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1 Introduction

Beyond isotropic reorientation: probing
anisotropic and internal motions in ionic liquids
with fast field cycling NMR relaxometry and MD
simulationsf

ab

@ Tanja van Alphen,? Johanna Busch, (2 Dietmar Paschek,

¢ and Anne Strate () *@

Lennart Kruse,
Ralf Ludwig

We investigate the rotational and translational dynamics of ionic liquids (ILs) through a combined
approach utilizing fast field cycling nuclear magnetic resonance (FFC NMR) relaxometry and molecular
dynamics (MD) simulations. The ILs examined, [TEA][NTf,] and [CsPyl[NTf,], were selected to explore
differences arising from variations in ion shape and rigidity. FFC NMR relaxometry provides detailed
spin—lattice relaxation rate data for both *H on cations and '°F nuclei on anions across broad frequency
and temperature ranges, enabling the characterization of ion-specific dynamics. To dissect the total
relaxation rates into intramolecular and intermolecular contributions and to accurately interpret these
data, advanced relaxation models were employed, accounting for isotropic, anisotropic, and internal
rotational motions. The dynamics of the nearly spherical [TEAI* cation were described using the
Bloembergen—Purcell-Pound (BPP) model, while the elongated [CsPyl* cation required a symmetric top
model to capture anisotropic rotational behavior. Additionally, the [NTf,]” anion’s rotational dynamics
were modeled to include fast internal rotations of the CFz groups. For both ILs, self-diffusion coefficients
were also obtained in addition to rotational dynamics. Notably, the analysis explicitly considered hetero-
nuclear intermolecular contributions, which were found to play a significant role in accurately capturing
the relaxation behavior. Complementary MD simulations provided rotational correlation times and self-
diffusion coefficients, which showed excellent agreement with experimental results, thereby validating
the employed relaxation models. These findings contribute to a deeper understanding of IL dynamics,
emphasizing the role of ion geometry and internal motions in data evaluation. Thereby, this work estab-
lishes a comprehensive framework for future studies on complex IL systems.

applications, FFC NMR has also been frequently employed to
study the dynamics of ionic liquids (ILs),"*' a fascinating

Fast field cycling nuclear magnetic resonance (FFC NMR)
relaxometry has been established as a powerful technique for
investigating relaxation processes and molecular dynamics in a
wide range of materials, including soils,"* food,** biological
tissues,”® polymers,”® and liquids.”’® Among these many
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substance class, that consists solely out of ions and is defined
by a melting point below 100 °C. ILs are characterized by their
broad liquid range and significantly higher viscosities®*™*
compared to a lot of conventional molecular liquids. These
properties make them particularly suitable candidates for
studying spin-lattice relaxation rates R;(w) in dependence on
an external magnetic field By, enabling the acquisition of so-
called nuclear magnetic relaxation dispersion (NMRD) profiles
across a wide range of temperatures. Beyond their fundamental
scientific interest, ILs offer a wide range of tunable physico-
chemical properties due to the nearly unlimited combina-
tions of cations and anions. This adaptability makes them
valuable as designer solvents for various applications. One of
the most promising application areas of ILs is electrochemical
devices, including batteries,**” supercapacitors®*®*° and solar
cells.*>*" In such applications, the transport properties of ILs
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play a crucial role in optimizing performance and, thus, in the
further development of energy storage and conversion technol-
ogies. Therefore, a better understanding of dynamical para-
meters such as rotational correlation times and translational
diffusion coefficients is essential. FFC NMR relaxometry is
uniquely suited for studying these properties, as it provides
access to both rotational and translational dynamics within one
single experiment. However, analyzing FFC NMR data for ILs
also presents challenges, particularly in selecting appropriate
relaxation models to extract reliable dynamical information.

