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Abstract

Room temperature ionic liquids (RTILs) are molten salts consisting entirely of ions, and have
over the past decades gained increased interest due to their high potential in applications. These
structurally complex systems often display multiple relaxation modes in the response functions
at lower frequencies, hinting to complex underlying mechanisms.

While the existence of these multimodal spectra in the shear mechanical, dielectric and light
scattering response of RTILs has been confirmed multiple times, controversy still surrounds the
origin. This paper therefore aims to provide additional insights on the multimodal spectra seen
in RTILs by presenting new shear mechanical results on seven different RTILs; Pyrln-TFSI
with n = 4,6 and 8, Pyr18-TFSI mixed with Li-TFSI in two high concentrations, and C,-mim-
BF4 with n = 3 and 8. Dynamic depolarized light scattering was also measured on one of the
Pyr18-TFSI Li-salt mixtures. These specific cases were analyzed in detail and put into a bigger
perspective together with an overview of the literature.

Recent literature offers two specific explanations for the origin of the multimodal shear me-
chanical spectra; 1) cation-anion time scale separation or 2) combined cation-anion relaxation in
addition to a dynamic signal from mesoscale aggregates at lower frequencies. However, neither
of these two pictures can consistently explain all the results on different ionic liquids. Instead
we conclude that origin of the multimodal spectrum is system specific. This underlines the
complexity of this class of liquids and shows that great care must be taken when making general

conclusions based on specific cases.

Keywords: Glass transition, viscous liquids, ionic liquids, slow relaxation, slow mode, mesoscale aggre-
gates, dynamic mechanical spectroscopy, shear modulus, dielectric spectroscopy, depolarized dynamic

light scattering

I. INTRODUCTION

Room temperature ionic liquids (RTILs) are salts that are molten at room temper-
ature and therefore consist entirely of ions. They form a diverse and interesting class
of liquids, which has attracted considerable attention over the last decades due to their
unique properties such as a broad electrochemical window and liquid temperature range,
negligible vapor pressure and non-flammability |1, 2|. They often consist of an organic
cation of low symmetry and an inorganic anion. The particularities of the ionic structure

and the combinations of different cations and anions leads to a huge variety of this class
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of liquids, and a large range of desired properties can therefore be obtained [3].

This wide range of properties makes ionic liquids candidates for many technological
areas, e.g. in energy applications such as rechargeable batteries, solar cells, fuel cells and
supercapacitors [4-9|, synthesis [4, 7|, processing of biomolecules like cellulose [10, 11|
and several other applications [12]. To fully exploit the application potential, a better
understanding of the connection between chemical structure and properties of the ionic
liquids is needed. As for other liquids the properties are tightly coupled to the dynamics.
Close to room temperature the dynamics take place on the picosecond to microsecond time
scale. This fast dynamics is typically studied with NMR [13-15] and neutron scattering
[16-19] as well as with MD simulations [13-15, 20-22].

While the room temperature properties are the most interesting from a direct appli-
cation perspective it is also interesting to understand the dynamics of ionic liquids at
lower temperatures where the dynamics is much slower. Many ionic liquids can read-
ily be super-cooled and brought all the way into the glassy state [23-26]. Glasses are
formed because the main relaxation, the alpha relaxation slows down upon cooling and
the viscosity grows. The glass transition temperature, 7}, is defined as the temperature
where the alpha relaxation time reaches a 1000 seconds and the viscosity is 10'? Pas. In
the temperature range above the glass transition the dynamics is slow compared to non-
viscous liquids and ranges from the millisecond to kiloseond range [23-26|. Slow dynamics
and glass formation are observed across a wide array of chemically diverse systems, rang-
ing from metals to polymers. However, the mechanisms governing these slow dynamical
processes remain unclear [27-30] A key question is what the role of specific chemical
compositions and microscopic structures is in these processes. lonic liquids present a
particularly interesting class of glass-forming liquids, as their behavior is influenced by

both Coulombic and van der Waals interactions.

In shear rheology, on the low-frequency side of the alpha relaxation peak, the spectrum
of simple (non-polymeric, non-associated) liquids display the so-called terminal Maxwell
mode, which marks the transition to fully viscous behavior. In some ionic liquids, how-
ever, it has been shown that there are additional slow relaxation contributions intermedi-
ate between the alpha relaxation and the terminal mode [31-34], giving rise to multimodal
spectra. Multimodal spectra are also observed with other experimental techniques such as
dielectric spectroscopy [26, 32, 35| and dynamic light scattering [26]. Furthermore, some
RTILs have additional short time (high frequency) modes in the dielectric [36] and shear

3
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mechanical responses [23| as also seen in other classes of glassforming liquids [37-39].

This paper focuses on relaxation modes slower than the alpha relaxation. Other types
of glass-forming liquids also exhibit modes slower than the alpha relaxation. Over the
last few decades, it has been established that a slow mode is observed in mono-hydroxy
alcohols and sometimes in polyalcohols and amines [38, 40-42]. In the case of mono-
hydroxy alchols, it is most clearly observed as a prominent slow mode in the dielectric
signal, referred to as Debye relaxation, characterized by an (almost) perfect exponential
relaxation spectrum [40]. The slow mode in alcohols is believed to be due to the dynamics
of the hydrogen-bonding network and is interpreted as a polymer-like slow mode [40].
Recent research has identified additional slow modes in polymers and molecular liquids,
known as the slow Arrhenious process (SAP), which do not appear to be connected to

any long-range structures [43, 44].

