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Methods and Supplementary Results

Elemental analysis by Inductively Coupled Plasma Mass Spectrometer (ICP-MS)

Elemental purity control of the ionic liquids (EMIM-Ac and EMIM-DCA) was carried out using a Bruker Aurora Elite Inductively
Coupled Plasma Mass Spectrometer. Before the ICP-MS analysis a thousand times dilution was used on both ionic liquids,
with 1% ultra-pure nitric acid (Sigma-Aldrich, HNOs, >69.9% for trace analysis). A multi element standard was used for a six-
points calibration curve (Inorganic Ventures Multi-Element Standard for ICP-MS in 0-20 ppb range).

Table S1 | Concentrations of various metal ions in MilliQ water, EMIM-Ac and EMIM-DCA.

c/mMm MilliQ water EMIM-DCA EMIM-Ac
Mg <3.5E-06 <3.5E-03 <3.5E-03
Ca <1.8E-06 <1.8E-03 <1.8E-03
Fe <3.7E-06 1.19E-00 + 0.08E-00 <3.7E-03
Al <9.2E-06 7.7E-01 + 0.2E-01 4.12E-01 +0.11E-01
Pb <5.9E-07 <5.9E-04 <5.9E-04
Cu <4.8E-06 7.4E-03 £ 0.1E-01 1.48E-00 + 0.06E-00
Ni <2.9E-06 <2.9E-03 <2.9E-03
Cr <2.4E-06 <2.4E-03 <2.4E-03
Mn <2.2E-06 <2.2E-03 <2.2E-03
Zn <2.6E-06 <2.6E-03 <2.6E-03
Co <1.9E-07 <1.9E-04 1.22E-01 + 0.09E-01

Properties of the ionic liquids
Table S2 | Physical properties of the ionic liquids.

EMIM-Ac EMIM-DCA H,O
Melting point (K) 228t 2522 273
Dielectric constant (T = 298 K) - 11.03 78.4%
Dynamic viscosity (T = 298K, mPa-s) 143.6° 16.1° 0.896
Dynamic viscosity (T = 348K, mPa-s) 16.3° 5.3° 0.406

NMR spectroscopy

Liquid-state NMR spectra were recorded on a Bruker Avance DRX-500 (11.7 T) spectrometer. Experiments were performed
at 343.2 K (70 °C). The parameters of the various NMR measurements are presented in Table S3. Topspin 3.5 and Mestrenova
12.0 software were used to analyze the data.

Table S3 | Parameters of the NMR measurements ([1]: Using the C4-H hydrogen; [2]: using the C4 carbon as reference
(methyl-group on the nitrogen of the imidazolium ring).

lH 13C 15N 170 ZSMg 35c|
Resonance frequency (MHz) 500.13 125.77 50.68 67.80 30.62 49.00
Number of scans 128 8192 2048 8192 16384* 8192
Relaxation delay (s) 5.0 2.0 2.0 0.4 1.0 0.5
Spectral width (kHz) 50 30.03 15.15 100 100 24.5
Acquisition time (s) 0.3277 0.1364 0.5407 0.1638 0.1639 0.0835
Reference (1)’ 127 Dﬁ:g_'z . H,0()) ,\l/llgg'z 0.1M NaCl

*The number of scans was 131072 in experiments with 25mM MgCl, presented in the main text Figure 2. Samples for NMR
spectroscopy were prepared by dissolving NaCl (anhydrous, = 99.5% purity), Mg(Ac),-4H,0, (= 99.5% purity), or MgCl,
(anhydrous, > 98% purity) in EMIM-Ac (1-ethyl-3-methyl-imidazolium acetate purchased from Sigma—Aldrich; > 95 % purity,
¢=6.033M) or in EMIM-DCA (1-ethyl-3-methyl-imidazolium dicyanamide purchased from Sigma-Aldrich; 298 % purity,
¢=6.264M). The sample was placed under vacuum (~5-10 mbar) overnight before the NMR experiments to reduce
potential water contamination. All spectra were recorded in a double-tuned BBI probe equipped for 5 mm (o0.d.) sample
tubes.



