CREATED USING THE RSC LaTeX PCCP ARTICLE TEMPLATE - SEE www.rsc.org/electronicfiles FOR DETAILS

ARTICLETYPE

WWW. 15C.org/xxxxxx | XXXXXXXX

Rheological characterization of ionic liquids and ionic liquid crystals
with promising tribological performance’

Tobias Amann,** Christian Dold* and Andreas Kailer

Received Xth XXXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX

First published on the web Xth XXXXXXXXXX 200X
DOI: 10.1039/b000000x

Several rheological studies of ionic liquids and ionic liquid crystals were performed to describe the measured low coefficients
of friction (i ~ 0.02) in reciprocating sliding tests (cylinder-on-disc, ring-on-disc). The main mechanisms which are assumed
to lead to low friction values are the chemical composition of the anion and the orientation of the molecules under shear. The
ionic liquid crystals show strong non-Newtonian viscosity behavior and viscoelastic properties in the liquid crystalline phase. In
addition, the viscosity depends on the molecule orientation, which can be influenced by shear. At the transition from the liquid
crystalline to the isotropic phase a strong decrease of viscosity is observed.

1 Introduction

Ionic liquids (ILs) are promising fluids for several techni-
cal applications and the development of so called room-
temperature ionic liquids, thus salts which are already liquid
at room-temperature, was a great advancement I An overview
of the physical properties and opportunities for possible appli-
cations of ILs is given from Wasserscheid and Rogers?:3. ILs
have also shown good performance as lubricants in tribologi-
cal applications !*#. Because of the many tribological results,
which are described in literature, ILs count as versatile and
possible novel lubricants>. One key property characteristic of
ILs, with respect to tribological applications, is their rheologi-
cal behavior. The rheological behavior of phosphonium-based
ILs® and of [Cymim][NT f>]7 is already described in litera-
ture. In addition, the viscosity under high pressure® and in-
fluenced by magnetic and electrical fields® was investigated.
There are many publications which quote the viscosity val-
ues for several ILs 19 1!, For example Seddon et al.'? describe
the viscosity and density of 1-alkyl-3-methylimidazolium salts
of [BF4]~, [PFs]™, [Cl]~, [CF3S03]” and [NO3]~. Because
of the high amount of possible modifications (10'? to 10'8)
of ILs'3 it is necessary to develop methods to predict their
physical properties '4. It was found, that there is a strong re-
lationship between the viscosity and the molecular volume of
ILs'#. In addition, there have also been some efforts to sim-
ulate the rheological behavior of ILs'>. ILs can also show
non-Newtonian viscous shear thinning because of the exis-

1 Electronic Supplementary Information (ESI) available: Values of the dy-
namic viscosities. Yield-stress, frequency sweeps and relaxation measure-
ments. See DOI: 10.1039/b000000x/
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tence of liquid phase aggregates'®. Nanorheological studies
using surface force apparatus (SFA) experiments showed that
two imidazolium-based ILs, which are confined in molecu-
larly thin films between charge-bearing mica surfaces, exhibit
molecular layering !7. This confinement leads to a drastically
viscosity increase over several orders of magnitude, whereas
the ILs confined between two noncharged methyl-terminated
surfaces show no layering 7.

Already before ILs became interesting as a class of spe-
cial lubricants, liquid crystals were discussed as promising lu-
bricants '®. Some mesogenic fluids were found that lead to
ultralow friction values in reciprocating tribological contacts
19:20  Concerning the tribological results of liquid crystals
and ILs it could be assumed, that ionic liquid crystals (ILCs)
are also a promising class of fluids with specific tribological
properties. ILCs are able to form liquid crystalline phases
because of the distinct anisotropy of the chemical structure
of the cation?'. An overview on the chemical properties of
ILCs is given from Axenov and Laschat?2. In contrast to ILs,
ILCs exhibit much higher water content in the neat form, es-
pecially when halogenic anions are used such as bromide or
chloride. Therefore it is assumed that there are some prob-
lems with the corrosivity of the ILCs?3. So far LCs were
only described as lubricant additives in marginal amount to
improve the tribological behavior?4 2>, ILCs show also a spe-
cific rheological behavior especially in the liquid crystalline
phase. For example 1,3-Didodecylimidazolium salts show
strong non-Newtonian viscosity behavior in the liquid crys-
talline state and no shear dependent viscosity in the isotropic
phase 2°.

