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Low field time-domain nuclear magnetic resonance (TD-NMR) relaxometry of paramagnetic
metal cations (PMC) has been widely used to study and improve contrast agents for magnetic
resonance imaging (MRI). However, despite its remarkable potential, TD-NMR is rarely used to
study PMC complexes, and coordination compounds in non-biomedical application. Therefore, this
review aimed to provide comprehensive information not only to non-nuclear magnetic resonance
(NMR) relaxation specialists, but also to scientists from distinct levels and expertise, as a way to
pave the path for modern analytical and research of PMC complexes. Some fundamental concepts
about NMR, paramagnetic relaxation mechanism, as well as traditional and modern methods to
measure the longitudinal (T,) and transverse (T,) relaxation times constants are addressed. Here, we
address some applications in analytical, electrochemical, and inorganic chemistry, electrodeposition
reactions, as well as studies on PMC complexes and coordination compounds in solution.
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1. Introduction

Paramagnetic metal cations (PMC) containing one
or more unpaired electrons in the d- or f-orbitals have
important roles in living organisms, in chemical and
pharmaceutical processes and in products and are widely
used as contrast agents for magnetic resonance imaging
(MRI) for diagnostic purposes.'* In biology, Fe®, Cu",
Mn", Co", Ni", Mo™, V!, and other PMC, are normally
coordinated to oxygen, nitrogen, or sulfur centers and are
involved in several essential biological processes including
mass and electron transports, enzymatic activities, among
several other processes.’

PMC containing unpaired electrons, PMC complexes,
and coordination compounds can be directly detected
using electron spin resonance (ESR), also known as
electron paramagnetic resonance (EPR).%” They can also
be indirectly detected by high-resolution nuclear magnetic
resonance (HR-NMR) spectroscopy using their effects to
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enhance chemical shift dispersion (paramagnetic shift)>%*
or to enhance relaxation processes.!®! However, the use of
both EPR and HR-NMR requires expensive instrumentation,
limiting their application in routine analysis, as well as at
small universities and research facilities that do not have
adequate instrumentation for these analyses.

This review shows how to obtain valuable information
about PMC, complexes, and coordination compounds in
solution using relaxometric measurements performed at
low-cost, based on cryogen free, permanent magnets, and
bench top low-field NMR instruments. The relaxometric
analyses are normally performed in low (B, (static
magnetic field) ca. 0.05 to 0.6 T) and inhomogeneous
(AB, >> 10 ppm) magnetic field and directly in the
time domain NMR (TD-NMR) signal, as no chemical
shift information is observed. TD-NMR are affordable
instruments when compared to superconducting high-
resolution NMR spectrometers and can be useful method
to obtain valuable structural, dynamical, and quantitative
information on PMC in solution.

The TD-NMR relaxometers are a common analytical
instrument used in several chemical areas where PMC are
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important. Therefore, we present here a brief theory about
the effect of PMC on longitudinal (T,) and transverse
(T,) relaxation times constants, the pulse sequences used
for measuring them, and the applications of TD-NMR
relaxometry to obtain valuable information on PMC in
solution, which are important in inorganic,'? analytical,'
electrochemistry'* and coordination chemistry'® studies.

2. Basic Theory about NMR Relaxation Times
Constants

The NMR phenomenon is observed when a sample
containing nuclei with spin quantum number (i.e., resulting
spin magnetic moment) distinct from zero, is submitted to
a static magnetic field B, (z-direction) and excited with a
transverse oscillating (radiofrequency, rf) magnetic field
B, (xy-plane). When a sample is placed in presence of B,
the bulk of the magnetic moments collectively behaves as
aligned to the z-direction (M,) and reaches the Boltzmann
energy distribution or the magnetization at thermal
equilibrium (M,). After a B, excitation the spins return
exponentially to their thermal equilibrium losing energy
to the environment (longitudinal relaxation) with a time
constant (T,) according to equation 1.

M, =M, (1 —e/T') (1)

where T, is the time constant of this exponential process
known as longitudinal (z-direction) or spin-lattice
relaxation time, and measured ranging specific delay times
T during the acquisition.

The spins also have a second relaxation process
after B, excitation known as transverse (xy-plane) or
spin-spin relaxation time or T,. This process consists
of losing its phase coherence in xy-plane, returning to a
random distribution (M,, = 0), with the time constant T,
(equation 2).

Mxy(t) :Mo(e%zj 2

Detailed mechanisms involved in T, and T, relaxation
times constants are outside of the overview scope and can be
found elsewhere.”!! Only the paramagnetic mechanisms
are discussed here.

3. Effect of Paramagnetic lon Complexes in
Solvent Relaxation Time

The effect of paramagnetic ions in the relaxation times
constants of the solvent nuclei was observed just after the
discovery of the NMR phenomenon in 1946.% Bloch et al.?
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observed that the water longitudinal relaxation time (T,)
in aqueous solution of Fe(NO;), was much shorter than in
distillated water.

