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ABSTRACT: A proton nuclear magnetic relaxation dispersion 'H NMRD study of
the molecular dynamics in mixtures of magnetic ionic liquid [Pggq4][FeCl,] with
[Pgs14] [Cl] ionic liquid and mixtures of [Py 4] [FeCl,] with dimethyl sulfoxide
(DMSO) is presented. The proton spin—lattice relaxation rate, R,, was measured in
the frequency range of 8 kHz—300 MHz. The viscosity of the binary mixtures was
measured as a function of an applied magnetic field, B, in the range of 0—2 T. In the
case of DMSO/[Pge614][FeCl,] the viscosity was found to be independent from the
magnetic field, while in the case of the [Pgg414][Cl]/[Pgss14] [FeCl,] system viscosity
decreased with the increase of the magnetic field strength. The spin—lattice
relaxation results were analyzed for all systems taking into account the relaxation
mechanisms associated with the molecular motions with correlation times in a range
between 10™"' and 1077s, usually observed by NMRD, and the paramagnetic
relaxation contributions associated with the presence of the magnetic ions in the
systems. In the case of the DMSO/[Pg4614][FeCl,] system the R, dispersion shows

O = AL L L LI B AL R

T TTTT

[Po6e14]CL+ [Pyggy4][FeCly]

DMSO + [Pgg14][FeCly]

o

—_
o
df/
o
DD
o
1

OLuiuml v voooml vl vl el 1o

Ll

10t 10 10° 10
'H Larmor frequency [Hz|

10°

the relaxation enhancement due to the presence of the magnetic ions, similar to that reported for contrast agents. For the
[Pess14][Cl]/[Pess14] [FeCl,] system, the R; dispersion presents a much larger paramagnetic relaxation contribution, in
comparison with that observed for the DMSO/[Py4,4] [FeCl,] mixtures but different from that reported for other magnetic ionic
liquid system. In the [Pggs14][Cl]/[Pggs14] [FeCl,] system the relaxation enhancement associated with the paramagnetic ions is
clearly not proportional to the concentration of magnetic ions, in contrast with what is observed for the DMSO/[Pgg,4] [FeCl,]

system.

B INTRODUCTION

Proton nuclear magnetic resonance ('H NMR) is a widely
known noninvasive experimental technique used to characterize
molecular order/structure and dynamics in a large variety of
systems.”” In particular, '"H NMR imaging is a powerful tool to
obtain information on the morphology, function, and
metabolism of complex systems like porous materials,
composites, and biological systems, among many others.
Magnetic nanoparticles as contrast agents for NMR imaging
have been the target of numerous research works due to their
unique magnetic properties and the ability to contribute to
probe molecular interactions at the cellular and molecular
level.”™ The paramagnetic metal ions present in magnetic
contrast agents possess permanent magnetic moments that
contribute to strongly increase the local magnetic field in the
vicinity of each ion. Through paramagnetic relaxation they
produce a decrease of spin—lattice (T;) and spin—spin (T,)
relaxation times of neighboring hydrogen nuclei, a phenomen-
on called “proton relaxation enhancement (PRE)”.® Therefore,
in medical NMR imaging tissues with different concentrations
of paramagnetic ions will have distinct spin—lattice relaxation
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times which can be used to produce images with higher
contrast.” The PRE effect can be useful not only for clinical
diagnosis but also to increase contrast in NMR imaging in
general as in the case of the study of chemical reactions and
processes.” Magnetic colloids, magnetic nanoparticles, para-
magnetic and super paramagnetic compounds, and magnetic
ionic liquids are systems of high interest for the enhancement
of NMR imaging quality. The development and character-
ization of new magnetic compounds has been an important
research subject.’™>”'" The magnetic behavior of the metal
ions makes these compounds effective proton relaxation agents
because the contrast effect is produced indirectly by the
changes in the local magnetic environment.”'' Different
paramagnetic metal ions can be used, Fe(III), Gd(III), Mn(1I),
and Dy(III), according to their magnetic susceptibilities and
levels of toxicity for specific applications.'”
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The effect of paramagnetic relaxation can be described by the
so-called Curie relaxation that considers fluctuations of the
dipolar interactions between the paramagnetic particles’ global
magnetic moments and the proton nuclear magnetic moments
of neighbor hydrogen nuclei either temporarily bounded to the
magnetic particle or within the first neighbor layer spheres
(inner spheres) or in outer layer spheres.”'*™'¢

Nowadays, the commercial contrast agents are based on the
Gd(II) paramagnetic ion, due to high magnetic response in
comparison with the other metal ions described before.'”
However, the toxicity of these compounds as contrast agents is
high. In particular the Gd(III) toxicity is higher than Fe(II1)."”
To reduce the levels of cell toxicity, the paramagnetic ions may
be used as contrast agents, in the form of complexes (or
chelates) with organic ligands.”’18 The toxicity of Gd(III) and
Fe(III) is identical when these elements are used as members of
complexes or chelate systems. In this case, Gd(III)-based
contrast agents are preferred due to their high magnetic
relaxivity values observed in the magnetic resonance
applications.'” ™"’

Besides the magnetic behavior of magnetic nanoparticles and
magnetic colloids, new magnetic ionic liquids (MILs) have
been explored due to their particular magnetic features. In
MILs, usually the anionic counterparts are replaced by others
containing a paramagnetic metal complex. Recent studies of
different magnetic ionic liquids have shown that the MIL
physicochemical properties might change when submitted to
different magnetic field conditions.””~*" The influence of the
magnetic field on the physicochemical properties of MILs
might be explained by the dependence between the magnetic
field intensity and the structural arrangement of the ionic
paramagnetic network and a peculiar coupling between
magnetic moments of the paramagnetic ions.”* The previous
'H NMR study, by Daniel et al,”* of the molecular dynamics of
a magnetic ionic liquid system comprising a mixture of
[Aliquat][Cl]/[Aliquat][FeCl,] showed the relation between
the viscosity and the self-diffusion of the studied ionic liquid
systems in the presence of different magnetic fields. The results
of the proton spin—lattice relaxation rate (T7') revealed a
strong enhancement of T7' at Larmor frequencies higher than
10 MHz (magnetic fields larger than 0.2 T) as observed for
contrast agent systems with superparamagnetic particles."> Also,
it was observed that the MIL viscosity decreased with
increasing magnetic field intensity consistent with an increase
of the MIL self-diffusion coefficient. The specific MIL behavior
was analyzed and related to the paramagnetic moments of the
anion [FeCl,], to the particular molecular arrangement, and to
the electrostatic equilibrium between the ionic species.”

