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ABSTRACT

NMR relaxometry is a technique that allows the molecular dynamics study of chemical compounds across a
broad time scale, ranging from slow translational diffusion or collective motions to fast rotations. The present
work is a "H NMR relaxometry and diffusometry study of systems based on [Py ¢4 41[Cl] and [Pg ¢ 14]13[GdCl4]
ionic liquids, complemented by X-ray diffractometry measurements. The use of the X-ray profiles enabled the
determination of an almost temperature independent interdigitated disposition of the cations that is at the
origin of local order fluctuations. This structure also affects the paramagnetic relaxation enhancement, which
is very significant for these systems and is achieved at very low metal concentrations (around 1mM). The
present study provides a comprehensive analysis that is consistent for all the analyzed systems and across
the different experimental techniques, despite the experienced technical challenges related to extremely short
relaxation times. Additionally, the Electrochemical Impedance Spectroscopy profiles of the neat [Pg¢ ¢ ,1[Cl]
sample were explained by an analogous equivalent circuit model that allowed for a global analysis consistent
with the diffusometry and X-ray diffractometry results. The representation of the real and imaginary parts of the
impedance allowed for a visual deconvolution of the contributions of the different circuit blocks considered in
the model.

1. Introduction

ganic or inorganic anions, whose first ever mention dates back to the
early 1900s [1]. These systems usually present high thermal and chemi-

Room temperature Ionic Liquids (ILs) are a very broad class of chem- cal stability, low vapor pressure, high thermal and electrical conductiv-
ical compounds, most commonly composed of organic cations and or- ity and retain their liquid state for a wide range of temperatures [2-5].
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Moreover, given the numerous possible cation-anion combinations, ILs
can be engineered so that they display a set of optimized properties for
different applications, namely electrochemistry, gas storage, catalysis
and separation processes [6-16].

The field of ionic liquids has expanded to overlap the field of other
types of chemical compounds like polymers, liquid crystals and mag-
netic liquids, just to name a few [17-19]. As a consequence, the prop-
erties of ILs can be further extended to include the high molecular
organization of liquid crystals (ionic liquid crystals) or the magnetic
field responsiveness of magnetic materials, such as Magnetic Ionic Liq-
uids (MILs).

Experimental techniques based on Nuclear Magnetic Resonance
(NMR) take advantage of atomic nuclei characterized by a non-zero
spin and, consequently, by a magnetic moment. Placing a sample con-
taining NMR-active nuclei in a magnetic field gives rise to a net nuclear
magnetization arinsing from nuclear moments that precess about the ex-
ternal magnetic field vector with a characteristic Larmor frequency that
depends both on the external magnetic field and on the target nucleus
(H in the case of the present study) [20]. NMR-based techniques always
rely on the application of radio frequency pulses in resonance with the
Larmor frequency of the target nucleus so as to perturb the magnetiza-
tion and enable relaxometry and spectroscopy studies of materials, be
they fluids, solids or mixtures thereof. For Magnetic Resonance Imaging
(MRI) and NMR diffusometry it is further necessary to include magnetic
field gradient pulse sequences to enable spacial encoding of the target
nuclear spins [21].

NMR relaxometry has been widely used to study the molecular
dynamics in a large variety of systems, including magnetic and non-
magnetic ionic liquids, contrast agents, polymers, liquid crystals, con-
fined systems, among others [22-28]. This technique consists in the
measurement of the magnetization vector characteristic relaxation times
across a broad Larmor frequency range, which leads to an NMR dis-
persion (NMRD) profile that encodes information on a multitude of
relaxation mechanisms occurring at different spacio-temporal scales. For
example, 'H-NMR relaxometry is sensitive to slower dynamical pro-
cesses, such as collective motions and translational self-diffusion, and
also to very fast molecular rotations.

NMR relaxometry is especially sensitive to the presence of a para-
magnetic species and to dynamic interactions between its unpaired
electrons and the target nuclei, which explains the use of gadolinium-
based systems as contrast agents for MRI. Paramagnetic relaxation may
be induced when the target nucleus temporarily binds to the paramag-
netic center (inner-sphere interaction) or simply diffuses in its vicinity
(outer-sphere interaction) [29]. Most commonly there is a coexistence of
both these processes and their deconvolution is non-trivial, often requir-
ing the use of complementary experimental techniques, the acquisition
of NMRD profiles at different temperatures and/or different metal/co-
solvent concentrations [30,31,22].

A study by Gradisek et al. has proven that local orientational order
might induce nuclear magnetic relaxation in simpler small-molecule-
isotropic liquids, and in the isotropic phase of the 5CB liquid crystal
[32]. According to this work, a system composed of amphiphilic units
will always present some degree of segregation between polar and non-
polar domains. Inevitably, this segregation translates into some degree
of local order, which might be visible and quantifiable using NMR and
X-ray techniques. Recently, local order fluctuations have also been con-
sidered in the analysis of the NMRD curves of more complex amphiphilic
ionic liquids based on polycatenated cations [22,33]. Silva et al. have
even been able to reach a consistent analysis of the NMRD curves
obtained for phosphonium-based ionic liquids using the characteristic
lengths and aggregate sizes extracted from the respective X-ray profiles
[33].