The quantitative description of this effect was first
described by Bloembergen, Purcell, and Pound® and
improved by Solomon, Bloembergen, and Morgan from
1948 to 1966, known as the SBM heory.?*?¢ According
to these authors, the longitudinal (R,) and transverse (R,)
relaxation rates of the solvent molecules, where R, , = 1/T,,
depend on the paramagnetic (R) and the diamagnetic (R,)
contribution, according to the equation 3:!

Rigny = Ri, + Ry, wherei=1,2 3)

The R, term is dominant in the relaxation mechanism
for the solvent nuclei even when PMC are at very low
concentration. R, is directly proportional to paramagnetic
ions concentration, [M], as described in equation 4:

R, =[M] xr, “4)

where r, is the 'H relaxivity and is expressed in units of
mol L' s7! while [M] is the PMC concentration in mol L.

The effect of paramagnetic ions on solvent relaxation
is attributed to strong dipole-dipole interactions between
the nuclear spin and the fluctuating local magnetic field
of the unpaired electron spins in paramagnetic species."’
R;, contribution can be described using two components:
contributions of the inner (IS) and outer (OS) spheres
(equation 5).'%7

R, =[R;)" + (R; ), where i = 1,2 5)

The IS and OS contributions account for the relaxation
effects caused by the paramagnetic ion directly bound
to the solvent molecules and the relaxation effect on the
solvent molecules in the bulk, respectively. In addition,
in more sophisticated models, other contributions have
been considered, such as the second coordination sphere
(SS), which concern solvent molecules kept close to the
paramagnetic species by hydrogen bonds with hydrophilic
groups on the ligand coordination cage.!

The inner-sphere (IS) term considers the exchange
between the water molecule(s) directly coordinated to the
paramagnetic ion and the solvent ions to propagate the
paramagnetic effect to the bulk. In particular, the relaxivity
of bulk water hydrogens can be described according to
equation 6:"

(R)S= qui, where i = 1,2 (6)
1M + TM
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where: q represents the number of water molecules directly
coordinated to paramagnetic species, Py, is the mole fraction
of bound solvent nuclei, 1, corresponds to residence
lifetime for the solvent molecule in the first coordination
sphere, and T, represents the proton longitudinal
relaxation rate for the coordinated solvent molecule.

Therefore, from the SBM theory, in a fast exchange
regime for the solvent molecules (1t << T,y), the
paramagnetic effect experienced by the solvent molecules
far from the paramagnetic ion is equal to that experienced
by the solvent molecules directly coordinated to
paramagnetic species.”” In addition, based on equation 7,
T,y can be described by a scalar (SC) (by the chemical
bond) and a dipolar (DD) (spatial) component. In the
presence of a paramagnetic coordination complex, the
dipolar term has a higher predominance, due to the
1/r* dependence of the energy (1/r® in the relaxation)
associated to this term.!?’

}éMszqum”+agfiwmmi=Lz 7

1

On the other hand, dipole-dipole interactions are
governed by a set of parameters, summarized in equation 8:%

3 yfgzuéS(S + 1) 3Tcl + 7‘[’-(:2 (8)
15 r° (1+o7?) (1+ei)

DD
R =

where: y; and g correspond to the nuclear gyromagnetic
ratio and the electron spin g-factor, respectively; yj is the
Bohr magneton, S is the spin quantum number for the
paramagnetic species (e.g., S = 1/2 for Cu" and 7/2 for
Gd™), 1 is the correlation time, r is the electron spin-proton
distance, and o, and wg are the proton and electron Larmor
precession frequencies, respectively.'

Furthermore, the characteristic correlation time t, is
supported by multiple molecular dynamic processes, such
as the rotational correlation time (ty), which means the time
needed for the reorientation of the paramagnetic ion-proton
vector, the water residence time in the first coordination
sphere (1)) and the longitudinal (T,,) and transverse (T,,)
electronic relaxation times constants for the metal ion, in
agreement to equation 9.7

1 1 1 1 .
—=—+—+—,wherei=1,2 9
L S VIR N

More detailed quantitative information about the effect
of paramagnetic species on the relaxation solvent nuclei

can be found elsewhere.!717?7
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4. Pulses Sequences to Measure Longitudinal
(T,) and Transverse (T,) Relaxation Times
Constants

4.1. Pulse sequences to measure T,

T, is the time constant related to the time taken
by a collection of spins to exponentially recover their
magnetization along M, after B, excitation. Several pulse
sequences have been developed to measure T,, such
as inversion-recovery (IR), saturation-recovery (SR),
progressive saturation (PS), among others.”* IR is the
standard pulse sequence to measure T, and uses a © pulse
to invert magnetization, followed by time (t), n/2 pulse,
and a recycle delay > 5T, which is the time to restore at
least 99.33% of M,,.