A review of the literature reveals various approaches for the
evaluation of FFC NMR data collected for ILs. Some studies
focus on ILs containing only protons like e.g. [EMIm][SCN]""
and [BMIm][Br],"* where data analysis is relatively straightfor-
ward as only homonuclear dipole-dipole-relaxation has to be
taken into account. However, other investigations focus on ILs
where protons are located on the cation and fluorine atoms on
the anion. In these cases, relaxation data are sometimes only
collected for protons in order to draw conclusions about the
dynamics of the cations, while heteronuclear contributions
from fluorine atoms located on [BF,]” ** or [NTf,]” ***° anions
are neglected due to the significant differences in spin densi-
ties. Other studies measured relaxation rates for both nuclei
but analyzed them independently from each other rather
than simultaneously.>®*” A more complex approach involves
simultaneously analyzing relaxation rates for both nuclei. The
literature also contains several examples for this.'>"'>3"*
Regardless of whether heteronuclear contributions are consid-
ered and independent of the specific fitting approach used,
another aspect remains subject to variation in the literature.
Most studies employ the Bloembergen-Purcell-Pound (BPP)
mode]'>?%27:3031:42:43 £ the spectral density to describe rota-
tional motion. This model assumes the isotropic rotation of a
rigid, spherical object characterized by a single rotational
correlation time. However, these assumptions can be overly
restrictive. To address this limitation, alternative studies adopt
the Cole-Davidson model,'"*>?>* which introduces an empirical
stretching parameter to account for deviations from a purely
Lorentzian spectral density. However, to date, only a single
study has accounted for an additional anisotropic rotation
when interpreting relaxation data from ILs."® All in all, two of
the main challenges in analyzing FFC NMR experiments are
selecting an appropriate evaluation method and choosing
suitable relaxation models. These points can be addressed by
combining FFC NMR relaxometry with molecular dynamics
(MD) simulations. MD simulations also allow for determining
rotational correlation times and self-diffusion coefficients,
complementing the experimental data. Moreover, they can
contribute to mechanistically verifying the used relaxation
models. Several studies®***** have already demonstrated the
benefits of this combined approach, highlighting its potential
to enhance the interpretation of FFC NMR relaxometry data.
Singer et al. extensively studied NMR relaxation mechanism
between viscous polydisperse fluids combining MD simula-
tions with experiments.**™*® A particular innovative approach
that goes beyond traditional motional models has been recently
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introduced by Asthagiri and co-workers,*>*® who suggest to
expand the spectral density (or, for the time-domain, the
corresponding dipole-dipole correlation function) into a con-
tinuous distribution of Lorentz-functions (or “modes”) via an
inverse Laplace transform. A recent study by Valiya Parambathu
et al®" on complex viscous liquids such as glycerol and a
viscosity standard composed of oligomers of poly-(isobutene)
demonstrated the power of their methodology. Their approach
is particularly valuable for systems where a meaningful factor-
ization into contributions from translatoric, rotational, and
internal motions is not possible. Although it heavily relies on
MD simulation results, it can provide unprecedented dynami-
cal insights in terms of the distribution of dynamical modes in
complex viscous liquids.** However, their approach appears to
be less practical for the analysis of experimental data sets,
as it requires handling a comparatively large number of vari-
ables (modes), which may limit its applicability in routine data
interpretation.

In this study, we present two specially synthesized ILs,
[TEA][NTf,] and [CsPy][NTf,], as model systems to advance the
understanding of IL dynamics. Both substances contain pro-
tons on the cation and fluorine on the anion. These two ILs
were carefully selected based on differences in ion shape and
rigidity. Generally, the effective molecular shape can be cate-
gorized as a spherical top, a symmetric top, or a completely
asymmetric rotor.>>>* Here, [TEA]" cations are selected for their
overall regular proton distribution and their spherical shape to
explore isotropic rotation, while in [NTf,]~ anions all °F nuclei
are located in fast-rotating CF; groups for internal rotation
analysis. The elongated shape of [C5Py]" cations allows for the
investigation of anisotropic contributions corresponding to the
model of a symmetric top. To the best of our knowledge, this is
the first study to employ FFC NMR relaxometry on ILs by
simultaneously analyzing "H and '°F data from both cations
and anions across all temperatures, while utilizing advanced
relaxation models that account for internal rotation or aniso-
tropy, depending on the ion under consideration. Importantly,
our experimental results, including rotational correlation times
and self-diffusion coefficients, show excellent agreement with
MD simulation data. This comprehensive approach improves
our understanding of the rotational and translational dynamics
of ILs, thereby supporting further advancements in this field.

2 Relaxation theory
Relaxation rates in FFC NMR relaxometry

FFC NMR relaxometry provides valuable insights into the
dynamic properties of various materials by measuring the
spin-lattice relaxation rate (R;) as a function of the spectro-
meter frequency (w). Unlike conventional NMR methods, FFC
NMR enables controlled variation of , allowing for the acqui-
sition of dispersion curves (Ry(w)) that reflect multiple
molecular processes occurring on different timescales within
a single experiment. The spin-lattice relaxation rate, R;, is
defined as the inverse of the spin-lattice relaxation time, T;.

This journal is © the Owner Societies 2025
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At the same time, this technique is unable to resolve NMR
signals originating from chemical groups containing the same
type of nucleus with different chemical shifts. As a result, the
measured relaxation rates represent averaged R;(w) values for
each nuclear type rather than spatially resolved relaxation data.
Nonetheless, the simultaneous measurement of different
nuclei - such as protons and fluorine - can yield crucial
dynamical information about complex systems such as ILs.