Aim of this work is to characterize the rheological behavior
of ILs and ILCs and to relate it to their tribological behav-
ior. Therefore the viscosity of different imidazolium-based
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ILs was analyzed with respect to the alkyl chain length and
the chemical character of the anion. The rheological behav-
ior of ILCs in the liquid crystalline state and in the isotropic
phase was compared also. In addition, the viscoelastic proper-
ties of the ILCs were qualified and the orientation of the ILC
molecules under shear was studied in the mesogenic phase.

2 Motivation

Friction losses in tribological applications reduce the energy
efficiency of technical systems. Therefore novel lubricants
with minimal friction losses become increasingly interesting
because energy can be saved. A possible approach for lubri-
cants with very low coefficients of friction (i) is the use of
special fluids with specific physical properties. With complex
fluids such as mesogenic fluids, ionic liquids and ionic liquid
crystals in reciprocating sliding tests (test parameters: SON,
50Hz, 1mm) friction coefficients lower than u = 0.02 were
obtained using different tribological standard tests (ring-on-
disc; cylinder-on-disc, cylinder is inclined by 10° to the slid-
ing direction; figure 1). The temperature was maintained by
heating up the lower disc.

The results showed that the chemical structure of the an-
ion plays an important role concerning the tribological be-
havior at relative high initial contact pressure (cylinder-on-
disc, 130 MPa) and at low contact pressure (ring-on-disc, 0.5
MPa). [PFs] containing ILs show lower friction values than
those with [(CF3S0,),N] (figure 1a, b). In contrast, a longer
alkyl chain of the imidazolium-based ILs leads to friction co-
efficients that are in the range of standard lubricants like mo-
tor oils (SAE10W40, figure 1a). ILCs show a much higher
coefficient of friction (COF) in the liquid crystalline phase
(90°C) as in the isotropic phase (120°C). The sharp peak of
the COF signal at 4.5 h with [Cjamim][CI] can be interpreted
as a solid-solid contact at which the asperities of the speci-
mens get into contact. When the contact geometry is changed
to flat ring-on-disc geometry, the influence of the molecular
structure becomes weaker (figure 1b). In the liquid crystalline
phase the coefficient of friction is 0.12 with cylinder-on-disc
geometry for [Cjpmim][Cl] which is in the same range as for
[Comim][(CF3S0,),N] (figure 1a). But at low initial contact
pressure these two fluids show totally different tribological be-
havior (figure 1b). At these conditions [Ciomim][Cl] attains
low friction in contrast to [Comim][(CF350;),N]. To explain
this result a fundamental knowledge of the rheological char-
acteristics of the different fluids is crucial. A detailed descrip-
tion of the tribological studies on ionic liquids and ionic liquid
crystals will be published elsewhere?’.
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Fig. 1 Coefficient of friction (COF) of the reciprocating friction
tests of some selected ionic liquids using two different geometries
(50N, 1mm, 50Hz): (a) Cylinder-on-disc test (line contact) at two
temperatures for the ILCs (liquid crystalline 90 °C and isotropic
120°C) for 18 h; (b) Ring-on-disc friction test (surface contact) at
90°C for 4 h

3 Experimental

3.1 Reagents and Materials

In summary eight different ionic liquids were used, at which
two of them were ionic liquid crystals. These two flu-
ids ([C12mim][CI] and [Ciymim][Br]) form a smectic-A liquid
crystalline phase?®. In figure 2 the chemical basic structures
of the used anions and cations are illustrated.