The IR curve is obtained by measuring the free
induction decay (FID) intensity, after the n/2 pulse, as
function of several delay times t. Figure 1 shows FID
intensity variation for a 0.25 mM aqueous solution of
MnSQO,, as function of logarithmically space t values. For
T equals to zero or much shorter than T,, FID intensity is
negative. FID intensity is zero (null point) when t =1n2 T,.
For longer t values, FID intensity is positive and reaches
a maximum for t values > 5T,. The null point is used as a
fast estimation of T, value; however, a precise or multiple
relaxation time measurements requires fitting the data
with an exponential function or using inverse Laplace
transformation.*>* One of the drawbacks of the IR sequence
is the long time to perform the measurements, as it requires
at least a time > 5T, between repetitions and a single data
point is collected in each scan.
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Figure 1. IR curve for a 0.25 mM aqueous solution of [Mn(H,0)]*
complex. The value of T, =418 ms was obtained by fitting the experimental
data using a mono exponential function.

The SR and PS pulse sequences can reduce the
experimental time to measure T, as these sequences do not
require to wait for 5T, recycle delay. Recently, fast methods
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to measure T, using single shot sequences based on the
continuous wave free precession regime (CWFP-T)) and
driven-equilibrium principles, named small-angle flip-flop
(SAFF) pulse sequences have been proposed.’*%

4.2. Pulse sequences to measure T,

T, is an exponential process related to the time taken
by a collection of nuclei to lose their phase coherence
after rf excitation and return to a random distribution in
the xy-(transverse) plane. T, is the time constant of this
process (equation 2) and is only observed in FID acquired
in perfectly homogeneous magnet. In existent magnets,
especially in the inhomogeneous magnets used in TD-NMR
equipment, the FID time constant is far from the sample T,
value. The effective transverse relaxation time of FID (T,*)
depends on T, and magnetic field inhomogeneity (AB,),
according to equation 10.%!

] *:y + 1 10
/Tz T2 /TZ(ABn) ( )

To obtain the value of sample T,, regardless of the
magnetic field inhomogeneity, Hahn* proposed a spin-
echo sequence consisting of two ©/2 pulses separated by
time 1. This sequence refocuses a spin echo signal and
its amplitude at 2t, from the first pulse, is maximum,
restoring the phase coherence lost, due to the magnetic field
inhomogeneity. To obtain the full T, relaxation curve, it is
necessary to perform several spin echo measurements as a
function of the time (t) similarly to IR.

Carr and Purcell’’ proposed two more efficient pulse
sequences, similar to those proposed by Hahn,* replacing
the second pulse by m pulse. However, both sequences
cannot be used to measure T, of liquid or solution in
inhomogeneous magnets due to interference of molecular
self-diffusion in the spin echo intensity for long t values.
To overcome this limitation, Carr and Purcell®’ proposed a
single shot sequence to measure the full echoes decay in one
experiment using constant and short t values, known as CP
(Carr-Purcell) sequence. This single shot sequence uses a /2
pulse separated by a constant t value and a train of 7 pulses
separated by a constant 2t value. One of the main drawbacks
of the single shot CP sequence is its strong dependence on
accurate 7t pulses. To solve this problem, Meiboom and Gill*®
introduced a 90° phase shift between the first /2 (x axis) and
the © pulses (y axis). This phase shift makes the sequence
very robust and a refocusing pulse as short as 7/2 can be
used to obtain accurate T, values.** Therefore, the CP
sequence improved by Meiboom-Gill, known as CPMG, is
the standard method to measure T,. The maximum amplitude
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of the echoes in function of time (Figure 2) is used to obtain
the T, values by mono or multi-exponential fitting or by
inverse Laplace transform methods.®
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Figure 2. CPMG decay curve for the aqueous solution of [Cu(H,0)]*
complex (9.1 x 10~ mol L). The value for T, = 624 ms was obtained
by a mono exponential fitting.

4.3. Single shot pulse sequences to measure T, and T, in
single experiment

Longitudinal and transverse relaxation times constants
are governed by different mechanisms and their ratio (T,/T,)
can be as low as 1 for liquid or non-viscous diamagnetic
solutions for more than one order of magnitude, even in non-
viscous solutions, containing paramagnetic ions complexes.*!