In this study, we analyze spin-lattice relaxation profiles for
both 'H and *°F nuclei. Since both of them are dipolar in nature
(Ig = Ir = 1/2, where I is the nuclear spin quantum number),
their dominant relaxation mechanism is based on dipole-
dipole magnetic interactions. According to relaxation
theory,>>** the overall proton relaxation rate can be expressed
as a sum of intramolecular and intermolecular contributions:

Rll_l(wH) = Rll_f}_rlltra(wH) + RIl_I,{_lljter(wH) + RIl_I,}:nter(wH) (1)

where, wy; is the proton Larmor frequency. The first term Rﬁﬁltm
describes intramolecular proton-proton interaction within the
same cation, governed primarily by molecular rotation. The
second and third terms, Riiner and Rif, correspond to
intermolecular interactions - proton-proton interactions
between different cations and proton-fluorine interactions
reflecting cation-anion interactions, respectively. These contri-
butions are caused by translational motion. For clarity, all
equations presented here pertain exclusively to proton relaxa-
tion. However, the total relaxation rate can be equivalently
expressed for fluorine by exchanging the superscripts H and
F. All corresponding equations are provided in the ESL{

Spectral densities and their role in relaxation analysis

The homonuclear dipole-dipole interaction between two nuclei
can be expressed as the product of a structural prefactor, 4,
and a linear combination of spectral densities J. These spectral
densities describe single (J(wy)) and double quantum ( J(2wg))
coherences, as applied to intra- and intermolecular proton-
proton relaxation:**

RIl_[,}_rlltra = Afrlxga X Uintra(wH) + 4.]intra(2wH)] (2)
R{I,Elter = AiPrIx]t{er X []inter(wH) + 4]inter(2wH)] (3)

However, the situation is more complex for heteronuclear
dipolar interactions, as in the case of proton-fluorine interac-
tions, where additional spin interaction pathways contribute to
relaxation:**

Rll{,fnter :A;Iqlt?er X []inter(|wH - wFD + 3.]inter(wH) + 6Jinter(wH + wF)]

(4)

A complete set of equations, including fluorine relaxation
and all coupling constants, 4;, is provided in the ESI,{ Section
S1. Selecting an appropriate spectral density model is crucial
for accurately extracting dynamical properties from experimen-
tally obtained spin-lattice relaxation rates. This choice depends
on both the type of interaction (intra- vs. intermolecular) as well
as the molecular structure.

This journal is © the Owner Societies 2025
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Models for describing rotational motion

In an early work from Bloembergen, Purcell, and Pound>’
(BPP), it is shown that the spectral density of an isotropic
rotational motion can be expressed by one single Lorentzian
function:
Trot

(5)

2

BPP _
Jimra(vaffOt) 1 + a)]-[z‘L' .
To

where wy is the proton Larmor frequency and 7., represents
the rotational correlation time. This model is valid under the
assumption of isotropic rotation, making it suitable for the
nearly spherical [TEA]" cation. However, these assumptions are
not justified for the [CsPy]" cation, since the molecular shape is
not spherical, but ellipsoidal. Therefore, a more refined sym-
metric top>>® (ST) model must be used, requiring three
different Lorentzian functions including three different corre-
lation times, 1, 7; and t,:

1 2 T . T
S 2 2 2
ISl (0,1,0) :2(3005 x—1) 71+w2102+3(s1n 0Ccos a)il—l—wz‘clz
3.4 (%)
L

(6)

Here, o represents the angle formed between two anisotropic
rotational axes. Based on eqn (6), two distinct rotational
correlation times, 75, and 7, can be determined:

TEot:TO (7)
1 1 1 1 1 1
[ N (e 8
‘ckn T 19 4 (12 10) (8)

These correlation times characterize the slow reorientation
of the longest molecular vector and the faster reorientation of
an anisotropic rotational axis, respectively. It shall be noted,
that eqn (6)-(8) can also be expressed in terms of rotational
diffusion coefficients, D, and D, as shown in the ESI,{ Section
S1. In contrast to the cations [TEA]" and [CsPy]’, where the
analyzed protons are well distributed over the entire ion, the
NMR-active '°F nuclei of the [NTf,]” anion are exclusively
located within two CF; groups. In this case, additional internal
rotation (IR)>’~° contributions must be considered due to the
rapid rotation of the CF; groups. This additional motion
modifies the spectral density in a manner analogous to the
ST model:

1 2 T . 2 7]
Jiﬁra(w,r,ﬂ):z(3coszﬁf1) H—Tzroz+3(sm ﬂcoszl)’)m
3 . 4 T2
—I—Zsm ﬁl-i—wzrzz
)

where f§ is now defined as the angle between the main axis of
the rotation and the axis of internal rotation. In other words, it
can be understood as a semi-angle of the cone on which the
internal motion takes place with respect to the rest of the ion.
Consequently, the correlation times 7y, 74 and 7, can be used to
calculate the slow overall rotational correlation time t,.. of the

Phys. Chem. Chem. Phys., 2025, 27,10927-10938 | 10929
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whole ion and the rotational correlation time for the faster
internal rotation tyq:

Trot = To (10)

1 1 1 1 /1 1

T T To 4 (E*E)

Eqn (6) and (9) appear very similar. However, the key
difference between the ST and IR models lies in their differing
perspectives on the nature of the corresponding ion. In the ST
model, the ion is treated as a rigid object with an ellipsoidal
shape, characterized by two distinct axes of rotation. In con-
trast, the IR model considers the ion as a spherical object,
exhibiting isotropic overall rotation while allowing for addi-
tional internal rotation. Depending on the nature of the ion,

one of the three presented spectral densities must, therefore, be
chosen to describe the rotational dynamics.

