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Energy storage - batteries

§ Modular design
§ Flexibility in shape
§ Charge/discharge speed

CELL MODULE PACK



Energy storage - batteries
Li-ion battery

CoO2 + Li+ + e- ⇌ LiCoO2LiC6 - ⇌ C6+ Li+ + e- Yoshino

Proof of concept 
1983, Sony



large scale 
energy storage 

system

Ø Energy density
Ø Charge rate

Ø Thermal runaway

Ø Recycling
Ø Life cycle
Ø Cost 

Co: 41,850 US$/ton

ROOM FOR IMPROVEMENT 



Electrolytes for next generation batteries
Properties?
q Thermally stable
q Electrochemically stable

(large voltage window)
q High conductivity
qCost
q…..
Materials?
q Organic solvents
q Polymer membranes & gels
q Ceramics/glasses
qIonic liquids



Only ions !

IONIC LIQUIDS



Salt/IL Tm (°C)
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KCl 772
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 IONIC LIQUIDS FOR ENERGY APPLICATIONS   
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 Only ions 
 As the name implies, ILs consist only of ions. Compounds con-
sisting only of ions are normally known as salts, and indeed 
ILs are salts with very low melting points. 
A generally accepted defi nition of ILs is that 
the melting point should be below 100°C.  2   
On many occasions, it is desired to also have 
the liquid phase at ambient conditions, and 
room-temperature ILs are defi ned as having a 
melting point below room temperature. For 
a low melting point, ILs commonly consist of 
bulky and asymmetric ions with a large degree 
of charge delocalization. Increasing the size of 
the ions decreases ion-ion interactions and 
prevents effi cient packing of the ions into a 
crystal structure. The infl uence of size and 
charge delocalization on the melting point is 
shown in   Figure 1   for several salts, systemati-
cally changing the cation and anion.     

 Cations in ILs are large organic ions. Perhaps, 
the best-known example is the group of ILs 
based on the imidazolium cation, as indicated 
in  Figure 1 , but there is a whole range of cation 
families based on, for instance, pyrrolidinium, 
piperidinium, or ammonium cations. Anions, 
on the other hand, are commonly inorganic and 
range from the quite small and charge-localized 
halides (Cl –  or Br – ) to more bulky and weakly 
coordinating ions, with hexafl ourophosphate 
(PF 6  – ) and bis(trifl uoromethylsulfonyl)imide 
(known as TFSI or NTf2) being two examples 
shown in  Figure 1 . In   Figure 2  , the structures 
of some common IL anions and cations are 
shown. The large variety of base structures and 
the relative ease to modify these, for instance 
by changing the length and type of side chains, 
leads to an enormous number of possible ILs, 
and thus the possibility to tailor properties.  3   
As a result, ILs fi nd application in a range of 
areas, including as lubricants in tribology,  4   as 
solvents in biomass processing,  5   in catalysis,  6   
in the stabilization of proteins,  7 , 8   and in electro-
chemical applications. In addition to Li batteries, 
fuel cells, supercapacitors, and electrochemi-
cal synthesis, ILs have also been applied in 
two other areas of relevance for new energy 
systems: in solar cells, as a solvent and as a 
source of redox couples in dye-sensitized solar 
cells,  9 – 11   and as an electrolyte in biofuel cells.  12         

 Properties 
 Interest in ILs took off some 20 years ago, but 
low melting salts were already reported in the 
literature in the 1880s.  13   This interest arises 
from several generic properties of ILs that can 

be utilized in applications. Generally, ILs have a low vapor 
pressure, high ionic conductivity, large temperature range for 
the liquid phase, thermal and electrochemical stability, and 

  

 Figure 1.      Increasing the size and charge delocalization of the ions decreases the 
electrostatic interactions and prevents effi cient packing into a crystal structure, 
effectively lowering the melting point of the salt. BMIM, butyl-methylimidazolium; 
TFSI, bis(trifl uoromethylsulfonyl)imide; and IL, ionic liquid.    
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 Figure 2.      Structures of some common anions and cations in ionic liquids. R, R 1 , and R 2  
represent side groups, most commonly an alkyl chain.    