Some recent works have reported the possibility of using
magnetic ionic liquids as potential contrast agents.”> In fact,
ionic liquids can be designed by changing both cations and
anions”’ and offer the possibility to adjust their physicochem-
ical properties for specific applications,”*’ taking into account
eventual limitations due to toxicity effects in the case of medical
applications. Studies were published concerning the under-
standing about factors that influence toxicity. In terms of the
magnetic anion toxicity, a study in human cells®” demonstrated
that iron complexes are preferable to gadolinium ones. Along
with this finding, some works have shown that long aliphatic
chains in the cations can also contribute to an increase of
toxicity of the paramagnetic ionic liquids, depending on the
medium of application (bacterias, human cells).”>" Since the
magnetic ionic liquid properties are magnetic field dependent, a
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new ionic liquid/magnetic ionic liquid pair, [Pggs14][Cl]/
[Pges14)[FeCl,], was selected to be studied, aiming at
understanding how the magnetic field influences the molecular
structure and molecular packing of the cations and its
subsequent impact on the properties of the ionic system.
Considering the cations of [Pge4][FeCl,] and [Aliquat]-
[FeCl,], it is reasonable to expect that the molecular packing of
phosphonium salt [P 4]* molecules (which have four long
chains) might be different from that of the quaternary
ammonium [Aliquat]* molecules (which have three long
chains and one methyl group), the latter favoring a closer
approach between the ions pairs in the ionic liquid. These
differences may possibly translate into different magnetic
induced molecular dynamics and structural rearrangements.

Here is presented a study of the molecular dynamics by 'H
NMR relaxation and a study of the physicochemical properties
as a function of the magnetic field of the ionic liquid systems:
[Pess14] [Cl], a mixture [Pggs14][Cl]/[Pege14] [FeCly], and also a
mixture of [Pgee4)[FeCl,] with dimethyl sulfoxide (DMSO).
The proton spin—lattice relaxation measurements were done
between 8 kHz and 300 MHz, and the self-diffusion, D, was
determined directly using the pulse field gradient (PFG) NMR
technique at a magnetic field intensity of 7 T. Due to the
relation between the diffusion and viscosity, studies were
performed to find a correlation between the viscosity and
magnetic relaxation behavior. A comparison between the
relaxation profiles obtained in this work for the [Pg4][Cl]/
[Pgss14] [FeCl,] system and DMSO/[Pg;4][FeCl,] solutions
and the profiles reported for other contrast agents systems is
presented.

B EXPERIMENTAL SECTION

Materials. The ionic systems selected for this study are
based on phosphonium salts where the cation has the structure
presented in Figure 1 and is hereafter referred to as [Pees4]™

(CHz)s — CH3
HC — (H2C)s— P —(CH,)13— CHg
(CHz)s — CHs

Figure 1. Molecular structure of the [Pggq4]" cation. The charge is
localized at the phosphorus atom.

Two ionic liquids were considered, [Pges14][Cl] and the
mixture of [Pgge14][Cl]/[Pgssral [FeCly] 1% (v/v), where
chloride anions were partially replaced by magnetic [FeCl,]~
anions. The IL systems were synthesized by Afonso et al,, from
Faculdade de Farmaicia, Universidade de Lisboa, according to
the experimental procedure described in refs 32 and 33. The
density of the IL systems was measured gravimetrically using a
pycnometer, and the percentage of the magnetic element, Fe¥,
in each sample was determined by inductively coupled plasma
(ICP). The molecular weight and density of the two ionic
liquid systems are presented in Table 1.

Methods. 'H NMR Assays. The assays of '"H NMR were
performed following a procedure previously described for
similar systems.””** The proton spin—lattice relaxation rates R,
(= 1/T,) were measured at 22 °C for a broad Larmor
frequency range between 8 kHz and 300 MHz. Three
complementary NMR setups were used for the measurements:
a conventional Bruker Avance II NMR console operating either
a 7 T superconductor electromagnet or a variable field (0.2—2
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Table 1. Physical Parameters of the Ionic Liquid Systems
Used”

molecular weight densitgr
L (g/mol) (gfem)
[Pess14] [Cl] 5183 0.891
[Psss14] [C1]/ [Pess14] [FeCl,] 519.9 1.11

“The molar concentration of [Pge4][FeCly] in the [Pgg14][Cl]/
[Pges14] [FeCl,] mixture is 0.014 mol/L.

T) electromagnet and a fast field-cycling NMR relaxometer.*
The details of the experimental techniqzues used with each
equipment can be found in the literature,”****%7%

Viscosity Measurements. The measurements of viscosity
were carried out in a capillary viscometry setup using the
conventional protocol described in the literature.”**” The
experiments were conducted with and without applied
magnetic fleld to analyze the influence of the magnetic field
on the ionic liquids’ viscosity.