Table S4 | 'H NMR and 3C NMR chemical shifts of the two imidazolium-based ionic liquids.
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Figure S1 | 'H NMR (top) and 3C NMR (bottom) spectra of EMIM-Ac (T = 343 K).
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Figure S2 | 'H NMR (top) and 3C NMR (bottom) spectra of EMIM-DCA (T = 343 K).
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Figure S3 | 13C NMR spectra of EMIM-Ac (top) and EMIM-DCA (bottom) as a function of the concentration of MgCl, (T = 343
K). The 13C chemical shifts of acetate anion in EMIM-Ac are affected by addition of MgCl, (anhydrous), indicating that Mg2*
binds to the carboxylate oxygens as expected. The concentration of Mg2* is 0-300 mM, while the concentration of acetate
ion is 6.033 M. Only one narrow 3C resonance is observed (for each carbon atom) in the presence of Mg?*, i.e. the free and
Mg2* bound acetate ion are not observed individually, demonstrating that these two species are in fast exchange on the
NMR time scale (ms), and similarly for the DCA anion in EMIM-DCA.
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Figure S4 | Top: >N NMR spectra of EMIM-Ac with and without 300 mM MgCl,; Bottom: >N NMR spectra of EMIM-DCA
with and without MgCl, (T = 343 K).The chemical shifts from imidazolium nitrogen atoms as well as the central nitrogen of
DCA are essentially unchanged, while a significant change is observed for the terminal nitrogen atoms of DCA, upon
addition of 300 mM MgCl,, indicating that the latter coordinate to Mg?*. In analogy to the 3C, Figure S3, the °N NMR data
indicate fast exchange between free and Mg?* bound DCA.
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Figure S5 | 3°CI NMR spectra of NaCl and MgCl,in EMIM-Ac (T = 343 K). The 35CI NMR chemical shift changes systematically
and the line width increases with increasing NaCl concentration, indicating that Cl- experiences speciation and intermediate
to fast exchange at least at the higher NaCl concentrations or that the viscosity of the solution changes. Importantly, the
35CI NMR chemical shift appears to converge with decreasing NaCl concentration towards the resonance observed with 300
mM MgCl, present. This implies that Cl- does not coordinate to Mg?*. The fact that the 3°CI NMR chemical shift changes
with increasing NaCl concentration then may reflect interaction of Na* with Cl, and that the equilibrium is shifted towards
the species involving Na* at higher NaCl concentration.
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Figure S6 | 3°CI NMR spectra of NaCl and MgCl,in EMIM-DCA (T = 343 K). NaCl dissolved in EMIM-DCA gives a clear 3°Cl
resonance, while no 3°Cl resonance was reliably identified for MgCl, dissolved in EMIM-DCA, indicating that free Cl- is in
intermediate exchange with Cl- coordinated to Mg?*, but the number of coordinating CI- cannot be derived.
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Figure S7 | Top: Concentration dependent Mg NMR series in EMIM-Ac; Bottom: Concentration dependent Mg NMR
series in EMIM-DCA (T = 343 K).

Table S5 | Mg NMR of MgCl, in EMIM-Ac and EMIM-DCA. All samples were prepared independently in order to estimate
the chemical shift and standard deviation. The chemical shifts are reported with respect to 11 M MgCl, in H,0. The average
of the chemical shifts are 10.17 ppm + 0.05 ppm for Mg2*in EMIM-Ac and -13.26 ppm % 0.27 ppm for Mg?*in EMIM-DCA. In
order to achieve a decent signal-to-noise, cygci, was at least 100 mM in these experiments.

MgCl, in EMIM-Ac

# ¢ (mM) Chemical shift (ppm) FWHM (ppm)
1 300 10.18 + 0.01 4.19+0.03
2 300 10.22 +0.01 4.55 +0.04
3 200 10.17 £ 0.01 3.66 £ 0.04
4 100 10.10 £ 0.01 3.66 +0.07

MgCl, in EMIM-DCA

i c (mM) Chemical shift (ppm) FWHM (ppm)
1 300 -13.27 £ 0.03 7.52+£0.08
2 300 -12.75+0.03 6.65 + 0.07
3 300 -13.20 £ 0.03 7.31+0.10
4 300 -13.51+0.02 7.05 £ 0.06
5 300 -13.45 +0.02 7.37 £0.06
6 300 -13.37 £ 0.03 6.98 + 0.08