To unravel the underlying mechanism governing the spectral complexity of ionic lig-
uids, it is important to note that they offer unique insight into the coupling between
structure and dynamics in liquids [45]. In relation to this, it should be noted that ionic
liquids are, by definition, binary liquids, but unlike other binary liquids/mixtures there is
no possibility of phase separation, not even on a nanoscale level, due to the requirement
of local charge neutrality. As opposed to simple molecular liquids where there is usually
only one peak in the x-ray structure factor, in RTILs the latter display three distinct
peaks. The two peaks at higher g-values are present in almost all ionic liquids, but the
third peak at low g-values is only present in some cases. The peak at highest g-values
is the main peak/adjacency peak related to the nearest neighbor correlation. This is the
one also present in conventional solvents such as methanol [46]. The intermediate peak
is the charge alternation peak, arising from the alternation of charges in the cation and
anion. This peak is the signature of an ionic compound such as a RTIL, where Coulomb
interactions play an important role. However, there are certain cases where it is not visi-
ble in x-ray structure factor due to anti-correlation effects leading to a phase cancellation
in the structure factor [46]. The peak at lowest g-values is related to polarity alternation

and is often referred to as the pre-peak [47].

The polar regions consist of the head of the cation plus the anion, while the apolar
regions consist of the alkyl chains of the cation. It is understood, that when the alkyl
chain is butyl, or longer, a sponge-like structure forms where the polar parts of the

molecules connect in a network, with a clear separation to islands of apolar regions, and
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these structures are often referred to as mesoscale aggregates. This is the alternation
that with some periodicity is giving rise to the pre-peak [48] in the structure factor.
This pre-peak was first experimentally discovered in 2007 [49] and since confirmed in
several experimental and simulation studies [48, 50-54]. The pre-peak associated with
the polar-apolar regions is generally present in ionic liquids where the cation has an alkyl
chain of four carbons or more [55]. Below the critical length of four carbon atoms in the
alkyl chain, the liquid structure is understood to be more homogeneous with no distinct

polar-apolar alternations [52, 55].

The focus of this paper is the dynamics of RTILs and in particular the different
relaxation modes that are observed at longer time-scales, i.e. around the structural
relaxation and slower than this, and how to assign these relaxation modes to structures

at different length scales.

An obvious approach would be to identify if a slower relaxation mode, that are some-
times observed in RTILs , is related to the mesoscale aggregates found in some RTILs.
This slower relaxation mode is often referred to as the slow mode, and if the origin is
different from the main, structural relaxation of the ionic liquid, it could be due to dy-
namics from the mesoscale aggregates. This would be analogous to the case for the slow
mode found in some alcohols, where the slow mode as mentioned above is considered to

be the dynamics of supramolecular hydrogen-bonding structures [40-42].

One could on the other hand also consider other explanations for the multimodal
relaxation spectra observed with different experimental techniques. As mentioned above,
RTILs are structurally complex, binary liquids with structures on several length scales and
identifying the dynamic signature of these is no simple matter. Added to this complexity
is also the fact that the different experimental techniques are sensitive to different aspects

of the dynamics.

In order to move forward, the rest of this introduction will therefore give an overview
of the current knowledge about the slower relaxation modes in RTILs, and how these are
interpreted. This overview is also necessary since even though several slower relaxation
modes in the spectrum of of various RTILs has been observed with broadband dielectric
spectroscopy (BDS), dynamic mechanical spectroscopy (DMS) and depolarized dynamic
light scattering (DDLS) in several studies going back to 2011, there is to this day not

consensus in the interpretation of these slow relaxations.

One interpretation in literature is that the slowest dynamic mode is the dynamic signal
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of long-lived mesoscale aggregates. Several studies support this interpretation simply due
to the fact that the time scale of the slow mode is slower than the alpha/main relaxation
[31, 32, 56]. Another, more detailed, argument for this interpretation is that the onset
of a slow mode in a homologous series of RTILs, i.e. a series with increasing alkyl chain
length, matches the onset of the pre-peak in the x-ray structure factor. This match could
indicate a similar origin, which would be the mesoscale aggregates, since the pre-peak

has been found to be directly linked to these [51].

More complex arguments for this interpretation are also presented in literature. One
is that the time scale of the slower mode matches that of mesoscale aggregates as directly
probed by neutron-spin echo measurements [32]. Another is that there is a systematic
change in the dielectric strength parameter with a systematic change in alkyl chain length,

and this can be directly linked to changes in the shape of the mesoscale aggregates [33, 34].

Fewer studies come with another interpretation of the multimodal spectra sometimes
seen in RTILs. One alternative interpretation of the bimodal spectra seen in the shear
mechanical response of Omim-BF4 is that the appearance of a slower mode in addition
to the main relaxation mode is simply due to a separation of cation and anion relaxation
times, resulting in a bimodal spectrum with not one but two alpha relaxations [26]. This
argument was supported by comparing the relaxation spectrum across different response
functions. In fact, this study observe a third relaxation mode at even lower frequencies,

and connects this mode to the mesoscale aggregates.

Another study tested the pressure dependence of bimodal spectrum mode seen in the
dielectric permittivity of two different RTILs and compared it to the pressure dependence
of the pre-peak. They observed that the slower mode did not follow the same trend as
the pre-peak upon compression [35]. Consequently, the origin of the pre-peak and the
slower mode has to be different. In fact, the authors found that the origin of the bimodal

spectrum was most likely a separation of the rotational and translational dynamics.

The above overview of literature shows that more targeted research is required to reveal
the nature of the multimodal spectrum sometimes observed in RTILs. This study will in
detail go through new results to further investigate the connection between low-frequency

modes in the shear mechanical response and the mesoscale aggregates.

This was done by comparing the behavior of the slower mode in a bimodal spectrum
with that of the structure factor pre-peak in three different series of RTILs; 1) Pyrln-
TFSI with n = 4,6 and 8, 2) Pyr18TFSI mixed with Li-salt and 3) C,mim-BF4 with
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n = 3 and 8. The x-ray structure factor for these three series of ionic liquids can be
seen in figure 1. All three plots of the structure factor show the same tendency; that the
pre-peak increases and the charge peak decreases significantly with both increasing alkyl
chain length and increased Li-salt concentration.