(11)

Model for describing translational motion

The modeling of intermolecular dipolar interactions has been
done using the well-established expression developed by
Hwang and Freed.®® They assumed that the particles carrying
the interacting nuclei diffuse in a force-free manner, behave as
hard spheres with a diameter d, and that the interacting nuclei
are located at the center of these spheres. The corresponding
spectral density function has been proven to provide reliable
translational correlation times for a variety of diverse sam-
ples:61—63

3™ u? uzflrans
Jinter(w7 Ttrans) =T72— du

anfo 81 4 9u? — 2u* + 1S 1t + > Tyrans?
(12)

Here, u represents an integration variable, while 7, generally
denotes the translational correlation time. In the following,
three different translational correlation times can be used to
calculate the self-diffusion coefficients of cations Dy and
anions Dg in ionic liquids according to eqn (13) and (14).
Additionally, relative diffusion coefficients (Dyei(HH), Dyei(FF),
and D, (HF)) can also be determined as the sum of the self-
diffusion coefficients. Regardless of the specific nature of the
ions, this model is consistently applied to describe the transla-
tional motion of all ions in this study.

HH dun’ _ dun’® _ dun’ (13)
rans o+ Dy 2- Dy Drel(HH)
JFF drr’ - dri? = drv? (14)
trans Dg + Dp 2-Dg Drel(FF)
dur’ duy’
= 1)

DH + DF - Dre](HF)

In this study, the rotational correlation times and transla-
tional self-diffusion coefficients were determined by simulta-
neously fitting the '"H and '°F spin-lattice relaxation rates for
both nuclei across all temperatures using the above proposed
models. The description of protons and fluorine nuclei is
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interconnected through the assumptions tyr = Ty and dyp =
dru. A more detailed description of the data fitting procedure
based on all of these equations is included in the ESLf
Section S4.

3 Experimental section
Materials and sample preparation

Both ILs, namely triethylammonium bis(trifluoromethan-
esulfonyl)imide [TEA][NTf,] and pentylpyridinium bis(trifluo-
romethanesulfonyl)imide [CsPy][NTf,], were synthesized follow-
ing procedures previously described in the literature.*®®°
After synthesis, the samples were dried under high vacuum
(107" mbar) for 48 h to degas and remove any residual water.
Finally, 1 ml of the ILs was transferred into standard 10 mm
NMR tubes and sealed under vacuum to prevent contamina-
tion. The molecular structures of the nearly spherical [TEA]"
cation, the elongated [CsPy]" cation, and the [NTf,]” anion,
including fast rotating CF; groups, are shown in Fig. 1.

FFC NMR relaxometry measurements

Measurements of 'H (cation) and '°F (anion) frequency-
dependent spin-lattice relaxation rates R;(w), as the inverse
of spin-lattice relaxation times Tj(w), were conducted using a
FFC 2000 Spinmaster relaxometer (Stelar s.r.l., Mede, Italy). For
[TEA][NTf,], we utilized data from our previous work,’® com-
prising 30 data points between 0.01 MHz and 10 MHz, and
20 data points between 10 MHz and 42.6 MHz. For [C5Py][NTf,],
30 data points were logarithmically distributed over a frequency
range of 0.01 MHz to 38 MHz. Temperature ranges were care-
fully selected between 263 K and 333 K for [TEA]|[NTf,] and from
263 K to 323 K for [CsPy|[NTf,], each in 10 K increments.
Temperature control was achieved using a built-in variable
temperature control unit, employing heated compressed air
for high temperatures and evaporated liquid nitrogen for low
temperatures. An external thermometer was used to monitor
the temperature, ensuring an accuracy of +0.5 K. For the
experiments, prepolarized pulse sequences were used at fre-
quencies below 12 MHz, whereas non-prepolarized sequences

b)
e NN%®
98 Bl

v

c) !
3 3 4 ])
J J
Fig. 1 Schemes of (a) [TEAI" cation, (b) [CsPyl* cation, and (c) INTf]™

anion being present in the studied ILs [TEAI[NTf,] and [CsPy][NTf,].
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were employed above 12 MHz The polarization and detection
fields were set to be 25 MHz 'H Larmor frequency and
16.3 MHz 'H Larmor frequency, respectively. T;-times were
determined by fitting 16 data points of the magnetization
built-up and relaxation curves. All resulting magnetization
curves exhibited monoexponential behavior. The relative error
in T, estimation was consistently maintained below 2% across
all experiments, ensuring high data reliability.