In the present work, we aim to analyze a set of magnetic and non-
magnetic ionic liquids based on trihexyl(tetradecyl)phosphonium chlo-
ride - [Pg ¢ 6.14]1[Cl]- and trihexyl(tetradecyl)phosphonium hexachloro-
gadolinium - [Pg¢ 6 1413[GdClg]- using 'H NMR relaxometry, particu-
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larly involving the measurement of the spin-lattice (longitudinal) re-
laxation rate, R, and diffusometry techniques, along with wide angle
X-Ray diffraction, Molecular Dynamics (MD) simulations and Electro-
chemical Impedance Spectroscopy (EIS). The combined use of these
experimental and theoretical techniques enables the study of structural
and dynamical properties of the phosphonium-based ionic liquid sys-
tems, as well as of the effect of different gadolinium concentrations and
different temperatures both on the size of the locally ordered aggregates
and on the induced paramagnetic relaxation enhancement.

2. Experimental
2.1. Materials

The synthesis of the [Pg g6 1413[GdClg] magnetic ionic liquid was
made at the Research Institute for Medicines (iMed.ULisboa), according
to the procedures described in the literature [34,35]. Since the presence
of gadolinium has a very significant shortening effect on the longitudinal
and transverse relaxation times, the magnetic ionic liquid was diluted
in the non-magnetic reference [Py ¢ ¢ 141[Cl], based on the same cation.
In Fig. 1 are presented the structure of the [Pg¢¢ 141" cation, obtained
using the software Avogadro [36], and the schematic representation of
the analyzed magnetic and non-magnetic ionic liquids.

For each of the three studied IL/MIL mixtures, the average molar
mass, density, ' H density, molar concentration of gadolinium and water
content are presented in Table S1 of the supplementary materials.

2.2. Methods

X-Ray Diffractometry: X-Ray profiles were obtained using the pow-
der method with 1.5 mm rotating capillaries. The measurements were
performed using a computer controlled data acquisition system paired
with an INEL CPS 590 gas curved counter and a variable-geometry setup
equipped with a Max-Flux Optic graded multi-layer monochromator
(CuKa radiation with A = 1.5405610\). The background noise was esti-
mated by making a measurement on an empty 1.5 mm capillary tube
and subsequently removed from the X-Ray profiles before the model fit-
ting analysis and calculations to determine the characteristic distances,
d, and aggregate sizes, &, of the studied systems (details in the sup-
plementary materials). The measurements were performed at several
temperatures from 25 to 100 °C. It was not possible to acquire the X-
ray profiles at 5 °C due to experimental setup limitations which did not
allow to cool the studied systems to this temperature.

NMR Diffusometry: The Pulsed Gradient Stimulated Echo (PGSTE)
sequence was applied to determine the self-diffusion coefficient, D. The
measurements were performed using a Bruker Diff 30 probe, capable of
producing a maximum 1710 G cm~! magnetic field gradient strength,
paired with a Bruker 7T superconducting magnet connected to a Bruker
Avance III NMR console. The temperature was controlled with a preci-
sion of +0.2 °C using the spectrometer thermocouple system. Given the
biexponential behavior observed for the systems studied in this work,
the attenuation of the free induction decay (FID) signal was fitted by
equation (1),

A 1
I=I,c exp{—ylegszast53 (3 5) } +1y(1—-c)

A1
xexp{ ~1iys Do (5 -3) |

where y1y is the proton gyromagnetic ratio, g is the field gradient
strength, ¢ is the duration of the gradient pulses, A is the inter gra-
dient pulse delay and c is the relative weight of the fast component of
the signal.

Additionally, 3'P PGSTE experiments were also conducted at 11.7T,
using a Bruker superconducting magnet paired with a Bruker Diff 30
probe and a Bruker Avanace III NMR console, for comparison with the
MD simulation results.

@



M.J. Beira, G.M.C. Silva, T.M. Eusébio et al.

a) b)

CsHis |, CgHqz
NP/

Ci4H29

Journal of Molecular Liquids 433 (2025) 127892

c)

CeHis Cl CeH1s

CeHis |, CgH1z -
NP/

(o]
Cl |
Ci4H29

Fig. 1. a) - [P¢ 441" ion structure obtained using Avogadro - b) - [Py 41413 [GdCl4] structure - c) - [Pg 4 1,]1[Cl] structure.