In this study it was found that there is no obvious connection between the change
in the pre-peak with changing alkyl chain length/Li-salt concentration and the appear-
ance/intensity of the slower mode in the shear mechanical spectra. This indicates that
the origin of the slower mode is somewhat more complicated and system specific, at vari-
ance with what has previously been suggested in literature. Furthermore, the specific
cases in this paper will be analysed both in detail and in a larger perspective, giving a

solid overview of the nature of the low-frequency modes in ionic liquids.
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Figure 1: X-ray scattering structure factor for the three series of RTILs to show the
development of the scattering pre-peak. a) Pyrln-TFSI, b) Pyr18-TFSI mixed with
Li-salt, i.e., (1 — 2)Pyr18-2Li-TFSI with = 0.2 and 0.4, and ¢) is C,,mim-BF4 with
n = 3 and 8. Data from a), b), and c) are from [51], [53], and [54], respectively. When
comparing the two different measurements of neat Pyr18-TFSI (green), they where
shown to have the similar peak positions.
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II.  EXPERIMENTAL DETAILS

A. The samples

The liquids measured in this work were: 1) 1-alkyl-1-methylpyrrolidinium bis(trifluoro-
methanesulfonyl)imide, Pyln-TFSI, with n = 4,6 and 8. 2) Pyrl8TFSI mixed with
Lithium-TFSI, i.e. (1 — 2)Pyr18-zLi-TFSI, in molar fractions of x = 0.2 (denoted
Pyr18x02) and x = 0.4 (denoted Pyr18x04). 3) l-alkyl-3-methylimidazolium tetraflu-
oroborate, C,,mim-BF4, with n = 3 (Pmim-BF4) and 8 (Omim-BF4). Pyrln-TFSI and
Li-TFSI were of 99.9% purity and purchased from Solvionic. Omim-BF4 and Pmim-BF4
was of 99.8% and above 98% purity, respectively, and both purchased from IoLiTec. All
ionic liquids were used as received and stored and prepared in a glove box of dry, inert ni-
trogen atmosphere to avoid contamination by absorbing moisture from the air, since ionic
liquids are know to be very hygroscopic [47]. For an overview of the chemical structures

of the measured ionic liquids, see figure 2.

Cations Anions
— 'y \ .f_‘- )
£ {0 ) o h
S o : Li .
" Lk o >
- -..\ ) ML .'b—x_ LN : Tf
\ R \\ -
Pyrla " Pyl N, Pyrl8 S TFSI
" i F
. - . — T
Pmim Omim BF4

Figure 2: Chemical structures of the molecules forming the ionic liquids measured in
this work.

These liquids have been studied to some extent before in literature, with various ex-
perimental techniques [18, 19, 24, 32, 49, 53, 54, 57-66] and simulations [46, 67|. Prior
to measurements performed with dynamic mechanical and broadband dielectric spec-
troscopy, all ionic liquids where characterized with thermalization calorimetry (TC) [68|
to obtain the glass transition temperature, 7,, and the melting temperature, 7,,. The
latter arose due to some of the ionic liquids tendency to cold-crystallize during heating,
while others were less prone to crystallize and thus gave no measurable T,,.

The TC method works by quench cooling the sample and then measure the heat flow
while passively heating to room temperature, giving a ramping rate of around 10 K/min

in the temperature range around 7},. The resulting characteristic temperatures can be
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seen in table I.

Liquid T, [K] | Tm [K]
Pyr14-TFSI 184 254
Pyr16-TFSI 186 285

Pyr18-TFSI 191 259

Pyr18x02 203 273

Pyr18x04 220 nan

Pmim-BF4 180 nan

Omim-BF4 189 nan

Table I: The two characteristic temperatures in the seven measured RTILs; glass
transition, 7,, and melting temperature, 7T},,, as measured with thermalization
calorimetry [68]. 7, is observed to systematically increase with both increasing alkyl
chain length and Li-salt concentration.

To compare the results from the RTILs with those displayed by a "simple" liquid,
the non-associated molecular liquid tetramethyltetra-phenyltrisiloxane (DC704) was mea-
sured as well with the same experimental techniques. DC704 has very simple dynamic
behavior and exhibit almost complete time-temperature superposition (TTS) with no

dynamic modes slower than the alpha relaxation [28, 69-71].

B. Dynamic mechanical spectroscopy

All seven RTILs, as well as DC704, were measured with dynamic mechanical spec-
troscopy (DMS), giving the frequency dependent shear modulus response; G* = G’ +iG".
Broadband DMS measurements were performed at Department of Science and Environ-
ment, Roskilde University, Denmark, with the in-house developed rheometer, the Piezo-
electric Shear modulus Gauge (PSG) [72]. A special version of the PSG optimized for
the use of conducting materials was used in this study [73].

The PSG can measure the shear mechanical response in a shear modulus range of
IMPa to 10 GPa and frequency range of more than seven decades (1mHz to 50 kHz).
This gives a unique broadband DMS response unmatched by conventional rheometers,
which can measure up to around 100 Hz. In this study, however, the focus is on the low

frequency end of the spectrum in order to investigate the slow mode, as was also done

9
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previously using PSG data in a study of supramolecular structures in hydrogen-bonding
liquids [38, 42].

The capacitance of the PSG device was measured in a closed-cycle cryostat [74] using
the setup as described in Ref. [75]. The cryostat was prior to all measurements purged and
filled with dry nitrogen and subsequently sealed, in order to minimize water absorption
during measurements.

Pyr14-TFSI, Pyr16-TFSI, Pyr18-TFSI, and Pyr18x02 have a high tendency to cold-
crystallize and were consequently cooled rapidly down below the temperature region
where the liquids where prone to cold-crystallization and measured in cooling down to
around 7T,. Pyr18x04, Omim-BF4 and Pmim-BF4 did not cold-crystallize in this work,
but were still measured upon cooling from the temperature where the alpha relaxation
enters the experimental window and down to 7Tj,. Shear mechanical spectra were in all
cases measured in the super-cooled state of the ionic liquids in steps of 2 K, with two
frequency sweeps at each temperature with a waiting time of 10 minutes in between, to
ensure that no crystallization was taking place during the measurements.