B RESULTS

For both ionic liquid systems it was found that the spin—lattice
relaxation was described by a two-component exponential
decay. Two spin—lattice relaxation rates R;; and R, were
determined considering a relative weight of the two relaxation
components that was attributed to the number of hydrogen
protons of the CH; (terminal methyl groups) and CH, (ethyl
groups) groups of the carbonated chains. In Figure 2 are
presented the proton spin—lattice relaxation rates for the two
ionic liquid systems. In Figure 2(a) are presented the values of
Ry, and in Figure 2(b) are presented the values of Ry,, in the
Larmor frequency range between 8 kHz and 300 MHz.
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Figure 2. Larmor frequency dependence of proton spin—lattice
relaxation rates for the systems [Pggq14][Cl] and MIL [Peeq14][Cl]/
[Pgss14] [FeCl,] 1% (v/v) mixture: R;; (a) and Ry, (b).

As can be observed in both Figures 2(a) and 2(b) the values
of R, and Ry, for the two ionic liquid systems are quite similar
for frequencies below 10 MHz but differ significantly for higher
frequencies. The difference between IL and MIL R;; and R;,
behaviors at high frequencies is similar to that reported
previously for the IL/MIL [Aliquat][Cl] based system.”* In that
work this difference was possibly associated with the para-
magnetic relaxation contribution due to the presence of the
magnetic ions in the MIL system. Such strong spin—lattice
relaxation increase at high frequencies due to paramagnetic
relaxation was also reported for liquid mixtures with contrast
agents of superparamagnetic particles."’

However, the similarity between the IL and MIL R;; and R;,
behaviors at frequencies below 10 MHz is quite unexpected in
view of the results reported for the [Aliquat][Cl] IL systems™*
and taking into account the usually observed linear dependence
of the relaxation rate on the concentration of paramagnetic
particles.” Additionally for the MIL is observed an enhance-
ment of the R, at 20 and 33 MHz which can be associated with
the cross relaxation among "H and 3*Cl spins.”

The values of viscosity of both ionic liquid systems are
presented in Table 2. As expected the viscosity of the

Table 2. Viscosity Determined Experimentally as a Function
of Applied Magnetic Field for the [Pgg,][CL]/
[Pggs14][FeCl,] 1% (v/v) Solution (in Parentheses the
Values for the [Pgg,][Cl] IL)”

B (T) n (Pass)
~45 x 107 1.97 (2.06)
0.47 1.93 (2.06)
1 1.81 (2.06)
1.3 1.73 (2.06)
1.8 1.71 (2.06)

“The viscosity of DMSO/[Pggs14] [FeCl,] 1% (v/v) was pyso = 2.15
Pa-s, independent of the applied magnetic field.

nonmagnetic ionic liquid is independent of the magnetic
field. As can be observed the viscosity of the [Pgg14][Cl]/
[Pess14][FeCl,] decreases with increasing magnetic field as
reported in the literature for different magnetic ionic
liquids.***’

B ANALYSIS AND DISCUSSION

The 'H NMR R, dispersions presented in Figure 2 were
analyzed taking into account the relaxation processes associated
with the molecular motions usually found in low molecular
mass organic materials like liquid crystals and ionic
liquids.”******* The presence of paramagnetic ions adds an
additional degree of complexity to the analysis of R; dispersion
data as the coupling between the magnetic moment of the
paramagnetic ions with proton’s magnetic moment leads to the
inclusion of an additional relaxation process parameter in the
analysis.”* In the case of the phosphonium salt based systems
only the cations possess hydrogen protons; therefore, the
relaxation information regarding molecular motions that is
obtained reflects mainly the global motions of the cations and
the alkyl chain dynamics.

The relaxation model considered here follows that presented
previously for a similar system where the cations possessed a
nitrogen central atom bounded with just three long aliphatic
chains and a methyl group. The total relaxation rate is the sum
of the relaxation contributions: translational and rotational self-
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Figure 3. Experimental results and model fitting curves for the two

explained in the text.
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spin—lattice relaxation rates as a function of frequency for the IL systems, as

Table 3. Relaxation Model Parameters Obtained for the Best Fit of Equation 1 to the R; Experimental Results for the
[Pess14] [C1] and [Pygq14][Cl]/[Pgg14][FeCly] Systems®

[Pessrs] [C1] [Pess14][C1]/ [Pgss14] [FeCl,]

CH, CH, CH, CH,
m (1071° m) 1.6 + 0.027 2.5 + 0.014 1.6 + 0.027 2.5 + 0.014
7q (107571 - 6.02 + 0.73 6.35 + 0.59
7, (107" s7") - 1.0 + 0.064
73 (107 s7") - 734 + 035
Aper, (10° 57%) 733 + 03 1.85 + 02 733 + 0.3 1.85 £ 02
7, (1078 s71) 1.0 + 0.1 1.18 + 0.1 1.0 + 0.1 1.18 + 0.1
Ao, (10° s72) 3.03 + 0.1 2.81 + 0.1 3.03 + 0.1 2.81 + 0.1
7, (10710 s71) 5.16 £ 0.2 48 0.1 5.16 + 0.2 4.8 + 0.1
Acpy (107 s72) - 13 + 04 2.5 +0.11
Tepy (10757") - 5.0 + 32 5.0 + 32
Acge (10°s7%) - 15 +03 2.5 + 09
Tere (107 571) - 5.0 + 02

“The follow fitting parameters are common for both systems: 7, = (1.46 + 0.06) X 107857, d~73% 107 m, M ~ 0.014 mol/L, S ~ 400, n = 7 X
10** spins/m®, p~ 1.13, and 7, ~ 3.85 X 107" 5, ,/(27) ~ 33 MHz, and w,/(27) ~ 20 MHz.

diffusion, chain dynamics, paramagnetic relaxation, and cross
relaxation between the hydrogen proton 'H system and the
chloride 3°Cl spin system.”* Given the complexity of the
molecular system and the presence of a molecular packing with
the strong interdigitation of the molecular chains of different
cations, the use of the relaxation models considered for liquid
crystals and simpler ionic liquids”***** must be considered as a
first approximation.