IONIC LIQUIDS

q Bulky
q Asymmetric
qWeakly coordinating
qFlexibility in the design
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IONIC LIQUIDS Only ions !

ØWide liquid range
ØHigh ionic conductivity
ØNon-volatility
ØLow vapour pressure 
ØThermal stability (> 200C)
ØElectrochemical stability (>4 V)
ØNon-flammability 



T
Glass transition (Tg)

Melting point (Tm) Decomposition (Td)

Solid Liquid
Gas

ØNo/small vapour pressure – decomposition before boiling 
ØMany ILs  are easily supercooled – crystallization can easily 

be avoided

IONIC LIQUIDS
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            Introduction 
 Energy use and production are without a doubt the main causes 
behind the pollution of our cities and current climate change. 
Decreasing emissions from the transport sector as well as 
from the production of electricity, simultaneously with the 
continual increase in energy consumption and the need for 
mobility—not the least in emerging economies—is the biggest 
challenge we face today. Not surprisingly, there is a strong 
effort in the development of sustainable technologies for clean 
electricity production and energy conversion. In the short term, 
progress can be made with improved effi ciency of processes. 
One example is the strong trend today with small and highly 
effi cient combustion engines in new cars, which help to cut 
fuel consumption, in some cases, by more than 50% compared 
to standard models sold 10 years ago. Another example is the 
improved effi ciency of thermal power plants by optimizing 
the combustion process (e.g., increasing the temperature). 
However, to achieve true sustainability in the long term, the 
only solution is to move to renewable energy sources and to 
go from combustion engines to electric drive trains. 

 Several steps have already been taken on the path to sustain-
ability (also see the April 2012 special issue of  MRS Bulletin  on 
“Materials for sustainable development”)—installation of wind 
farms, solar cells in private houses, and an increasing number of 
hybrid vehicles. The principal concepts are there, but in many 
cases, the key components for large-scale implementation are 

lacking. To take the next step, performance, cost, reliability, and 
safety need to be improved. As for many other technology 
areas, the lack of suffi ciently good materials is one of the main 
limiting factors. In the transport sector, the major hindrance for 
large-scale implementation of electric vehicles is the lack of safe 
and low-cost large capacity energy storage systems. Li batteries 
are the main candidate being considered, but capacity and safety 
issues, the latter mainly due to the presence of a volatile 
electrolyte, are slowing down progress. Fuel cells, convert-
ing hydrogen to electricity, were demonstrated in automotive 
applications some 17 years ago,  1   but also in this case, an optimal 
electrolyte is lacking. The target here, from the automotive 
industry, is an operating temperature of around 110–130°C. The 
US Department of Energy (DOE) target for automotive applica-
tions is 120°C to allow effi cient electrode reactions and to move 
away from expensive and unsustainable noble metal catalysts. 

 In this issue of  MRS Bulletin , we highlight the potential 
of ionic liquids (ILs) in energy applications that can contrib-
ute signifi cantly to the transition to sustainable production of 
electricity and use of energy. In this article, we provide an 
introduction to ILs and their properties, with these serving as 
the basis for the other topical articles in the issue on effi cient 
and environmentally friendly synthesis methods for new ILs 
(Passerini and Appetecchi), Li batteries (Navarra), superca-
pacitors (Brandt et al.), fuel cells (Yasuda and Watanabe), and 
the synthesis of new materials and structures in ILs (Endres).   