The acronym R in figure 2a stands for the different alkyl
chain lengths. The chemical notation, acronyms, molecular
weights, melting points and water contents (manufacturer in-
formation) are listed in table 1. The ILs were purchased from
Iolitec GmbH.
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Fig. 2 Chemical basic structure of the used various ions: (a)
Methyl-Imidazolium based cation with variable length of the alkyl
chain R (red line: double bond; grey atoms: carbon; green atoms:
nitrogen); (b) Bis(trifluoromethylsulfonyl)imide anion (red line:
double bond; grey atoms: carbon; green atom: nitrogen; blue atoms:
oxygen; red atoms: fluorine; yellow atoms: sulfur); (c)
Hexafluorophosphate anion (central atom: phosphor; red atoms:
fluorine)

Table 1 Disposed ionic liquids for rheological and tribological
investigations with their molecular weight (MW), melting point
(MP, literature) and water content (WC, manufacturer’s data)

Tonic Liquids MW /g-mol~"  MP/°C  WC/ppm
[Cymim][PFg) 256 62% 140
[Cymim][(CF380,)2N] 391 2630 80
[Cymim][PFg) 284 1% 160
[Cgmim][PF] 340 2702 180
[Cgmim][(CF380,),N] 475 -8431 100
[C1omim][PF] 397 6032 160
[C1omim][CI] 287 109.8% 2560
[C1omim][Br] 331 10022 3660

3.2 Rheological experiments

Rheological experiments were performed using a modular ro-
tating rheometer (MCRS501, Co. Anton-Paar). The EC motor
(electronically commutated) equipped with a high-precision
air bearing system for minimal friction losses. Rheological
tests were conducted in the rotational and oscillatory mode.
The standard viscosity measurements were carried out in the
rotational mode using a cone-plate system the angle between
the surface of the cone and the plate is 2° with a diameter
of 50mm (CP50-2/TP). The temperature is maintained over
Peltier temperature control by heating the lower plate with an
additional Peltier hood to ensure gradient-free measurements.
Viscosity curves were measured to characterize the flow be-
havior with respect to the shear rate. The test procedure was to
start at low shear rate (7 = 10~'s~1) and increase the shear rate
to 7= 103s~!. Subsequent the viscosity values were measured
at decreasing shear rates from 7 = 10357 to 7= 10"1s"! to
analyze time-dependent effects. The viscoelastic properties
were measured with the oscillatory mode using the plate-plate
configuration (CP50/TP, angular frequency: 10 rad/s , tem-
perature: 90°C, gap: 1.0mm). The dynamic optical rheo-
analyzer (DORA) allows the measurement of the flow bire-

fringence (lowest measuring limit: 5x10~%) and flow dichro-
ism (lowest measuring limit 3x10~°) at specific shear rates.
The accuracy of absolute extinction angle is 0.3° with an ex-
tinction angle resolution of 0.01. Polarized light (wave length:
637nm, modulation frequency: 2.2kHz) is used to detect the
optical anisotropy induced by shear. DORA consists of a
parallel-plate measuring system with a temperature range be-
tween 10°C and 70°C. The temperature is maintained by lig-
uid temperature control.

4 Results

4.1 Viscosity values

The rheological tests were performed at 90°C for ILs and at
90°C and 120°C for ILCs. The dynamic viscosities are il-
lustrated in figure 3 at a shear rate of 10005 !, because some
tested fluids have non-Newtonian flow behavior at low shear
rates (viscosity values are listed in ESIT).
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Fig. 3 Viscosity values of the ionic liquids and ionic liquid crystals
at high shear rate (7= 1000s~!, gap: 0.052mm, cone: CP50-2/TP)
at 90°C as a function of the molecular weight

The ILCs have by far the highest viscosity and the
[(CF380,),N]~ containing ILs the lowest. In relation to
[C12mim][PFs) the two ILCs show much higher viscosity val-
ues ([CI]7: 15-times and [Br]™: 12-times). By changing
the anion from [PFg]~ to [(CF3S0,),N] ™ at the imidazolium-
based ILs the viscosity strongly decreases although the
molecular weight increases. The viscosity (1) of the four
imidazolium-based ILs increases exponentially due to their
molecular weight (MW):

N = 1.4842. 0093MW (R2 — (0.999) (1)

Because of the logarithmic plotting the best-fit curve is lin-
ear in figure 3. In accordance to these results, Slattery et al.'*
found a strong relationship of the viscosity with the molecular
volume and the anion.
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4.2 Flow behavior

