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Intrinsic Electric Fields in Ionic Liquids Determined by Vibrational Stark
Effect Spectroscopy and Molecular Dynamics Simulation
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Ionic liquids (ILs) are salts formed by a combination of
specific cations and anions, whose melting points are around
room temperature.[1] Owing to their unique properties,
which are advantageous over those of conventional solvents
in many aspects, ILs nowadays are very fascinating in vari-
ous fields, including organic synthesis,[1a,2] catalysis,[3] inor-
ganic chemistry,[4] electrochemistry,[5] and materials.[6] Many
chemical processes utilizing ILs demonstrate effects and out-
comes very different from those obtained in molecular sol-
vents.[7] For instance, large increases in reactivity and selec-
tivity have been achieved by using ILs for homogeneously
catalyzed reactions,[3a] and reactions in ILs may sometimes
adopt a fundamentally different pathway from those in mo-
lecular solvents.[8] The novel behavior was vaguely ascribed
to the so-called “ionic liquid effect” or “ionic liquid environ-
ment”.[2e, 8, 9] Since ILs are composed solely of ions, the intu-
ition that ILs have much stronger electric fields than
common molecular solvents has been generally accepted
without careful study, and many distinctive features of ILs
which distinguish them from common molecular solvents,[10]

such as low volatility, tunable solubility, good conductivity,
wide electrochemical window, and distinct reactivity and se-
lectivity to reaction, are attributed to their strong intrinsic
electrostatic interactions and fields.[5d] Therefore, determin-
ing the strength of the intrinsic electric fields in ILs is of
fundamental importance to understanding the properties of
ILs and to their applications. Unfortunately, until now the
intrinsic electric fields in ILs have remained poorly under-
stood, and their identification and quantification are very
challenging. In this work, we evaluate for the first time the

intrinsic electric fields in a series of commonly used 1-alkyl-
3-methylimidazolium ILs (Figure 1) by using vibrational
Stark effect (VSE) spectroscopy along with molecular dy-
namics (MD) simulations. The results obtained in this study
indicate that the intrinsic electric fields in ILs are only
slightly higher than but still comparable to those in common
molecular solvents, and are strongly structure-dependent.

VSE spectroscopy (also known as electroabsorption spec-
troscopy[11]) is an experimental technique typically used to
evaluate the relative electric fields between two electrostatic
environments (two kinds of ILs in our case) by measuring
the observed IR frequency shifts of the probe molecule,[12]

D~E ¼ �D~vobs
CN= D~mCN=hcð Þ ð1Þ

where h is Planck�s constant, c is the speed of light, D~E is
the electric field difference on the probe, D~vobs

CN is the ob-
served IR frequency shift, and D~mCN is the characteristic
linear Stark tuning rate, a quantity that describes the sensi-
tivity of the probe to the electric fields, which can be deter-
mined by measuring the VSE spectroscopy in a known elec-
tric field. Although VSE has been extensively used to study
ordered environments, such as protein[12c,12] and polymer
matrices,[13] in particular to understand the electrostatic en-
vironment within the idiosyncratic interior of folded pro-
teins and its connection to biomolecular functions,[12c,12] only
very recently did Boxer et al.[14] successfully extend the VSE
method to homogeneous systems, such as molecular sol-
vents. They determined a range of electric fields for molecu-
lar solvents, including protic and aprotic solvents, by study-
ing the relation between the IR frequency shift nC�N and
the 13C NMR chemical shift dACHTUNGTRENNUNG(13CN) of ethyl thiocyanate
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Figure 1. Structures and abbreviations of the cations and the anions being
investigated.
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(EtSCN, 0.72 cm�1/ ACHTUNGTRENNUNG(MV cm�1)), the probe used in their ex-
periments. More specifically, as shown in Figure 2 A, if the
data point for one solvent locates in the range of the confi-
dence interval marked in gray (e.g. DMSO, DMF, acetone,
CD2Cl2, THF, CDCl3, toluene, or cyclohexane), the observed
IR shift in this solvent can be attributed to the change in
the local electric field, and thus D~E can be directly deter-
mined from D~vobs

CN. On the other hand, if the data point lo-
cates above the confidence interval (e.g. formamide and
water), the IR shift should be decomposed into electrostatic
and H-bonding contributions, respectively, and D~E is deter-
mined by subtracting the displacement caused by H-bonding
from D~vobs