            Ionic liquids for energy applications 
     Aleksandar     Matic      and     Bruno     Scrosati    ,   Guest Editors           

 There is an urgent need for new energy storage and conversion systems in order to tackle 
the environmental problems we face today and to make the transition to a fossil fuel-free 
society. New batteries, supercapacitors, and fuel cells have the potential to be key devices 
for large-scale energy storage systems for load leveling and electric vehicles. In many cases, 
the concepts are known, but the right materials solutions are lacking. Ionic liquids (ILs) have 
been highlighted as suitable materials to be included in new devices, most commonly as 
electrolytes. Attractive features of ILs such as high ionic conductivity, low vapor pressure, 
high thermal and electrochemical stability, large temperature range for the liquid phase, and 
fl exibility in molecular design have drawn the attention of researchers from many different 
fi elds. In addition, there is the possibility of designing new materials and morphologies using 
electrochemical synthesis with ILs. In this article, we provide an introduction to ILs and their 
properties, serving as a base for the topical articles in this issue.     
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Electrolytes for Li-batteries

Journal of Power Sources 195, 7639 (2010)
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LiS-battery S/IL/Li cell
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Ion transport strongly coupled to viscosity
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Van der Waals

Cl-

Interactions



Ionic
Van der Waals

Xu et al. J. Phys. Chem. 107, 6170 (2003) 

Van der Waals

Columbic 

Tg vs molar volume Vm
Vm

1/3 ≈ (r++r-)

Interactions
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Ionic

Van der Waals
Ionic liquid Cl-

Surfactant

fatty part 

IL cations resemble surfactants!



NANO-STRUCTURE IN ILs

Chem. Comm. 48, 5103 (2012)



NANO-STRUCTURE IN ILs
q Distinct peak in SAXS (or SANS)

experimental levels to better rationalize the behavior of RTILs
in terms of their nanosegregated morphological organization.

Experimental Section

The employed RTILs are commercial products that were
purchased either from Merck (chloride salts) or from IOLITEC
(tetrafluoroborate salts). The tetrafluoroborate salts were kept
for at least 3 months under vacuum at room temperature to
reduce the moisture content.
[C4mim]Cl was molten under vacuum at ca. 60 °C and kept

in these conditions for 1 day. Then the sample was kept under
vacuum at room temperature: under these conditions, the
corresponding liquid salt remained in this state for periods of
weeks, without any indications of crystallization. The same
treatment was applied to 1-allyl-3-methyl imidazolium chloride
(hereinafter indicated as [C3mim]Cl), which has been purchased
from IOLITEC.
[C6mim]Cl, [C8mim]Cl, and [C10mim]Cl were purchased

as viscous liquids. They were kept under vacuum at 60 °C for
1 day and subsequently kept at room temperature under vacuum,
without any occurrence of crystallization for extended periods
of many weeks.
WAXS data were collected using a low-temperature Guinier

diffractometer manufactured by Huber (type 645), operating at
the wavelength λ ) 1.54 Å. The sample was sandwiched
between two amorphous plastic foils, whose contribution was
subsequently subtracted. The instrumental setup allowed
collecting data from 100 K up to room temperature, covering a
Q range between 0.25 and 5.0 Å-1.
X-ray diffraction data were also collected at the ID02

beamline at the European Synchrotron Radiation Facility
(ESRF), using an instrumental setup which allows covering the
momentum range between 0.01 and 0.9 Å-1. Measurements
were collected at room temperature, using a thermostated bath,
and the samples were kept in a temperature-controlled flow-
through cell, with internal diameter of 1.9 mm. With this sample
environment, sample and solvent scattering are measured inside
the same capillary, thus allowing reliable empty cell subtraction.
Data were converted to absolute intensity values, by means of
normalization with the scattering from water contained in a
2.0 mm capillary at 25 °C, using an incoming beam with energy
12.5 keV.