The flow behavior was analyzed at increasing and, after a
break of 60 seconds, decreasing shear rates with a shearing
time of 230 seconds. During the break there is no rotation
(shear rate = 0s™!) to give the fluid time for relaxation. The
result of the stress relaxation test was, that the resulting shear
stress relaxes to a constant value for both ILCs after 60s at a
deformation of 10% (figure in ESIT). In the liquid crystalline
phase both ILCs show a strong reversible non-Newtonian vis-
cosity behavior (figure 4a). [C1omim][Br] has a higher viscos-
ity than [Cjomim][Cl] at low shear rates. The non-Newtonian
viscosity character decreases for both fluids in the second half
cycle (7 =10%s""! to 7 = 10"'s71), but there is still non-
Newtonian flow behavior.

In the isotropic phase (120°C) both ILCs show nearly New-
tonian flow behavior (figure 4b). Because of the higher melt-
ing point of [Ciomim|[Cl] there is still a marginal shear rate
dependence of non-Newtonian flow behavior. At increasing
and decreasing shear rates there are nearly no differences in
the viscosity values.

[Comim|[PFg] shows also a non-Newtonian shear rate de-
pendent flow behavior (4c) but at decreasing shear rates the
non-Newtonian flow behavior is less pronounced. This is the
only IL of the used ones with a shear rate dependent viscosity.

4.3 Phase transition temperature

The phase transition temperature from liquid crystalline to
isotropic was measured with differential scanning calorime-
try (DSC). To study the changes of the rheological behavior
due to this phase transition the viscosity difference of these
two phases was exploited. The temperature dependent viscosi-
ties of [Ciamim][Br] and [Ciamim][Cl] are illustrated in figure
Sa. At the phase transition temperature the viscosity decreases
suddenly by a factor of 6. The temperatures, at which the vis-
cosity jumps occur, agree well with the transition temperatures
measured with DSC (table 2). The transformation enthalpy is
higher for [Cjomim][CI] by a factor of 6 (table 2).

Table 2 Comparison of measured phase transition temperature and
transformation enthalpy from liquid crystalline to isotropic of the
ILCs

Tonic Liquids Phase transition (LC — 1)

Temperature/°C Enthalpy / J - g~!
DSC Rheology DSC
[Cromim][CI] 115 112 8.13
[C1,mim][Br] 103 102 1.30

1000

[CQmim][CI]; 90 °C [Cnmim][Br]; 90 °C
—2—0,1-1000s' —a—0,1-10005s"

d
o
o

&

*
|
=}
o
o
.
o
w,
|
[ ]
[
°
o
o
.
)
w,

—_
o
1

dyn. viscosity at 90 °C (Pa-s)

0,1

10" 10°
(a)

JIc12mim]Cl); 120 °C
1—+—0,1-10005s"
1—*—1000-0,15s"

shear rate (5'1)

1

[C12mim][Br]; 120 °C
—o—0,1-1000s"
——1000-0,15"

|

dyn. viscosity at 120 °C (Pa-s)

o
(@)
=

10’ 10° 10°
shear rate (s")
1000

——0.1-1000 5"
—e—1000-0.15"

—_

o

o
1

\
o
\ \

\D

\D
M

o,
Oog
D\].D

\\\\-(.‘\.Nii:ii»l-. .

-1

dyn. viscosity at 90 °C (mPa-s)

—
o

T

10 10' 10

(C) shear rate (5‘1)

0 2

10

—
o

Fig. 4 Viscosity curve by increasing and following decreasing shear
rate for (gap: 0.052mm, cone: CP50-2/TP): (a) [C1omim][CI] and
[C1omim][Br] in the liquid crystalline state at 90°C; (b) [C1omim][CI]
and [Cjpmim][Br] in the liquid isotropic phase at 120°C; (c)
[Comim][PFg] for two times at 90°C
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Fig. 5 Determination of the temperature of the transition from the
mesogenic to the isotropic phase (LC-I) using two different
methods: (a) Measuring the viscosity as a function of the
temperature (heating rate: 2°C/min, shear rate: 50s~1); (b)
Differential scanning calorimetry (DSC) with heating rate of
5°C/min (gap: 0.052mm, cone: CP50-2/TP)

4.4 Viscoelastic properties

To analyze the elastic and viscous characteristics of the fluids
rheological tests in the oscillatory mode were performed (an-
gular frequency: 10 rad/s). In addition, the rheological yield
point can be determined at the point when the viscous prop-
erties exceed the elastic properties. In the liquid crystalline
phase the ILCs show a gel character. It was assumed that ILCs
show viscoelastic properties in the liquid crystalline phase be-
cause of the orientation order of the molecules. In figure 6a
the loss modulus and the storage modulus of the two ILCs
[C1omim][Br] and [Ci,mim][CI] are illustrated as a function of
the shear stress.