The model considered for the analysis of the R, experimental
results can be expressed by the sum of the contributions
mentioned before. In the case of the MIL system the
contribution corresponding to the paramagnetic relaxation
was also included.
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R(y) = RlsD(VL) + [RlROtl(VL) + RlROtZ(VL)]

R () + [R™M() (1)

The cross-term contributions in eq 1 were neglected
assuming that the relaxation mechanisms are statistically
independent. The theoretical details of each relaxation model
are presented in the Supporting Information. The model fitting
parameters were: d, Tp, {r*), Ty, Tap, Ty Tty Aroty 7o and Apgpy
and a pair of 7y, Acp; for each cross-relaxation peak, where d is
an average width associated with the volume defined by the
aliphatic chains; (r*) is the mean-square jump distance; 7, is the
longitudinal electronic relaxation time; 7, and 7, are correlation
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times associated with the rotations of the aliphatic chains; and
Aggyr and Ap., depend on the proton spin dipolar coupling
constant and effective interspin distance. Tcp; and Acy; are
parameters associated with the width and amplitude of the
cross-relaxation process. Due to the differences in the relaxation
of the IL systems, two correlation times for the translation
diffusion processes had to be considered: 7 for the
nonmagnetic IL system and 7; and 74, for the MIL system.
In the case of the MIL system the viscosity dependence on the
magnetic field was considered in the fits assuming an empirical
model previously introduced for the [Aliquat][FeCl,] system.”*
In addition the iron molar concentration measured by ICP was
M = 1.4 x 107> mol L™, and the 'H spin density n = 7 X 10>
spins/m> was estimated taking into account the IL and MIL
molecular structures and the values of Table 1.

The model was fitted to the experimental results using a
nonlinear least—siluares minimization procedure with a global
minimum target. " The [Pges14][Cl] and [Pegg1a] [C1]/[Pessial-
[FeCl,] relaxation results were fitted simultaneously in two
subprocesses: the R;; and Ry, fits. In Figure 3 are presented the
plots corresponding to the best global fit, whereas the fitting
parameters are listed in Table 3.

In general terms the fit results obtained for the [Pge14][Cl]-
based systems are similar to the ones found for the
[Aliquat][Cl]. However, a closed analysis reveals some
interesting differences. In fact, the model fit quality for the
[Pgss14] [Cl]/[Pgssi4] [FeCl,] system is worse than that obtained
for the [Aliquat][FeCl,], in particular, in what concerns the
description of the slower rotations and the paramagnetic
relaxation contributions. Also, the small difference observed in
the values of Ry, and Ry, of [Pgee14][Cl]/[Pgse14] [FeCl,] for
frequencies below 1 MHz could not be explained by the same
values of d and 74 As a consequence it was not possible to fit
the paramagnetic relaxation contribution with the same quality
as for the [Aliquat][FeCl,] system. The presence of [FeCl,]™ in
the mixture of [Pge4][Cl] is not only associated with the
additional paramagnetic relaxation contribution to the proton
spin—lattice relaxation but also seems to affect the molecular
dynamics of the cations in a way that was not observed for the
[Aliquat][FeCl,] system previously studied.

The values obtained for the fitting parameters present in
Table 3 are consistent with those found for the quaternary
ammonium magnetic ionic liquid system [Aliquat][FeCl,]
mixtures,”* taking into account the differences observed in the
relaxation dispersion. In particular, the cross-relaxation
contributions are less important than for the [Aliquat][Cl]
mixtures.

It is interesting to note that the expression usually considered
to estimate the concentration effect of a contrast agent in a
solution

1 1
— = [—] + n[C]
Tl ’Ii Solvent (2)

where [C] is the concentration of the paramagnetic particles;
[1/T]sowent is the relaxation rate without the presence of the
contrast agent; and r, is the relaxivity of the contrast agent,
seems not to be valid in the case of the [Pge4][Cl]/
[Pgss14] [FeCl,] system, as it can be understood from the data in
Figure 2, assuming that [Py 4][Cl] acts as a solvent of
[Pgs14] [FeCly].

In order to test the properties of the [Pggq4][FeCl,] as a
contrast agent and to check if the superparamagnetic-like

relaxation effect observed for the [Pgg14][Cl]/[Peggs1a] [FeCl,]
system can be observed using a nonionic liquid solvent,
additional measurements were made using solutions of
[Pgss14) [FeCl,] in DMSO. The viscosity measurements showed
that viscosity was independent of the magnetic field for
DMSO/[Pyggs14][FeCl,] 1% (v/v) (see Table 2). In Figure 4 are

DMSO + [P 1[FeCl,] 10mM
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Figure 4. Experimental results and model fitting curves for the
relativity as a function of frequency for the 10 mM DMSO/
[Pgss14] [FeCl,] system, as explained in the text.

presented the relaxivity results according to eq 2, as a function
of the proton Larmor frequency for a 10 mM sample DMSO/
[Pgss14) [FeCl,]. The measured R; corresponds to the DMSO
protons in the view of a small concentration of the ionic liquid.
The R, 0.52 s of the pure DMSO was frequency independent
in the range of 8 kHz to 300 MHz. As it can be noticed, the
relaxivity dispersion presents a much less pronounced para-
magnetic contribution in comparison with the relaxation
enhancement effect observed for the [Pgee14][Cl]/[Pgsral-
[FeCl,] system with a close molar concentration (14 mM). The
relaxivity dispersion is described by the sum of inner-sphere,
(T7"), and outer-sphere, (T7"),,, relaxation contributions.

n= (Tl_l)is + (Tl_l)os (3)