CN.
In our experiments, we also use EtSCN as the IR probe

since it provides an optimal combination of oscillator

strength, frequency, and Stark tuning rate for measurements
in biological systems and organic solvents.[14,15] The meas-
ured nC�N frequency shift versus 13C NMR chemical shift
for EtSCN in various ILs are compared with the data for
molecular solvents in Figure 2 A (data are listed in Table S1
in the Supporting Information). Clearly, the data points for
nearly all investigated ILs, except [BMIm][Cl], locate inside
the confidence interval, similar to the case for aprotic mo-
lecular solvents. Although generally the ILs had been re-
ported to be H-bonding donors due to the acidic hydrogen
on the imidazolium ring,[16] no strong H-bonding signals
were observed in our experiments. Therefore, the IR shifts
in ILs arise principally from electrostatic effects, and thus
the corresponding relative electric field strengths can be di-
rectly calculated according to Equation (1). Moreover, the
data points below the solid black line in Figure 2, which is
the best fit for the nC�N versus 13C NMR data of aprotic
molecular solvents, indicate that these ILs have slightly
stronger electric fields and weaker H-bonds than molecular
solvents. Nevertheless, the electric fields of most ILs still fall
in the range of common molecular solvents between THF
and DMSO. This experimental observation is contradictory
to the widely accepted intuition that ILs should have much
stronger intrinsic electric fields than molecular solvents. As
described in detail in the Supporting Information, we have
employed some simplified models (see Table S2) to demon-
strate that, compared with inorganic salts, the surprisingly
weaker than expected electric fields in ILs may be attribut-
ed to their steric and bulky ions, which effectively increase
the distances between ions and thus significantly weaken the
electric fields in ILs. On the other hand, although the mole-
cules in polar molecular solvents are charge neutral, the
large molecular dipole moments and short distances be-
tween dipoles still allow them to have intrinsic electric fields
comparable to those in ILs. The corresponding-states sur-
face tension calculations performed by Weiss et al.[17] also
found that ILs have physical properties more similar to mo-
lecular solvents than inorganic molten salts. Note that
[BMIm][Cl] exhibits a much lower nC�N vibrational fre-
quency than any other ILs as well as molecular solvents and
thus has the strongest electric field. This may be attributed
to the very small anion of [BMIm][Cl], which will be ration-
alized below.

The relative electric fields in all ILs, taking [BMIm][Cl] as
a reference, measured by the VSE experiments are listed in
Table 1. The normalized IR absorption spectra of the nC�N
vibrational frequency for the 1-butyl-3-methylimidazolium
([BMIm][X], X=Cl, NO3, BF4, PF6, or NTf2) ILs are shown
in Figure 2 B. According to Equation (1), the monotonic in-
crease of the vibrational frequency with anion size (listed in
Table S3 in the Supporting Information) indicates the de-
crease of electric fields. For instance, [BMIm] ACHTUNGTRENNUNG[NTf2] has a
peak position (2155.6 cm�1, as listed in Table S1 in the Sup-
porting Information) 6 cm�1 higher than [BMIm][Cl], corre-
sponding to a 8.3 MV cm�1 decrease of the electric field. As
the anion size increases, a larger separation of ions due to
the enlarged volume of anions rather than higher charge de-

Figure 2. A) Nitrile stretching frequencies nC�N versus 13C chemical
shifts d ACHTUNGTRENNUNG(13CN) in ILs and molecular solvents (data of molecular solvents
were from ref. [14]). Molecular solvents (*): (1) DMSO, (2) DMF, (3)
acetone, (4) CD2Cl2, (5) THF, (6) CDCl3, (7) toluene, (8) cyclohexane.
[BMIm][X] ILs (D): 1-[BMIm] ACHTUNGTRENNUNG[NTf2], 2-[BMIm] ACHTUNGTRENNUNG[PF6], 3-[BMIm]ACHTUNGTRENNUNG[BF4],
4-[BMIm] ACHTUNGTRENNUNG[NO3], 5-[BMIm][Cl]. [CnMIm] ACHTUNGTRENNUNG[BF4] ILs (&): 6-[EMIm]ACHTUNGTRENNUNG[BF4],
7-[HMIm] ACHTUNGTRENNUNG[BF4], 8-[OMIm] ACHTUNGTRENNUNG[BF4], 9-[DMIm] ACHTUNGTRENNUNG[BF4]. The black line indi-
cates the best fit for the nC�N versus 13C NMR data of molecular sol-
vents excluding H-bonding solvents.[14] B) Normalized IR absorption
spectra of nC�N in [BMIm]-based ILs (from left to right: [Cl], [NO3],
[BF4], [PF6], and [NTf2], respectively).
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localization results in the monotonical increase of the rela-
tive electric fields. The schematic illustration of this explana-
tion based on a simplified ion pair model is given in the
Supporting Information (see Table S2). Compared to the
change associated with the anion species, the change of the
electric field associated with the cationic alkyl chain length
is much milder, as can be seen from the data listed in
Table 1 for the 1-alkyl-3-methylimidazolium tetrafluorobo-
rate ([CnMIm] ACHTUNGTRENNUNG[BF4], n= 2, 4, 6, 8, or 10) ILs. The measured
electric field is smaller for a longer-chain system and only
decreases by about 0.9 MV cm�1 from ethyl to decyl.

