Nuclear magnetic resonance spin-lattice relaxation of lithium ions in aqueous solution by

NMR and molecular dynamics

Mohaddese Mohammadi®, Stefan Benders?, Alexej Jerschow*?
2 Department of Chemistry, New York University, 100 Washington Square East,
New York, New York, 10003, USA.

AUTHOR INFORMATION

Corresponding Author

*alexej.jerschow@nyu.edu

ABSTRACT

We study the aqueous solvation dynamics of lithium ions using NMR spectroscopy,
molecular dynamics, and viscosity measurements. Several relaxation mechanisms are
examined to explain the strong increases of spin-lattice relaxation towards high
concentrations. The use of both °Li and ’Li isotopes is helpful to separate out the
quadrupolar contribution to the relaxation rate. In particular, it is found that the quadrupolar
interaction constitutes the strongest contribution above a concentration of approximately
10 molal. The next-strongest contribution arises from interactions that scale with the square
of the gyromagnetic ratio (mostly the dipolar interaction), and the experimental relaxation
rates appear to be fully accounted for when these mechanisms are combined over the
concentration range up to the saturation concentration. The study of solvation dynamics,
particularly at high concentrations could be of relevance for electrolyte dynamics in

aqueous Li-ion rechargeable batteries.



1. INTRODUCTION

Lithium solutions are of particular interest due to their use in rechargeable batteries'. While
typically an organic solvent is used as a matrix for lithium salts, the use of an aqueous
environment has been examined recently?. Aqueous solutions are significantly safer>=, but
their stable electrochemical window is only about 1.23 V, which is too narrow to operate
high capacity Li-ion battery devices®. The use of higher concentrations in aqueous solution
can significantly broaden the stability window, thus enabling higher capacity devices on
this basis. The understanding of the dynamics of solvation, especially at high
concentrations, hence could provide insights into the charge transfer pathways®. Herein,
we examine the behavior of lithium ions in aqueous solution through NMR relaxation and
viscosity measurements, and compare the results with molecular dynamics simulations.
The study is performed over a large concentration range up to the solubility limit (~20

molal).

There have been many efforts to determine the structure of the solvation shells of Li" ions
using neutron diffraction, X-ray diffraction and infrared spectroscopy’™. The fact that
lithium has two NMR-active isotopes, 'Li and SLi, provides opportunities for studying
different NMR relaxation mechanisms and link them to dynamic and structural properties
using NMR spectroscopy. Furthermore, the generally small quadrupolar moments of both
isotopes (with SLi having a particularly small one), makes it possible to detect other, weaker
relaxation mechanisms in certain situations. Figure 1 illustrates the relevant mechanisms

that may be encountered in this situation.

Previous studies indicated that the "Li spin-lattice relaxation rate of LiCl in H>O solutions

11911 This difference was

was twice that of DO solutions in the range of 0-7 mola
explained by the "Li-'H dipole-dipole interaction, with the rest being caused likely by the
quadrupolar interaction. Other studies have further underlined the major contribution of
the quadrupolar mechanism in °LiCl in H>O and D>O at 3.9 M concentration'? and through
proton relaxation measurements in 'LiCI-H,O and SLiCl-H,O for up to 3 molal

concentration.!?
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FIG. 1. Illustration of relaxations mechanism contributing in the overall relation rate of

Li ion in H»>O solvent.

Hertz et al'* reported T relaxation rates for 'Li in H,O and D>O solutions of LiCl, LiBr,
and Lil at concentrations ranging from 0 to 18 mol/L. Using these data, the authors
calculated the rotational correlation time for the first hydration shell of Li* hydration shell
and suggested a cubic symmetry in the hydration sphere at lower concentration. The
quadrupolar and dipolar contributions were separated, and the changes in the quadrupolar
contribution were interpreted as a change in the hydration symmetry at higher

concentration. Both classical, and ab initio molecular dynamics were performed to study
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solvation structure and dynamics of several alkali and earth alkali ions, and revealed,

among other things, curious collective water dynamics at low ion concentrations.