Molecular Dynamics (MD) Simulations: Atomistic simulations
were conducted for [Ps.6.6.14] [C1] using Gromacs 2020.6 [37] with the
CL&Pol [38] force field, incorporating a drude particle scheme. Lennard-
Jones parameters of the original CL&P force field [39] were adjusted
using Goloviznina et al.’s approach to accommodate explicit polariza-
tion [38]. Simulations were performed in cubic boxes with 300 ion
pairs, equilibrated at 100 °C for 2 ns, followed by 1 ns equilibration
at each temperature (5, 25, 37, 70, and 100°C) before a 5 ns production
run in the NpT ensemble. Topology files were generated using DLPGen
v3.0.5 [40] and the full set of parameters can be found under the sup-
plementary materials, along with a more comprehensive description of
the simulation details. Visualization of the simulation trajectories was
made with VMD 1.9.4. [41].

'H NMR Relaxometry: The spin-lattice relaxation time, T, was
measured within a 'H Larmor frequency range from 10 kHz to 300 MHz,
using three different NMR setups and two experimental techniques.
The conventional inversion-recovery pulse sequence was applied for
frequencies above 10 MHz using a Bruker Avance II console paired ei-
ther with a variable field iron-core Bruker BE-30 electromagnet or a
Bruker Widebore 7T (300 MHz) superconducting magnet. For frequen-
cies below 10 MHz, T; was measured using the Fast Field Cycling (FFC)
technique on a home-developed relaxometer having a 0.2T detection
field and a switching time of 7., = 2.5 ms [42]. The temperature
was controlled in order to ensure that fluctuations would not exceed
0.5 °C. The magnetization curves that resulted from the relaxometry ex-
periments were fitted to a single exponential function in order to extract
the value of the spin-lattice relaxation time.

Electrochemical Impedance Spectroscopy, EIS: In order to assess
the electrical properties of the [Pe6.6,14] [Cl1] ionic liquid, the compound
was inserted in an ITO coated glass cell that was treated to induce planar
alignment. This cell, which works as a parallel plate capacitor with a 25
mm? plate area and an inter plate distance of 9um, was connected with
a series resistance and kept at a fixed temperature. By controlling the
voltage applied to this circuit and measuring the current, it is possible
to calculate its impedance/admittance and, based on the frequency re-
sponse of this parameter, reach an equivalent circuit for the compound
inside the cell.

For each frequency, the applied voltage was linearly increased and
then decreased in order to verify whether there was some hysteresis
associated with the system. Frequencies ranging from 1 kHz to 300 kHz
were tested and this experiment was performed both at 25°C and at
70°C.

Model Fitting:All fits were performed using the open-access online
platform fitteia®, which applies the non-linear least squares minimiza-
tion method with either an individual or global minimum target, pro-
vided by the numerical routine MINUIT from the CERN library [43-45].

Table 1

Characteristic distances and aggregate sizes extracted from the X-Ray profiles
obtained at different temperatures for the samples [P 66.14] [CI] + 0.1%(v/V)
[Pg.6.6.1413[GdCls]. The presented uncertainties were estimated using the
model fitting y2 as an estimator of the variance. Corresponding characteris-
tic distances obtained from the molecular dynamics simulations of the neat
[P 66,141 [Cl] ionic liquid.

Temperature  Large g Small ¢

qad  aPd s d qd A 5D
5°C - 4.4 - - 15 -
25°C 4.4+0.1 4.4 9+2 18+1 16 2145
37°C 4.4+0.1 4.5 9+2 18+1 16 21+6
70°C 4.5+0.1 4.5 8+2 18+1 16 1945
100°C 4.5+0.1 4.6 8+2 18+2 17 18+4

3. Results and discussion
3.1. X-ray diffractometry and MD simulations

The [Pg ¢ 6,141 [Cl] + 0.1%(v/V) [Pg ¢ 61413 [GdCls] X-Ray diffractom-
etry results obtained at different temperatures are presented in Fig. 2. In
Fig. 2a), the profiles, normalized to the number of counts and without
the background contribution, were vertically shifted to enable a clearer
visualization of each data set. The same was done in Fig. 2b), for the neat
[P.6.6,14] [Cl] X-ray diffractometry profiles obtained from the MD simu-
lations. For the results obtained at 100 °C, Figs. 2a) and b) additionally
show the model fitting curve and the separate Lorentzian contributions
obtained for the two existing peaks.

Following the model fitting analysis, the values obtained for the
characteristic distances and aggregate sizes of the studied systems can
be accessed in Table 1. A representation of the evolution of these pa-
rameters with temperature is presented in Fig. S2 in the supplementary
materials file.

The results show a peak in the large g region, associated with a
distance, d;, of about 4.510\, which is very commonly observed both in
organized and non-organized liquid systems and relates to the average
lateral distance between molecules. In this case, however, it is impor-
tant to note that the [Pg 641" ion is composed of four aliphatic chains,
meaning that, as previously pointed out by Cordeiro et al. [22], this dis-
tance represents the lateral distance between aliphatic chains and not
between cations.

The small g range reveals a peak that appears as a result of polar-
apolar nano-segregation leading to local aggregates as the one repre-
sented in Fig. 3. Taken from Avogadro, the length of the longest aliphatic
chain is around 16.5 A, while the smaller aliphatic chains extend to
8A. The characteristic distances, d,, indicate that the 14-carbon long
aliphatic chains have to penetrate adjacent layers, unlike what was ob-
served for the [Aliquat]*-based ionic liquids reported in the literature
[22].

