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Extraordinarily Efficient Conduction in a Redox-Active
Ionic Liquid
Verner K. Thorsmølle,*[a] Guido Rothenberger,[a] Daniel Topgaard,[b] Jan C. Brauer,[a] Dai-
Bin Kuang,[a] Shaik M. Zakeeruddin,[a] Bjçrn Lindman,[b, c] Michael Gr�tzel,[a] and Jacques-
E. Moser[a]

1. Introduction

The Grotthuss mechanism, a bond-exchange process, first in-
troduced two centuries ago,[1] has proved vital in explaining
the high mobility of protons in water.[2] Similarly, this mecha-
nism has been suggested to account for the high conductivity
in molten polyiodides[3, 4] with no definite proof. Herein we pro-
vide solid evidence that a Grotthuss bond-exchange mecha-
nism is of fundamental importance for conduction in 1-methyl-
3-propylimidazolium iodide (PMII) melts.

Ionic liquids are receiving increasing attention, owing to
their unique properties such as high ionic conductivity, non-
volatility and non-flammability, making them versatile alterna-
tives to conventional solvent-based systems. Their potential
applications range from electrolytes in solar cells,[5] fuel cells,[6]

supercapacitors and batteries,[7] lubricants and heat-transfer
fluids[8] to solvents for clean chemical synthesis and catalysis.[9]

Iodine addition to iodide-based ionic liquids leads to extraordi-
narily efficient charge transport, vastly exceeding that expect-
ed for such viscous systems.[10–15] Herein we study PMII melts,
whose structure is shown in Figure 1 a. PMII is the benchmark
of the iodide salts that form room-temperature ionic liquids,
characterized by a relatively low viscosity, and has therefore
been the candidate of choice for binary ionic liquids in the sol-
vent-free dye-sensitized Gr�tzel solar cell.[5]

The composition and the physical properties of the melts
formed by the addition of iodine (I2) to PMII depend on several
chemical equilibria. PMII consists of a PMI+ cation and an I�

anion. Ion pairing (PMI+ + I�QPMII) has an impact on the con-
ductivity since PMII is uncharged. Triiodide (I3

�) is formed by
addition of iodine to the iodide anion I� (I�+ I2QI3

�). At higher
I2 concentrations, higher polyiodides, I5

� , I7
� , etc. appear via

I3
�+ I2QI5

� , I5
�+ I2QI7

� , etc.[14] The bond exchange reaction
I�+ I3

�QI3
�+ I� provides a Grotthuss conductivity mechanism

in addition to the physical diffusion of ions, through which

iodide and triiodide ions are displaced without effective mass
transfer (Figure 1 b).

2. Results and Discussion

We characterized the dynamical behaviour of PMII/I2 mixtures
using terahertz time-domain spectroscopy (THz-TDS).[16] The
THz electric field was coherently measured after transmission
through a 100 mm quartz cuvette containing the sample, the
empty cuvette serving as reference. The time-domain wave-
forms were temporally windowed to eliminate the effects of
multiple reflections within the cuvette walls, but not in the
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sample. The Fourier-transformed waveform of the sample was
then divided by that of the reference yielding the complex
transmission ~tðwÞ as a function of frequency, u ¼ w=2p. The
frequency-dependent complex dielectric function,
~eðwÞ ¼ e1ðwÞ þ ie2ðwÞ, can then be extracted from ~tðwÞ. The
complex conductivity, ~sðwÞ ¼ s1ðwÞ þ is2ðwÞ, follows from the
relation ~n2 ¼ ~e ¼ e1 þ i~s=e0w, where ~n is the complex refrac-
tive index, e0 the permittivity of
vacuum and e1 the high-fre-
quency dielectric constant.