Three single shot pulse sequences have been proposed
to measure T, and T, in single experiment, based on the
continuous wave free precession (CWFP) regime. The
CWFP is a special condition of the steady state free
precession (SSFP) regime.*>** Ernst and Anderson*
described quantitatively the SSFP regime by using the
Bloch equation.***> The SSFP regime is obtained when the
sample is irradiated with a train of rf pulse with constant
repetition time (T,) shorter than T, (T, ca. T,). In this
sequence, an FID and a spin echo signal are observed,
before and after each rf pulse. These two signals usually do
not overlap and are used to obtain fast magnetic resonance
imaging as well as fast high resolution NMR spectrum.*246-48

Conversely, the CWFP regime is observed when the pulse
is repeated with time T, shorter than the effective transverse
relaxation time T,* (T, < T,*).*»**% In this regime, a strong
interaction between FID and spin echo signal is observed,
forming a signal with constant amplitude (CWFP). When
the FID-echo interaction is constructive, a maximum signal
is observed; conversely, when the FID-eco interaction is
destructive, a signal with minimal amplitude is observed.
The theory for the CWFP regime has been discussed
elsewhere***° and will not be discussed in detail here.
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Venancio et al.>! shows for the first time that the CWFP
sequence can be used to measure T, and T, in a single shot
experiment. Figure 3 shows the time evolution CWFP
signal from the first pulse to the CWFP regime, using 7t/2
pulse, T, < 1/2 T,*, and an odd precession angle () for a
constructive interference. After the first pulse, the amplitude
of the NMR signal is maximum and proportional to the
initial magnetization (M,). After the following pulses,
the signal shows strong oscillation and decays to a quasi-
stationary state (QSS). The QSS state is observed when the
strong oscillations stop and the signal decays exponentially
with a time constant T* to reach the CWFP signal with
constant amplitude (Mgg).

104~

0.8+

ol /

0.4 / Mss
0.2 /

0.000 0.025 0.050 0.075 0.100
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Figure 3. NMR magnitude signal obtained with the CWFP pulse
sequences, highlighting the parameters M,,, Mg, and T" used to determine

T, and T, (reproduced from reference 41 with copyright permission from
Elsevier B.V.).

Normalized Magnitude

The Mg amplitude and T* values obtained with the
CWFP sequences are dependent on both relaxation times
constants (T, and T,) and M,, according to equations 11
and 12:4(),42,45
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T*=2XT1XT2 (12)
T +T,
Rearranging these equations to equations 13 and 14

allows calculating T, and T, using the experimental values
of M,, Mg, and T".4042

T/2
= (13)
MSS/MO
T/2 a4

’ :1_(MSS/MO)

One of the limitations of the CWFP sequence is the
low dynamic range (DR) of the T* decay for an adequate
exponential fitting, when T,/T, ca. 1 (Figure 4a). A
second pulse sequence was developed to overcome this
limitation, introducing a time delay of t/2 between the
first and second pulses, named the Carr-Purcell CWFP
(CP-CWFP) sequence.* This sequence allows obtaining
a maximum DR for time T" for samples with T,/T, ca. 1,
Figure 4b. However, the sequence has low DR for sample
T, >> T, (Figure 4b).

Therefore, a third CWFP pulse sequence was developed
to obtain high DR, independence at the T,/T, ratio
(Figure 4c) and use a precession angle (y) equals to zero,
that is, the experiment can be performed on resonance and
independently of T,.** This new sequence with 180° phase
shift alternation, was named CP-CWFPx-x.4-2-54

4.4. Two-dimension pulse sequences for measuring T, and
T, correlation

When the relaxation curve shows a multiexponential
behavior (multiples T, or T,), it is not possible to know

_ M, xT, (11) how T, correlates with each T,. Multiple relaxation times
N . .
(T,+T,) constants are normally observed in compartmentalized,
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Figure 4. Experimental (a) CWFP; (b) CP-CWFP and (c) CP-CWFPx-x signals for solutions of 10 mM CuSO, (T, =T,) and 1 mM MnSO, (T, >>T,),
demonstrating clearly the long dynamic range obtained for the sequence CP-CWFP, , which allows a more reliable fitting for experimental data for any

T,/T, ratio (figure from reference 49 with CC-BY attribution).
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Figure 5. (a) Phantom sample composed by three 3 mm NMR tubes inserted in a 10 mm NMR tube. The gray tone in the circle/tubes represents a different
aqueous solution: 10 mM CuSO,, 0.1 mM MnSO,, and 0.02 mM MnSO,; (b) 2D T,-T, correlation map obtained with the sample of Figure 5a (adapted

from reference 57).

porous, or emulsion samples. To obtain the correlation
between T, and T,, it is necessary to use 2D pulses
sequences composed by a T, and T, pulse sequences, such
as IR-CPMG, SR-CPMG, or CPMG-CWFP-T, 493556

Figure 5 shows the T,-T, correlation maps of three
compartmentalized aqueous solutions of paramagnetic ions
(Figure 5a). The 2D correlation map (Figure 5b) shows
the three T, and T, values and the correlation between
them. These 2D relaxometric studies can be a valuable
tool for research on paramagnetic ions in heterogeneous
environments, such as porous inorganic media or biological
tissues.”’