Here we examine the full concentration range between 0 and 20 molal and study the 7
relaxation of °Li and "Li solutions in H,O and D>O in order to examine and separate out
the different relaxation mechanisms over the whole concentration range. Viscosity and
diffusion measurements provide additional parameters towards this analysis. In addition,
molecular dynamics (MD) simulations, show that the major relaxation contributions must
arise from the quadrupolar interaction, and a combination between these calculated values
and experimental data from both isotopes produces an excellent account for the total "Li

relaxation rate over the whole concentration range.

2. EXPERIMENTAL SECTION

2.1. Sample Preparation.
All NMR samples were prepared in 5 mm NMR tubes. In order to keep the sample
preparation simple and consistent, the volume of solvent was kept constant and the
concentration and molality of the sample were determined by the mass of salt added to the
solvent. H>O-based solvent was prepared with 90% deionized H>O and 10% D»0 and D>O-
based solvent was 99.99% D-0O. SLiCl salt was composed of 99.95% - enriched Li isotope.
The masses of °LiCl and "LiCl salts were measured with a laboratory scale to 0.1 mg
accuracy. The accuracies of solutions’ concentrations were verified using their NMR signal

ratios.

The kinematic viscosity of liquids was measured using a Cannon-Ubbelohde calibrated
semi-micro viscometer with the kinematic viscosity range of 1600-8000 mm?/s. To

calculate the dynamic viscosity of solutions, the relationship between the viscosities of

solvent and solution and their densities, 7, = - = t—p, where ¢ and #o are the efflux times

Mo topPo

for the solution and solvent, was used. Densities were determined by measuring the weight



of ImL of the solutions. The temperature was kept constant at 22°C during the viscosity

measurements.

2.2. Nuclear Magnetic Resonance spectroscopy.

All NMR experiments were performed on a Bruker 9.4 T Avance I spectrometer with a
Bruker Micro2.5 gradient assembly and on a Bruker 11 T Avance I spectrometer for high
resolution spectroscopy. 71 relaxation of solutions at different concentrations was
measured using the inversion recovery pulse sequence. The recycle delay was set to 1000
s for SLi samples and to 15-200 s for "Li solutions, depending on the concentration, with
two scans to perform a 0°, 180° phase cycle on the 180° pulse. The 90° and 180° pulse
durations used in ’Li inversion-recovery experiments were 40 us and 81 s for the 9.4T
instrument and 12 ps and 24 ps for the 11T instrument. For °Li the pulse durations were
80 ps and 161 us for the 90° and 180° pulses on the 9.4 T instrument. To increase the
accuracy of reported data, the measurements were repeated three times with different
samples as indicated in the results section. Lithium self-diffusion was measured in order to
examine any unusual lengthening of translational correlation times at larger concentrations
using the bipolar pulsed field gradient sequence of Figure S2. The results are shown in
Figure S6 and S7. To implement the experiment, we used the DOSY topspin macro with
the gradient power ranging from 2 % to 95 %. The temperature was calibrated using
ethylene glycol. The gradient power was calibrated using proton diffusion measurements

at 22 °C. The spectral window for all measurements was approximately 80 ppm.

2.3. Molecular Dynamics Simulation
Molecular dynamics simulations were performed using the OpenMM package v. 7.1 on
NYU’s high-performance computing platform with the following methods and parameters:
The system was created with the requisite molality of LiCl in SPCE water in a
40x40x40 nm? box with periodic boundary conditions. Calculations were performed with
nonbonded cutoff of 1 nm, nonbonded method — PME, a time step 2 fs, a temperature of
295.15 K (to match experiments), a pressure of 1 atm (Monte Carlo barostat with an

interval of 25 steps), 100,000 equilibration steps, 200,000 production steps (400 ps), and a



Langevin integrator. Following energy minimization and NPT equilibration, production
runs were performed. The analysis was performed using the Python mdanalysis package in
order to obtain the relevant correlation functions as described below. Correlation functions

were fit to a biexponential decay.