To extend the resolution range of PSG results toward low shear modulus values, low
frequency oscillatory shear mechanical measurements were performed on Pyr14-TFSI and
Pyr18-TFSI at the Technical University of Dortmund using a conventional Anton Paar
MCR 502 rheometer with parallel plate geometry having a diameter of 4 and 8 mm. With

this setup, the sample was kept dry by a constant flow of nitrogen.

C. Broadband dielectric spectroscopy

The frequency dependent, complex dielectric permittivity, e* = &’ +ie”, was measured
using broadband dielectric spectroscopy (BDS). The capacitor was a parallel-plate capac-
itor with a diameter of 20 mm and a spacer with thickness between 50 and 500 ym. The
BDS measurements were performed in the same cryostat [74] and the same setup [75]
as the shear mechanical measurements with the PSG, and consequently the temperature
control was the same. This enables a direct comparison of the temperatures between the
two resulting response functions |70, 76, 77].

Due to the cold-crystallization tendency of some ionic liquids, the protocol for the
BDS measurements was to rapidly cool to around 7, and then measure upon heating up
until the crystallization sets in. In the liquids with no cold-crystallization, the protocol

was to measure while cooling from room temperature and down to around 7j.

10
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The derivative analysis was also implemented in this study. With this analysis, the

ohmic conductivity of the ionic liquids is removed from the signal by the use of the relation
[78-80]
" w0 e (w)
—_ —— 1
Eder(w) 20 ln(w) ( )

This representation of the dielectric permittivity will reveal the main relaxation of the

liquid previously hidden underneath the dominating ohmic conductivity signal.

D. Dynamic light scattering

The intensity autocorrelation function go(¢) was measured in both a vertical-vertical
(VV) a vertical-horizontal (VH) geometry in a cold finger cryostat using a fiber optic
and a Cobolt Samba 500 Nd:YAG laser at TU Darmstadt. The details of setup and
analyses are described in [81]. The go(t) function is transformed into the electric field
autocorrelation function ¢ (¢) and then transformed into a generalized susceptibility y(w)

for comparison with other spectroscopy methods [82].

MWz%/MWM& 2)

o0

The VH geometry setup is also known as Depolarized Dynamic Light Scattering
(DDLS) and essentially measures the reorientation of the optical anisotropy tensor of
anisotropic molecules. In VV geometry not only molecular reorientation plays a role
but also the intermediate scattering function, which reflects density fluctuations on the

lengthscale of the optical wavelength used in the experiment [83].

III. RESULTS AND ANALYSIS
A. Shear modulus

Shear mechanical measurements have been performed before on Pyr14-TFSI, Pyrl6-
TFSI and Pyr18-TFSI 24, 84] as well as Omim-BF4 [32], but not on Pyr18-TFSI mixed
with Li-salt and Pmim-BF4. PSG measurements for all seven RTILs have been included
in this work for completeness and because the broad frequency range of the PSG method
avoids the use of masterplots, although in a limited modulus resolution range. This paper

will in the following solely focus on the low frequency part of the shear modulus spectrum.
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Figure 3a and 3b show isothermal spectra for the real and imaginary part of the com-
plex shear modulus, respectively, for the six pyrrolidinium-based ionic liquids as well as
Omim-BF4. Data have been scaled in both modulus and frequency to a point in modulus
30% below the toppoint of the alpha relaxation peak, denoted G;’f and v, respectively.
For Pyr14-TFSI and Pyrl8-TFSI, the shear modulus curve is a combination of results
from the PSG and the conventional rheometer measured at the same temperature, where

the latter has been scaled slightly in frequency to account for a small temperature off set.

1 0.5
0t ot
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\Q 1l | Q 0.5
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L L s _2 L L L
-2 0 2 4 -2 0 2 4
logio(v/viy) logio(v/viy)

(a) (b)

Figure 3: The real (a) and imaginary (b) part of the shear modulus for Pyrln-TFSI
with n = 4,6 and 8, Pyr18-TFSI mixed with Li-TFSI in concentrations of 0.2 and 0.4
molar fractions, and Omim-BF4. Both shear modulus and frequency for all liquids have
been scaled to a point in modulus 30% below the toppoint of the alpha relaxation peak
(denoted G} and vj¢). Data have been measured at 190 K (Pyr14-TFSI), 198 K
(Pyr16-TFSI), 200 K (Pyr18-TFSI), 206 K (Pyr18x02), 208 K (Pyr18x04), 202 K
(Omim-BF4) and 180 K (Pmim-BF4).

Figure 4a and 4b is a zoom in on the real part of the shear modulus, i.e. figure 3a,
in order to highlight the low frequency response. Presenting the data this way is an
advantage when the presence of a bimodal spectrum is only subtle, since the real part
of the shear modulus is especially sensitive to the presence of additional processes. A
similar approach was used in the study of low-intensity slow modes in hydrogen-bonding
liquids [38]. Furthermore, the data have been divided into two different plots; one with
the homologous series of Pyrln-TFSI (a) and the other with Pyr18-TFSI mixed with
Li-salt (b). Both plots contain data from Omim-BF4 and DC704 for comparison. The
reason for this comparison is that the Omim-BF4 contains two modes at lower frequencies
[32] and DC704 does not [71]. The black, dashed-dotted line highlights the theoretical

expectation for a terminal mode with G’ o< /2.

12



AIP

Publishing

L.