Figure 2 a shows the real part
of the complex conductivity
Re ~s nð Þ½ � at various analytical
iodine concentrations [I2]a mea-
sured at room temperature. The
resonance feature centered at
2.03 THz for pure PMII decreases
steadily in amplitude with in-
creasing [I2]a concentration up to
4.2 m, corresponding to a nearly
equimolar amount of PMII and
iodine xI2 � 0:5

� �
. Upon further

increasing [I2]a, the resonance
maximum then shifts to 2.29 THz
and increases in amplitude. Si-
multaneously, a noticeable in-
crease in Re ~s nð Þ½ � is observed
below 0.4 THz. From an analysis
of the complex dielectric func-
tion for xI2

< 0:5 (Supporting In-
formation, Section S3), together

with complementary studies of the dc conductivity (Figure 2 b)
shown below, it becomes clear that the 2.03 THz resonance re-
sults from the absorption of two species; namely the associat-
ed or ion-paired (IP) form of PMII, and the dissociated (DIS)
forms PMI+/I� or PMI+/I3

� . ~e uð Þ for the various concentrations
[I2]a of iodine depends on the relative volume fractions and the
dielectric functions ~eIP uð Þ and ~eDIS uð Þ of the two components
IP and DIS of the mixture. (These dielectric functions do not
depend on the iodine concentration and no distinction is
made between the anions I� and I3

� , as the imidazolium cation
is assumed to be the main contributor to the signal).[17] The
resonance at 2.29 THz indicates the formation of higher poly-
iodides above 4.2 m, which is supported by the coincidence of
the maximum resonance frequency with that of the linear
inner stretch of I5

� at ~2.25 THz.[18] Absorption due to higher
polyiodides occurs at yet higher frequencies.[18, 19]

The dc conductivity s of the PMII/I2 mixtures versus [I2]a at
room temperature is shown in Figure 2 b. Starting at
0.27 mS cm�1, it increases monotonically until [I2]a~4.4 m, coin-
ciding with xI2

� 0:5. Thereafter it increases abruptly reaching
a value of 21.5 mS cm�1 at [I2]a~5.6 m, which is almost two
orders of magnitude higher compared to the iodine-free melt.
The steady increase of s in the I2 concentration range where
xI2
< 0:5 coincides with the steady decrease of the 2.03 THz

resonance (Figure 2 a), whereas the appearance and increase of
the 2.29 THz resonance, indicative of higher polyiodides, coin-
cides with the sharp increase in the dc conductivity for
xI2
> 0:5. For xI2

< 0:5, s is determined by the I�/I3
� ratio as

counterions to PMI+ , whereas for xI2 > 0:5 higher polyiodides
appear as counterions. In order to rationalize the observed
conductivity behaviour in the lower range of iodine concentra-
tions, up to [I2]a = 3.6 m, where effects due to the formation of
the higher polyiodides beyond I3

� can be neglected, we estab-

Figure 1. PMII molecular structure and illustration of Grotthuss bond ex-
change mechanism. a) Molecular structure of 1-methyl-3-propyl-imididazoli-
um iodide (PMII). b) Illustration of Grotthuss bond exchange mechanism be-
tween an iodide and a triiodide ion. The iodide (blue) in close proximity to
the one end of a triodide chain (red) forms a loose bond (c). The ex-
change reaction results in the strengthening of this bond while an iodide is
liberated at the other end. This leads to the displacement of iodide by dI�

and of triodide by dI�
3

as indicated. See also the Supporting Information, Sec-
tion S2.1.

Figure 2. THz, dc conductivity and diffusivity measurements of PMII/I2 mixtures. a) Terahertz data showing the real
part of the complex conductivity as a function of frequency at various iodine concentrations [I2]a (23.7 8C). The
upper inset shows the evolution of the maximum value of the resonance at 2.03 THz (blue dots) and 2.29 THz
(red dots). The dotted black line is calculated from the conductivity model. (b) Measured dc conductivity versus
[I2]a (23 8C). c) Diffusivity of PMI+ (red dots) versus iodine concentrations [I2]a measured by NMR (20.5 8C). The blue
lines are fits to an exponential D ¼ D0 exp I2½ �a=C0

� �
with C0 = 1.54 m ([I2]a<4.2 m) and C0 = 4.20 m ([I2]a>4.2 m).
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lish a conductivity model where the species present in the
melt are restricted to PMII, PMI+ , I2, I� and I3

