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Abstract: In recent years, the complex and heterogeneous
structure of ionic liquids has been demonstrated; however, the
consequences on the dynamics have remained elusive. Here, we
use femtosecond IR spectroscopy to elucidate the local
structural dynamics in protic alkylammonium-based ionic
liquids. The structural relaxation after an ultrafast temperature
increase, following vibrational excitation and subsequent
relaxation of the N-D (or N-H) stretching vibration, is found
to vary substantially between the ionic and hydrophobic
subdomains. The dynamics in the ionic domains are virtually
unaffected by the alkyl chain length and is, therefore,
decoupled from viscosity. Equilibration within the hydro-
phobic subdomains, as evident from the dynamics of the C-H
stretching vibration, is faster than that in the ionic domains and
shows a remarkably low thermal activation.

As a result of their unique properties,"? such as high
thermal stability, wide electrochemical window, and several
other interesting features, room-temperature ionic liquids
(RTILs) have found a wide range of applications,* such as
in solar energy systems,”! as heat-transfer media, and also as
reaction media. Despite being macroscopically homogeneous,
it has become apparent in recent years that RTILs are
structurally heterogeneous, with ionic and hydrophobic
domains.[*”! This heterogeneity provides new opportunities
for material science!® and is thought to be the origin of the
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failure of macroscopic theories to predict reaction rates when
RTILs are used as the solvent.”! This failure is thought to arise
from heterogeneity, as the local structural reorganization
around a reactant and the ability to dissipate excess energy
largely determine how a reaction medium influences the rate
at which the reaction proceeds.'"”) Despite the apparent
importance of the local structural and energy dynamics in
RTILs, surprisingly little is known about the impact of
structural heterogeneity on such local dynamics.”

Herein, we use femtosecond infrared (fs-IR) spectroscopy
to systematically study the effect of RTIL heterogeneity on
heat dissipation and local structural reorganization in
response to an ultrafast temperature jump.!'!! By systemati-
cally varying the size of the hydrophobic alkyl chain in a series
of alkylammonium formates and probing the thermal equi-
libration in the ionic and hydrophobic domains with molec-
ular specificity, we have obtained detailed insight into the
local dynamics of RTILs.

In the first set of experiments, we studied the N-D
stretching vibration of isotopically labeled ethylammonium
formate (EAF, [C,H;NH;;D; " [COOH] ) with different
isotope exchange ratios, x =D/(D + H). Using a frequency-
tunable intense fs-IR pump pulse centered at 2260 cm ™, we
generated a population in the first vibrationally excited state
(v=1), which led to a reduced absorbance at the fundamental
mode (v=1+0). This reduced absorbance, which we mea-
sured with a weak, temporally delayed laser pulse, can be seen
in the isotropic transient spectra (i.e. the difference between
the spectrum of the excited and the non-excited sample) at
short times in Figure 1a: immediately after the excitation
(0.2 ps, Figure 1a), the transient spectra are dominated by
a bleaching signal (A, <0) at 2240 cm™'. As can be seen
from the temporal evolution of this bleaching signal in
Figure 1b, this excitation is very short lived and has fully
decayed at about 2 ps. As the excitation decays, the absorbed
energy is dissipated to low-energy modes and eventually leads
to an increase in temperature by a few Kelvin in the laser
focus.™? RTILs exhibit structural reorganization (e.g. thermal
expansion) in response to fast “thermal” excitation.*!'¥ Such
structural changes go along with an increase in the intermo-
lecular distances and thus lead to a blue-shift in the frequency
of the molecular vibrations, which can thus be followed with
ultrafast IR spectroscopy. This slow thermal equilibration
occurs on a distinctively slower timescale (ca.10 ps) than
vibrational relaxation, which is evident from the slow increase
in the magnitude of the transient spectra Aaj, (see Fig-
ure 1a,b) at long delay times.

For quantitative analysis, we used a kinetic model to
describe the experimental isotropic data (for details see the
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Figure 1. a) Isotropic transient spectra Ao, (w) at N-D stretching
frequencies at different delay times and b) isotropic transient signal
A, (w) at 0 =2240 cm™' for EAF (D fraction: x=0.236). The symbols
represent the experimental data and the solid lines show fits of the
vibrational relaxation model to the data (see text). c) Extracted decay
times for EAF at different isotopic exchange x=0.058, 0.134, and
0.236. The error bars correspond to a 2% increase in the sum of the
squared deviations of the fit from the data.