5. Applications of TD-NMR Relaxometry in
Systems Containing Paramagnetic lons

This section describes how it is possible to extract
quantitative, structural, and dynamical information about
PMC and PMC complexes and coordination compounds in
solution, using low-field bench-top TD-NMR relaxometry.
The applications of PMC in MRI contrast agents are outside
the scope of this review and can be found elsewhere.!>5%%

5.1. Applications in analytical chemistry

The longitudinal relaxation rate (R, = 1/T,) of the
solvent is influenced by the paramagnetic ions concentration
(mol L) and its effective electronic magnetic moment
(U, the nucleus gyromagnetic ratio y, Boltzmann constant
k, sample temperature (T) and sample viscosity (1), and is
calculated according to equation 15.22%

2,2 2
L — 127 YPn[M]Heff (15)
T, S5kT
Therefore, R, has a linear correlation to paramagnetic

ion concentration for the sample with the same temperature
and viscosity.?>?

The use of NMR relaxometry for quantitative analyses
of PMC in solution was first demonstrated in 1970’s.
Nothnagel and Weiss® and Schluter and Weiss®'-%
demonstrated the use of T,, measured with IR pulse
sequence, to monitor precipitation and complexation of
paramagnetic ions by NMR titration in aqueous solutions.
The authors also observed that the transverse relaxation
rate (R, = 1/T,) has similar linear correlation with the PMC
concentration in solution.

Currently, T, are frequently used in relaxation analyses
because its measurement using CPMG pulse sequence is
much faster than T, measurement using IR sequence.5*%
Figure 6 shows the linear correlation of R, and the
concentration of several PMC in aqueous solution. The
curve slope corresponds to molar relaxivity (equation 4)
that depends on p and it is maximum for the Mn" and
minimal for Cu" (Figure 6). These differences can be
attributed to the number of unpaired electrons on the
d-orbitals, 5 unpaired electrons (d®), and 1 unpaired
electron (d°) for Mn™ and Cu" ions, respectively,

o 2 4 6 8 10
Concentration (mg L")

Figure 6. Variation of the transverse relaxation rate (T,™) of water versus the
concentrations of Co", Cr'l, Cu", Fe and Mn" in the solutions (reproduced
from reference 65 with copyright permission of Elsevier B.V.).
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and the ability of the metal to energetically split the
d-orbitals.56-¢7

The R, determination is fast (seconds) and CPMG is
a non-destructive method that can be a useful alternative
analytical approach to measure PMC concentrations in
solution, as demonstrated by Gomes et al.,®® with low limits
of detection (LOD ca. 10 mol L™!) and quantification
(LOQ ca. 10~° mol L!). Furthermore, the highest sensitivity
was observed for Mn" ions (LOQ ca. 10 mol L"), which
can be associated to a larger number of unpaired electrons,
a positive feature, enhancing the relaxation effect.®

In 2018, Kock et al.% and Gomes et al.,*®® using 2
and 9 MHz (for 'H nucleus) relaxometers, respectively,
demonstrated that TD-NMR T, relaxometry was a
simple, rapid, and efficient method to determine PMC
concentrations in aqueous solution. The high correlation
observed with inductively coupled plasma optical
emission spectrometry (ICP OES) (Figure 7) shows that T,
relaxometry even at 2 MHz is a cost-effective alternative
to quantify PMC at small enterprises and universities.%
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Figure 7. Correlation between transverse relaxation rates (T,™') obtained
from TD-NMR relaxometry versus optical emission intensity obtained
from ICP OES: Co", Cr'", Fe™, Cu", and Mn" (reproduced from
reference 65 with copyright permission of Elsevier B.V.).

In 2015, Cobra et al.® used the TD-NMR T, relaxometry
to determine the solubility product constant (K,) for several
salts containing paramagnetic ions in aqueous solution.
In these experiments, R, was measured as function of pH
and the PMC concentrations were determined to calculate
K,,. The authors also showed that it is possible to separate
different paramagnetic ions by precipitation (Figure 8)
as a function of pH. The three steps sigmoidal curves are
related to Fe'™ precipitation at pH 3.04, Cu" at pH 7.70,
and Mn" at pH 9.40.%°

TD-NMR relaxometry have also been used to
determine Mn?* ions in wine samples,” characterization

Kock and Colnago 515

2.4
2.0
1.64

~—

« 0.8
061 Cu"!
0.4
0.2

2 4 6 8 10 12
pH

Figure 8. Experimental relaxometric titration curves showing the variation
of T, with the pH for an aqueous solution containing FeCl,, CuSO,, and
MnSO, (reproduced from reference 69 with copyright permission of
Elsevier B.V.).