� . This model, out-
lined in Supporting Information, Section S2.1, considers physi-
cal diffusion as well as the bond exchange mechanism. The dc
conductivity of the PMII/I2 mixture is determined by the inter-
play of several factors: 1) a dilution effect when adding iodine,
2) the viscosity dependence on [I2]a of the solution, 3) the equi-
librium between iodine, iodide and triiodide, 4) ion pairing,
5) the bond exchange reaction. The conductivity is then ex-
pressed as Equation (1):

s ¼ e2
0NAV

6
1

ph I2½ �að Þ
cPMIþ

rPMIþ
þ cI�

rI�
þ

cI�
3

rI�
3

� �
þ kexd

2

kBT
cI�cI�

3

� 	
ð1Þ

Here, eo is the elementary electron charge, NAV is Avogadro’s
number, kB is the Boltzman constant, h I2½ �að Þ is the concentra-
tion-dependent viscosity, and c and r are the concentration
and hydrodynamic radius of an ion, kex is the second-order rate
constant of the iodide–triiodide bond exchange reaction,
d2 ¼ d2

I� þ d2
I�
3

, and T is the temperature. The first term in the
brackets of Equation (1) describes the physical diffusion of
PMI+ , I� and I3

� ions, and the last term is the Grotthuss bond
exchange contribution. We assume that the rate constant kex

for the bond exchange mechanism between I� and I3
� equals

Smoluchowski’s expression for a diffusion controlled reaction
times a constant f (see the Supporting Information, Sec-
tion S2.1).

Next, we perform a least-squares fit of Equation (1) to the dc
conductivity data (Figure 2 b) up to 3.6 m, where the two pa-
rameters to be optimized are the ion-pairing equilibrium con-
stant, K1 of the reaction PMIIQPMI+ + I� , which determines the
concentrations of the ions and fd2, which determines the effi-
ciency of the exchange mechanism. A least-squares minimum
is found at K1 = 5.2 m and fd2 = 7.2 � 10�19 m2. Knowing K1, one
can calculate the concentrations of the different species in the
solution (Figure 3 a). With an estimated value of d= 9.3 �, the
factor f is 0.83, from which we conclude that the exchange re-
action is close to diffusion controlled, which implies that the
time scale for the bond exchange reaction is in the ns range
(kex ¼ 1� 108 M�1 s�1 at [I2]a = 3.6 m). The calculated dc conduc-
tivity is shown in Figure 3 b. The excellent agreement between
the calculated and the measured dc conductivity lends support
to the validity of the proposed model, which excludes an elec-
tronic contribution. In particular, the Grotthuss exchange
mechanism emerges as a key factor in enhancing the conduc-
tivity of the melts. According to the present model, the Grot-
thuss effect increases the conductivity of PMII at 3 m iodine
concentration by as much as 50 %. Above ~3.6 m exchange re-
actions between higher polyiodides may become important,
which further enhance the Grotthuss contribution to ionic
transport.[20] A hysteresis loop in the temperature dependence
supports the exclusion of electronic transport (See the Sup-
porting Information, Figure S2).

The sharp increase in s for xI2
> 0:5 cannot be explained by

simple ionic conduction alone. In this regime, the larger and
less mobile higher polyiodides, I5

� , I7
� , and so forth become in-

creasingly dominant among the iodine species, at the expense

of the smaller and more mobile iodide and triiodide ions I�

and I3
� . This, together with the dilution effect would tend to

decrease s in terms of physical diffusion when iodine is added
to the melt. The viscosity decreases slightly in this concentra-
tion range (see the Supporting Information, Figure S1), which
would cause a small gradual increase of s. Thus, these factors
cannot cause the observed sudden increase of s for xI2

> 0:5,
the origin of which we attribute to enhanced Grotthuss bond
exchange among the higher polyiodides. It is highly likely that
the increased iodine/iodide packing density enhances the
Grotthuss mechanism due to the reduced distance between
the iodide/polyiodide species involved in the bond exchange.
The threshold concentration [I2]a = 4.2 m (xI2

�0.5) corresponds
to 48 wt % or 27 % volume fraction (59 wt % or 37 % volume
fraction at 5.6 m), implying a considerably densely-packed poly-
iodide medium which may support Grotthuss bond exchange
among the higher polyiodides in addition to only between I�

and I3
� .