Determination of rotational correlation times and self-
diffusion coefficients using MD simulations

We have performed MD simulations of the [TEA][NTf,] and
[CsPy][NTf,] ILs using classical non-polarisable forcefield
models outlined in ref. 67-71 employing fixed bond lengths
with an integration time-step of 2 fs. Details about the simula-
tion setup can be found in the ESI,j Section S7. Recently,
Asthagiri and Beck’” and Rosas Jiménez et al.”® reported that
long time-steps in MD simulations of rigid water models led to
noticeable violations of the equipartition of kinetic energy. We
have therefore performed additional simulations with a
reduced time-step of 1 fs. Although we did not directly compute
the effect on the equipartition of the kinetic energy, we did
observe, in the scope of the present work, only a minor
influence on the computed dynamical properties shown in
Tables S7 and S11 of the ESI.{

Intramolecular contributions to the relaxation rate are dom-
inantly based on the rotational motions of the cations and
anions. To characterize the anisotropic rotational dynamics
from MD simulations, we compute reorientational correlation
functions

ci(e) = (P[ty(0)y(0)) (16)

for several selected intramolecular vectors, where u; denote
unit vectors oriented along the axis connecting two atoms i and
J within an ion of a certain type, P,[...] indicates the second
Legendre polynomial, and (...) denotes both ensemble aver-
aging as well as averaging over equivalent pairs of atoms.
Reorientational correlation times t; are computed by numeri-
cally integrating the C¥(¢) using the trapezoidal rule. Note that
since the molecular models used are flexible, the reorientation
of the selected vectors is also affected by internal degrees of
freedom. Consequently, the reorientational correlation func-
tions of these vectors inherently reflect contributions from
internal dynamics.

Intermolecular relaxation depends strongly on the inter-
diffusion coefficients. Therefore, self-diffusion coefficients were
computed from the slope of the center-of-mass mean square
displacement (cms-MSD) of the ions using the Einstein
formula”™ according to

Doar = ¢ 2 1im (170) — (1)), (17)
where 7(t) represents the position of the center of mass of an
ion at time ¢. Time-intervals for determining D s were selected
to consistently sample displacements of several times the
diameter of the ions involved.

This journal is © the Owner Societies 2025
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4 Results and discussion
Relaxation rate dispersions

In this study, the ILs are carefully selected such that *H nuclei
are solely located on the cations, while '°F nuclei are exclusively
located on the anions. This fact allows for ion-specific dynami-
cal investigations by selectively probing the individual motions
of cations and anions.

The spin-lattice relaxation rates R;(w) for 'H (cations) and
'9F (anions) were measured as a function of the Larmor
frequency. Corresponding NMR dispersion profiles are pre-
sented in Fig. 2(a) and (b) for [TEA][NTf,] and in Fig. 2(c) and
(d) for [C5Py][NTf,]. Two distinct temperature-dependent trends
can be observed. First, the relaxations rates decrease in ampli-
tude and dispersion with increasing temperature, and second,
the '>’F NMRD profiles display greater dispersion compared to
'H data at the same temperature.

For further analysis, these total relaxation rates were
dissected into homonuclear intramolecular contributions
according to eqn (2) as well as homo- and heteronuclear
intermolecular contributions according to eqn (3) and (4) or
their respective fluorine-based equivalents. A detailed descrip-
tion of the fitting procedure is provided in Section S4 of
the ESL.t For each IL the data of 'H and °F were fitted
simultaneously across all temperatures, yielding an excellent
agreement between experimental and fitted values. A repre-
sentative example of the dissected total relaxation rates can be
found for [C5Py][NTf,] at 263 K in Fig. 3. For the [CsPy]" cation
the relaxation process is primarily driven by the intermolecu-
lar "H-'H interactions, followed by intramolecular 'H-'H
contributions, and then by intermolecular "H-'°F contribu-
tions. For the [NTf,]” anion, the intermolecular *F-"H inter-
action is the dominant contribution, followed by the
intermolecular °F-'°F interaction, and the intramolecular
F-'°F interaction. These sequences are consistent with the
spin densities of the nuclei. Since the 'H spin density Ny is
higher by a factor of 2.7 compared to the '°F spin density Ng
(see Table S1 of the ESIf), a lower "H-'°F heteronuclear
contribution compared to the homonuclear "H-'H contribu-
tion in cations is reasonable. Conversely, in the [NTf,]”
anion the intermolecular >’F-'H contribution is dominant,
followed by the intermolecular 'F-'°F contribution and
the intramolecular "*F-'°F. Due to the reduced spin densities,
the homonuclear contribution now contributes less to the
overall rate. It is important to emphasize that, in contrast to
many studies in the literature, our approach explicitly
accounts for heteronuclear interactions. Both intermolecular
'H-""F as well as intermolecular '’F-'H interactions
significantly contribute to the overall spin-lattice relaxation
rates. In a previous study,®® we highlighted the importance
of these heteronuclear interactions for a comprehensive
evaluation of IL dynamics. The dissected total relaxation
rates of [TEA][NTf,] and [CsPy][NTf,] for both nuclei and all
temperatures can be found in Fig. S1-S4 in the ESLf7
The trends previously discussed are consistently observed
in all the figures. Furthermore, it is evident that the
relative contribution of intramolecular relaxation decreases
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Fig. 3 Dissected NMRD profiles at 263 K for (a) *H and (b) °F in the IL
[CsPylINTf,]. Experimental data are plotted as open symbols, while the
total fits are shown as purple solid lines. The contributions from homo-
nuclear intermolecular relaxation Rj.er are shown as blue dashed lines,
heteronuclear intermolecular contributions Rinr as green dashed dotted
lines, and homonuclear intramolecular contributions Rin4 are represented
as red dotted lines.
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Fig. 2 Temperature dependent NMRD profiles for 1 H (a) and (c) plotted as circles and *° F (b) and (d) plotted as diamonds in the ionic liquids [TEAIINTf,]
(a) and (b) and [CsPy]INTf,] (c) and (d). The solid lines correspond to the model fits according to egn (1), (5), (9) and (12) for [TEAIINTf,] as well as to egn (1),