3. RESULTS AND DISCUSSION

Figure 2 shows the comparison between the ’Li 71 relaxation rates of H,O (curve 1) and
D>O solutions (curve 2). As is seen clearly, over the whole concentration range, the rates
are lower for the D,O samples. There are two reasons for such a difference: (1) the viscosity
of D,0 is larger than the viscosity of H>O, and (2) there is an additional contribution from
the dipolar relaxation mechanism in the H,O sample due to "Li-'H couplings. Figure 3
shows the viscosity measurements of both sets of solutions. Since in the fast motion regime,

which applies here, the correlation time is proportional to viscosity, one can correct for the

Nsol1
Nsol2

viscosity effect by scaling the relaxation rate as R 5011 = Ry so12 , where Ry 5); and

Nsol; are the spin-lattice relaxation rate and viscosity of the i-th solution, respectively.
Density measurements are used to convert from kinematic viscosity to dynamic viscosity.
With this adjustment, curve 3 in Fig. 2 shows the Li relaxation rate in HO without the
contribution from the 'H-Li relaxation. This curve is the basis for exploring which other
relaxation mechanisms need to be considered. It is clear that the dipolar contribution shows
a relatively minor effect over most of the concentration range, with the biggest fraction

occurring at the lower concentrations.

At this stage, it is also useful to explore whether "Li-"Li dipolar interactions or even "Li-
3337Cl interactions could lead to additional relaxation contributions. Given the radial
distribution functions (Fig. 4) obtained from molecular dynamics simulations, it appears
that protons are the closest NMR-active nuclei to the 'Li nuclei in solution. Therefore other
relaxation contributions would be weaker than the 7Li-'H portion as given by the relative

Vrznlm(lm+1)/
m3

factor , where y,,, , and I, ,, are the gyromagnetic ratios and the spin values

erzln(ln+1)
™

for the two isotope types that are compared and 7, ,, is their average distance to 'Li nuclei.



This analysis shows that the "Li-**Cl contribution would be scaled by 0.048 and the one for
"Li-*’Cl by 0.033 when compared to "Li-'H (assuming same distances). Similarly, the "Li-
2D contribution would be relatively small, scaled by 0.0628 compared to "Li-'H. The "Li-
'Li contribution would be relatively comparable to "Li-'H (scaling factor 0.755). The
average distances, however, are much larger for ’Li-’Li (the first radial distribution
function peak appears at 5.5A for 7Li-’Li, and 2.6A for 'Li-'H) as evidenced in the
calculated radial distribution functions in Fig. 4. Furthermore, the concentration of 7Li is
always significantly lower than the 'H concentration. At very high concentrations, there is
another radial distribution function peak at 4.0A. The conclusion here is therefore that the
most significant interaction comes from the ’Li-'H dipolar couplings, which causes the

difference seen between curves 1 and 3.

The potential contribution of paramagnetic oxygen to relaxation was considered as follows:
samples of °Li at 0.5 mol/L were measured in H>O and D,O with and without degassing
by three freeze-pump-thaw cycles and flame-sealing. For the D>O sample, the 71 was found
to be 525 s before, and 780 s after degassing. For the H>O sample, the 771 was found to be
168 s before, and 189 s after degassing. These results indicate that the contribution to the
relaxation rate from oxygen-induced relaxation is approximately R;°* =6.22*10* s in the
first case and 6.61*10 s! in the second case. Both values lie within the experimental error
of the procedure and suggest that the relaxation contribution is outside of the detectable
range, given the strength of the other mechanisms. Taking the larger of the two, and
predicting the value for "Li, by considering the square of the relative gyromagnetic ratios

2 i . . . . .
@, , one obtains 0.0046 s!, which is also significantly smaller than the observed rates for
6Li

’Li. Therefore, we conclude that the influence of oxygen can be neglected in the relaxation

analysis under the current conditions.

The comparison between ’Li and °Li relaxation, curves 1 and 4, can answer the question
of whether and how much quadrupolar relaxation contributes to the observed rates. The

quadrupolar relaxation rate is given by!'®

Rig = 2= (L2 (1 (@) + 44, (20), M)

1Q2I-1)h



where e is the electronic charge, Q is the nuclear quadrupole moment, [ is the nuclear spin
value, h Planck’s constant divided by 27, and J, (w) the spectral density function for the
electric field gradient at the angular frequency w. We note that differences in numerical
prefactors are often found in the literature but typically can be traced to differences in the
definitions of the spectral density functions and electrical field gradients!®. We describe the

definition used here explicitly below.