Figure 2 c shows the room-temperature diffusivity of the
PMI+ species in PMII/I2 mixtures as a function of [I2]a measured
using pulsed gradient spin-echo 1H NMR. The experimentally
observed PMI+ diffusivity is a population weighted average of
the contributions from the PMI+ cation and the ion-paired
form of PMII on account of the fast chemical exchange be-
tween the various species on the 20 ms time scale defined by
the NMR experiment. The diffusivity increases nearly exponen-
tially, with an inflection of the slope near 4.2 m. The increase in
diffusivity is partly due to the decrease in viscosity. In addition,
it is affected by the ion pairing equilibrium, PMIIQPMI+ + I� .
With increasing [I2]a the bulkier PMII is replaced by the more

Figure 3. dc conductivity compared to model. a) Concentrations of the ion-
paired salt, PMII, of iodine I2 and of the dissociated ions PMI+ , I� , and I3

� cal-
culated as a function of analytical iodine concentration [I2]a, using K1 = 5.2 m

and K2 = 1.0 � 108
m
�1 (see the Supporting Information, Section S2.2). b) Mea-

sured dc conductivity (red circles) versus [I2]a and calculated dc conductivity
(blue line) according to the proposed model [Eq. (1)] . The dashed blue line
shows the contribution to s coming from the Grotthuss bond exchange
mechanism.
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mobile PMI+ ion, up to 4.2 m, where the ion-paired form of
PMII vanishes (Figure 3 a). The slight raise of the diffusivity
above 4.2 m is then only due to a reduction of the viscosity in
a melt that contains only PMI+ as cation.

Having determined K1, the equilibrium constant for ion pair-
ing, one can calculate the concentrations of the IP and DIS
forms of PMII that are needed for the analysis of the THz data
(see the Supporting Information, Section S3). The decrease of
the resonance amplitude at 2.03 THz resonance (Figure 2 a)
with increasing [I2]a is correlated with the decrease of the con-
centration of the associated or ion-paired (IP) form of PMII and
the increase of the dissociated (DIS) forms of PMI+/I� or PMI+/
I3
� (Figure 3 a). From the complex dielectric function of these

THz spectra one can extract the separate dielectric functions
for both the IP and the DIS forms (see the Supporting Informa-
tion, Figure S6). These calculated dielectric functions can each
be modeled by two relaxation processes: relaxation of the ori-
entational polarization induced by the electromagnetic radia-
tion and resonance-induced polarization (plasma relaxation
due to freely moving electrons is not considered). The former
is described with a Debye relaxation time of 1.21 ps (0.99 ps)
for IP (DIS), while the latter is described by classical damped
harmonic oscillators which may be due to inter-ion vibrations.
The successful analysis of the THz data, with the correlation
between the 2.03 THz resonance and the IP/DIS forms of PMII,
substantiates the notion of ion pairing which is one of the cor-
nerstones in the proposed model.

3. Conclusions

We have provided a quantitative description of the conductivi-
ty pathways in the PMII ionic liquid as a function of iodine con-
centration, which highlights the importance of ion pairing and
the Grotthuss bond exchange mechanism in addition to physi-
cal diffusion. Our model is valid for concentrations up to
~3.6 m, explaining both the dc conductivity, the diffusivity and
the THz data. Results obtained at concentrations >3.6 m sup-
port the appearance of higher polyiodides giving rise to in-
creased bond exchange. The sudden increase in the dc con-
ductivity at a threshold concentration of [I2]a~4.2 m coincides
exactly with the displacement of the resonance feature from
2.03 THz to 2.29 THz in the THz data. The present results pro-
vide a self-consistent picture of the fundamental mechanisms
responsible for the conductivity in the PMII melts that firmly
places the Grotthuss bond exchange mechanism as an impor-
tant conduction pathway. It enhances the conductivity by 50 %
already at 3 m, becoming the dominant contribution to the
conductivity at 4.2 m. These novel results are important for the
fundamental understanding of conduction in molten salts and
for applications where ionic liquids are used as charge-trans-
porting media such as in batteries and dye-sensitized solar
cells.