It is worth noting that, as suggested by the experimental and MD
simulation results, these systems do not significantly lose their structural
properties for temperatures up to 100 °C, in good agreement with what
was observed for other [P676’6,14]+-based ionic liquids [46].
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Fig. 2. Vertically shifted X-Ray diffractometry profiles obtained experimentally at different temperatures for the [Pg ¢ ,1[Cl] + 0.1%(v/V) [P 46 1413 [GdCl¢] system

(a) and resulting from the MD simulations for [Pg ¢ ,41[Cl] (b).
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Fig. 3. Schematic representation of the aggregates formed by the [Pgg¢ 41"
cations. The distances d; and d, are related to the X-ray characteristic distances
presented in Table 1.

As it can be observed in Fig. 2, the MD simulations reproduce well
the key features of the experimentally obtained X-ray diffractograms. A
polarizable model was deemed necessary to capture both the structural
and dynamic properties of this ionic liquid with highly localized charges.

A snapshot corresponding to the final configuration of [Pg ¢ 141[Cl]
at 25 °C is shown in Fig. 4. There, we can see that phosphorus (orange)
and chlorine (green) atoms are alternatingly interconnected throughout
the simulation box in a thread-like polar network. This polar network,
similar to what is observed in other families of compounds such as
imidazolium-based ILs [47], is characterized by the formation of strong
ion pairs [48], as demonstrated by the sharp peak in the heteroatomic P-
Cl radial distribution function (Fig. S3). The large interstitial spaces are
occupied by the hydrocarbon chains, represented in gray color, forming
a reciprocal apolar network that also percolates the simulation box.

The MD simulations provide more insights on the structural proper-
ties of the studied systems. Additional information regarding the molec-
ular organization in the [Pg ¢ ¢ 14]1[Cl] ionic liquid, including the radial
distribution functions and the intramolecular distribution of distances,
is available in the supporting information.

3.2. Diffusometry - MD simulations and PGSTE NMR

Apparent diffusivities were calculated from the MD simulation tra-
jectories, and the results are presented in Table 2. Overall, the coef-
ficients obtained for the [Pg¢ ¢ 141[Cl] ionic liquid are relatively well
predicted by the polarizable model. In particular, the value at 25 °C is
within the range reported by Mendivelso-Pérez et al. (0.98 - 1.2 ym?/s)
[49] and it is also in close proximity to the values measured using PG-
STE NMR diffusometry.

As it can be seen in Table 2, the Cl~ ion diffuses at a very similar
pace to the phosphorus atom, as they are intertwined along the polar
network. Interestingly, the cation as a whole presents a higher diffusion

Table 2

Apparent diffusivities obtained for the ionic liquid [P ¢ ,1[Cl] the
cation [Pg 441", the anion [Cl]~ and the phosphorus atom P. The
results obtained by PGSTE NMR at 25 °C are also presented.

Temperature D[a‘"fw,s,o.a,u][a] D‘[’PMM 1]t D‘;’ DZ[’
10~2m?/s
5°C 0.5+0.4 0.5+0.4 0.2+0.2 0.2+0.2
95°C 1.1+£0.4 1.1+£0.4 0.4+0.2 0.4+0.1
NMR 1.5 +0.1 0.4+0.1 -
37°C 1.5+0.4 1.5+0.4 0.4+0.3 0.3+0.2
70°C 4+1 4+1 1.2+0.2 1.2+0.1
100°C 8+2 9+2 3.6+0.3 3.0+0.6

coefficient, very similar to the entire system, meaning that the hydro-
carbon chains have some freedom to move despite being anchored to
the slow-moving P center. The relative motion between the cations and
the anions in these phosphonium salts would be very difficult to obtain
experimentally using NMR due to the chlorine nuclear quadrupole spin
moment.

In Fig. S5 of the supplementary materials are presented the evolution
of the mean square displacement with the simulation time obtained for
the cation and the anion at different temperatures.

Given the NMR spectrum deformation observed for the paramagnetic
systems (details in the supporting information), the diffusion coefficients
obtained by PGSTE NMR were not considered in the model fitting analy-
sis of the ' H NMR relaxometry results that are presented in the following
section.