Results and Discussion

The X-ray diffraction patterns from the series of chloride salts
at room temperature are plotted in Figure 1. We limit our
description to the lower Q range, aiming to describe shorter
range correlations in a subsequent report. In the reported
Q range, the most striking feature is the occurrence of diffraction
peaks in some of the intermediate alkyl chain length salts. In
particular, it can be observed that while [C3mim]Cl shows a
monotonously increasing signal, all the other salts (i.e., [C4mim]-
Cl, [C6mim]Cl, [C8mim]Cl, and [C10mim]Cl) show a peak
whose position strongly depends on the alkyl chain length.
This is the first experimental indication of the existence of a

nanoscale ordering in RTILs with intermediate alkyl chain
length.
In the inset of Figure 1, the alkyl chain length dependence

of the spatial correlation, L, corresponding to the interference
peak position, QMAX, is reported (L ) 2π/QMAX). The observed
spatial correlations range from 13 to 27 Å for the investigated
RTILs, indicating the existence of ordering at the nanometer
scale. This ordering strongly depends on the alkyl chain
length: the reported straight line corresponds to a linear fit

which nicely describes the growth of the spatial correlation upon
increasing the alkyl chain length, with an increase of 2.1 Å per
-CH2- unit.
The finding that supercooled chloride-based RTILs show a

high degree of nanoscale organization is outstanding, as liquid
and supercooled RTILs with intermediate alkyl chain length are
generally considered to be morphologically homogeneous.
To confirm these findings on a different set of RTILs, we

also measured the X-ray diffraction pattern from [BF4]-based
RTILs, namely, [C4mim][BF4], [C6mim][BF4], and [C8mim]-
[BF4]. These salts are thermodynamically stable liquids at room
temperature and have not been reported to crystallize. The
corresponding X-ray diffraction data at room temperature are
plotted in Figure 2. In the inset of Figure 1 we also report the
corresponding correlation lengths, L, for the cases [C6mim][BF4]
and [C8mim][BF4] and these spacings are quite close to the
corresponding ones obtained for the chloride-based RTILs.
These results suggest that the behavior observed for the

chloride-based RTILs is confirmed for the case of the tetrafluo-
roborate-based RTILs, thus indicating that the observed nanos-
cale correlations exist both in supercooled and in liquid RTILs.
We also have collected X-ray diffraction data on RTILs based

Figure 1. X-ray diffraction patterns from the series of supercooled
liquid RTILs: [Cnmim]Cl, n ) 3, 4, 6, 8, 10, at 25 °C. In the inset the
spatial correlation L ) 2π/QMAX, QMAX being the interference peak
position, is plotted (circles) as a function of n, the alkyl chain length,
for n g 4. The corresponding data are also reported for the cases n )
6 and 8 for [Cnmim][BF4] (squares).

Figure 2. X-ray diffraction patterns from the series of liquid RTILs
[Cnmim][BF4], n ) 4, 6, 8, at 25 °C.

4642 J. Phys. Chem. B, Vol. 111, No. 18, 2007 Triolo et al.

Triolo et al, J. Phys. Chem. B 111, 4641 (2007)

Cl-
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Phys. Chem. Chem. Phys., 2015, 17, 27082

Ordering of 
apolar domains

Charge ordering

Nano-structure in IL electrolytes



J. Phys. Chem. B 2013, 117, 2773−2781. 

Temperature dependence of S(Q) – changes below Tg

Structuring in ionic liquids electrolytes

Tg=191 K



Ion transport

Understanding ion transport in ionic liquids requires 
looking at the dynamics on relevant length scales
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In the experiment we measure the double 
differential scattering cross section
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Scattering experiment
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g r,0( ) = δ r( ) + δ r − Ri +R0( )
i
∑ = δ r( ) + g r( )

Structure!

g(r,t) – structure & dynamics



Dynamics!

t0 – relaxation time of the system

g(r,t) – structure & dynamics



coherent scattering
(cross correlations)

Incoherent scattering
(self correlations)

Scattering experiment

incident beam transmitted beam

detector

scattered beam
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2"k0, E0 k0, E0

k1, E1



Example: Liquid like diffusion / Brownian dynamics

€ 

gs r,t( ) = 4πDt( )−3 / 2 exp − r2

4Dt
$ 
% 
& 

' 
( 
) 
  ⇒   Sinc Q,ω( ) = 1

π
DQ2

ω 2 + DQ2( )
2

incident beam transmitted beam

detector

scattered beam
d!