1 1
0t 0t
<= <=
|, G
~-1t .- >~-1r
S | L o Pyrld-TFSI S a Pyri8-TFSI
= . A Pyrl16-TFSI S 7 e o Pyri18x02
§° 20 = Pyrl8-TFSI i}? 25 . gg;*’ A Pyri8x04
o » Omim-BF4 R, » Omim-BF4
% / * DC704 .4 % DC704
St e/ g - -3F LS g 1
- Terminal mode B Terminal mode
-2 -1 0 1 -2 -1 0 1
logio(v/vif) logio(v/viy)
(a) (b)

Figure 4: Same data as in figure 3a, i.e. the logarithm of the real (a) part of the shear
modulus, but now divided into two plots; a) is Pyrln-TFSI with n = 4,6 and 8, and b)
is Pyr18-TFSI mixed with Li-TFSI in concentrations of 0.2 and 0.4 molar fractions.
The shear modulus for Omim-BF4 and DC704 (the latter at 224 K) have been included
in both plots for comparison. Dashed lines are linear fits to the low frequency flank of
the alpha relaxation peak, and dashed-dotted line is the theoretical expectation for a
terminal Maxwell mode with a slope equal to 2. There is no slow mode in the neat
pyrrolidinium-based ionic liquids, but a slow mode appear in both Omim-BF4 and
Pyr18-TFSI mixed with Li-salt.

Qualitatively, figure 4a clearly shows the absence of significant slow contributions in
Pyr14-TFSI, Pyr16-TFSI and Pyr18-TFSI, since G’ reaches the terminal regime right
after the alpha relaxation process. This confirms previous investigations of slower modes
in Pyr18-TFSI [24]. In Pyr18x02 and Pyr18x04, however, there is a clear deviation from
the terminal mode or fully viscous behavior, as seen in figure 4b. This indicates the
presence of an additional slower mode in these two liquids, since such a process would
give a crossover region from the alpha relaxation to the slow mode (followed by the
terminal mode) |41, 85, 86|. It is this crossover which is seen in the low frequency end of
the shear modulus spectra for Pyr18x02 and Pyr18x04, but due to the limited range of

the PSG measurements at low moduli, the terminal mode is out of reach.

To quantify these results, the slope of the low frequency flank of G’ was determined
in all of the measured liquids, including DC704. This way of identifying slow modes was
also utilized in literature |31, 38]. The method in this work was as follows; identify the
frequency range in which the change in log;o(G’) as a function of log(r) was constant,
by differentiating log1o(G’) with respect to logio(). Then fit the logarithm of G’ in this

frequency range to a first degree polynomial to obtain the slope.

13



The resulting slopes for the low frequency flank of G’ are presented for all eight liquids
in table II. Also shown is the percentage of the slope relative to that of DC704, where
there is no slow mode. The reasoning behind this comparison is that, due to experimental
uncertainties, the slope of the terminal mode in real liquids does not always reach the
theoretical value of 2. A comparison directly with the slope of DC704 will then give a

better idea, of whether the terminal mode has been reached for a certain ionic liquid or

not.

Liquid slope G’ | % of DC704

DC704 1.75 £0.01 100

Pyr14-TFSI | 1.80 £0.07 103

Pyr16-TFSI | 1.6 £0.1 91

Pyr18-TFSI | 1.79 £0.03 103

Pyr18x02 1.45 £0.05 83

Pyr18x04 | 0.99 +0.02 o7

Pmim-BF4 | 1.22 £+0.06 70

Omim-BF4 | 0.76 +0.01 43

Table II: The slope of the low frequency flank of the real part of the shear modulus for
both pyrrolidinium series plus Omim-BF4, Pmim-BF4 and DC704.

The resulting slopes in table IT show what can also be visually confirmed in figure 4;
that there is no slow mode present in either Pyr14-TFSI, Pyr16-TFSI or Pyr18-TFSI. This
becomes especially clear when comparing to the result on Omim-BF4, where the slope
is only 0.76, clearly showing the presence of a slow mode. In the series of Pyr18-TFSI
mixed with Li-salt, however, a slow mode appears in Pyr18x02, seen as a clear decrease
in the slope of GG/, and this slow mode increases in intensity in Pyr18x04. Consequently,
the addition of Li-salt to Pyr18-TFSI will introduce changes in the dynamics resulting in
an additional low-frequency relaxation mode, which increases in intensity with increasing
Li-salt concentration.

To further confirm the presence or absence of a bimodal spectrum at lower frequencies,
the shear mechanical data are also presented as the imaginary part of the shear viscosity,
n", where n(w)* = ' +in” = G* /iw. See figure 5. This representation of shear mechanical
data has proven to effectively reveal multimodal behavior in viscous liquids [87], and the

two figures clearly confirm the findings from figure 4; that there is only one relaxation
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mode at lower frequencies in neat Pyr14-TFSI, Pyr16-TFSI and Pyr18-TFSI, and that

an additional relaxation mode appears at lower frequencies when adding Li-salt to Pyr18-

TFSI.
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Figure 5: a) and b) show the same shear mechanical data as in figure 4, only this time
as the imaginary part of the viscosity, n”, where n*(w) = '(w) + 1" (w). The two figures
clearly underline the message from figure 4; that there is no slower mode in the neat
pyrrolidinium-based ionic liquids, but that there is indeed an additional mode at lower
frequencies in Omim-BF4, Pyr18x02 and Pyr18x04, and that the intensity of this
additional mode increases with increasing Li-salt concentration.

To expand on this analysis of the slower mode, the shear modulus was in addition
measured on Pmim-BF4 and directly compared to results on Omim-BF4, with the latter
being from both this study and literature [32], see figure 6a. Here the logarithm of the real
part of the shear modulus has again been scaled to the point in modulus 30% below the
alpha relaxation peak. The masterplot from literature data was subsequently scaled in
both modulus and frequency to match the alpha relaxation peak of the scaled isothermal
spectra measured with the PSG. Again, the results on the RTILs were plotted together
with results on DC704 for comparison.