with increasing temperature, independent of the nucleus or
the specific IL.

Rotational dynamics of ions

A precise analysis of the intramolecular relaxation rates accord-
ing to eqn (2) enables a detailed description of the rotational
dynamics of the individual ions. The ionic liquids presented
here were specifically selected such that the cations and anions
differ fundamentally in their rotational dynamics. These differ-
ences are explicitly included in the formalism of dipole-dipole
relaxation through the spectral density function j. We first
consider the [TEA]" cation, which has protons distributed
evenly across the ion and can be approximately described as
a rigid spherical object. Thus, the spectral density function in
eqn (5) is well suited to characterize its rotational dynamics as
an isotropic overall tumbling of the whole ion. The corres-
ponding rotational correlation times can be found in Fig. 4(a)
as purple filled dots. Here, experimental results indicate an
Arrhenius-like temperature behavior, even though the initial
fitting parameters were based on a Vogel-Fulcher-Tamman
(VFT) approach. In addition to the experimental values, rota-
tional correlation times from MD simulations are shown as
open green symbols in Fig. 4(a). The MD simulations offer a key
advantage by allowing the calculation of rotational correlation
times for any specific vector within the ion. For [TEA]" three
different bond vectors were analyzed, namely the N-H vector
from the central nitrogen to the acidic proton, the N-C vector
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Fig. 4 Temperature-dependent rotational correlation times 1, of *H carrying cations (a) and (c) and *°F carrying anions (b) and (d) for the ionic liquids
[TEA]INTf,] (a) and (b) and [CsPy][NTf,] (c) and (d). Values from FFC NMR relaxometry are shown as purple filled symbols. Values from MD simulations are
shown as green open symbols. Subfigures with cation data include anion data as gray symbols and vice versa.

from the central nitrogen to the neighboring carbon and the C-
C vector between two neighboring carbons within the alkyl
chain. Among these, the N-H vector exhibits the longest
correlation times, indicating the slowest rotational dynamics
within the [TEA]" cation. This observation is in good agreement
with the well-documented presence of a hydrogen bond
between the N-H group of [TEA]" and the S-O group of
[NTf,]",”>’® which restricts rotation about this axis. Since
FFC NMR relaxometry does not resolve NMR signals from
specific 'H containing chemical groups, the experimentally
determined rotational correlation times represent an averaged
value of the various motions observed in MD simulations. For
comparison, the rotational correlation times of the [NTf,]”
anion are also included in Fig. 4(a) as gray symbols.

The rotational correlation times of the [NTf,]” anion of
[TEA][NTT,] are presented separately in Fig. 4(b) as filled purple