2"k0, E0 k0, E0

k1, E1

∆w=DQ2

Scattering experiments - dynamics
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Scattering experiments - dynamics



Neutrons for studying IL-dynamics?

Deuteration
H: scoh=1.8    sinc=80.2
D: scoh=5.6    sinc=2.0

q Microscopic dynamics
q Relevant length & time scales
q Deuteration to look at either 

collective or single particle 
dynamics 



Neutrons for studying IL-dynamics?

q What is the link between 
microscopic dynamics & ion 
conductivity?

q How is the dynamics influenced 
by the nano-structure in the liquid
- residence time in cluster/life time 
of cluster?

Johannes Völkner, 2013 Condensed Matter Physics, Chalmers

than the number of carbons in the cations’ alkyl-tails. The presence of a high number
of lithium atoms refers to a change in the electrostatic surround of the ILs’ ions. For
higher concentrations a continuation with a similar glass transition temperature for the
investigated systems could be expected. However, one could also imagine a separation of
the curves in the opposite sense than recorded at lower x due to the ionic volume, that
is in average reduced concomitant to an increased ionicity with Li+ introduction [7]. This
question deserves further investigation, provided that a synthesis of homogeneous solutions
with higher salt concentrations is possible. The likeliness of crystallization increases with
the amount of salt dissolved.

NMR studies show that pyrrolidinium cations in neat ILs begin to spontaneously
aggregate with side chains as short as or longer than butyl. This surfactant-like behavior
is owing to van der Waals interactions between the neutral alkyl-tails and stronger with
higher length. At n=8 about 9% of the cation population are found to be involved
in clusters. The dissolution of LiTFSI salt exerts an essential e↵ect towards enhanced
agglomeration. Due to the strong interaction between TFSI and Li-ions the organic
chains are free to interact, yielding to cation-cation interaction even in the case of propyl-
substituents [2]. This model is illustrated in Fig. 16 for PyR+

13 and PyR+
18. For imidazolium-

based RTILs the existence of aggregation is proved by X-ray di↵raction and scattering,
whereby the cluster size scales with the side chain length [27,28].
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Fig. 16: Illustration of the proposed cluster formation in the doped ionic liquids. It depicts a micelle

formation as a result of the addition of Li
+
-salt.

Based on these results, a potential explanation for the here observed similarity of the
glass transition temperature at a molar lithium salt fraction of 40% can be formulated.
Assuming that the most of the remaining IL cations are grouped in van der Waals bound
domains, the phase behavior of the substances is determined by the arrangement of the
di↵erent sized cation aggregates and the anionic Li+ crosslinked TFSI� clusters. Reduced
to a case of two cluster entities the dynamic behavior might not di↵er appreciably between
di↵erent alkyl-substituents in the imidazolium or pyrrlodinium cation. The collected and
herein not evaluated SAXS data of the samples might underline these considerations.
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q Fast dynamics (few ps)
- rotations, librations, .. 

q Intermediate dynamics (100 ps)
- residence time / cluster dynamics

q Slow dynamics (1-100ns) 
Diffusive/translational 

Microscopic dynamics in ionic liquids
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is in average reduced concomitant to an increased ionicity with Li+ introduction [7]. This
question deserves further investigation, provided that a synthesis of homogeneous solutions
with higher salt concentrations is possible. The likeliness of crystallization increases with
the amount of salt dissolved.

