Thus, eight ion pairs are sufficient to reproduce the
effective monopole structure of each ion. For the monopole!di-
pole correlation, we consider the angular distribution between the
dipole of an ion and the vector from the ion’s center of reference to
another ion’s center of charge (COC), e.g., taking one cation per
time as reference: cos Φ = μcat

ref
3 rcat
shelli/|μcat

ref| 3 |rcat
shelli|; μcat

ref is the
dipole of the reference cation, while rcat

shelli is the vector from the
COR of the reference ion to the COC of cations in the ith radial
bin (i = 1: below 5 Å, i = 2: 5!7 Å, i = 3: 7!9 Å, i = 4: above 9 Å).
All possible distributions were calculated: μan! ran, μan!rcat,
μcat!ran, and μcat !rcat. Similarly, all possible dipole!dipole
angular distributions as μan!μan, μcat!μan, and μcat!μcat were

Figure 2. Dipole moment distributions for large and small (g30 and 8 ion pairs, respectively) IL systems of (a)MMIMCl, (b) EMIM SCN, (c) EMIM
DCA, and (d) MMAN.

Table 1. Cation Charges in Units of e Obtained via Bl€ochl
Analysis9

system MMIM Cl EMIM SCN EMIM DCA MMAN

g30 0.63 ( 0.15 0.56 ( 0.25 0.67 ( 0.21 0.55 ( 0.29

8 0.64 ( 0.16 0.56 ( 0.25 0.70 ( 0.19 0.56 ( 0.27
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studied as in ref 19, e.g.: cos ϕ = μcat
ref
3μcat

shelli/|μcat
ref| 3 |μcat

shelli| in which
μcat
shelli is the dipole of cations in the ith radial bin. As examples,

μcat!rcat and μcat!μcat of the 30 EMIM DCA system are given in
Figure 3. Basically, the dipole of a cation correlates only in the very
immediate neighborhood with both the direction to the COC and
the dipole of cations, while displaying no preferential alignment
beyond this short range. All other distributions give the same
qualitative picture. For the cation!anion and the anion!anion
dipole!dipole angular distributions, only a negligible preferential
order is observed even in the first radial bin, while the correlations
of the dipoles and the COC directions decay slower. In any case at
distances above 8 Å, there is no preferential alignment in any of the
distributions. Given the diversity in the chemical structure of the
ions of each system and the fact that the short simulation tests on
larger systems confirm the results, we are tempted to propose that
the locality and the fluctuationsmay be a general characteristic of, at
least, a large class of ILs. The question arising at this point is what
happens at the local level that produces these pronounced fluctua-
tions? We can provide some hints for the imidazolium-based case.
We have found that the dipole moment distribution of ions

depends neither on the overall numbers of close cations or anions
nor on the magnitude of dipole moments of adjacent ions.
However, there are some geometries15 that may, at least in part,
clarify the molecular origin of the dipole fluctuations. We have
identified two counterbalancing aspects: ring stacking that lowers
dipole moments and hydrogen bonding that increases them.45,46

Although the complexity is much higher and probably involves
several other balancing effects, a basic qualitative explanation of
locality and fluctuations is given by the fact that as ions move
between evironments that are hydrogen bonding dominated to
those which are ring stacking dominated (and vice versa), the
dipoles change from larger to smaller values (and vice versa)
leading to a broad distribution.

4. CONCLUSIONS

We have studied a series of imidazolium-based ILs and, for
comparison, one protic IL of different chemical nature. For all
systems, we find that static electrostatic properties are the result
of two main aspects: locality and fluctuations. Basic considera-
tions about the physics of these systems lead us to propose that
these two aspects may actually be a more general signature for a
larger class of ILs. Despite the fact that properties of electrolytes

are governed mainly by long-range electrostatic interactions, we
found that the electrostatic interactions in the ILs investigated by
us were reduced and very local, yet dominated by large fluctua-
tions. In general, one expects screening in a liquid consisting of
ions. However, it is not obvious that this takes place on a range
comparable to the molecular size. Our results can be useful for a
rational design of further molecules and for providing building
criteria for large-scale theoretical and simulationmethods. Likely,
the high locality and charge reduction are the reasons of the
success of classical force fields with empirically reduced ion
charges21,37,42 in describing bulk properties.
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indicate that while, in general, the large spread seems intrinsic to
ILs and their electronic properties, the actual dipole moment
distributions are very sensitive to the specific ions environment.
The decisive interactions are characterized by a certain range that
needs to be quantified.
In the next section, we address this point by comparing various