FTIR spectroscopy

Samples for FTIR spectroscopy were prepared as for NMR spectroscopy using only the pure ionic liquids or by dissolving
MgCl, (anhydrous, 2 98 % purity, purchased from Sigma—Aldrich) in EMIM-Ac and in EMIM-DCA. All samples were placed
under vacuum overnight to reduce potential water contamination. FTIR spectra were recorded on liquid films obtained by
placing 5 uL solution between two CaF, windows of a SpectraTech FT04-036 demountable sandwich cell without the use of
a spacer. A Nicolet Magna-IR 560 ESP instrument was used with a KBr beamsplitter and a DTGS detector. OMNIC software
was used to obtain and average 64 scans with a resolution of 2.00 cm™ and a data spacing of 0.964 cm. To normalize the
spectra, the intensity of the imidazolium C=C / C=N signal at 1590 cm™ was adjusted to the same value. This also led to
normalization of the C-H stretching signals around 3100 cm™. Mathematical deconvolution of the FTIR peaks corresponding
to DCA vibrations in the 1800 cm™ — 2500 cm™! range was performed using OriginPro 2018b. For all spectra, the baseline was
adjusted to zero and then three, respectively five, Lorentzian functions were fitted for pure EMIM-DCA and EMIM-DCA with
MgCl, added. The small peak just above 2100 cm could not be included in the deconvolution in a satisfactory manner.

The FTIR spectra indicate the presence of water in EMIM-Ac, while this broad IR signal at ~3300 cm™ is not as pronounced in
EMIM-DCA, see Figure S8. Note that 0.01 % (by volume) water in the ionic liquids corresponds to a concentration of 5.5 mM,
i.e ~1 water molecule per 5 Mg?* in the experiments with 25 mM Mg?* (main text Figure 2). Strong IR transitions are observed
at~2131 cm™ and 2230 cm™ from stretching vibrations of the DCA anion in EMIM-DCA. Upon addition of Mg2* to EMIM-DCA
the intensity of these transitions decrease, while new signals appear at slightly higher wavenumbers, indicating binding of
DCA to Mg?*.
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Figure S8 | FTIR spectra of pure EMIM-Ac and pure EMIM-DCA (T = 298 K), see the text for details.
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Figure S9 | FTIR spectra of EMIM-DCA + 0 — 300mM MgCl, (T = 298 K). The decrease in intensity (peak area) of the CN
stretching vibration at 2132 cm™ for free DCA upon addition of MgCl, may be used to estimate the DCA coordination number
(CN) of Mg?*, giving CN ~ 6 at concentrations above ~100 mM MgCl,. The approximately linear increase of the peak area at
2157 cm™ at concentrations above 100 mM indicates that MgCl, is soluble in EMIM-DCA at least up to 300 mM. These data
additionally indicate that the CI- coordination number is small (<1) at c¢- below 0.6 M, despite the fact that it is observable
as line broadening in 3°CI NMR (Figure S7). Attempts to carry out similar estimates of the number of acetate anions
coordinating to Mg?* in EMIM-Ac was hindered by the signals from water partly coinciding with the vibrational frequencies
of acetate.

Quantum chemical calculations

All structures with trans/cis isomers were studied in the trans conformation, and for the [Mg(DCA);(H,0)3] complex the mer-
conformer was selected. The geometry of the complexes was first optimized at the B3LYP/pc-2 level® ? including vibrational
analysis, demonstrating in all cases that a minimum on the potential energy surface was achieved. The shielding tensors,
presented as the isotropic shielding, o, and electric field gradients (EFGs), presented as the principal component in the
principal axis system, V,,, and the asymmetry parameter n=(Vi-V,y)/V,,, were then calculated at the B3LYP/pcSseg-2 level°.
Solvent effects were included in both steps of the calculations using the polarizable continuum model! in its integral
equation formalism variant (IEF-PCM). Due to the missing parameters for the ionic liquids, a solvent, 2-heptanone, with a
dielectric constant of 11.7 closest to the experimental value for EMIM-DCA, see Table S2, was chosen. There appears to be
no published value for the dielectric constant for EMIM-Ac, and we assume that the same dielectric constant may be used
for EMIM-Ac. This choice does not affect the conclusion in the main text. All calculations were carried out with the Gaussian
16 program?2,



B-NMR Spectroscopy

The ionic liquid samples used for B-NMR spectroscopy were prepared by dissolving MgCl, (2.4 mg; purchased from Sigma-
Aldrich; > 98 % purity, M=95.21g mol-!) in EMIM-Ac (1-ethyl-3-methyl-imidazolium acetate 1 mL; purchased from Sigma—
Aldrich; 2 95 % purity, c=6.033 M) and in EMIM-DCA (1-ethyl-3-methyl-imidazolium dicyanamide 1 mL; purchased from
Sigma—Aldrich; > 98 % purity, c=6.264M), leading to a final concentration of Mg?* of 25 mM. The sample was placed under
vacuum 12 h prior to the B-NMR experiment to reduce the potential water contamination. During transfer of the sample to
the beam line, it was exposed to air for some minutes.