NMR studies show that pyrrolidinium cations in neat ILs begin to spontaneously
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higher length. At n=8 about 9% of the cation population are found to be involved
in clusters. The dissolution of LiTFSI salt exerts an essential e↵ect towards enhanced
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Based on these results, a potential explanation for the here observed similarity of the
glass transition temperature at a molar lithium salt fraction of 40% can be formulated.
Assuming that the most of the remaining IL cations are grouped in van der Waals bound
domains, the phase behavior of the substances is determined by the arrangement of the
di↵erent sized cation aggregates and the anionic Li+ crosslinked TFSI� clusters. Reduced
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the amount of salt dissolved.
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Assuming that the most of the remaining IL cations are grouped in van der Waals bound
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to a case of two cluster entities the dynamic behavior might not di↵er appreciably between
di↵erent alkyl-substituents in the imidazolium or pyrrlodinium cation. The collected and
herein not evaluated SAXS data of the samples might underline these considerations.

21 Project Report



Microscopic dynamics in ionic liquids
NSE (NIST) – Spin Echo

(10 ps– 100 ns)

Johannes Völkner, 2013 Condensed Matter Physics, Chalmers

than the number of carbons in the cations’ alkyl-tails. The presence of a high number
of lithium atoms refers to a change in the electrostatic surround of the ILs’ ions. For
higher concentrations a continuation with a similar glass transition temperature for the
investigated systems could be expected. However, one could also imagine a separation of
the curves in the opposite sense than recorded at lower x due to the ionic volume, that
is in average reduced concomitant to an increased ionicity with Li+ introduction [7]. This
question deserves further investigation, provided that a synthesis of homogeneous solutions
with higher salt concentrations is possible. The likeliness of crystallization increases with
the amount of salt dissolved.

NMR studies show that pyrrolidinium cations in neat ILs begin to spontaneously
aggregate with side chains as short as or longer than butyl. This surfactant-like behavior
is owing to van der Waals interactions between the neutral alkyl-tails and stronger with
higher length. At n=8 about 9% of the cation population are found to be involved
in clusters. The dissolution of LiTFSI salt exerts an essential e↵ect towards enhanced
agglomeration. Due to the strong interaction between TFSI and Li-ions the organic
chains are free to interact, yielding to cation-cation interaction even in the case of propyl-
substituents [2]. This model is illustrated in Fig. 16 for PyR+

13 and PyR+
18. For imidazolium-

based RTILs the existence of aggregation is proved by X-ray di↵raction and scattering,
whereby the cluster size scales with the side chain length [27,28].

TFSI-

PyR13
+

PyR18
+

Li+

Li+

+

Li+

+

Fig. 16: Illustration of the proposed cluster formation in the doped ionic liquids. It depicts a micelle

formation as a result of the addition of Li
+
-salt.

Based on these results, a potential explanation for the here observed similarity of the
glass transition temperature at a molar lithium salt fraction of 40% can be formulated.
Assuming that the most of the remaining IL cations are grouped in van der Waals bound
domains, the phase behavior of the substances is determined by the arrangement of the
di↵erent sized cation aggregates and the anionic Li+ crosslinked TFSI� clusters. Reduced
to a case of two cluster entities the dynamic behavior might not di↵er appreciably between
di↵erent alkyl-substituents in the imidazolium or pyrrlodinium cation. The collected and
herein not evaluated SAXS data of the samples might underline these considerations.

21 Project Report



L. Aguilera, J. Verwohlt, C. Gutt,  A. Faraone, A. Matic, to be published

Microscopic dynamics in ionic liquids?

Johannes Völkner, 2013 Condensed Matter Physics, Chalmers

than the number of carbons in the cations’ alkyl-tails. The presence of a high number
of lithium atoms refers to a change in the electrostatic surround of the ILs’ ions. For
higher concentrations a continuation with a similar glass transition temperature for the
investigated systems could be expected. However, one could also imagine a separation of
the curves in the opposite sense than recorded at lower x due to the ionic volume, that
is in average reduced concomitant to an increased ionicity with Li+ introduction [7]. This
question deserves further investigation, provided that a synthesis of homogeneous solutions
with higher salt concentrations is possible. The likeliness of crystallization increases with
the amount of salt dissolved.