At small shear stresses both ILCs show linear viscoelastic-
ity with stronger elastic properties, whereas [Ci2mim|[Cl] has
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Fig. 6 Rheological characterization of [Cj;mim][CI] and
[C1omim][Br] (plate-plate configuration at 90°C and 1.0mm gap): a)
Amplitude sweep: Comparison of the yield-stress; b) Frequency
sweep at 10% deformation; c) Creep test at constant shear stress of
10 Pa and following creep recovery with O Pa
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a little higher loss modulus as [Ciomim][Br]. This linear vis-
coelastic area ends for both ILCs at a shear stress of approx-
imately 10 Pa because at this point the value of the storage
modulus starts to change. Above this shear rate the structured
order of the ILCs with viscoelastic properties is destroyed.
The yield points, were the storage modulus is similar to the
loss modulus, is determined for [Ciomim][Br] to 30 Pa and for
[C1omim][CI] to 35 Pa (additional figure in ESIT). It was ob-
served that all tested ILs did not show viscoelastic behavior at
90°C and also the ILCs exhibit only viscous properties in the
isotropic phase (120°C).

The corresponding frequency sweep is illustrated in figure
6b (deformation: 10%, angular frequency: 0.01 to 100s~1).
The elastic properties are throughout higher for [Ciamim][CI]
as the viscous properties. In contrast, [Ciomim|[Br] shows a
point of intersection at an angular frequency of 40s~'. At
lower deformation (1% and 5%, figures in ESI') the storage
modulus is nearly constant and above the loss modulus, which
increases with increasing angular frequency.

The creep test was performed to analyze the creep recovery
behavior of [Ciomim][CI] and [C)omim|[Br] after applying a
constant shear stress of 10 Pa for 320s. The deformation is
measured which shows a linear increase after a specific time.
Y is the elastic and Yz the reversible deformation. A flow
process is an irreversible deformation and therefore the system
doesn’t relax complete to the initial state. Only the elastic
part of the deformation can be recovered and the viscous part
dissipates. [Ciomim][Br] has an elastic deformation ¥z, of
0.58% and [Ciomim][Cl] of 0.71%. The calculated reversible
deformation after 180s creep recovery without shear stress are
’}/R(Br) =0.37% and yR(Cl) =0.58%.

4.5 Orientation effects under dynamic conditions

Due to their ability to form ordered structures liquid crystals
are birefringent. This can be explored when the orientation
of the molecules under shear are determined. These measure-
ments will then give information about the orientation mech-
anisms in a tribological contact, but it must be noticed that at
tribological contacts the shear rates can be much higher be-
cause of the very small gap width. The orientation angle is
the average angle which molecules form with respect to the
flow direction. This angle was measured at two different shear
rates for each fluid to analyze if there is a relation between
the orientation angle and the viscosity. The configuration of
the test setup was a plate-plate system in rotational mode at
70°C. Therefore the two ILCs were analyzed in the liquid
crystalline phase.

The results for [Cgmim][PFg) are illustrated in figure 7a. The
measured orientation angle is zero during the whole measure-
ment, which indicates that the molecules are all aligned along
the flow direction. It must be noticed, that the shear rate of

10*s~! is very high and there could be some instabilities of
the measured values in respect to figure 7a. The viscosity
decreases due to shear rate (7 = 103s~! to 7= 10*s~!) from
0.14mPa-sto 0.11mPa-s.