Supporting Information). As shown previously,™ the initial
vibrational relaxation is biexponential (z; and 7, in our model,
see the Supporting Information) followed by a slow thermal
equilibration with time constant 7,..,,. We found vibrational
relaxation to be fast (7, ~240 fs, 7,~ 1.5 ps)—similar to that
of ethylammonium nitrate (EAN)!"*l—while thermal equili-
bration of EAF occurred on a timescale of 7y, =~ 11 ps. To
obtain further insight into the nature of the thermalization
dynamics, we varied the isotopic composition, x = D/(D + H)
(i.e. we varied the average distance of the N-D oscillators in
the sample). As can be seen from Figure 1c, 7; and 7, are
virtually independent of the deuterium concentration, which
indicates that the mechanism of vibrational relaxation only
depends on the local environment of the excited N-D group.
Furthermore, the subsequent thermal equilibration dynamics
are independent of x, which suggests that the process
associated with Tyema corresponds to a local structural
equilibration which does not depend on the average distance
between the N-D chromophores. This observation implies
that the dynamics associated with Tyemma correspond to
structural relaxation in the vicinity of the excited N-D
oscillator, and that thermal diffusion from initially excited
N-D groups to non-excited ND oscillators does not contribute
significantly.") We note that the dynamics for EAF at low
isotopic exchange (x=0.05) differ slightly from those mea-
sured at high deuterium content (Figure 1c). This deviation
likely originates from a weak absorption band centered at
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2160 cm™! in EAF (x=0, no D present; see Figure S1 in the
Supporting Information), which contributes to the measured
dynamics at low values of x. To avoid significant contribution
of this background band, we focus on samples with high
isotope exchange, where the contribution of the background
band at 2160 cm * can be considered negligible (see Figure S2
in the Supporting Information). We further confirmed that
the dynamics associated with Ty,.ma reflect the local equili-
bration of the ionic ammonium group by studying the inverse
system (excitation of the N-H stretching band at 3040 cm™'
for EAF at x=0.92, see Figure S3 in the Supporting
Information). As can be seen from Figure 2a, the equilibra-
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Figure 2. a) Thermal equilibration and viscosity (inset) for EAF and
EAN. The symbols represent the experimental data and the solid lines
show Arrhenius fits. b) Thermal equilibration and viscosity for different
lengths of the hydrophobic side chain. The lines are visual aids. Error
bars correspond to a 2% increase in the sum of the squared
deviations of the fit from the data. Viscosities were taken from the
literature.['#2

tion dynamics measured for the N-D and N-H stretching
vibrations in response to the ultrafast temperature change are
in broad concordance."® This agreement is consistent with the
dynamics associated with Tyema being due to thermal
equilibration of the ionic ammonium group.

To glean insight into the underlying molecular mechanism
of the thermal equilibration, we studied the temperature
dependence of T.ma. From an Arrhenius fit of the data
(Figure 2a), we determined an activation energy of E,-
(Tipermar) = (4.7 £ 1.0) kI mol'.I'"! As mentioned above, equili-
bration will only lead to spectral changes in the N-D (or N-H)
stretching band if the intermolecular distance between the
ammonium group and the anion is altered. Thus, on a molec-
ular level, the equilibration is expected to be dominated by
local translational motion of the ions. It is thus informative to
compare our present results to the thermal activation of the
viscosity (i.e. translation under shear; see inset in Figure 2a).
Interestingly, the shear viscosity!® exhibits a markedly higher
activation energy (for EAF, E, =(22.1+0.5) kImol™") than
the thermal equilibration E(7Tyemal), thus indicating that the
energy barrier for translation associated with the thermal
equilibration is much lower than that under shear. The
difference in activation energy is perhaps not surprising, given
that the restructuring after thermal excitation corresponds to
a rather local translation, as opposed to the long-range
translation under shear. Such a reduced activation barrier is
also observed for ethylammonium nitrate:"¥ similar to our
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findings for EAF, the activation energy for thermal equili-
bration of EAN (E,=(6.240.1) kImol™)!'*! is much
smaller than for viscosity (E, = (22.8 £0.6) kI mol™!).l! We
note that the absolute values of Ty, are larger for EAN, in
line with its higher viscosity (compared to EAF). This implies
that the nature of the anion critically influences the local
intermolecular interaction and consequently the local dynam-
ics.