NMR studies show that pyrrolidinium cations in neat ILs begin to spontaneously
aggregate with side chains as short as or longer than butyl. This surfactant-like behavior
is owing to van der Waals interactions between the neutral alkyl-tails and stronger with
higher length. At n=8 about 9% of the cation population are found to be involved
in clusters. The dissolution of LiTFSI salt exerts an essential e↵ect towards enhanced
agglomeration. Due to the strong interaction between TFSI and Li-ions the organic
chains are free to interact, yielding to cation-cation interaction even in the case of propyl-
substituents [2]. This model is illustrated in Fig. 16 for PyR+

13 and PyR+
18. For imidazolium-

based RTILs the existence of aggregation is proved by X-ray di↵raction and scattering,
whereby the cluster size scales with the side chain length [27,28].

TFSI-

PyR13
+

PyR18
+

Li+

Li+

+

Li+

+

Fig. 16: Illustration of the proposed cluster formation in the doped ionic liquids. It depicts a micelle

formation as a result of the addition of Li
+
-salt.

Based on these results, a potential explanation for the here observed similarity of the
glass transition temperature at a molar lithium salt fraction of 40% can be formulated.
Assuming that the most of the remaining IL cations are grouped in van der Waals bound
domains, the phase behavior of the substances is determined by the arrangement of the
di↵erent sized cation aggregates and the anionic Li+ crosslinked TFSI� clusters. Reduced
to a case of two cluster entities the dynamic behavior might not di↵er appreciably between
di↵erent alkyl-substituents in the imidazolium or pyrrlodinium cation. The collected and
herein not evaluated SAXS data of the samples might underline these considerations.

21 Project Report

Charge ordering 
relaxation

Polar domain
relaxation



Chalmers University of Technology

Neutron spin echo and!
Quasi elastic neutron scattering

Paper V

Similarity to OH-bonded liquids
Chalmers University of Technology

Cluster Dynamics in alcohols: 
The transient chain model

C. Gainaru, R. Meier, S. Schildmann, C. Lederle, W. Hiller, E. Rössler, and R. Böhmer, Phys. Rev. Lett. 105 (2010)
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Fig. 4 

Schematic illustration of the transient chain model. Mutually bonded OH groups are shown in 

color. The sequence of frames is meant to visualize how molecules attach to the chain and 

detach from it on the time scale WOH. The dotted arrows highlight the end-to-end vector of the 

self-restructuring, transient chain. Its reorientation, corresponding to the Debye process, is 

obviously very slow on the scale set by the elementary steps. The chain-length fluctuations 

are much faster than WD leading to an exponential relaxation. 

Chalmers University of Technology

H-bonding structure in alcohols

• Each oxygen (O) can form two H-bonds to 
neighbouring molecules
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Ions transport sum of diffusion of 
anions and cations (D- and D+)

Diffusion coefficients can be 
measured by NMR: 1H, 19F

SO2)2N] are only apparent values, because of the coexistence
of the crystalline and glassy phase in the cooled samples. On
the contrary, we can make a direct comparison for the ∆Hm
and ∆Sm between [mmim][(CF3SO2)2N] and [emim][(CF3-
SO2)2N]. The reason for the lower Tm for [emim][(CF3SO2)2N]
can be attributed to a larger entropy gain during the melting
transition, since the ∆Hm of [mmim][(CF3SO2)2N] and [emim]-
[(CF3SO2)2N] are close together. The ethyl group of [emim]
has freedom of bond rotation in the liquid state, which may
contribute to the larger ∆Sm.
Thermogravimetric results (Table 1) exhibit excellent short-