All-atom MD simulations were performed to help under-
stand the experimental results in depth and to provide a de-
tailed mechanism of the structure-dependence of the intrin-
sic electric fields in ILs. Specifically, we calculated the abso-
lute values of the electric field strengths experienced by the
cation, anion, cationic headgroup (including the imidazolium
ring and the methyl and CH2 groups attached to the ring),
and the cationic tail carbon (see Figure 3). Since the electric

field at the tail CH3 group is difficult to determine accurate-
ly due to the tiny partial charge on this group, we instead
calculated the electric field at the tail carbon atom. The
electric fields at the cations, anions, headgroups, and tail car-
bons of [BMIm][Cl] were calculated to be 26.3, 24.9, 30.6,
and 32.8 MV cm�1, respectively. It is clear that both the local
electric fields on the headgroup and the tail carbon are
larger than that experienced by the whole cation, because

the local electric fields on the subunits of the cation cancel
each other and thus the net electric field on the cation is
smaller than that at each subunit. Note that the electric field
on the tail carbon is slightly larger than that on the head-
group, despite the fact that the positive charge of the cation
is mainly located on the headgroup. This is because the
strong electric fields on the individual atoms of the head-
group cancel each other and the whole headgroup exhibits a
weaker electric field, which can be manifested by the very
strong electric fields of 61.2 and 102.8 MVcm�1, respectively,
experienced by the methyl carbon and the acidic C-2 hydro-
gen in the headgroup of [BMIm][Cl]. The calculated relative
electric fields in all ILs with respect to [BMIm][Cl] are sum-
marized in Table 1. All the electric fields are in the order of
tens of MVcm�1, consistent with our previous simulation
work,[18] demonstrating that the spatial heterogeneous struc-
ture of ILs may be destroyed only when an external electric
field larger than 10 MV cm�1 is applied.

To visualize the change of intrinsic electric fields with IL
species, the data listed in Table 1 are also plotted in
Figure 4. As shown in Figure 4 A, both experimental and

simulation data indicate that, except for the [NTf2] anion,
the electric fields of [BMIm][X] ILs experienced by the cati-
ons, anions, headgroups, and tail carbons all decrease mo-
notonically with anion size. The deviation of the [NTf2]
anion from the tendency of the other anions may be ex-
plained as follows. For a symmetric anion, the local electric
fields on its different subunits are partially cancelled out
due to the symmetry, so the net electric field on the whole
anion is relatively small. For an asymmetric anion, such as
[NTf2], the local electric fields on its subunits are very dif-
ferent, so the net electric field on the whole anion is larger
than the symmetric ones. The structures of ILs with different
anions were quantified by applying center-of-mass radial dis-
tribution functions (RDFs) between the headgroup and
anion (Figure 5 A). The RDFs clearly show that the average
distance in the first coordination shell between the head-
groups and the anions increases with anion size. As illustrat-
ed in the Supporting Information by the simplified model

Table 1. Relative electric fields in ILs determined by the VSE experi-
ments and the MD simulations.

Head[a] DEVSE
[a] DEcation

[b] DEanion
[c] DEhead

[d] DEtail
[e]ACHTUNGTRENNUNG[BMIm] ACHTUNGTRENNUNG[NTf2] �8.3 �9.4 �3.7 �11.0 �7.6ACHTUNGTRENNUNG[BMIm] ACHTUNGTRENNUNG[PF6] �6.8 �8.6 �7.5 �10.0 �3.6ACHTUNGTRENNUNG[BMIm] ACHTUNGTRENNUNG[BF4] �5.8 �5.6 �4.6 �6.6 �2.4ACHTUNGTRENNUNG[BMIm] ACHTUNGTRENNUNG[NO3] �3.5 �3.1 �3.0 �3.6 �0.8ACHTUNGTRENNUNG[BMIm][Cl] 0 0 0 0 0ACHTUNGTRENNUNG[EMIm] ACHTUNGTRENNUNG[BF4] �5.8 �5.7 �4.8 �7.5 1.4ACHTUNGTRENNUNG[HMIm] ACHTUNGTRENNUNG[BF4] �6.0 �4.9 �3.3 �6.0 �4.5ACHTUNGTRENNUNG[OMIm] ACHTUNGTRENNUNG[BF4] �6.4 �3.8 �2.6 �4.8 �6.8ACHTUNGTRENNUNG[DMIm] ACHTUNGTRENNUNG[BF4] �6.7 �3.5 �1.3 �4.5 �8.8

[a] Relative electric fields in MV cm�1 compared to [BMIm][Cl], deter-
mined by the VSE measurements. [b–e] Relative electric fields in
MV cm�1 experienced by the cations, anions, headgroups, and tail carbon
atoms, respectively, compared to [BMIm][Cl] , determined by the MD
simulations.