The figure shows first of all that the slower mode seen in literature data is also present
when measuring with the PSG, seen as a match between the data sets, even though
the slope in the shear modulus measured in this work is slightly higher. This match
between results from this work and literature also verifies the use of the low frequency
slope in identifying a slow mode in the spectrum, when the terminal mode is not within
the experimental window.

Second of all, the figure shows that there is also a slower mode present in Pmim-BF4,

which is also confirmed by a low-frequency slope in log;o(G’) of 1.22, as well as a clear

15



Publishing

AIP

T

.

1 .
0r ® Omim-BF4
= ® Pmim-BF4
=3 o« » DCT704
\g -1t EDN Ot
C ; 2
S =27 @DD F 3 ——Omim-BF4 1 S
P g ‘ Pmim-BF4 =
'_'O o mim- a0 _1 L
3L d + DC704 9
o A Own work
i o Literatur
-4 . . . D) . . .
-2 0 2 -2 -1 0 1 2
logio(v/vif) logio(v/vif)

Figure 6: The real part of the shear modulus for Omim-BF4 at 190 K and Pmim-BF4
at 180 K as measured with the PSG together with literature data on Omim-BF4 as
measured with a conventional rheometer and shown as a master plot, from [32]. Black
asterisks are PSG data from DC704, a simple molecular liquid with no bimodal
behavior. It shows the presence of a bimodal spectrum in both Omim-BF4 and
Pmim-BF4.

bimodal spectrum in the imaginary part of the viscosity, see figure 6. The absence of a
pre-peak in the x-ray structure factor of Pmim-BF4 [54| confirms that a bimodal shear
mechanical spectrum in ionic liquids is not necessarily due to a combination of a single
alpha relaxation and the relaxation of mesoscale aggregates, since there appears to be no

aggregates present in Pmim-BF4.

B. Light Scattering

To gain further insight into the slow mode seen in Pyr18-TFSI with 0.4 molar fraction
of Li-TFSI (Pyr18x04), the liquid was measured with DLS. In the DDLS case of light
scattering, the measurement of the reorientation of the optical anisotropy tensor relates
directly to the reorientation of the main axes of the elongated anion and cation. These
are asymmetric in contrast to the very symmetric Li-ion [26], which means that only the
asymmetric molecules will give a signal in the results. Consequently, there will be no
direct contribution from the Li-ions.

This was quantitatively confirmed by fitting the low-frequency flank of the alpha re-
laxation to a first degree polynomial for the curves measured at 240 and 235 K. The re-
sulting slopes were 0.99+0.02 and 0.9640.03, showing definitely that the terminal mode
is reached with no additional sub-alpha relaxations. Furthermore, the alpha relaxation

follows a generic shape [71, 88, 89| with a power law behavior of 0.5 at the high-frequency
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Figure 7: a) The logarithm of DDLS susceptibility of Pyr18x04 measured with the VH
setup from 240-215 K in steps of 5 K showing a pronounced alpha relaxation and an
excess wing at higher frequencies. b) Same as in a), but with the spectra scaled to the
alpha relaxation peak in order to compare the spectral shapes of the curve, showing
almost complete TTS except for the high frequency part of the spectrum measured at
215 K. Dashed, black line is a linear fit of the low frequency flank of the alpha
relaxation at 240 K. The resulting slope is 0.99, showing that the liquid reaches the
terminal mode at all temperatures just after the alpha relaxation.

flank of the peak, strongly indicating no presence of additional processes.

A way to observe the presence of mesoscale aggregates in any liquid measured with
light scattering, is to check the difference in the VV and VH correlation functions. In VV
geometry, in addition to molecular reorientation, concentration fluctuations of mesoscale
aggregates show up as a contribution in the intermediate scattering function [83], in case
there is sufficient contrast between the mesoscale objects and their surroundings. How-
ever, in the present data of Pyrl8x04 VV and VH were found to be identical within
uncertainty limits. This means that aggregates are either absent or have too little con-
trast in refraction index to appear in the intermediate scattering function and thus both

measurements identically reflect reorientation.

IV. DISCUSSION

The first point is to asses if the presence or absence of several dynamic modes at lower
frequencies in the investigated ionic liquids can be related to the structure factor peak at
low (Q-values, which is linked to mesoscale aggregates formed by polar and apolar parts
of the cation and anion. Starting with the series of pyrrolidinium-based ionic liquids with

increasing alkyl chain length, the increase in the pre-peak intensity with increasing alkyl
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chain length is not reflected in the slower dynamic mode observed in the shear mechanical
spectra. In fact, there is no slow mode in the shear response of any of these three ionic
liquids, which challenges view of a ubiquitous slow mode as the dynamic signal of long-
lived mesoscale aggregates. This should also be viewed in relation to NMR measurements
showing that the concentration of mesoscale aggregates in Pyrln-TFSI increases with
increasing alkyl chain length [58]. We also mention, that dielectric measurements at
high temperatures in Pyr18-TFSI show bimodal relaxation spectra, which, however, are
unrelated to the dynamics of mesoscale aggregates as shown by comparing the pressure
dependence of dielectric and SAXS data. On lowering the temperature the slower mode

looses intensity so that the dielectric loss becomes monomodal close to T, [35].

The observed monomodal shear relaxation spectrum in Pyrl8-TFSI of this work is
in accordance with the above mentioned results in Ref. [35]. However, the finding is
surprising in two ways; first that studies on the very similar RTTL Omim-TFSI showed a
bimodal spectrum, which was assigned to originate in a time-scale separation of the cation
and anion relaxation. This separation appears gradually when increasing the alkyl-chain
length of the cation, due to an increased size difference between the two molecules [26].
In Pyr18-TFSI, the size of the cation and anion is comparable to Omim-TFSI, since the
anion is identical in the two ionic liquids, and the imidazolium ring with octyl side group
is comparable in size to the pyrrolidinium ring with an octyl side group. However, there
is no separation of time scales of the cation and anion in Pyr18-TFSI seen in the shear
mechanical spectrum, which is puzzling. An explanation could be that the shear response
of Pyr18-TFSI is simply too broad to disentangle the time scales separation. In the DDLS
response of Omim-TFSI, the separation between the cation and anion relaxation rates

was a factor of only around 4.