3.3. 'H NMR relaxometry

The experiments performed at different !H Larmor frequencies al-
lowed for the determination of the respective spin-lattice relaxation
rates, R; :Tl‘l, which compose the NMR dispersion (NMRD) curves.
In order to fit the NMRD curves obtained for the [Pgg ¢ 141[Cl] refer-
ence sample, as well as for each paramagnetic mixture, it was consid-
ered that relaxation could happen as a result of rotations/reorientations
(Rot), translational diffusion (SD), local order fluctuations (OPF), cross-
relaxation with the chloride ions (CR) and, in the case of gadolinium
containing samples, inner and outer sphere paramagnetic relaxation
(PM) [50,51,22]. The order parameter fluctuations model, generally ap-
plied to liquid-crystalline systems, is needed to account for the presence
of locally ordered domains arising both from the amphiphilic and ani-
sometric character of the studied systems, as suggested by the X-ray
diffractometry results. This model was proven to be needed for the inter-
pretation of 'H NMR relaxometry data of similar non-liquid-crystalline
ionic liquid systems [22,33]. The considered relaxation mechanisms,
detailed in the supplementary materials, were assumed to act within
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Fig. 4. a) MD simulation snapshot of the final configuration of [P 6.6.14] [CI] at 25°C, showing the polar network formed by phosphorous (orange) and chlorine
(green) atoms. b) MD conformation of a [[Pgg4,4]* cation displaying strong self-interactions between the hydrocarbon chains. Carbon atoms are colored gray,

hydrogens white, phosphorus orange and chlorine green.

independent timescales [52], which allows the total relaxation rate to
be a sum of the aforementioned individual contributions, as described
in equation (2)

11 1 1 1 1

T, "~ TRot + TSD  TOPF ~ TCR + TPM®
1 1 1 1 1

@

The model fitting analysis was made simultaneously for all studied
samples (magnetic and non-magnetic) and all temperatures.

In Fig. 5 are presented the NMRD and model fitting curves, as well
as the independent model contributions, obtained for the reference
[P6 6.6.141[Cl] sample at 5, 25, 37 and 70 °C. Table 3 shows the values
obtained for the corresponding model fitting parameters.

The parameters’ uncertainties were estimated by testing the sensi-
tivity of the fit to each parameter individually, except for parameters
Tror a0d Ao pr, Wwhose uncertainties were propagated given the assumed
Arrhenius thermal activation characterized by 7z, ; =(1.34+0.06)

x10710 s and Etg,, =(30+2) kJ/mol and Agp F,; =(1.93£0.07) x103

s73/2 and EAppr =(13+2) kJ/mol, respectively. The reference values
are related with a 25 °C temperature.

As it can be observed in Fig. 5, the model fitting analysis of the ref-
erence non-magnetic sample provided very good global fits considering
equation (2) and using as few parameters as possible. The SD contri-
bution is more significant across the lower frequency range, while, for
intermediate to high frequencies, the OPF relaxation mechanism be-
comes the most significant. Only at high frequencies is it possible to
estimate the contribution describing fast rotations/reorientations.

This model fitting analysis also takes into account the experimental
X-ray diffractometry and 'H NMR diffusometry results. The translational
diffusion contribution obtained by equalizing the lateral intercation dis-
tance, d, and the mean square jump distance, r, for all temperatures, in
accordance with the negligible temperature dependence of the X-ray
profiles, resulted in translational diffusion coefficients consistent with
those measured by 'H PGSTE NMR. Additionally, using the X-ray char-
acteristic distances and aggregate sizes related to the peak in the small g
region of the diffractograms (see Table 1), it was possible to fix the rela-
tion between the minimum and maximum cutoff frequencies related to
the OPF model contribution to those presented in Table 3. This method
had previously been applied by Silva et al. [33] and was successfully

Table 3

Parameters obtained from the NMRD fitting of the non-paramagnetic sample at
different temperatures. Uncertainties were estimated by probing the sensitiv-
ity of the fit to each individual parameter, except for the rotational correlation
time, 7,,,, and the order fluctuations prefactor, A, pr, whose uncertainties were
propagated from the assumed Arrhenius thermal activation, respectively charac-
terized by parameters TRot,,, =(1.340.06) %1071 s and Ety,, =(30+2) kJ/mol
and by Agpr,, =(1.93+0.07) x10° s73/% and EAgpr =(13+2) kJ/mol. The 'H
spin density, n, needed for the Torrey model, was fixed to the value presented
in Table S1, Ay, was determined using Avogadro and computing the resulting
inter-hydrogen distances and the ratio between the maximum and minimum
cutoff frequencies were calculated using the characteristic distances and aggre-
gate sizes obtained via X-Ray diffractometry, as explained in the text, with the
exception of the 5 °C - related NMRD.

Parameters [Pg.6.6.141[C1]
5°C 25°C 37°C 70°C

Rot Ap, (107 s72) 5.2

Tro(107105) 3.2+0.4 1.34+0.06  0.84+0.07  0.27+0.05

D(10™"2m? /5) ~0.7 1.60+£0.03  3.3+0.5 2148
SD r(A) ~6

d(A) 7.4+0.4

Appp(10°s73/2)  2.8+0.3 1.93+0.07  1.6+0.1 1.0+0.2
OPF Srnin(105 571 2.740.3 9.7+0.9 1242 64+10

Smind Fuax 0.17+0.02  0.18 0.19 0.22

Acr(10% s72) 2.24+0.4
CR fe(107 57 1.0+0.2

7cr(10785) 1.6+0.7

extended to the present multi-temperature study. More details on the
model parameters’ analysis can be accessed in the supplementary infor-
mation.