The details of the models used for these two relaxation
mechanisms can be found in the Supporting Information. The
only free fitting parameters were the distance between the
FeCl,” ions and the DMSO molecules, rg.y and Ry, for the is
and os relaxation contributions, respectively, the correlation
time 7, for the is inner relaxation, and the correlation time 7,
and the mean square fluctuations A* of the electronic zero-
field-splitting (ZFS) relaxation contribution. The values
obtained from the fit were: rpqy = (3.5 £ 0.2) A, Rpyy = (8.0
+03) A, 7,y = (1.12 £ 0.0.07) X 10725, 7, = (2.6 £ 0.25) X
1075, and A® = (2.9 + 0.3) X 10" s During the mixing
process of [Pgei4][FeCl,] MIL with DMSO no chemical
reaction was observed involving the FeCl,”. This observation
was further confirmed by preparing a 10 mM solution of FeCl,
hexahydrated and DMSO. The relaxivity results obtained for
this system can be found in the Supporting Information for
comparison. It is worthwhile to mention that the physically
consistent fits could only be obtained considering that the
FeCl,” ions were surrounded by around eight DMSO
molecules with very short resident times. In view of the fact
that the chlorine atoms remain covalently bounded to Fe there
is no actual binding between DMSO molecules to Fe.
Therefore, it is reasonable to obtain 7, values close to the
characteristic times of methyl group rotation,”” in contrast to

DOI: 10.1021/acs.jpcb.5b04772
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the long resident times of water molecules in the case of
conventional contrast agent paramagnetic complexes.

In Figure S are presented results of the proton spin—lattice
relaxation rate as a function of the ionic liquid concentration in

, ® 100kHz r=2.89mM"s"

180 0 * 42MHz r=1amm’s’ Tk
{ = 300MHz r=2.60mM's". " o
150 H x
120 .
— -730
T& % b * 25 //:
- 7 20 e
t b 15 //:,
-~ 60 — = 10 Y i
30+ j:i"' B e
i i 0123456789101
c, (mM)
0
0 10 20 30 40 50 60 70 80 90 100 110
¢, (mM)

Figure S. Experimental results of the DMSO spin—lattice relaxation as
a function of [Pg4][FeCl,] concentration. Relaxivities were
estimated for three selected Larmor frequencies, as explained in the
text. The arrow in the inset figure represents the concentration
corresponding to the mixture [Pggs4][Cl]/[Pggr4][FeCly] studied
here.

DMSO for three selected Larmor frequencies. As it can be
observed, the spin—lattice relaxation of the DMSO/[P¢ss14]-
[FeCl,] solutions is certainly well described by eq 2 for
concentration below ~10 mM. The values of relaxivity depend
on the frequency and vary in the range 2—3 mM ™' s™". These
values are higher than the iron(III) complexes recently reported
which are good candidates for further development in order to
be used as MRI contrast agents.*’

From the results obtained it is possible to conclude that
[Pessi4] [FeCl,] acts as a typical contrast agent enhancing the
spin—lattice relaxation rate with a relaxivity well described by
the usually accepted paramagnetic relaxation mechanisms for
inner sphere and outer sphere interactions. In contrast, in the
mixture of [Pge4][FeCly] with [Pgge14][Cl] ionic liquid the
effect of the paramagnetic ions on the spin—lattice relaxation of
the solvent molecules protons’ spins system cannot be
described by the linear combination of the nonparamagnetic
and paramagnetic relaxation contributions (eq 2) where the
paramagnetic contribution is proportional to the concentration.
In fact, the relaxation enhancement effect due to the presence
of [FeCl,]™ ions must be negligible for frequencies below 10
MHz. Actually, a detailed observation of the experimental
results (see Figures 2 and 3) reveals that at low frequencies the
relaxation rate for the [Pggq14][Cl]/[Pgesr4)[FeCly] system is
smaller than that of [Pgg4][Cl]. Therefore, it seems that the
presence of the [FeCl,]™ ions affects more the motions of the
cations’ aliphatic chains, more than Cl. Together with the
paramagnetic relaxation it produces just a small change in the
spin—lattice relaxation at low frequencies.

The superparamagnetic relaxation observed for the
[Pessial [Cl]/[Pgee14] [FeCly] R, dispersion as well as the
viscosity’s dependence on the magnetic field seems to be
associated with the ionic nature of the [Pgg4][Cl] solvent in
comparison with the nonionic DMSO.

B CONCLUSIONS

In this work is presented an 'H nuclear magnetic relaxation
dispersion study of the molecular dynamics of the neat ionic
liquid [Pgge14][Cl] and the binary mixtures of magnetic ionic
liquid [Pgee14] [FeCl,] with [Pges14][Cl] and with DMSO. The
proton spin—lattice relaxation was measured over the broad
frequency range bewteen 8 kHz and 300 MHz at 22 °C. In
addition, viscosity measurements were made as a function of an
applied magnetic field in the range 0—2 T. The longitudinal
magnetization decay with time was found to be biexponential
and characterized by relaxation rates R;; and R}, in consistency
with the number of CH, and CH; groups in the cation
molecules, respectively.

For both [Pg4][Cl] and the mixtures DMSO/[Pgge14]-
[FeCl,] it was observed that the viscosity was independent
from the magnetic field. In the case of the mixtures of
[Pgs14) [FeCl,] with [Pggis][Cl] it was observed that the
viscosity decreased with the magnetic field strength, and at 2 T
the viscosity was 13% less than at 0 T.

The spin—lattice relaxation results were analyzed for all MIL
mixtures taking into account the relaxation mechanisms
associated with the molecular motions typically observed for
these systems. In the case of DMSO/[P¢ss4][FeCl,] and
[Pess14] [Cl]/[Pgee14][FeCl,] spin—lattice relaxation results
additional paramagnetic relaxation contributions were consid-
ered due to the presence of the magnetic ions.

The spin—lattice relaxation dispersion observed for the
DMSO/[Pgg14) [FeCl,] was quite different from that detected
for the pure DMSO as expected due to the presence of iron
ions in the mixtures. In fact, the [FeCl,]™ anions constitute a
paramagnetic relaxation agent increasing the proton spin—
lattice relaxation rate with a paramagnetic contribution that
depends linearly on the concentration of the [FeCl,]™ ions for
small concentrations, as usually found for known iron-based
contrast agents.