term thermal stability up to 400 °C at a scanning rate of 10 °C
min-1. The onset temperatures of mass loss (Td) decrease with
increasing number of carbon atoms in the alkyl chain from
[mmim] to [bmim], after which no noticeable change in the Td
can be seen. The thermal stability, in the present case, may be
explained by the difference in inductive effects of each
hydrocarbon chain attached to the N atom, if the pyrolysis
proceeds via an SN1 reaction. This contrasts with the pyrolysis
of the imidazolium salts with different anions, which has been
reported to proceed most likely via an SN2 process, depending
on the basicity and/or nucleophilicity of the anions.19 However,
the present observations are in agreement with the finding that
thermal stability of the imidazolium-based ionic liquids is
affected by the type of isomeric structures of the alkyl groups,
as has been evidenced by higher values of the Td for 1-butyl-
2,3-dimethylimidazolium salts than that for 1,2-dimethyl-3-
isopropylimidazolium salts, for which the pyrolysis has been
presumed to proceed via an SN1 reaction.19
Figure 1 shows the temperature dependency of density for

the RTILs, and the density has been found to decrease linearly
with increasing temperature. Table 2 lists the best linear-fitting
parameters for the density-temperature profiles. The molar
concentration (M) calculated from the molecular weight and

density of the RTILs at 30 °C is also shown in Table 2. The
molar concentration ranges from 2.77 to 4.15 mol L-1. A
decrease in the density and an increase in the formula weight
with increasing number of carbon atoms in the alkyl chain
causes a subsequent decrease in the salt concentration.
Ionic Self-Diffusion Coefficient and Viscosity. Figure 2a

depicts the temperature dependency of self-diffusion coefficients
of the cation (Dcation) and anion (Danion) for the [Rmim][(CF3-
SO2)2N] ionic liquids. The simple summation of the cationic
and anionic self-diffusion coefficients (Dcation + Danion) for these
RTILs is also shown in Figure 2b. The self-diffusion coefficients
as a function of the measuring time (∆) in the range from 20 to
100 ms did not show any notable dependency for [emim][(CF3-
SO2)2N] and [bmim][(CF3SO2)2N], which suggests that the ion
diffusion is the Fickian diffusion in the homogeneous fluid. The
temperature dependency of the diffusion coefficients in each
case exhibits convex curved profiles; therefore, the experimental
data have been fitted with the Vogel-Fulcher-Tamman (VFT)
equation30 for diffusivity

where the constants D0 (cm2 s-1), B (K), and T0 (K) are
adjustable parameters. Table 3 summarizes the best-fit param-
eters of the ionic diffusivity. The curves calculated by using

Figure 1. Density of [Rmim][(CF3SO2)2N] ionic liquids as a function
of temperature.

TABLE 2: Molecular Weight, Density Equation Parameters,
and Molar Concentration at 30 °C

F ) b - aT

MW
a/10-3

g cm-3 K-1
b/

g cm-3
R2/
10-1

M30/10-3
mol cm-3

[mmim][(CF3SO2)2N] 377.3 1.06 1.87 9.99 4.15
[emim][(CF3SO2)2N] 391.3 1.00 1.82 10.0 3.87
[bmim][(CF3SO2)2N] 419.4 0.94 1.72 9.99 3.42
[C6mim][(CF3SO2)2N] 447.4 1.02 1.67 9.98 3.05
[C8mim][(CF3SO2)2N] 475.5 1.00 1.62 10.0 2.77

Figure 2. Temperature dependence of (a) self-diffusion coefficients
of the cation and anion and (b) simple summation of the cationic and
anionic self-diffusion coefficients (Dcation + Danion) for [Rmim][(CF3-
SO2)2N] ionic liquids.

D ) D0 exp[-B/(T - T0)] (1)

Physicochemical Properties of Room Temperature Ionic Liquids J. Phys. Chem. B, Vol. 109, No. 13, 2005 6105

[BMIm]+

D =
kBT
cπηrs

Stokes-Einstein eq.

Ion transport



Summary
q With neutrons we can probe dynamics in ionic liquids 

on relevant length scales 
q Combination of several instruments required 
q Complex dynamics – local motion to long range 

diffusion
q Deuteration 
q Complementary techniques

- XCPS same length scales (but risk of beam damage)
- Light scattering with probe particle
- NMR (long range diffusion, species sensitive)
- Conductivity (macroscopic)
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Tuning interactions – dynamics
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