When the reference [Pg ¢ ¢ 14]1[Cl] sample is mixed with [Pg ¢ 61413
[GdClg], even in very small amounts, a broad peak in the high frequency
range is observed. The raw relaxometry data obtained for the three stud-
ied [Pgg6.1413[GdClg] concentrations can be observed in Fig. 6. The
model fitting curve obtained at 70 °C was also added along with the
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different temperatures. Model fitting curves obtained following the analysis of

the NMRD profiles acquired at 70 °C. The dashed line relates to the PM relaxation contributions, while the dot-dot-dashed line relates to the sum of SD, OPF, CR and

Rot contributions.

paramagnetic (dashed line) and non-paramagnetic (dot-dot-dashed line)
relaxation contributions.

By looking at Fig. 6, it is possible to see that, as the gadolinium con-
centration increases, the peak in the high frequency range becomes more
evident. Moreover, the results presented in Fig. 6¢) show a paramagnetic
relaxation enhancement comparable to the one observed by Cordeiro et
al. [22] for the [Aliquat]*-based systems, but achieved with 12 times
lower metal concentrations, which is a promising result. The fact that
gadolinium has a higher electronic spin when compared to iron and that
the anionic complex where it is included binds more cations makes it
better for this type of paramagnetic contrast. It is, however, important to
note that the enhancement peak covers a narrower range of 'H Larmor
frequencies than the one observed for the [Aliquat]*-based systems.

In the case of the samples containing less gadolinium in their com-
position (Fig. 6a) and b)), the relaxation rate for IH Larmor frequencies

above 10 MHz seems to be almost independent of temperature. How-
ever, as it can be seen in the high frequency range of Fig. 6¢), the sample
having 1%(v/v) [Pg¢¢.1413[GdClg] presents a significant temperature
dependence, which allows to tune the frequency where the maximum
relaxation rate, and, therefore, the largest contrast, occurs.

The NMRD curves obtained for the paramagnetic mixtures were fit-
ted to the model described by equation (2). Aside from the contributions
fitted to the reference [P¢ g  141[Cl] sample, the model additionally con-
siders inner-sphere, IS, and outer-sphere, OS, contributions to paramag-
netic relaxation (see the theoretical model section on the supplementary
materials for more information on these contributions).

In Fig. 7 are presented the model fitting curves and separate contri-
butions obtained for the NMRD data acquired at 25 °C for all the studied
gadolinium-based paramagnetic systems. Table 4 shows the model fit-
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Table 4

Parameters obtained from the NMRD fitting of the [P¢¢ ¢ 1,1[Cl] + 0.1% (v/V) [Pg ¢ 61413[GdCls] sample at 5, 25, 37 and 70 °C and of the [Pg ¢ ,,1[Cl] + 0.25% (v/V)
[Pg66.1413[GdClg] and [P 14 1[Cl] + 1% (v/V) [P 661413 [GAClg] samples at 25 and 70 °C. Uncertainties were estimated by probing the sensitivity of the fit to each
individual parameter. The contributions from rotations, cross-relaxation and local order fluctuations were fixed to the ones obtained for the reference sample and
presented in Table 3, the 'H spin density, n, needed for the Torrey model contribution, as well as the gadolinium concentration, were fixed to the values presented

in Table S1 and the electronic spin S was fixed to 7/2.

Parameters [P 66.141[Cl1/

0.1% [Pg 6,415 [GACI5]

[Pg66,141[C11/
0.25% [Py g 1415 [GAC],]

[Pg 66,141 [C11/
1% [Py 66,1413 [GdClg]

5°C 25°C 37°C 70°C 25°C 70°C 25°C 70°C
D (1072m?/s) 0.44+0.04 0.94+0.08 1.7+0.2 6.1+0.4 2.1+0.4 8+2 0.57+0.08 1.24+0.2
SD rA) 3+1 5+3 ~3
d(A) 5.5+0.2 5.9+0.6 6.0+0.9
d%s (A) 4.3+0.3 5.1+0.2 3.81+0.07
os D (1072m?/s) 0.44+0.04 0.94+0.08 1.7+0.2 6.1+0.4 2.1+0.4 8+2 0.57+0.08 1.2+0.2
7, (1071%5) 5+2 0.55+0.05 3.7+0.4 1.7+0.2
A? (10" 572) 4+2 1.0+0.1 4.0+0.5
d'S (A) 5.3+0.2 1242 ~6
- z,, (107%5) 2.4+0.8 1.4+0.5 1.1+0.2
7, (1071%5) 5+2 0.55+0.05 3.7+0.4 1.7+0.2
A? (10" 572) 4+2 1.0+0.1 4.0+0.5

ting parameters obtained from the global multi-temperature and multi
[Pg.6.6,1413[GdClg] concentration model fitting analysis.