The R, dispersions observed for the [Pges14][Cl]/[Peor4l-
[FeCl,] system are significantly different from those where
DMSO was the solvent. The R, dispersion obtained for systems
using [Pgee14][Cl] as solvent evidences a combination of
relaxation mechanisms associated with molecular motions
obviously not found when it is replaced by DMSO, due to
the considerable differences in the molecular structure and
consequently in the local molecular organization considering
the ionic character of the phosphonium salt. In the case of the
[Poss14] [Cl]/[Pess14] [FeCl,] system the paramagnetic relaxa-
tion contribution is dominant in the high frequency range, as
was previously observed for a quaternarium ammonium
magnetic ionic liquid system, but is negligible at lower
frequencies. In this system the proton spin—lattice relaxation
clearly does not depend linearly on the concentration of
[FeCl,]” ions. The presence of the [FeCl,]” ions in the
[Pgss14][Cl] ionic medium seems to affect the local molecular
organization and the relative contribution of molecular motions
to the spin—lattice relaxation. The differences observed in the
R, dispersion of [Pgg14][Cl]/[Pessi4][FeCl,] with respect to
that of [Pg4][Cl] reflect the contribution of a paramagnetic
relaxation and the changes in the molecular order, dynamics,
and packing.

When comparing the paramagnetic relaxation contributions
detected for the [Pgg14][Cl]/[Pessis)[FeCl,] and DMSO/
[Pgss14][FeCl,] the stronger enhancement of the R, dispersion
due to the amplitude of this mechanism in the [Pgg4][Cl]/
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[Pges14][FeCly] system is perhaps due to the coupling between
the magnetic moments of the [FeCl,]™ ions as a result of the
ionic nature of the [Pg4][Cl] acting as a solvent in
comparison with an organic solvent such as DMSO.

The results obtained in this work suggest the possibility of
using MILs as contrast agents, provided that their toxicity is
reduced. One possibility that requires future studies is the
replacement of the IL cations (e.g.,, phosphonium or quaternary
ammonium) by biocompatible water-soluble cations, like those
present in several vitamin complexes, coordinated with a
magnetic anion, such as [FeCl,].
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Theoretical models
Translational self-diffusion

In the case of isotropic liquids or isotropic phases of liquid crystal compounds the contribution
of translational self-diffusion (SD) to the relaxation can be expressed by the Torrey’s model!

with a
nTp

(Ti)s = Cogg [T{wm) + 4T (2mp)]. W

where w = 27, Cy = (1/2)(3pey*h/(87))? is the strength of the dipolar interaction and

T (wtp) is a dimensionless analytical function that depends on the average time between



diffusion jumps 7p, the mean-square jump distance (r?), and the molecular width d. 7p is
related with the self-diffusion constant D by the relation (r?) = 67pD. n is the density of

'H spins.

Rotations/reorientations

Molecular rotations/reorientations (Rot) may be characterized by one or more correlation
times according to the number of independent rotational axis considered to describe this
motion. Usually, rotations along the molecular long axis and rotations/reorientations along
a molecular transverse axis have different correlations times and the most simple model
used to describe this relaxation process is given a Rot;+Rot,; where Rot; is given by the

Bloemberger, Purcel and Pound (BPP) model:

1 TRot; 47—Rot-
— = ARot, |: - + : 2
<T1 ) Rot; Yl w27-}220ti 1+ 4w27'1%0ti 2)
with Ager, = 9udy*h? /(128728 ,,) where 7;_ is an effective inter-spin distance.”

Cross-relaxation

%(Cl has nuclear spin 3/2 and cross-relaxation (CR) between the proton spins and °Cl
nuclear spins can occur. Cross-relaxation has indeed been observed between proton spins
and nitrogen and also between proton spins and 3°Cl spins.®® Cross-relaxation may be-
come significant when the proton’s Larmor frequency is close to each one of the quadrupole

frequencies of the other nucleus. The relaxation rate can be expressed by?

1 TCRi
- = Acri 3
<T1)CR1 1+ (w — wi)’ 78p; )
where w;, with ¢ = 1,2, ..., are the frequencies that correspond to the 3*Cl spin energy levels

and Acg; are parameters related with the strength of the interaction.



Paramagnetic relaxation induced by superparamagnetic particles

Proton spin-lattice relaxation can be affected by the presence of magnetic ions in two ways:
i) the so-called inner-sphere relaxation, which occurs when relaxing protons bind temporarily
to ions or ion complexes, and the ii) outer-sphere applies to protons that do not bind but
move or diffuse close to magnetic ions or particles.® In a recent study of molecular dynamics
in magnetic ionic liquid systems by proton spin-lattice relaxometry,” it was shown that the
paramagnetic relaxation observed was better described considering an effective superparam-

agnetic outer-sphere contribution given by equation:

1
<_> = 6TdC{S§j1(W,Td,TS - OO)+
N PM

(4)

X

[S(S—l— 1) — SCCOthS

Sf} jl(w,Td,Ts)}

where S is the electronic spin along the applied magnetic field, ¢ is a quantity proportional
to the molar concentration of magnetized particles, [M]. r is the distance of closest approach
between the anion and the protonated cation, 74 = (r?) /D, D is the diffusion time constant,
Ts is the longitudinal electronic relaxation time and w is the proton Larmor frequency. S, is

given by

25 +1 1
S, = ; tanh ™ ((25 + 1)%) b tanh ™! (%) (5)
where w, = 2vkT/(hvs) and s is the electron’s gyromagnetic ratio. The corresponding

spectral density for outer-sphere relaxation is®

1+ 0Y2/4 }

N, 7a,7s) = Re { 1+ Q2 4+4Q/9 + (03/2/9

where Q = (iw + 1/75)74.



Relaxivity Dispersion
In the case of the magnetic ionic liquid/DMSO solutions presented in this work we considered

the inner-sphere relaxivity contribution expressed by:®

1 ¢ 1
1000 14.04 T

(7)

1S A~
7’1 ~

being ¢* the number of DMSO molecules temporarily bind to the iron particles and TE > 7,

where 7, is the DMSO residence binding time to the FeCl; (or FeCls).