The nuclear quadrupole moments Q for the "Li and °Li used were -4.01 fm? and
-0.0808 fm?, respectively!®2°, Using the relative spin values (3/2 for ’Li and 1 for °Li), one
can obtain the scaling factor 3546.7 for the difference between the "Li quadrupolar
relaxation contribution and the one for SLi. The ratio between the experimental ’Li and SLi
relaxation rates, however, ranges only from 10-50 over the whole concentration range (Fig
S4). Therefore, one can conclude that the majority of the °Li relaxation rate is not caused
by quadrupolar relaxation. Other interactions, such as the dipolar interaction and the
chemical shift interaction scale as the square of the ratio of the gyromagnetic ratio between
the two isotopes. When applying this scaling to curve 4, one obtains a contribution that is
similar in size as the difference between curves 1 and 3 over the whole concentration range,

especially at higher concentrations.

Following this analysis, the hypothesis now stands that the majority of the 7Li relaxation
mechanism has to be caused by the quadrupolar mechanism at concentrations above
approximately 7 molal. This interaction is almost nonexistent (by comparison) for SLi. This
proposition was tested using molecular dynamics (MD) simulations. Previously, MD at
varying levels of theory was used to extract quadrupolar relaxation rates for ions in aqueous

solutions at low concentrations!’-2!

. Here we performed classical molecular dynamics
simulations and with a point-charge approximation to calculate the electric field gradient
(EFQG) around the lithium ions at each time step, from which the requisite spectral density

functions were calculated.

The spectral density is given by
Jv(w) = FT{Cy (©)} = FT{(V,,(©)V,.(0))}, )



where FT denotes the Fourier transform, and Cy, (t) the correlation function. The EFG
tensor V;; is approximated using the point-charge approximation*>* for each MD snapshot

using

3TiTj . &

Vij = (1 + Yoo ) 2k Qi ( (3)

where 1; are the components of the interatomic vector r between the central lithium ion

r5 r3”?

and all other atoms, &;; is the Kronecker delta, g, are the effective atomic charges, and v,
is the Sternheimer antishielding factor accounting for the core electron polarization of the
lithium ion, here taken to be 0.17. The charges were obtained from the force field
as -0.8476e for oxygen, 0.4238¢ for hydrogen, and +e and -e for Li" and CI', respectively.
The EFG needed for calculating the quadrupolar relaxation contribution is a non-local
quantity, which requires the use of very large clusters for calculations. The problem is
exacerbated when MD is involved, since the calculation would have to be performed for
each snapshot. Advanced methods based on polarized force field and ab initio molecular
dynamics calculations have been demonstrated!>2!, but there does not yet exist a consensus
as to which approach will converge to become the most reliable one while maintaining
computational efficiency. By contrast, the point charge approximation is very powerful,
due to its simplicity, can be computed efficiently for very large clusters and large

trajectories, and provides good agreement with experimental results as shown below.

The averaging over the autocorrelation function for the electric field gradient in Eq. (2) is

performed via the following relationship (using the convolution theorem),

€/ (6) = (e (OV,o(0) = 2iFT (T VI @) VP (@)}, (4)

where V; jp) (w) are the Fourier transforms of the components of the electric field gradient

tensor for the p-th lithium ion, N, is the number of lithium ions in the box, iF'T denotes the
inverse Fourier transform, and the asterisk indicates complex conjugation. The factor%

arises from the difference between the Frobenius norm (calculated here), and the principal
tensor component required in Eq. (2). The correlation functions of Eq. (4) were fit by a

biexponential decay giving the intensities and time constants for the two components as a



and 7,, and b and 7, respectively. With these values, the spectral densities were

determined by

Jo(@) = (W, (0))?) (a2 + b —2—). 5)

1+(wTg)? 1+(wtp)?

The final result is shown in Figure 2, curve 6, which confirms that the major contribution
to relaxation accounts for the quadrupolar interaction over most of the concentration range
(at higher concentrations the behavior is better appreciated when looking at the linearly-
scaled graph, as shown in Fig. S1). We can now use the °Li relaxation data as a source of
information about the level of the non-quadrupolar contributions. These should be scaled
by (¥71i/YeLi)? if they are primarily due to dipolar coupling or chemical shift anisotropy.
Adding this scaled contribution to the quadrupolar component from the MD calculation
produces curve 5. This curve reproduces the overall experimental result very nicely over
the whole concentration range within acceptable error. In addition, a comparison between
the 7Li relaxation data at 400 and 500 MHz showed very small differences (Fig. S5).
Therefore one may deduce that the chemical shift anisotropy contributes a negligible

relaxation effect over the whole concentration range.