Both the cross-relaxation, the rotations/reorientations and the local
order fluctuations contributions were fixed to those obtained for the
[Ps.66.141[Cl] reference sample, since they are completely masked by
the remaining relaxation mechanisms, namely those related to param-
agnetic relaxation. The sum of these three fixed contributions is repre-
sented by the black dashed line in Figs. 7.

Spectral deformation observed after performing PGSTE NMR on the
paramagnetic samples (see supplementary materials) did not allow for a
good estimation of the diffusion coefficients in these systems. However,
as neither inner- nor outer-sphere relaxation are dominant mechanisms
across the lower frequency range, translational self-diffusion could be
estimated independently from the NMRD profiles of the paramagnetic
mixtures. The analysis was made setting self-diffusion as a free param-
eter, but, in order to restrict the possible values, the mean square jump
distance, r, and average intermolecular interspin distance, d, were con-
sidered to be temperature independent, as was previously done for the
non-magnetic system.

Regarding paramagnetic relaxation, the relative diffusion coefficient
in the outer-sphere contribution was assumed to be that of the cation
in the fitting process. The reason for this relates with the fact that the
diffusion of the paramagnetic anion is orders of magnitude smaller than
that of the cation’s, since it is strongly coordinated with three [Pg 6 6 141*
ions. This is also in line with the molecular dynamics simulations results

that suggest a less mobile polar area, as opposed to the terminal aliphatic
chain groups.

The parameters A and 7,,, common to both inner- and outer-sphere
contributions, describe electron spin relaxation processes that con-
tribute to the paramagnetic relaxation enhancement (PRE). This en-
hancement manifests as a high-frequency bump in the relaxometry pro-
files of paramagnetic mixtures. It originates from fluctuations in the
zero-field splitting (ZFS) interaction caused by molecular motions. Here
A characterizes the magnitude of these fluctuations, while 7, represents
their correlation time. [53,54,29]

In the case of these mixtures, the characteristic inner-sphere distance
of closest approach is slightly smaller than the one obtained for the
outer-sphere contribution. This fact may be related with the interdig-
itation of the 14-carbon long aliphatic chain, allowing the proximity of
unbound 'H nuclei to the paramagnetic anion to be smaller than that
of directly bound 'H nuclei, as suggested by the structure scheme pre-
sented in Fig. 3. The outer-sphere mechanism seems to be the most rel-
evant for these systems, not only due to the very restricted translational
diffusion, but also as a result of the interdigitated cation long chains. Pa-
rameters 7, and A were estimated from the model fitting analysis taking
into account that they should be the same for the inner and outer-sphere
contributions, as reflected in Table 4. 7, presents different results at dif-
ferent temperatures only for the sample having the largest amount of
gadolinium, in order to explain the temperature dependence observed
at the highest frequency. As A presents an indirect measure of the chem-
ical environment surrounding the paramagnetic center it was allowed a
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Fig. 9. Schematic representation of the [P¢ ¢4 ,41[Cl] and ITO-coated glass cell
equivalent circuit.

different value for the [Pe6.6.14] [CI] + 0.25% (v/V) [Po66.1413 [GdCl4]
which is known to present an increased amount of water, as it can be
observed in Table S1. The exchange time, 7,,, was allowed to vary for
the different mixtures, but its values were kept for all temperatures.

The complete set NMRD profiles and the corresponding model fitting
curves are available in the supplementary information.

3.4. Electrochemical impedance spectroscopy

Phosphonium-based salts are of interest for electrochemical applica-
tions. They might be used to integrate supercapacitor systems [55,56]
and have shown promising results, for example, as an electrolyte to pro-
mote electro-synthesis of ammonia at ambient temperature and pressure
[8]. It is, therefore, of interest to associate the electrochemical proper-
ties of such systems with their structural properties and their molecular
dynamics.

Fig. 8 shows the impedance profiles of the analyzed [P6,6~6,14][Cl]
ionic liquid in the ITO-coated glass cell. The profiles were acquired at
two different controlled temperatures.

The analogous equivalent circuit applied to the studied ionic liquid
system is presented in Fig. 9 and the respective model expression is given
by equation (3), where j is the imaginary unit.

Z=2

1
Tt

joC + 7 jo

tanh (By/jo) |+ R, @)

The two equivalent parallel RC circuits account for charge transfer
and accumulation in the electrode-electrolyte interface and were al-
lowed to vary freely for the two studied temperatures (25 and 70 °C).
The Warburg elements, also referred to as a diffusion capacitance, ac-
count for mass-transfer limitations [57,58]. Both parameters B and W
are inversely proportional to the square root of the diffusion coefficient,
therefore, they were forced to vary equivalently with temperature. More
precisely, the parameters B and W for the data obtained at 70 °C are
those obtained for 25 °C multiplied by a common factor. Parameter B
becomes important for restricted diffusion, which was observed to be
the case for the [Pg ¢ 14]1[Cl] ionic liquid across the studied tempera-
ture and frequency range. The fact that the Warburg impedance appears
in the circuit as an independent element, for instance not in parallel to
any resistor, might be a consequence the fact that charge migration due

to the electric field is less significant when compared with charge self-
diffusion, which makes sense in view of the fact that the charges are
localized on one end of the more mobile and non-polar aliphatic chains.
Other works have also used this element independently [59,60]. Last,
the element R, represents the bulk solution resistance.