Experimental Section

Preparation of PMII Samples: The ionic liquid, PMII, was prepared
according to the procedure reported in ref. [21]. The PMII/I2 mix-

tures were prepared by adding the calculated amount of iodine to
the PMII, and the solution was then stirred with a magnetic stirring
palette for two days to ensure that the iodine is completely dis-
solved.

dc Conductivity Measurements: A Radiometer Analytical CDM210
conductivity meter was used for the dc conductivity measure-
ments. A Radiometer CDC749 conductivity cell with a nominal cell
constant of 1.70 cm�1 was calibrated with a 0.1 m KCl aqueous so-
lution in preparation for the experiments. About 0.2 mL of the
PMII/I2 mixture was introduced into a glass tube and degassed
under reduced pressure at 0.6 Torr at room temperature for about
30 min. The conductivity cell and the PMII/I2 mixture were then in-
serted into a glass tube in an Oxford cryostat with liquid nitrogen
cooling for temperature control. At each temperature the PMII/I2

mixture was allowed to equilibrate until the dc conductivity read-
ing had stabilized, which would usually take between 30 min and
1 hour. The dc conductivity values were controlled by impedance
spectroscopy using an Autolab Frequency Analyzer setup, which
consists of an Autolab PGSTAT 30 and a frequency-response ana-
lyzer module combined with a thermostatic chamber capable of
reaching �40 8C.

Viscosity Measurements: The viscosity measurements were carried
out using a Rheometrics ARES Rheometer. All measurements were
performed using parallel plates with a diameter of 25 mm, a gap
of 0.2 mm, and a frequency of 1 Hz.

Differential Scanning Calorimetry Measurements: The differential
scanning calorimetry (DSC) measurements were carried out using a
TA Q100 apparatus.

Terahertz Time-Domain Spectroscopy Measurements: The terahertz
time-domain spectroscopy (THz-TDS) measurements were carried
out with an electro-optical terahertz setup which is described in
ref. [22] and in a movie on the website: http://videoser-
v.epfl.ch:8080/ramgen/Archive/Nas/Thz spectro.rm. The THz-TDS
experiment utilizes a CPA-2001 amplified Ti:Sapphire laser system
from Clark-MXR providing 120 fs pulses at a repetition rate of
1 kHz and at a wavelength of 778 nm.

Nuclear Magnetic Resonance Diffusivity Measurements: NMR ex-
periments were performed on a Bruker Avance-II spectrometer op-
erating at a 1H resonance frequency of 200.13 MHz. Pulsed field
gradients were generated by a Bruker DIF-25 probe driven by a
GREAT 40 amplifier. The sample temperature was controlled to an
accuracy of 0.5 8C. The self-diffusion of PMI+ was monitored by fol-
lowing the 1H NMR signal in a pulsed gradient spin echo experi-
ment[23–25] using a gradient pulse length d= 4.2 ms, time between
onset of gradient pulses D= 24.4 ms, and gradient strength G in-
cremented from 1 to 100 % of the maximum value 9.6 T/m in 16
logarithmically spaced steps. The self-diffusion coefficient D was
evaluated by fitting Equation (2):

I ¼ I0 exp �g2G2d2 D� d=3

� �
D

h i
ð2Þ

to the experimental signal intensities I. In Equation (2), I0 is the
signal intensity at zero gradient strength and g is the magnetogy-
ric ratio (2.675 � 108 rad T�1 s�1 for 1H). Monoexponential signal
decay was observed for all concentrations and temperatures indi-
cating chemical exchange between the IP and DIS forms of PMII
on a time scale much shorter than the 20 ms observational time
scale of the NMR experiment.
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