The second surprising fact is, that there is indeed mesoscale aggregates in this ionic
liquid, which one would expect to give a dynamic signal. A low-frequency relaxation
mode, which was shown to originate in the mesoscale aggregates, was observed by dynamic
light scattering in Omim-BF4 around 2 decades lower in frequency than the cation alpha
relaxation. Pyrl8-TFSI was in this work measured 2 decades down in frequency below
the alpha relaxation, but with no hint of an even slower relaxation mode. Of course, the
slow mode connected to the aggregates could be slower in Pyr18-TFSI than Omim-BF4,
but in any case this underlines once more that the connection between structure and

dynamics in RTILs is not a simple matter.
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A different picture is drawn with the series of Pyr18-TFSI mixed with Li-TFSI. Here
the increase of the pre-peak intensity with increasing Li-salt concentration is reflected
in an additional slow relaxation mode which increase in intensity with increasing Li-
salt concentration. Furthermore, the pre-peak in Pyr18x02 and Pyr18x04 is of higher
intensity than in neat Pyrl18-TFSI. This, combined with the absence of a slower mode
in the Pyrln-TFSI series, could indicate that the pre-peak intensity needs to be above
a certain threshold value, for at slow mode connected to the mesoscale aggregates to be
detectable in the shear modulus. This interpretation, of course, assumes that an increase
in pre-peak intensity can be directly explained by an increase in the concentration of
mesoscale aggregates, since this increase would also affect the signal strength in shear
mechanical measurements. However, the increase in the pre-peak intensity with increasing
Li-salt concentration could simply be due to an increase in contrast between the polar
and apolar regions of the mesoscale aggregates, due to the presence of Li-ions in the polar

regions.

Another interpretation is that the appearance of a bimodal spectrum in Pyr18-TFSI
mixed with Li-salt is simply due to a separation of time scales. To explain this further, it
is important to look at the structure itself. The exchange of pyrrolidinium cations with
lithium will introduce significant changes to the microscopic and mesoscopic structure
of the ionic liquid. On a microscopic level, NMR and Raman spectroscopy studies on
Pyrin-TFSI mixed with Li-TFSI indicates that the TFSI anions coordinates with the
Li cations [58]. This significantly affects the dynamics of the anion. Furthermore, it
has been shown that one Li-ion and two TFSI anions will form rather stable Li|TFSI]|,
triplets, when the Li-concentration is above ~0.1 molar fraction, essentially creating one

large, negatively charged cluster [53, 90-92].

To gain more information about the origin of the relaxation dynamics seen in Pyr18x04,
the results measured with three different experimental methods, i.e. DMS, BDS and
DDLS, are collected into a single plot for a single temperature, see figure 8. More specif-

ically, the figure makes it possible to directly compare the relaxation dynamics from G”,

"
der

n”, X", and €/ . at 230 K. This way of presenting results has been utilized before with

success [26].

The figure shows several interesting results, which need to be considered in the inter-
pretation of the multimodal spectrum. The first thing to notice is that the DDLS alpha

relaxation peak is slower than the dielectric main relaxation. This is inconsistent with
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Figure 8: The imaginary part of shear modulus, G”, shear viscosity, n”, DDLS
susceptibility, x”, and the derivative of dielectric permittivity, €., measured on
Pyr18-TFSI with x = 0.4 molar fraction of Li-salt (Pyr18x04). The different response
functions show that there is a bimodal spectrum in the shear mechanical spectra, but
not in the DDLS and dielectric spectra. For comparison, the imaginary part of the
viscosity for Pyr16-TFSI (shifted to collapse with Pyr18x04 viscosity) is shown, since
there is only one process in this ionic liquid. Green dashed line is the toppoint of the

DDLS peak, blue dahsed-line is the toppoint of the derivative of the dielectric
permittivity, orange dashed-dotted line is the toppoint of the shear modulus peak.
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what is generally observed when comparing the two response functions [82], where the
DDLS response is faster than or equal to the dielectric one, due to the difference in Leg-
endre polynomial. Thus, it is a clear indication that the two relaxation modes originate
in two separate processes.

These two separate processes could be due to a separation of the rotational and the
translational dynamics of the molecules, where the DDLS specifically measures the for-
mer, and BDS in principle measures both. However, in the case of Pyr18x04, only the
translational, conductivity relaxation process is visible in the dielectric spectrum, as has
also been observed in the literature [93].

Following this analysis, it is interesting that there is no multimodal behavior in the
dynamic light scattering results, since for the very similar ionic liquids Omim-TFSI and
Omim-BF4, this was clearly the case [26]. Here the two modes arise from a separation
of cation-anion relaxation and from a combination of cation and mesoscale aggregate
relaxation, respectively. Neither of which is detected in the light scattering results in
Pyr18x04 of this work. At first glance, a reason could be the introduction of Li-TFSI
which significantly reduces the amount of pyrrolidinium cations, making a possible separa-

tion of timescales harder to detect. However, in DDLS even small amounts of ansiotropic
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molecules that decouple would show as deviations from a generic line shape, which is not
observed. Thus, it is clear that the ionic reorientation is one single process, and neither
separations in time scales nor bimodal spectra can be explained by different rotational
time scales. Therefore, it is most likely that a separation of rotational and translational
dynamics is the source of the observed difference in the light scattering and the dielectric
response of Pyr18x04. This implies that the bimodal spectrum seen in the shear response
likewise originates from a separation of rotation and translational dynamics. It is well
known that conductivity decreases and the glass transition moves to lower temperatures
when introducing Li TFSI to the Pyrln-TFSI liquids [91]. In other words all the dynam-
ics slows down. This slowing down is probably related to above mentioned formation of
Li|TFSI|y triplets [53, 90-92]. In this view introducing Li TFSI would have a slightly
different effect on slowing down roataional and translational degrees of freedom leading
to the observed separation. Possibly, such a separation of timescales is already present in
the neat Pyrln-TFSI liquids, while not being resolved in the shear mechanical spectrum.
A way to investigate further would be to perform measurements with dynamic light scat-
tering on Pyrln-TFSI as well as Pyr18x02, but this is not possible due to a high degree

of cold-crystallization.