correlation functions and by comparing large systems with
smaller systems of eight ion pairs.
3.3. Locality. Figure 2 reports the dipole distributions for both

the large systems considered and their thermodynamical equiva-
lent systems of eight ion pairs. It is remarkable that the ion dipole
moment distributions of the large systems and the eight ion pair
systems are the same in all cases. A possible scenario emerging
from this comparison is that an ion is influenced only by its
immediate neighbors in the short time and seems to not
experience perturbations from the long-range behavior of the
liquid. Indeed, the counterions in the first shell overcompensate
the charge of an ion, thus, showing overscreening.20,35,36This result
would strongly support the idea of ions rattling in a long-living
ion cage proposed in literature.14,37!40 The statement above is
certainly true for the simulations done here. However, at this
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pairs <48) are truncated at distances well short of those where the
radial distribution functions go to unity. It is, however, rather
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suffer from the limitation above, confirm all the conclusions
reached here. To further check the idea of locality, we test the
range of extension of three types of electrostatic interactions:
monopole!monopole, monopole!dipole, and dipole!dipole.
The interionic radial distribution functions would not capture the
electrostatic effects, as they are dominated by excluded volume
interactions. To obtain the monopole interactions between ions,
we fit a set of partial charges on the atom centers that give a best

fit to the multipole moments of the bulk ion configurations in
Fourier space via the Bl€ochl method.9,41 Surprisingly enough, we
find for all investigated systems, ionic charges considerably less
thanone, in the range 0.55!0.7 in units of the elementary charge e, see
Table 1. Force fields with ad hoc reduced ionic charges,21,37,42

treating this just as another free parameter in the force field
description, have been partially successful to reproduce dynamical
quantities of ILs besides the static ones. In this context, our results
suggest that the charge reduction may be a real physical effect as
proposed by experiments.43 For instance for EMIM DCA, the
reduced charges correspond to an electronic dielectric constant
εel = (q/qeff)

2 ≈ 2.2, which is in agreement with the experimental
refraction index n = (εel)

1/2≈ 1.5 44 Moreover, the cation charges
in the large and the small systems obtained via this analysis are the
same within the standard deviation in all cases, demonstrating that
this charge reduction effect takes place over a range of only a few
angstroms. Thus, eight ion pairs are sufficient to reproduce the
effective monopole structure of each ion. For the monopole!di-
pole correlation, we consider the angular distribution between the
dipole of an ion and the vector from the ion’s center of reference to
another ion’s center of charge (COC), e.g., taking one cation per
time as reference: cos Φ = μcat

ref
3 rcat
shelli/|μcat

ref| 3 |rcat
shelli|; μcat

ref is the
dipole of the reference cation, while rcat

shelli is the vector from the
COR of the reference ion to the COC of cations in the ith radial
bin (i = 1: below 5 Å, i = 2: 5!7 Å, i = 3: 7!9 Å, i = 4: above 9 Å).
All possible distributions were calculated: μan! ran, μan!rcat,
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angular distributions as μan!μan, μcat!μan, and μcat!μcat were

Figure 2. Dipole moment distributions for large and small (g30 and 8 ion pairs, respectively) IL systems of (a)MMIMCl, (b) EMIM SCN, (c) EMIM
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Table 1. Cation Charges in Units of e Obtained via Bl€ochl
Analysis9

system MMIM Cl EMIM SCN EMIM DCA MMAN

g30 0.63 ( 0.15 0.56 ( 0.25 0.67 ( 0.21 0.55 ( 0.29

8 0.64 ( 0.16 0.56 ( 0.25 0.70 ( 0.19 0.56 ( 0.27

Charge correlations are local, but highly fluctuating 
The reduced charges originate from averaging 
polarization effects  

K. Wendler et al., JCTC, 7, 3040 (2011), K. Wendler at al., Faraday Disc. (2012) 



Continuum Electrostatics MF Picture!
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The Blöchl Tuned Force-Field BTFF!
n  Changing partial charges in the Lopez (CLaP) 

FF will first invalidad it, yielding wrong densities, 
dihedral angles, etc.!

n  First step is to correct the dihedral angles by 
fitting to reference QM potential!

n  Second step: fit partial g(r) and densities over a 
range of temperatures!

n  Use automated iterative fitting procedure to 
specified target functions (F. Dommert, paper in 
preparation)!

n  All Results so far only for [MMIM][Cl]! 27!