of polymer materials doped with paramagnetic ions for
the development of the product and the process in several
industries, namely rubber, plastics, composites, adhesives.”!
TD-NMR relaxometry has also been used as an indicator of
black heart problem in pomegranate fruits, diseases caused
by the high amount of PMC, such as Mn** ions."™

5.2. Applications in electrochemistry

T, measurements with the CPMG pulse sequence have
been successfully used to monitor Cu electrodeposition
reactions in situ or in operando. The first electrodeposition
experiment measured with T, relaxometry was performed
in the Cu"-sorbitol complex [Cu(Sorbitol),]>.”> Cu"
electrodeposition has been monitored using different
TD-NMR apparatus, probes with inductively coupled
coils.™

Figure 9a shows the setup for the Cu" electrodeposition
experiment. The working (WE), reference (RE) and counter
(CE) electrodes were inserted into the NMR probe and the
measurements were performed in operando. Figure 9b
shows the variation of Cu" concentration as a function of
electrodeposition reaction time and the respective electric
density current (j) variation.

When the same Cu" electrodeposition reaction was
performed ex situ (in the absence of a magnetic field)
and in situ (in the presence of NMR magnetic field),
the in situ reaction was faster than the ex sifu reaction
(Figure 10a).'37476 In the ex situ experiments, the
electrochemical system was placed in the NMR relaxometer
for a few seconds only to measure the Cu" concentration
using the CPMG sequence. In the in situ experiments, the
electrochemical cell stays in the magnetic field during the
entire reaction time.

The increase in the reaction rate (Figure 10a) was
attributed to the magnetohydrodynamic effect (MHD)"
that was observed when the electrochemical reaction was
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Figure 9. (a) Representation for the in situ electrochemistry system coupled to TD-NMR benchtop spectrometer; (b) variation of Cu' concentration
(0) and potentiostat current () during the electrodeposition reaction (reproduced from Nunes ef al.,” with copyright permission 2022 from American

Chemical Society).
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Figure 10. (a) Variation of Cu' concentration as a function of electrolysis time performed in the electrochemical cell recorded at 23 °C under different
configurations: (M) B L j, (®) B || j, and (&) B = 0. Solution: 0.1 M Na,SO, electrolyte containing 0.01 M CuSO,. Conditions: E, ;.= -0.4 V vs. Ag/AgCl
(3 mol L' KCI) (figure from reference 14 with CC-BY attribution); (b) illustration of the electrochemical cell inserted in the NMR relaxometer (0.23 T).
Fy is the magnetohydrodynamic force (integral force density acting on all species in solution) that is the cross product between the current density (j)
and the magnetic induction (B), which produces a force perpendicular to both vectors (Fy = j x B). Therefore, the resultant force generates a flow in the
solution, increasing mass transport (figure from reference 13 with CC-BY attribution).

performed in the presence of a magnetic field. The main
MHD force is the Lorentz force (F;) that is equal to the
cross product to magnetic field strength (B) and ionic
density current (j). This force acts on the solution medium
stirring it. F; is maximum when B and j are perpendicular
(B L j) and minimal for B and j parallel (B || j). However,
no difference between both orientations were observed
(Figure 10a) due to distortions in the electric and magnetic
fields.'?7*7¢ This mass transport phenomenon observed
during Cu" electrodeposition in NMR magnetic field
was measured in situ by magnetic resonance imaging
velocimetry.”

5.3. Applications in inorganic chemistry

TD-NMR relaxation measurements have also been used
to study PMC complexes and coordination compounds.
In 2015, Kock and Colnago*! studied the Cu"™-EDTA
(ethylenediamine tetra acetic acid) complex as a function of
the pH (Figure 11a) measuring T, and T,, simultaneously,
using the CWFP and CP-CWFP pulses sequences.
Figure 11a (solid lines) shows relaxation times constants
and visible absorption profiles of the Cu"™-EDTA complex,