In the nonoperating state [Cjamim][CI] has an orientation
angle of approximately 10° and [Cj2mim][Br]| of 30°. For
[C12mim][CI] the orientation angle changes directly to zero
at a shear rate of ¥ = 10%s~!, which indicates that already
all molecules are orientated along the flow direction (figure
7b). In contrast [Cjomim][Br] still shows an orientation an-
gle of approximately 15° at a shear rate of 7 = 10%s~! (fig-
ure 7c). By increasing the shear rate to 7 = 103s~! there is
also a uniform orientation of the molecules in flow direction.
The shear rate increase leads to a decrease of the viscosity
value for [Cpmim][Cl] from 7Pa-s to 1Pa-s and in analogy
for [Ciomim][Br] from 4Pa-sto 1Pa-s.

The corresponding values of flow birefringence (An) for the
measured orientation angles are shown in figure 8. The results
show that all three studied liquids have a positive and high
value of An in the range of 107> to 10~*. When the orienta-
tion angle is close to zero (i.e. full orientation along the flow)
it corresponds to a higher level of molecular ordering which
results in higher An-values for both ILCs. [Ci,mim][Cl] shows,
in contrast to [Cyomim][Br] and [Cgmim|[PFg|, constant values
of flow birefringence over the testing time. For [Comim][Br]
and [Cgmim][PFg] the value of flow birefringence is connected
to the shear rate, whereas [Cjomim|[Br] shows a broad scat-
ter band at lower shear rates. By increasing the shear rate
from 7= 10%s~! to 7 = 103s~! An increases for [C1omim|[Br].
[Cgmim|[PFg) shows a contrariwise behavior, because An de-
creases by increasing the shear rate from 7= 10%s~! to 7 =
10*s~!. For these both fluids the change of Az results in a de-
creasing viscosity value, whereas [Ciamim][Br] has a constant
An-value and viscosity independent of the shear rate.

5 Discussion

The rheological measurements were performed to analyze the
relationship between the friction coefficient and rheological
properties of different ionic liquids. The tribological mea-
surements showed for imidazolium-based ILs with [PFg]~
for an alkyl chain length up to 8 carbon atoms low friction
coefficients (i ~ 0.02, 90°C, cylinder-on-disc) in contrast
to ILs with [(CF350,)2N]~ (1 = 0.15, 90°C, cylinder-on-
disc) as anion (figure la). This result is not related to the
viscosity values because the ILs with [(CF350,),N]~ show
lower viscosities as the comparable ILs with [PFg]~. For the
ILC [Ciomim][CI] even a lower coefficient of friction (i =
0.1, 120°C, cylinder-on-disc) was measured although it had
the highest viscosity of all tested fluids. [Ciomim][CI] and
[C1amim][Br] have a 12-times higher viscosity at 90°C than
[C1amim|[PFg) because [Ciomim][PFg) exhibits no liquid crys-
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Fig. 7 The measuring of the average orientation angle of the
molecules in the liquid crystalline phase in respect to the shear rate
at 70°C with the dynamic optical rheo-analyzer for three different
fluids (configuration: plate-plate, material: glass, gap: 0.5mm): (a)
[Cgmim][PFg]; (b) [C1omim][Cl]; (c) [C1omim][Br]
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filled symbols: shear rate)

talline phase?!. In the liquid crystalline phase, with highly

ordered structures, [C,mim|[Cl] gains a much higher friction
value of u =~ 0.12.

There is a correlation between the molecular weight respec-
tively to the alkyl chain length of the cation and the viscosity
within ILs with the same chemical composition. The increase
within the imidazolium-based ILs with [PFs]~ shows an expo-
nential dependency due to the molecular weight. The increas-
ing viscosity is assumed to be the reason for the increasing
running-in phase, until low friction is reached.

Friction tests with lower initial contact pressure (ring-on-
disc) however showed that also [Cjpmim][CI] in the liquid
crystalline phase and [Cjamim][PFs] can achieve low friction
values (figure 1b). This contradiction of measured low coeffi-
cient of friction (ring-on-disc) despite high viscosity led to the
assumption, that ionic liquids have lower viscosity values at
high shear rates and moderate contact pressure. The viscosity
measurements at different shear rates indicate that the viscos-
ity decreases at higher shear rates. Optical analysis showed
that the molecules of [Cgmim|[PFg] and [Ciomim]|[Cl] are uni-
formly aligned along the flow direction already at lower shear
rates as the molecules of [Cjomim|[Br].