This journal is © the Owner Societies 2025

diamonds and triangles. In contrast to the cation, the *°F nuclei
in [NTf,]” are not evenly distributed across the whole ion.
Instead, they are localized in two CF; groups, which undergo
fast internal rotation.”””® In order to account for this additional
motion, the spectral density function in eqn (9) is used instead
of eqn (5). Consequently, both an overall tumbling of the whole
ion (purple diamonds) and an internal rotation of the CF;
group (purple triangles) on different timescales can be observed
for the [NTf,]” anion. The latter is faster by a factor of
approximately 4. These findings are further supported by MD
simulations, where again the reorientation of multiple vectors
was analyzed. The slowest reorienting vector within the [NTf,]™
anion is the C-C vector (green open diamonds) between the two
carbon atoms of the CF; groups. This vector extends across the
entire ion, effectively representing the longest molecular axis,
which exhibits the slowest reorientation. Another vector,
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extending from one fluorine atom in one CF; group to another
fluorine atom in the opposite CF; group (green open circles),
exhibits only slightly faster reorientation. The experimentally
determined rotational correlation times 7., are located pre-
cisely between the MD values of these two vectors, providing a
representative measure of the overall tumbling motion.
Furthermore, there is a strong agreement between the experi-
mentally obtained i, values for internal CF, group rotation
and the reorientation of a vector between two fluorine atoms
within the same CF; group, shown as open green triangles. This
motion corresponds to the fastest reorienting vector identified
in MD simulations. Additionally, rotational correlation times
for other vectors were determined using MD. These values fall
within the range defined by the C-C and the F-F vectors, being
slower than the former but faster than the latter. To enhance
clarity, the corresponding data points were omitted from
Fig. 4(b). However, the complete set of values is provided in
Table S7 of the ESI.f The rotational correlation times of the
[TEA]" counter-ion are also presented as gray data points in
Fig. 4(b). A comparative analysis reveals that the overall tum-
bling motions of the cation and the anion are nearly identical
in [TEA][NTf,], which can be likely attributed to the presence of
a directed hydrogen bond between the N-H group of the [TEA]
cation and the S-O group of the [NTf,]” anion.

Fig. 4(c) and (d) present the rotational correlation times of
the cation and anion in [CsPy][NTf,]. Unlike [TEA]", the [C5Py]"
cation is not spherical due to the presence of a long alkyl chain
attached to an aromatic ring. Instead, its shape is better
approximated as an ellipsoid, with the longest axis extending
from the Cp para-carbon in the ring to the terminal C5 carbon
in the alkyl chain. In this case, the rotation of this longest axis
itself is significantly slower than the rotation around it, making
the symmetric top model in eqn (6) more appropriate. The FFC
NMR experiment therefore yields two distinct rotational corre-
lation times for the [CsPy]" cation, that are presented in
Fig. 4(c). The slow rotation 75, of the longest axis corresponds
to the tumbling motion of the ion (purple filled circles).
Additionally, a faster rotational spinning motion 75 is depicted
by purple filled diamonds. The fitting process determined the
angle between these two rotational axes to be 70°. Again,
experimental values closely match those from MD simulations,
where three different bond vectors were analyzed and shown as
open green symbols. The slowest dynamics were observed for
the Cp-C5 vector, consistent with its structural role as the
longest molecular axis. In contrast, the fastest reorienting
vector, as determined by molecular dynamics (MD) simula-
tions, is the C4-C5 bond vector between the terminal methyl
group and the nearest methylene group in the alkyl chain. The
rotational correlation times of the remaining vectors fall in
between these two in terms of magnitude. The complete set of
values is provided in Table S8 of the ESI.{

Finally, Fig. 4(d) presents the rotational dynamics of the
[NTf,]” anion in [CsPy|[NTf,]. Since this anion is identical to
that in [TEA][NTT,], the same spectral density model is applied
according to eqn (9). Compared to Fig. 4(b) similar trends
according to overall tumbling and internal rotation of the
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[NTf,]” anion can be observed. Furthermore, a comparative
analysis between the [CsPy]" cation (gray symbols) and [NTf,]~
anion (purple symbols) dynamics is particularly insightful. Due
to the significantly larger size of the cation compared to the
anion, their overall tumbling motions are no longer equally
fast. Instead, the cation exhibits a noticeably slower overall
reorientation. This observation aligns with the prediction of the
Stokes-Einstein-Debye equation (eqn (18)), which states that
the rotational correlation time is inversely proportional to the
hydrodynamic radius. Additionally, the internal rotation of the
CF; groups occurs faster than the spinning motion of the
cation.

A similar argument holds when comparing the overall rota-
tional correlation times of the two different cations. At a given
temperature, the correlation times of [CsPy]" exceed those of
[TEA]" by factors ranging from 6 to 11, depending on the
temperature. Consequently, [CsPy]" exhibits slower rotational
dynamics in [CsPy][NTf,] compared to [TEA]" in [TEA][NTf,].
This difference can be attributed firstly to its larger hydrody-
namic radius, and secondly to the higher viscosity of
[CsPy][NTf,]. Experimentally determined viscosity values for
both ionic liquids are provided in Table S2 of the ESL¥

8myr

e (18)

Trot =

Translational dynamics of ions

One of the key advantages of FFC NMR relaxometry is its ability
to provide both rotational and translational information within
one single experiment. Consequently, our analysis not only
yields rotational correlation times but also enables the deter-
mination of translational self-diffusion coefficients. To
describe translational motion, we employ the force-free hard
sphere model, whose corresponding spectral density function
is given in eqn (12). In case of homo- and heteronuclear
contributions this model accounts for four distinct transla-
tional correlation times Thans, Ttransy Tans ANd Teans, TESpec-
tively. However, due to the constraint Tans =Thans, only three of
them are independent.