To exclude other possible sources of the observed rise in °Li relaxation at higher
concentrations, radiation damping (RD) was considered as a mechanism for the SLi
experiments and was checked by performing the following experiments: Since RD strongly
depends on the filling factor, we reduced the amount of liquid and performed the inversion
recovery experiment again. The result was well inside the error range. To perform an
additional test, we de-shimmed the signal to get a broader signal, then performed the
inversion recovery and still got the same results. The intensity profile as a function of flip
angle showed a standard nutation curve as well, which is a good indicator for the absence
of RD?**. Moreover, the characteristic line-shape of the radiation-damped signal®® was never
observed in °LiClI nor "LiCl high concentration samples. Therefore, one may conclude that
RD is unlikely to be the reason for the increases in measured relaxation rates at high
concentrations. The spin-rotation relaxation mechanism has previously been determined to
be too weak to be observed under the current conditions, and we have not seen any

indication to the contrary?S.



The significant increase of the quadrupolar relaxation contributions, especially beyond
concentrations of 10 molal are particularly interesting, and likely arise from the reduced
ability of water to symmetrize the lithium atoms and from more prolonged correlation times
at high concentrations. The desymmetrization aspect for the lithium ions has also been
mentioned by other authors!'!. To support this hypothesis, we examined the coordination
numbers for the MD trajectories. Figure 4 shows a steady decrease of coordinating water
in both the first and second coordination shells. In the first shell, the average number of
waters decreases from ~4.3 to 2.3 as the concentration is increased, which indicates
significant lack of symmetrization propensity for the ion. As expected, the Cl" coordination
increases with increasing concentrations in both coordination shells. Both second

coordination shells flatten towards higher concentrations, as a consequence of crowding.
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FIG. 2. Relaxation rate (Ti) of "Li and °Li in D,O and H>O in the concentration range of 1-
1

20 molal (mol/kg). Curve 1: "LiCl-H,O, Curve 2: "LiCIl-D,0, Curve 3: "LiCIl-D,O adjusted
for relative viscosity to compare with Curve 1, Curve 4: °LiCI-H,O, Curve 5: 'Li
quadrupolar relaxation contribution plus scaled °LiCl relaxation contribution (matches
Curve 1), Curve 6: "Li quadrupolar relaxation contribution calculated from MD simulation.
Solid lines represent polynomial fits through the experimental and computational data

points.
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FIG. 3. Dynamic viscosity measurements of HO/D;0O solutions
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FIG. 4. Radial distribution functions for the indicated ion or atom pairs for the different
ion concentrations. Curves are plotted from low (faded color) to high concentrations (full
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FIG. 5. Coordination numbers in the first and second coordination shells for the atom pairs
indicated. The distance ranges used were 2-3 and 3-5 A, for the first and second

coordination shells, respectively.

4. CONCLUSION

We have investigated the NMR relaxation mechanism of two Lithium isotopes, ’Li and
®Li, in H>O and DO solvents over a wide range of concentration (0-20) molal to obtain
insights into the dynamics of Li-ions, and to determine the breakdown of the relaxation
mechanisms, especially at higher concentrations. Our results of 77 relaxation time and
viscosity measurements indicate that the difference between the ’Li relaxation times in D>O
and H>O is primarily due to the viscosity difference and the presence of "Li-'H dipolar
relaxation in H>O-based solutions. The quadrupolar moment of °Li is 50 times weaker than
the one of "Li, which allows separating out the quadrupolar relaxation contribution when

comparing 71 from both isotopes. In addition, molecular dynamics simulations provided



estimates for the electric field gradients and the relevant correlation times from which
relaxation was computed. The quadrupolar relaxation contribution was shown to be the
most significant relaxation mechanism over most of the concentration range, especially at
high concentrations. Combining this quadrupolar contribution with the dipolar
contributions obtained from comparing °Li and "Li relaxation, showed excellent agreement
with the experimentally observed Li relaxation rates. The study of these relaxation
mechanisms via NMR spectroscopy could be of relevance for investigating the role of

lithium-ions in electrochemical processes.
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