12 ohPd
T = T T Sy DB o i) + 7 s, )] (8)
SQTd' (1 — Sz)Td'
T(w, 7a1) = 2 i 9
(w0, 7ai) L+w?ry, 1+ wiry, )
11
b 10
Td TmH - ES ( )
11
= 11
dig g ES ( )
| | 4

— =9C 12
T~ i Y iraee? (12)

1 5 2
— = 3 13
T~ v P iraee P (13)

with
1 2

C = Lo AP [4S,(S, +1) 3] (14)

The outer-sphere relaxivity contribution is given by:



32NA7T(£)2h2’7%7§
405 4m RD

os __
r =

Sp(Sp —+ 1)[3J°S(w1, Td), Tlg -+ 7JOS(wS, Td), TQS] (15)

with 7y = R*/D

Jor — Re{ L+ } (16)

1424 522+ 32°
being, z = iwTy + % is a complex and j = 1,2
DMSO/F8C13 and DMSO/[P66614] [FGCI4]

It is presented the relaxivity results and fitting curves obtained for DMSO /hexahydrated
FeCl; for comparison with the DMSO/[Pgg614][FeCly] solution.

References

(1) Torrey, H. C. Nuclear Spin Relaxation by Translational Diffusion. Phys. Rev. 1953, 92,
962-969.

(2) Bloembergen, N.; Purcell, E. M.; Pound, R. V. Relaxation Effects in Nuclear Magnetic
Resonance Absorption. Phys. Rev. 1948, 73, 679-712.

(3) Kimmich, R.; Winter, F.; Nusser, W.; Spohn, K. H. Interactions and Fluctuations De-
duced From Proton Field-cycling Relaxation Spectroscopy of Polypeptides, Dna, Mus-
cles, and Algae. J. Magn. Reson. 1986, 68, 263—282.

(4) Pusiol, D. J.; Humpfer, R.; Noack, F. Nitrogen Nuclear-quadrupole Resonance Dips in
The Proton Spin Relaxation Dispersion of Nematic and Smectic Thermotropic Liquid-

crystals. Z. Naturforsch., A: Phys. Sci. 1992, 47, 1105-1114.

(5) Anoardo, E.; Pusiol, D. J., D. J.; Aguilera, C. NMR-Study of the T; Relaxation Disper-



sion In the Smectic Mesophase of 4-chlorophenyl 4-undecyloxybenzoate. Phys. Rev. B:
Condens. Matter 1994, 49, 8600-8607.

Gillis, P.; Roch, A.; Brooks, R. A. Corrected Equations for Susceptibility-induced Ts-

shortening. J. Magn. Reson. 1999, 137, 402-407.

Daniel, C. I.; Vaca Chavez, F.; Feio, G.; Portugal, C. A. M.; Crespo, J. G.; Sebastiao, P. J.
'H NMR Relaxometry, Viscometry, and PFG NMR Studies of Magnetic and Nonmag-

netic Ionic Liquids. J. Phys. Chem. B 2013, 117, 11877-11884.

Merbach, A., Helm, L., Toth, E., Eds. The Chemistry of Contrast Agents in Medical

Magnetic Resonance Imaging, 2nd ed.; Wiley, 2013.



ATEX@ http://fitterl.ist.utl.pt, IST, Departamento de Fisica (printed on Wednesday 5™ November, 2014)

lai
report1.0

Ite

fi

fitteia Report

(internet based fitter service)
The Art of Model Fitting to Experimental Results!

Subject Plots-Paper-P66614, CH3_final
Date Wednesday 5" November, 2014, 18:11
. carla.daniel@dq.fct.unl.pt
Affiliation 194.210.232.202
Fit report produced with the fit results of function:
y=((T<2) 7 iT1ISpara(f, 300.0, taud1/(1 + pow(2*pi*f*tauv, p)), taus, M, r, S) : 1e-9 ) +
Abstract BPP(f, Arot, tau) + BPP(f, Arotl, taul) + (T<2) ? CROSSRELAX({, adip, tdip, fdip)
: le-10 + (T<2) ? CROSSRELAX(f, adipl, tdipl, fdipl) : le-10 4+ (T<2) ? Torreyl(f,
d, r*1e10, n, taud/(6.0%(1 + pow(2*pi*f*tauv, p)))) : Torreyl(f, d, r*1el0, n, tauD)
to the 55 experimental points, considering 10 free parameters.
taudl = 6.3465 x 1079 £ 5.9527 x 10710 n="7x 10122 (fixed)
taus =1 x 10711 +£6.431 x 10713 tauD =1.4574 x 107 £ 6.9147 x 1010
taud = 7.3387 x 10798 4 3.4833 x 10799 adip = 2.5352 x 10107 4 1.108 x 10707
Arot =1.85 x 1018 (fixed) tdip="5 x 107°7 £ 3.2912 x 10797
tau=1.18 x 107% (fixed) fdip=3.4 x 1077 (fixed)
Arotl =2.81 x 10199 (fixed) tauv = 3.85 x 10719 (fixed)
taul = 4.8 x 10710 (fixed) p=1.1303 (fixed)
M =0.014 (fixed) adipl = 2.518 x 10797 4 9.2404 x 10+06
r=2.5314 x 10710 £ 1.3679 x 10712 | tdipl =5 x 10797 (fixed)
S =400 (fixed) fdipl =2 x 10197 £ 3.1437 x 1079
d=8+0.017602
x2[2] = 13.727 x2[1] = 132.281
X7 = 146.008
LU BRI S L R L R IR [T T 7T T T T Ty T T 1 1r]
10°E a) [P66614][Cl)/[P66614][FeCl,], CH3 10%E b) [P66614][Cl], CH3 -
"o 10°= E "o 10°E E
S 1 £ F .
1__._.1391_2 _________________ ¢ \ 1__._.B9L2 ................. ]
10'E N = 10" E
S Y 3 S 3
: /// \‘\‘ : : N N :
100 Lol 1 coml Al a bl 1 100 Lol cioml ol el 10