as a function of the pH. The solid lines are the polynomials
fit of T, (5%), T, (O), and absorption at 730 nm (M) (visible
spectroscopy) data. The dashed line is the sigmoidal fitto T,
values (0O) of the Cu" solution without EDTA. These results
clearly show the strong influence of the EDTA complex on
relaxation profile of Cu" solution, when compared with the
solution without Cu"™. These results also show how similar are
the absorbance and the relaxation times constants profiles for
the Cu-EDTA complex, as a function of the pH (Figure 11a).
These similar profiles have been explained through the
progressive ligand replacing the inner coordination sphere
from aqua [Cu(H,0)]** to [CuY]* (Figure 11b). The authors
suggested that the EDTA ligand influences the paramagnetic
effect on the solvent relaxation time, demonstrated by
'H-relaxometry, and that the chemical equilibrium is shifted
for the formation of the chelate species in solution.*”
However, a much different profile between T, and T,
relaxation and absorption at 730 nm is observed when
the Cu**-EDTA complex is in the presence of NH,OH
(Figure 12). The relaxation profiles show two peaks while
the absorption profile shows only one broad peak.*' The
chemical structures differences between the Cu"-EDTA
and Cu"-EDTA plus NH,OH, as a function of the pH,
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Figure 11. (a) Variation of maximum absorbance at 730 nm (M), T, (), and T, (O) measured simultaneously with the CP-CWFP pulse sequence for the
aqueous solution of complex [CuY]* and T, measured with CPMG (O) for the aqueous solution of Cu", as a function of the pH; (b) proposed complex
species as a function of the pH obtained from the aquocomplex [Cu(H,0),]** to hydroxo complex species, [Cu(Y)OH]*" (adapted from reference 41).
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Figure 12. (a) Variation of maximum absorbance at 730 nm (M), T, (5¢) and T, (O) measured simultaneously by CP-CWFP pulse sequence for the
aqueous solution in the presence of (NH,),SO, (1.0 mol L") of complex Cu-EDTA in function of pH. In all experiments the Cu" concentration was

3.3 x 107 mol L'; (b) proposed complex species as a function of the pH obt:
[Cu(Y)(NH;)OH]*" species (adapted from reference 41).

are shown in Figure 12b. Therefore, both relaxation
times constants obtained using rapid and simultaneous
CWEFP and CP-CWFP pulses sequences can be efficient
to study metal complexes containing paramagnetic ions,
as an alternative to traditional UV-Vis spectrophotometry.
Besides, TD-NMR relaxometry can be used to study
colorless complexes, such as Mn™-EDTA,*" which is not
possible with the use of visible spectrophotometry.

The CWFP pulse sequences were also used to study
the interaction between the biopolymer chitosan and
paramagnetic ions.>* Figures 13a and 13b show the
relaxometric profiles of an aqueous solution of chitosan
(CHI), in the presence and absence of the paramagnetic
Fe, as a function of the pH, respectively.’*3 These results
highlighted that the relaxation profiles of both solutions are
remarkably different, especially under alkaline conditions,
suggesting a strong interference of this biopolymer and
its respective chelate [CHI-Fe]** (Figure 13¢)* on water
mobility due to the coagulation process, which, in practical
terms, concerns the removal of these heavy metals from
solution.*®

These results demonstrate that the CWFP pulse
sequences could be used to study the interactions of

ained from the aquocomplex [Cu(H,0),]** to amino hydroxo complex

paramagnetic ions and other CHI molecules with different
molecular weights, acetylation degrees, and derivatives,
as well as between other water-soluble polysaccharides
and paramagnetic ions, providing a distinct perspective
on the CHI-metal binding properties and stability in
solution, commonly studied by other expensive and
laborious analytical approaches, such as atomic absorption
spectrometry (AAS)382 and ICP OES.* Therefore, TD-
NMR is an interesting alternative for the studies on the
interaction between macromolecules and metals ions,
with significant impact on bioinorganic,” environmental
chemistry,® as well as for the development of novel
functionalized materials.%

Another interesting result was obtained for the Cu'-
sorbitol complex, [Cu(Sorbitol),]*, used in numerous
technological applications.”3¢ Figure 14a shows the T,
and T, relaxometric profiles obtained with the CP-CWFP,
pulse sequence. This figure shows that the relaxation
times constants for this complex are remarkably distinct
for a pH above 6. The T, curve shows that the Cu™ has no
influence on bulk water, similar to what is observed in
pure water. On the other hand, the T, profile shows that
the [Cu(Sorbitol),]* species is totally formed at pH ca. 12
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Figure 13. T, (W) and T, (O) relaxometric profiles obtained for a chitosan aqueous solution (a) and for [CHI-Fe]** (b) using the CP-CWFP, , pulse sequence;
(c) proposed chemical arrangements for the [CHI-Fe]** species™* (figures adapted from references 53, 54 and 80).

(blue arrow), where neither paramagnetic nor viscosity
effect influences the relaxation mechanisms.®” At other
pH values above 6, the T, values indicate that the complex
alters the solution viscosity. Therefore, the absence of
a paramagnetic effect on both T, and T, at pH ca. 12
indicates that water molecules do not have access to Cu"
ions and consequently that the Cu" ions are wrapped in
the soluble complex toroidal structure (Figure 14b),% in
a supramolecular arrangement, as suggested by X-ray
diffraction composed by 8 sorbitol molecules and 16 Cu"
ions, and now confirmed by TD-NMR relaxometry that
they occur in solution.®”