Figure 3. Definitions of cation, anion, cationic headgroup, and cationic
tail carbon for the imidazolium ILs.

Figure 4. Relative electric fields of A) [BMIm][X] ILs and B) [CnMIm]-ACHTUNGTRENNUNG[BF4] ILs determined by the VSE Experiments and the MD simulations
for the cations, anions, cationic headgroups, and cationic tail carbon
atoms, respectively.
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(see Table S2), this attenuates the electric fields in ILs, con-
sistent with our experimental observation that larger anions
result in weaker electric fields.

For the [CnMIm] ACHTUNGTRENNUNG[BF4] systems, the electric fields deter-
mined by MD simulations on the cations, anions, and head-
groups increase with alkyl chain length, whereas the electric
fields on the tail carbon atoms become weaker. As can be
seen from Table 1 and Figure 4 B, [CnMIm] ACHTUNGTRENNUNG[BF4] can be clas-
sified into two groups according to the calculated electric
fields: 1) both experiment and simulation gave almost the
same electric fields on cation and anion for [EMIm] ACHTUNGTRENNUNG[BF4]
and [BMIm] ACHTUNGTRENNUNG[BF4], because ILs with short chains are spatial-
ly homogeneous and thus the probe in the experiment can
effectively detect the electric fields on the cations and the
anions; 2) as the alkyl chain elongates (n>4), only the elec-
tric fields on the cationic tail carbon atoms decrease, consis-
tent with the VSE results, but the electric fields on the cati-
ons, anions, and headgroups increase. To understand the
trend for the second group, the center-of-mass RDFs be-
tween the headgroups and the anions for ILs with various
alkyl chain lengths were calculated (see Figure 5 B). As al-
ready shown for IL systems with long cationic side chains,
the alkyl side chains aggregate and form separated nonpolar

tail domains, whereas the cationic headgroups and anions
form a continuous polar network.[19] With increasing side-
chain length, the nonpolar tail domains become larger, and
the cationic headgroups and anions are pushed by the tail
domains to appear more at the most probable relative posi-
tions, which is demonstrated by the monotonically increas-
ing height of the first peak with side-chain length (see Fig-
ure 5 B). Therefore, the electric field in the polar domain is
strengthened for a longer-chain IL system. At the same
time, the electric field in the nonpolar region decreases be-
cause the average distance between the tail groups and the
polar network increases. The trend determined by the VSE
experiment that a longer-chain IL has a slightly weaker elec-
tric field is qualitatively consistent with the MD simulation
results in the tail domain, and is very likely attributed to the
fact that the probe is charge neutral, so most of the time it
is away from the polar network and stays in the nonpolar
tail domains.[20] Note that our simulations were aimed to un-
derstand the intrinsic electric fields in different parts of ILs,
therefore no probe molecules were simulated. A more quan-
titative and direct comparison between the experiment and
simulation results can be made only when simulations with
an explicit probe molecule are done. Such simulations will
form the basis of future work.

In conclusion, for the first time, we have successfully ap-
plied the VSE spectroscopy technique to measuring the in-
trinsic electric fields in ILs, and have carried out an evalua-
tion of the results by performing MD simulations. Our ex-
perimental results demonstrate that most ILs have only
slightly stronger electric fields than the common molecular
solvents. Both VSE spectroscopy experiments and MD sim-
ulations have revealed that the electric fields in ILs with a
fixed cation apparently decrease with anion size because of
the increasing distance between ions. On the other hand,
with a fixed anion, the MD simulation results demonstrate
that the electric fields in the polar domain are strengthened
as the alkyl chain elongates, which may be attributed to the
fact that the charged groups are pushed by the tail domain
to statistically come closer. However, both the VSE experi-
ments and the MD simulations indicate that the electric
fields in nonpolar cationic tail domains decrease with alkyl
chain length, which may be attributed to the enlarged spatial
heterogeneity in ILs. The comparison of VSE and MD re-
sults suggests that, for ILs with long alkyl chains (n>4), the
ionic environment in ILs becomes spatially heterogeneous
and thus the charge neutral probe prefers to stay in the non-
polar tail domains. Therefore, the VSE measurements are
consistent with the MD simulation results in tail domain.
This work provides a systematic way to evaluate the ionic
environment and the intrinsic electric fields in ILs and im-
proves our understanding of the ionic nature of ILs.
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