As the equivalent impedance of a series of circuit blocks is the sum
of the impedance of each block, it is advantageous to represent the real
and imaginary parts of the impedance as a function of frequency, as
this allows the individual contributions to be visualized. In Fig. 10 are
presented the results of the global fit of the profile pairs obtained at 25
and 70 °C.

As it can be observed, the profiles are mostly explained by the RC
circuit blocks and the R resistance. At 70 °C, R becomes smaller while
C becomes larger. This is consistent with a reduction of the electro-
chemical double layer thickness for increasing temperatures. The bulk
resistance, R, was a common parameter for both temperatures, which
might indicate that it associates more with the local aggregate struc-
ture. As shown in the X-Ray diffractometry study, this local order is
almost unaffected by temperature within the temperature range where
impedance was evaluated.

Regarding the Warburg element, it was possible to fit the data as-
suming that W and B vary with temperature solely as a result of the
different diffusion coefficients. The factor obtained appears to indicate
that diffusion varies less than what was suggested by the NMR results or
calculated through MD simulations. This could be explained, not only
by the fact that surface interactions become important in such a narrow
glass cell and these would not be captured by NMR or MD simulations,
but also because the NMR measured self-diffusion coefficients are prone
to overestimation due to the relative motion of the mobile end groups
of the aliphatic chains. It could be argued that the fit would be possible
without considering this element, in view of its relatively small impor-
tance when compared with the remaining circuit blocks, however, as it
can be observed in Fig. S9 of the supplementary materials, this contri-
bution is relevant to explain the data points in the kHz frequency range.

4. Conclusions

In this comprehensive research work, we investigated the molec-
ular dynamics of magnetic and non-magnetic ionic liquids based on
the [Pgg6.14]" ion. Specifically we studied a non-magnetic reference,
[Pg.6.6,141[Cl], and three mixtures of the reference compound with 0.1,
0.25 and 1% (v/v) of [Pg ¢ 6 1413 [GdClg]. It was absolutely necessary to
use very diluted amounts of MIL in order to enable this study, since the
presence of the paramagnetic species very significantly reduces the re-
laxation times.

The obtained results show that it is necessary to consider local or-
der fluctuations as a relaxation mechanism in order to obtain quantita-
tively consistent results relating the temperature dependent relaxometry
data with the corresponding structure information obtained from X-ray
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diffractometry and MD simulations. In particular, the existence of local
aggregates enables the estimation of the ratio between the minimum
and maximum cutoff frequencies of the order parameter fluctuation
relaxation model, thus decreasing the number of free model fitting pa-
rameters.

The diffusion coefficient calculations using MD simulation results,
corroborated by experimental PGSTE 'H and 3'P NMR diffusometry,
indicate that the [Pgg¢ 141" cation presents an apparent diffusion coef-
ficient that is larger for the 'H nuclei, due to the more mobile aliphatic
chains’ terminal groups, than for the phosphorus charge center. Addi-
tionally, MD simulations were particularly useful to access the relative
anion-cation dynamics, which would be very difficult to obtain experi-
mentally.

The paramagnetic relaxation enhancement produced by the presence
of [Pg¢6.14]13[GdClg] presented some interesting features, namely the
fact that the inner-sphere distance of closest approach is larger than the
characteristic distance obtained for the outer-sphere mechanism. This
result can be explained by the interdigitation of the longest aliphatic
chain, whose hydrogen nuclei can move closer to the paramagnetic cen-
ter than those coordinated with it (i.e. those belonging to the bound
cations). The relaxation enhancement obtained is very significant, tak-
ing into consideration the very small concentrations of Gadolinium used
in the mixtures (maximum 1mM), which may be explained both by this
lanthanide’s high electronic spin and by the fact that the metallic an-
ionic complex bounds three highly protonated cations. Moreover, the
magnetic field corresponding to the maximum relaxation enhancement
can be tuned by changing the temperature.

The impedance profiles of the [Pg¢¢14]1[Cl] ionic liquid were ad-
ditionally evaluated. The contribution of the different circuit elements
could be deconvoluted using the representation of the real and imag-

inary parts of the impedance in function of frequency. The obtained
results allowed for a consistent global analysis considering both the lo-
cally ordered aggregates characterized by X-ray diffractometry and MD
simulations, and the diffusometry results.

Conjointly, the results obtained in the present work enabled a funda-
mental analysis that allowed for understanding the structural, dynami-
cal, electrical and paramagnetic properties of [P¢ ¢ ¢ 141+ based magnetic
and/or non-magnetic ionic liquid systems. We expect these results to
contribute for the design of systems with optimized properties for dif-
ferent applications.
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