Diffusion coefficients are extracted from 'H spin-lattice
relaxation rates for cations and from '°F spin-lattice relaxation
rates for anions. We emphasize that by simultaneously fitting
all data, and by using three different distances of closest
approach (dyp, der, dur = drn,) for specific ion combinations,
our approach yields both relative diffusion coefficients (Dye
(HH), D (FF), Dy (HF)), as described by eqn (13)-(15), as well
as self-diffusion coefficients Dy for cations Dy and anions. The
obtained self-diffusion coefficients are presented in Fig. 5(a) for
[TEA]INTf,] and in Fig. 5(b) for [CsPy][NTf,]. All data exhibit a
Vogel-Fulcher-Tamann dependence, with corresponding data
points and fitting parameters being provided in Tables S9 and
S10 of the ESIL.{

For both ILs, the cations consistently exhibit larger self-
diffusion coefficients than the anions. This behavior, where
cations diffuse faster than anions, is well-documented in the
literature across various IL systems.”® ®> For [TEA][NTf,], the
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experimentally obtained self-diffusion coefficients across the
entire temperature range are in excellent agreement with both
MD simulations and literature values derived from Pulsed Field
Gradient (PFG) NMR studies.®*®! In a previous study,*® we
demonstrated that these diffusion coefficients can also be
determined using the low-frequency approach from FFC NMR
data. However, this approach is only valid when heteronuclear
H-F and F-H interactions are properly accounted for and not
neglected. For [CsPy|[NTf,], a similar trend is observed, with the
self-diffusion coefficients of the cation and anion closely
matching and showing excellent agreement with values
obtained from MD simulations.

A comparison of the self-diffusion coefficients between
[TEA]INTf,] and [CsPy]|[NTf,] reveals that the absolute values
for [CsPy|[NTf,] are approximately two times lower than those
for [TEA][NTS,]. This difference can be attributed to the signifi-
cantly higher viscosity of [CsPy][NTf,], which inversely corre-
lates with diffusion coefficients according to the Stokes—
Einstein equation (eqn (19)). The higher viscosity of
[CsPy][NTf,] results in slower translational dynamics, directly

This journal is © the Owner Societies 2025

View Article Online

Paper
affecting the determined self-diffusion coefficients.
kgT
Dtrans %”I}' (19)

5 Conclusions and outlook

This study provides a comprehensive analysis of the rotational
and translational dynamics of the two ILs, [TEA]|[NTf,] and
[CsPy|[NTf,], using FFC NMR relaxometry complemented by
MD simulations. By simultaneously evaluating "H and '°F spin-
lattice relaxation rates across broad frequency and temperature
ranges, we have demonstrated the necessity of employing
distinct relaxation models including different kinds of spectral
densities, tailored to the specific molecular geometry and
internal motion of each single cation and anion.

For the nearly spherical [TEA]" cation, the Bloembergen-
Purcell-Pound model was found to provide an accurate descrip-
tion of isotropic rotational motion. In contrast, the elongated
[CsPy]" cation exhibits anisotropic rotational dynamics, thus
requiring the application of a symmetric top model. Further-
more, the [NTf,]” anion displays significant internal motion
due to two fast rotating CF; groups, which required a spectral
density especially modified for internal rotation. These results
emphasize the importance of considering internal and aniso-
tropic contributions when analyzing ionic liquid rotational
dynamics.

In addition, the translational dynamics of the studied ILs
were evaluated by extracting self-diffusion coefficients from the
FFC NMR data using the force-free hard sphere model. The
results showed that cations generally exhibit higher self-
diffusion coefficients than anions, a trend consistent with
previous studies. Notably, [CsPy][NTf,] exhibited slower transla-
tional dynamics than [TEA][NTf,], in accordance with its larger
molecular cation size and higher macroscopic viscosity, which
was also confirmed by MD simulations.

The consistency between experimentally derived and
simulation-based correlation times and self-diffusion coeffi-
cients demonstrates the robustness of our approach. Our
results not only enhance the current understanding of IL
dynamics but also provide a comprehensive framework for
future investigations on complex ILs and related soft matter
systems. In the future, we plan to extend our analysis by
calculating dipolar relaxation from MD simulations. Specifi-
cally, we aim to derive dipolar relaxation rates by evaluating all
intra- and intermolecular dipole-dipole time correlation func-
tions including finite system-size corrections. This methodol-
ogy has recently proven successful,**®” where we demonstrated
the computation of the 'H dipolar relaxation rate for liquid
water within the experimental accuracy. Ultimately, this
approach will allow for an even more comprehensive connec-
tion between the simulated dynamics and the experimentally
observed relaxation behavior. It will enhance our ability to
interpret FFC NMR relaxometry results, contributing to a more
detailed understanding of the dynamical processes in ILs and
related systems.
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