B-NMR experiments were performed at TRIUMF’s ISAC-I facility in Vancouver, BC, Canada. 3'Mg (/= 1/2, T;/, =236 ms, y/(2n)
= -13.47 MHz T1)13. 14 was generated from a uranium carbide production target?® irradiated with a 480 MeV, 10 pA proton
beam. The target was coupled to a resonant laser ion source!® 7 and a 40 keV beam of 31Mg* was extracted with an intensity
of ~10° ions/s. The ion beam was spin-polarized in-flight by collinear optical pumping with circularly polarized resonant laser
light'8. A longitudinal holding field of 1.3 mT along and after the polarizer section®® of the beamline was necessary to preserve
the nuclear spin-polarization of the radical ion beam during transport to a dedicated high-field spectrometer?® 21,

The nuclear spin polarized 3'Mg* ions were implanted into the ionic liquid samples housed in dimpled aluminum holders
compatible with the spectrometer’s cold-finger cryostat. The ion beam was focused to ~2 mm diameter and centered on
the liquid samples prior to each of the resonance measurements.

In the B-NMR measurements, the nuclear spin-polarization of 3'Mg* was monitored through its anisotropic B-decay; the
direction of the emitted B-rays is probabilistically correlated with the orientation of the nuclear spin at the moment of decay.
The observed asymmetry of these B-emissions is proportional to the average longitudinal nuclear spin-polarization?? 23, The
proportionality factor depends on the B-decay properties of the probe nucleus and the detection geometry used in the

experiment. Resonance measurements were collected with a continuously implanted 3!Mg* beam under an applied field B,
=3.41T. A continuous-wave (CW) radio-frequency (RF) transverse magnetic field B; was slowly stepped through a range of
frequencies near the Larmor frequency of 3'Mg of 46 MHz at an external field of 3.4 T. The spin of any on-resonance 3!Mg is
rapidly precessed by B;, destroying the average time-integrated spin-polarization, resulting in a reduction of the observed B-
decay asymmetry. In these measurements, the frequency scans are repeated, with both the direction of the frequency sweep
and the helicity of the polarizing laser light alternated, and these scans are then combined (i.e., averaged) into helicity-
resolved spectra®3. A typical 3IMg resonance is observable within only minutes, but high-resolution spectra can require up
to ~2 h. While the standard reference for 22Mg NMR is typically a Mg?* salt solution?*, such samples are incompatible with
the ultra-high vacuum used in these experiments?!. For 3!Mg, single crystal MgO with B, || (100) was used as an ex situ
reference (FWHM ~ 42 ppm at 45.9 MHz, CRYSTAL GmbH). This choice is arbitrary, but reasonable given the relatively narrow
31Mg linewidths2>30 for solids, and consistent with the convention used in 8Li B-NMR experiments?3 26,

To analyze the B-NMR data, the helicity-resolved resonance spectra were fit to a sum of Lorentzians and a baseline, the latter
of which is determined by the 3'Mg spin-lattice relaxation rate?” and caps the maximum absolute intensity of the observed
line. For each measurement, the spectra in both helicities were fit simultaneously using a global fitting procedure that shared
the resonance frequencies and linewidths as common fit parameters. The optimum global non-linear weighted least-squares
fits were found using custom C++ code leveraging the MINUIT28 minimization routines implemented within ROOT?,

The accuracy of the recorded B-NMR chemical shifts is affected by the stability of the external magnetic field. For this reason,
the reference resonance for MgO was determined repeatedly over the ~4 days that the 3!Mg B-NMR experiments covered.
Indeed a drift of in total ~20 ppm was observed during the initial 24 hours, and later stabilized. To extract meaningful
chemical shifts for the measurements in pure EMIM-Ac which were carried within these 24 hours, and their associated
uncertainties, it was necessary to interpolate between these MgO calibration measurements. For EMIM-Ac+25 mM MgCl,,
EMIM-DCA +25 mM MgCl,, and pure EMIM-DCA, the MgO calibrations were quite constant, hence, no interpolation was
necessary.