In contrast to the marked change of Tyma (ca. 11 ps for
EAF vs ca. 16 ps for EAN[ at 25°C) upon substitution of the
anion, increasing the alkyl chain length of the cation from
ethylammonium (EA) to pentylammonium (PeA)! (see
Figures S4 and S5 in the Supporting Information) has little
impact on the local dynamics of the ammonium group, with
Tmermat  T€Maining virtually constant for all the studied
alkylammonium formates (see Figure 2b). This is even more
surprising given that the viscosity®! increases by a factor of
2.5 upon changing the cation from EA to PeA (see Fig-
ure 2b). It also contrasts the finding for hydrogen-bonded
alcohols, where the size of the alkyl group markedly affects
the dynamics of the hydroxy group.'! For alkylammonium
formates, the increase in the size of the hydrophobic fragment
goes along with a marked increase in the hydrophobic domain
size, as evident from scattering experiments.”!! Our results
show that the local dynamics in the ionic region of the RTILs
are remarkably insensitive to the increase in the size of the
hydrophobic domain.

Conversely, it is of interest how fast the hydrophobic
domains can equilibrate after the ultrafast temperature rise.
Accordingly, we performed experiments with the pump pulse
centered at 3040 cm ', predominantly exciting the N-H
stretching band for a sample of EAF at x =0.92 and probed
the dynamics of the C-H stretching vibration at 2985 cm™". We
found thermal equilibration to be significantly faster for the
C-H (alkyl) stretching vibration, with 7y, 2 6 ps at ambient
temperature (see Figure 3 and Figure S6 in the Supporting
Information). This time constant is only half that observed for
the ammonium group embedded in the ionic domain
(ca. 11 ps). Importantly, the values for Ty,ema at C-H stretch-
ing frequencies are nearly independent of temperature,
decreasing from 6.4 ps at 25°C to 6.1 ps at 85°C, which
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Figure 3. Thermal equilibration times Tyema of the ammonium group
of EAF as determined from the dynamics of the N-D and N-H
stretching vibrations together with the dynamics of the hydrophobic
(C-H stretching vibration) domain at different temperatures. Error bars
correspond to a 2% increase in the sum of the squared deviation of
the fit from the data.
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corresponds to an Arrhenius activation energy of about (0.7 =
0.1) kTmol~".'1 The low value of E, clearly indicates that the
equilibration within the hydrophobic domain has a remark-
ably low activation barrier. It further suggests that the
amphiphilic nature of the EA cation, which underlies the
structural heterogeneity, also leads to substantial heteroge-
neity with respect to the dynamics. Our results suggest that
the hydrophobic domains, where molecular interaction is
dominated by van der Waals forces, are very flexible and can
readily adapt to the dissipated energy. In contrast, the
Coulombic and hydrogen-bonding interaction between the
cationic ammonium group and the anions make the ionic
substructure more rigid, as the breaking and reformation of
these strong intermolecular forces require higher activation
energy. The rigid structure is presumably a direct conse-
quence of the highly anisotropic energy landscape around the
ionic groups as a result of the reported directional hydrogen
bonds.”**! Our results further indicate that, despite being
correlated, the local dynamics are largely decoupled from the
viscosity. This is consistent with the view that the viscosity is
determined by the local interactions and dimensions of the
hydrophilic and hydrophobic domains (which give RTILs
their particular structure), while the liquid dynamics are
determined primarily by local intermolecular interactions.

In summary, we studied structural equilibration in RTILs
after a fast temperature jump, which was induced by vibra-
tional excitation and subsequent relaxation. We find this
structural relaxation is a rather local process. The relaxation
of the ammonium entity within the ionic substructures
markedly depends on the counterion, whereas the size of
the alkyl group has little influence on these dynamics. This
indicates that local dynamics within the ionic domains are not
affected by the size of the hydrophobic aggregates. Inter-
actions within the hydrophobic domains are much weaker and
equilibration within these domains is accordingly faster. Thus,
our results show that ionic liquids are not only structurally
heterogeneous, but the dynamics vary considerable among
the different substructures. This has implications for the
performance of RTILs as reaction media, as the local
structural dynamics and the ability to dissipate excess
energy affect reaction rates and may provide a rationale as
to why predictions of reaction rates based on macroscopic
observations fail for RTILs. It may further help to understand
the rather complex solvation dynamics®” in these systems.
Finally, the heterogeneous thermal dynamics are likely the
origin of the anomalous heat transport in RTILs,*! which is
pertinent to their applications as electrolytes or heat-storage
media.
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