Inclusion of RDFs into FF Fits!
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Results: Density Fits!
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No experimental data available 



Comparison of Conductivities!

32!

2 2.1 2.2 2.3 2.4

100

101

1000 / Temperature / K−1

σ
/

S
m

−
1

CLaP (EH) CLaP (NE)

BTFF (EH) BTFF (NE)

exp.

not dictate the behaviour of the dynamics. To derive the conductivity σNE from the diffusion

coefficients, the Nernst-Einstein equation is applied:

σNE =
Nq2

V kBT
�
D++D−� , (30)

with the volume V , the temperature T , the number of ion pairs N, the net charge of the ions q,

and the Boltzmann constant kB. At this point it has to be clarified, if the unscreened or effective

charges have to be applied for the calculation of the conductivity. Following Kubo et al. 69, one has

to distinguish two kinds of conductivity, external σ ext and local σ loc. While the local conductivity

is the response of the local field EEE within a medium, the external conductivity is regarded as the

response of an external field, described by the dielectric displacement DDD = εEEE:

σ ext =
σ loc

ε
. (31)

From (Eq. (31)) it becomes obvious, that the external conductivity coincides, regardless if the ions

are considered to move in a medium of dielectric constant εel carrying a full charge, or the ions

are in vacuum, but equipped with a reduced charge. This results from the fact that σ ∼ q2. More-

over the external conductivity is the property measured in experiment, because an external field

is applied and the response to this field is measured. To access the local fields experimentally

many effects have to be taken into account, such as electron-electron scattering or electron-phonon

interaction. Hence in the following the term conductivity refers to the external conductivity and

for its calculation the reduced charges are applied. A summary of the conductivities obtained at

T = 425K is given in Table 3. In terms of Nernst-Einstein, CLaP and CN underestimate the exper-

imental conductivity60 of 10.65Sm−1 by an order of magnitude. On the other hand BLFF overes-

timates the value from experiment by 100%, but the tuned force field BTFF is able to reproduce

the experimental measurement. However this numbers do not include the part of the correlation

between the ions to the conductivity. Hence, an appropriate method, such as the Green-Kubo ap-

proach, that implies an integration of the current autocorrelation function is necessary involving

25

Exp: A. A. Fannin et al, J. Phys. Chem. 88, 2609 (1984) 



Conclusions 
•  Standard classical FF can reproduce structure but not dynamics 

•  Consistent mapping of geometric and electronic structure 
information from pHF to classical scale 

•  Charge scaling is a universal feature in Ils, electronic structure 
information can be used for partial charge reparametrization 

•  Large fluctuation on atomic site charges and dipole moments, 
however effects are very local 

•  A refined BTFF with reduced charges does give correct structure 
and much better dynamics than the CLaP 

•  Promising approach to parametrize a classical (non-polarizable) FF 
for ILs from ab-initio dat (contains average polarizability ) 

•  Transferability? 



Understanding electrical 
currents in DNA 
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n Stefan Kesselheim, Christian Holm!
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DNA in a Solid State Nanopore!

Nanopors of sizes 5 – 20 nm 



Coarse Graining the System !

8 nm 

2 nm 5 nm 

0.425 nm 

10 nm 

• Implicit solvent model (dielectric continuum) for the 
solvent and the nanopore, but different ε	

• DNA represented as a rigid rod (lp = 50 nm) 
• Coarse-Grained dynamics: Classical MD + LB 
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Free energy profiles of DNA !
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Atomistic Simulations!
n  1 periodic DNA piece in electrolyte !

•  Which coarse grained model can accurately 
describe the ion distribution? 

•  Add a periodic cylindrical pore and check vs. 1-D 
electrokinetic model 

•  More difficult: Check hydrodynamic interactions in 
bulk electrolyte 