10 10°  10° 107 10°
Proton Larmor frequency (Hz)
recta-1.pdf

10 10°  10®° 10" 10°
Proton Larmor frequency (Hz)
recta-2.pdf
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Subject Plots-Paper-P66614, CH2_final
Date Wednesday 5" November, 2014, 18:12
. carla.daniel@dq.fct.unl.pt
Affiliation 194.210.232.202
Fit report produced with the fit results of function:
y=((T<2) 7 iT1ISpara(f, 300.0, taud1/(1 + pow(2*pi*f*tauv, p)), taus, M, r, S) : 1e-9 ) +
Abstract BPP(f, Arot, tau) + BPP(f, Arotl, taul) + (T<2) ? CROSSRELAX({, adip, tdip, fdip)
: le-10 + (T<2) ? CROSSRELAX(f, adipl, tdipl, fdipl) : le-10 4+ (T<2) ? Torreyl(f,
d, r*1e10, n, taud/(6.0%(1 + pow(2*pi*f*tauv, p)))) : Torreyl(f, d, r*1el0, n, tauD)
to the 53 experimental points, considering 10 free parameters.
taudl = 6.0183 x 1079 £ 7.3524 x 10710 n="7x 10%?2 (fixed)
taus =1 x 10711 £ 1.7137 x 10712 tauD =1.46 x 107% (fixed)
taud = 7.34 x 10798 (fixed) adip = 1.2856 x 101°8 4 4.3852 x 10107
Arot =17.33 x 107%® (fixed) tdip="5 x 10797 4 3.2303 x 1077
tau =1.0009 x 107% (fixed) fdip =3.3206 x 101°7 £ 1.6025 x 10106
Arotl = 3.03 x 10199 (fixed) tauv = 3.85 x 10719 (fixed)
taul =5.16 x 10710 (fixed) p=1.1303 (fixed)
M =0.014 (fixed) adipl = 1.479 x 10708 4 3.2848 x 10107
r=1.5859 x 10719 +2.6898 x 10712 | tdipl =5 x 107°7 £ 1.9932 x 10798
S =400 (fixed) fdipl =2 x 10797 4+ 3.356 x 10795
d=4.5148 £+ 0.068607
x2[2] = 28.6349 X2[1] = 69.7377
X? = 98.3727
LU BRI S L R L R IR AL BRI L B L R L L
10°E c) [P66614][Cl)/[P66614][FeCl,], CH2 10%E d) [P66614][CI], CH2 -
o 10°E 3 e 10°F E
& = 3 & = =
|: :__Bm_z ___________________ - %/" |: :___RO[_Z ___________________ .
= B .\.// | — | -
/A'
10'E LA E 10'E ' E
Coem e '\.\ ] B ".\ ]
100 IR ATIT B R RTTT BRI M AR (111 By 100 IR TIT B AR RTTT| EE A RETIT ERRSRE 1T
10*  10°  10° 10" 10° 10*  10°  10° 10" 10°
Proton Larmor frequency (Hz) Proton Larmor frequency (Hz)
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Subject P66614-FeCl4-DMSO, Fit-10mM-r1-final
Date Friday 24" July, 2015, 15:02
Affiliation carla.daniel@dgq.fct.unl.pt

84.90.100.162

Fit report produced with the fit results of function:

y=x/14040*iTlinnerSmallS(f, 295.0, tmg, tmH, tv, ZFS, r, S0*n, S) + iTlouterSmallS(f,
295.0, D, tv, ZFS, R, S0*n)

to the 23 experimental points, considering 5 free parameters.

Abstract

tmg =1 (fixed) D=7x 10719 (fixed)
tmH =1.1197 x 1072 £ 6.5915 x 10~14 tv=2.5882 x 1072 £2.5312 x 10713
r=35x10"1422172 x 1011 ZFS =2.8787 x 10119 £ 2.1614 x 10109
S0 =3 (fixed) R=7.9588 x 10710 £ 2.9725 x 101!
n =1.0001 (fixed) x =8 (fixed)
S =0 (fixed)

X3[1] = 5.28254 x? = 5.28254

10 M T Trrrmy Ty T iy T TTrmp - T 1T

n DMSO + [P 1[FeCl,] 10mM ]

66614

r, (mM's™

wl ool vl el ol 1

4 5 6 7 8 9

10 10 10 10 10 10
Proton Larmor frequency (Hz)

recta-1.pdf
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Subject FeCl13-DMSO, Fit-10mM-r1-final
Date Friday 24" July, 2015, 15:03
Affiliation carla.daniel@dgq.fct.unl.pt

84.90.100.162

Fit report produced with the fit results of function:

y=x/14040*iTlinnerSmallS(f, 295.0, tmg, tmH, tv, ZFS, r, S0*n, S) + iTlouterSmallS(f,
295.0, D, tv, ZFS, R, S0*n)

to the 23 experimental points, considering 6 free parameters.

Abstract

tmg =1 (fixed) D=7x 10719 (fixed)
tmH =1.2759 x 1072 £ 8.5858 x 10~ 14 tv=3.0213 x 10712 £2.6997 x 10713
r=3.5x10"1041.3408 x 10~ 1 ZFS =3.0863 x 10710 £ 2.5376 x 1010°
S0 =3 (fixed) R=17.2522 x 10719 +3.0103 x 10~ 1!
n =1.0001 (fixed) x=8+4.347
S =0 (fixed)

X3[1] = 11.9318 x? =11.9318

10 M T Trrrmy Ty T iy T TTrmp - T 1T

n DMSO + FeCl, 10mM _

r, (mM's™

wl ool vl el ol 1
4 5 6 7 8 9
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