Furthermore, TD-NMR relaxometry has been used
in inorganic chemistry to monitor the Cr"" photocatalytic
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reduction performance by quantifying the concentration of
paramagnetic Cr™ jons in solution,® the removal of Cu"
and Cr'" ions from water by amberlite IR120 resin,* and
adsorption research of Cu" on activated alumina.®® Table 1
presents additional applications of TD-NMR relaxometry

to PMC, concerning the analytical and inorganic chemistry.
6. Final Remarks

This review demonstrated the potential use of NMR
relaxometry to study paramagnetic metal cation (PMC) in
solution, using a low-field benchtop TD-NMR relaxometer,
focusing on analytical, electrochemical, and inorganic
chemistry applications. Basic information on NMR and

(b)

Figure 14. (2) T, (W) and T, (®) relaxometric profiles determined simultaneously with the CP-CWFP_ pulse sequence for the aqueous solutions of 1:1
[Cu"-Sorb] complex, as a function of the pH; (b) proposed macromolecular arrangement for the [Cu"-Sorb] complex (reproduced from reference 87 with

copyright permission of John Wiley & Sons, Ltd.).
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Table 1. Potential uses of TD-NMR applied to PMC in solution
Year Frequency / MHz (pulse sequence) Application Reference
2020 0'0(11;‘)0'0 quantification of Mn" in wine 70
2020 0'0(11;7)0'0 characterization of inorganic hybrid systems 91
2020 20.0 removal monitoring of Cu" and Cr™ jons by amberlites 89
(IR and CPMG)
2019 20.0 study on supramolecular arrangements for PMC complexes 87
(CP-CWFP_) ¥y onsup & P
2019 34.0 study on Cu" electrodeposition using inductively coupled coils 74
(CPMG) study Pos sing y coup §
20.0 and 29.0 . Mo . .
2018 (SR and CPMG) monitoring of Cu" ions adsorption on activated alumina 90
2018 2.2 quantification PMC in solution and comparison to optical emission 65
(CPMG) spectrometry method
2017 20.0 studies on the interaction between PMC and biomacromolecules in solution 54
(CP-CWFP, )
0.01-40.0 evaluation of the surface affinity of water in biochar containing PMC
2016 . - 92
(IR) impurities
2016 9.7 and 14.2 quantification of PMC in solution and comparison with other analytical 63
(CPMG) methods
2015 100 determination of solubility product constant for PMC in solution 69
(CPMG) yP
2015 20.0 rapid and simultaneous relaxometric approaches to study PMC in solution 41
(CWFP and CP-CWFP) P PP Y
2014 ( Cl(;)I\ZI G) in situ monitoring of Cu" during an electrodeposition reaction 13
2012 423 characterization of black heart diseases in pomegranate fruits 72
(CPMG) seases in pomeg s
9.0 L . . oA " .
2012 (CPMG) in situ quantification of Cu" during an electrodeposition reaction 75
2012 ((I)iQS) Mn" binding evaluation to human serum albumin by relaxometry 67
2010 438 aramagnetic ion uptake by onion samples for cell integrity studies 93
(CPMG) P g p Y p grity
2007 1.0 study on paramagnetic metal bond to a humic acid mixture 94
(CPMG) study on paramag a a
0.01-20 analysis of hydrated cement-based materials containing paramagnetic
2007 . . 95
(IR) impurities
20 . . . .
1978 (Echo Hahn) study on complexometric reactions for PMC in solution 62
20 . T . .
1978 (Echo Hahn) NMR complexometric and precipitation titration for PMC in solution 63
20 T . .
1973 (Echo Hahn and CP) NMR titration for PMC in solution 61
20 o . .
1970 (Echo Hahn and CP) NMR titration for PMC in solution 60

IR: infrared; CPMG: Carr-Purcell sequence improved by Meiboom-Gill; CP-CWFP, : Carr-Purcell continuous wave free precession with 180° phase shift
alternation; PMC: paramagnetic metal cations; SR: saturation-recovery; NMR: nuclear magnetic resonance.

paramagnetic relaxation mechanism to understand data
analysis, as well as of modern CWFP pulses sequences
to measure both T, and T, relaxation times constants have
been addressed. The use of bench top TD-NMR relaxometer

is a viable cost-effective alternative to traditional,
laborious, and expensive analytical approaches, such as
ICP OES, and illustrates its contribution to analytical
chemistry. Studies on copper electrodeposition reactions
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and magnetohydrodynamic effect (MHD) demonstrated
the potential of TD-NMR relaxometry to research on
electrochemistry. Furthermore, the monitoring of PMC
complexes and the coordination of compounds formation
even for colorless ions and supramolecular arrangements for
metal complexes confirm the remarkable contribution from
the TD-NMR for inorganic chemistry. It also opens a new
research path concerning these purposes with deep impact
on the development of novel materials, environmental
responses, and on the comprehension about interactions of
metal-ligand chemical mechanisms in solution. Finally, we
hope that the concepts and applications presented in this
review pave the path for new applications of TD-NMR
relaxometry using paramagnetic ion complexes in solution
for all scientists.
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