These results show, that the macroscopic measured viscos-
ity is not the essential material property for the tribological
performance for this testing setup. The viscosity affects the
duration of the running-in period, and therefore wear mecha-
nisms at the beginning of the test, but not the absolute value
of the coefficient of friction. Therefore it is assumed that
chemical interactions play an important role for the tribolog-
ical behavior of ILs. In addition, it must be noticed that the
rheological properties can be also affected by other mecha-
nisms in the tribo contact. Because of the confinement and
therefore the thin film lubrication, there are much higher shear
rates which can influence the rheological behavior of the fluid
17 But these mechanisms have to be analyzed using other
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techniques like SFA (surface force apparatus) or in-situ IR-
spectroscopy. Therefore it is not possible to estimate what
viscosity is required to achieve the best tribology result.

The reversible shear rate dependent viscosity of the ILCs
in the liquid crystalline state indicates that there is shear thin-
ning due to orientation effects of the molecules, which doesn’t
arise in the isotropic phase. Due to the optical analysis it is
assumed that this non-Newtonian flow behavior in the liquid
crystalline phase arises from a reorientation of the molecules.
The nature of the flow behavior of [Comim][PFs] may not be
connected to shear thinning or orientation of the molecules.
The non-reversible shear rate dependency could arise because
of wettability of [Comim][PFs] with the solid surface of the fix-
ture. These intermolecular interactions between the steel plate
and the IL get maybe destroyed due to shear.

In addition, it is shown, that the ILCs exhibit viscoelastic
behavior with a defined yield point in contrast to ILs in the lig-
uid crystalline phase. We assume that the higher COF at ring-
on-disc geometry for [Ciomim][Cl] is caused by the higher loss
modulus and the higher yield point of [Cj,mim][Cl] compared
to [Ciomim][Br]. We also showed, that at the phase transi-
tion temperature the viscosity of the ILCs strongly changes
with the breakdown of the molecular alignment in the isotropic
phase. [Ciomim][CI] shows a higher phase transition enthalpy
which indicates that it has a more ordered liquid crystalline
structure as [Cjomim][Br]. More ordered LC structure of
[C12mim][CI] can be seen from the higher An-values in fig-
ure 8. This could be the reason for the higher viscosity
of [C1omim][Cl] at 90°C despite the lower molecular weight,
which causes the higher COF for [C}2mim][CI] for the ring-on-
disc geometry.

6 Conclusions

The rheological behavior of ionic liquids and ionic liquid crys-
tals were investigated to understand the mechanisms which
cause low friction values. In reciprocating sliding tests
(cylinder-on-disc, ring-on-disc) with ionic liquids and ionic
liquid crystals friction coefficients lower than u ~ 0.02 were
obtained. In particular orientation effects of the molecules due
to shear were explored and correlated with the viscosity val-
ues.

The main mechanisms to realize low friction values are as-
sumed to be the chemical composition of the anion and the
orientation of the molecules under shear. These both factors
affect the viscosity value and the interaction of the liquid with
the surface. The chemical interaction of the ionic liquid and
the surface strongly influences the tribological behavior be-
cause low viscosities are not related to low friction values. In
addition, the viscosity of ionic liquid crystals is connected to
the orientation of the molecules, which can be influenced by
shear stress. This indicates that there could be strong viscosity

changes under tribological conditions for ionic liquid crystals
because of the high shear rates at tribological contacts.

Within a chemical similar group of ionic liquids the vis-
cosity increases with molecular weight. At higher viscosity
the running-in time increases. For the imidazolium-based ILs
with [PFg]~ there is an exponential dependency of the viscos-
ity in respect to the molecular weight. In accordance it was
found that the irreversible non-Newtonian flow behavior of
[Comim|[PFg) is connected to the interaction of the IL with the
surface (wettability). In contrast the reversible non-Newtonian
flow behavior in the liquid crystalline phase for the ionic lig-
uid crystals arises due to shear thinning because of orienta-
tion of the molecules. At the transition temperature from the
liquid crystalline to the isotropic phase the viscosity strongly
decreases and the viscoelastic properties disappear.
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