The shear mechanical results on Pmim-BF4 and Omim-BF4 is another clear indica-
tion that the multimodal shear mechanical spectrum is often unrelated to the mesoscale
aggregation. Simulation studies of the imidazolium-based RTILs show that an alkyl chain
length of less than 4 carbon atoms only show weak mesoscale aggregation [55|, and no
pre-peak in the structure factor [94]. It was later confirmed that when the alkyl chain is
butyl or longer, the alkyl chains will start to interconnect in a bicontinuous, sponge-like

structure, forming ordered domains of the polar and apolar parts of the molecules.

Figure 6, however, clearly shows the presence of a bimodal spectrum at lower frequen-
cies in Pmim-BF4, even though it is less pronounced than in Omim-BF4. In both cases,
decoupling is interpreted to be due to the anion BF4 being significantly smaller than the
cation. This not only leads to a separation of the rotational timescales, but also to a
decoupling between rotation and translation, as was demonstrated for Omim-BF4 in Ref.
[16], where the charge relaxation peak in dielectrics is significantly faster than the cation
reorientation monitored by DDLS and shear relaxation is bimodal. Moreover, in Fig. 6 it
is seen that the slower mode increases in intensity when going from Pmim to Omim. This

is in line with the separation between cation-anion time scale increasing with increasing
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alkyl chain length.

V. SUMMARY AND CONCLUDING REMARKS

This study has presented shear mechanical results on seven room temperature ionic
liquids (RTILs), divided into three different series; 1) a homologous series of Pyrln-
TFSI with n = 4,6 and 8, 2) Pyr18-TFSI mixed with Li-TFSI in molar fractions of 0.2
(Pyr18x02) and 0.4 (Pyr18x04), and 3) C,-mim-BF4 with n = 3 (Pmim-BF4) and 8
(Omim-BF4). The aim was to investigate in detail the origin of the multimodal low-
frequency spectra sometimes observed at in RTILs.

Surprisingly, there is no multimodal/bimodal spectrum present in the shear modulus
of Pyr18-TFSI, meaning that no dynamic signal from mesoscale aggregates are observed.
Furthermore, this result is curious since a bimodal spectrum was observed in literature in
Omim-TFSI [26], an ionic liquid with a cation and anion of similar size and composition
to the ones in Pyr18-TFSI. The origin of the bimodal spectrum was in that case found
to be a time-scale separation of the cation and anion. The absence of this separation in
Pyr18-TFSI indicates that replacing the imidazolium ring in Omim with a pyrrolidinium
ring in Pyrl8 fundamentally changes the dynamics.

A bimodal spectrum was, however, observed in the shear modulus of Pyr18x02 and
Pyr18x04, where the slower of the two modes increased in intensity with increasing Li-
salt concentration. The same was observed in Pmim-BF4 and Omim-BF4, but where the
slower mode increased in intensity with increasing alkyl chain length. A comparison of
these results with the x-ray structure factor showed that the presence of a pre-peak is
not directly linked to the presence of a bimodal spectrum, and so the direct connection
between pre-peak intensity and the intensity of the slower mode, which would then have
its origin in the mesoscale aggregates, is unlikely in these cases.

Pyr18x04 was studied in further details with the use of dynamic light scattering and
dielectric spectroscopy, showing no presence of a bimodal spectrum in these two response
function. The one relaxation mode observed in the light scattering spectrum followed a
generic alpha relaxation behavior showing that the reorientation of pyrolidinium cations
and TFSI anions is strongly coupled and no signs of aggregate relaxation were found
neither in VH nor in VV scattering geometry.

Compared to the dielectric spectrum, the fact that the light scattering relaxation mode

is slower than the dielectric strongly indicates that the two observed modes originate in
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different molecular processes, most likely a separation of rotational and translational
motion, since dynamic light scattering can only observe the first. This separation is also
most likely the origin of the bimodal spectrum seen in Pyr18x02 and Pyr18x04.

These specific cases were also further analyzed in a broader perspective, in order to
give a more fundamental understanding and overview of the origin of the multimodal
spectra observed in ionic liquids. This analysis clearly showed that one needs to take
extra care before making the simple and general conclusion, that the slower mode seen
in the shear modulus is the dynamic signal of long-lived mesoscale aggregates.

Currently, two explanations for the origin of the bimodal shear mechanical spectra
in RTILs are dominating in literature; 1) cation-anion time scale separation or 2) the
combined cation-anion relaxation plus the relaxation of mesoscale aggregates. In the
present study the most likely picture points towards the first interpretation, combined
with the fact, that a separation of timescales also includes a separation of reorientational
motion and translational charge relaxation, as in the case of Pyr18x02 and Pyrl18x04.
But this is clearly elucidated only when comparing the spectra measured across different
experimental techniques, e.g. dynamic light scattering and dielectric spectroscopy.

All of this underlines the difficulties of studying RTILs. They are structurally very
complex systems with different length- and time-scales, and so far nothing points towards
a general, universal origin of the multimodal spectra seen in some ionic liquids when
measuring with different experimental techniques. Instead, to understand the underlying
mechanisms of a single family of ionic liquids, one needs to use as many strategies as
possible, i.e. a large series of ionic liquids with small changes to the chemical structures

as well as several, complimentary experimental techniques and computer simulations.
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