The absolute values of the chemical shifts in Figure 2 of the main text are reported with respect to different references for
31Mg B-NMR (MgO single crystal) and Mg NMR (11 M MgCl, solution). However, correcting for this (MgO exhibits a chemical
shift of 26 ppm with respect to 11 M MgCl,)3° does not fully account for the difference of ~¥45 ppm between the 3!Mg B-NMR
and Mg NMR spectra, i.e. although the precision of the 3'Mg B-NMR chemical shifts is adequate, i.e. the relative values of
chemical shifts of the ionic liquids are determined reliably within a few ppm (and even less than 1 ppm for resonances
observed in the same spectrum), the accuracy appears to be about 20 ppm off. This may be due to minor differences of for
example sample holders for the MgO crystal and the ionic liquids, perturbing the external magnetic field in the 3'Mg B-NMR
experiments.



Table S6 | 3'Mg B-NMR data. Chemical shifts with respect to crystalline MgO have been corrected for the field drift, while
frequencies in Hz are the original values from the experiment without any field drift correction. The spectra for two first
entries (EMIM-DCA+25 mM MgCl, and EMIM-Ac+25 mM MgCl,) are presented in the main text Figure 2, while the two last
entries (for the pure ionic liquids) are presented in the main text Figure 3.

Sample 15t resonance FWHM 2" resonance FWHM 3'd resonance FWHM
EMIM-DCA + -60.2+2.4 -52.0+x2.4
2.5+0.1 ppm 5.9+0.7 ppm - -
25 mM MgCl, ppm ppm
45889759 45890138
114+ 4 Hz 272 +32 Hz - -
+1Hz +13 Hz
EMIM-Ac -38.1+2.4 -31.9+24
5.7t 1ppm 3.4+0.2 ppm - -
+25mM ppm ppm
MgCl, 45890772 45891057
262 + 66 Hz 157 + 8 Hz - -
+19 Hz +2Hz
EMIM-DCA -61.4+24 -51.7+2.4 -43.2+24
3.0£0.2 ppm 6.2+ 0.4 ppm 4.6 £0.5 ppm
ppm ppm ppm
45889704 45890148 45890539
140 £ 18 Hz 283+ 18 Hz 210+ 22 Hz
+3Hz +5Hz +8 Hz
EMIM-Ac -30.0+x9.1 -26.9+9.12
4.2 +0.7 ppm 7.8+0.9 ppm - -
ppm ppm
45891282 45891422
195+ 32 Hz 356 + 42 - -
+10 Hz +34 Hz

On the linewidth of the B-NMR resonances

First, it should be noted that the spectrometer/measurement was designed for broad solid state spectra, and not with the
very high resolution spectroscopy of liquids in mind, in contrast to a conventional commercial NMR spectrometer which is
highly refined for such measurements. Here, we include some estimates of various contributions to the observed
linewidth:

1) The 3'Mg lifetime gives us (1/t)(1/Viarmor) ~ 0.09 ppm (with T being the lifetime of the radioisotope and v, mor the Larmor
frequency), so this is not a significant source of linewidth.

2) The Oxford Instruments superconducting solenoid magnet has a specification of 10 ppm homogeneity over the central
cm. This homogeneity is, however, modified by the presence of the cryostat assembly. While the cryostat is constructed of
materials that are as nonmagnetic as possible, we cannot exclude some additional field inhomogeneity from its
magnetization. The sample and beam-spot were a small fraction of the central cm, and the same sample holder and sample
volume was used in all the experiments (except for the MgO crystal reference). We estimate that these effects could give
rise to a variation up to a few ppm.

3) Magnet drift during the course of a 30 minute experiment would yield a ~0.2 ppm drift in the resonance frequency and
hence a broadening on this order.

4) The measurement uses a small amplitude continuous wave radiofrequency magnetic field H1. In contrast to pulsed NMR,
the spectrum measured this way is "power broadened", meaning that the intrinsic spectral lineshape is convoluted with a
power broadening Lorentzian of width gamma H1. For the H1 field used (0.09 Oe), this accounts for a broadening of ~2.5
ppm at the resonance field. This is a significant fraction of the observed width.

5) Finally, beyond these instrumental, technical contributions, it is possible that dynamic effects (slow tumbling and exchange
dynamics) in the liquid may also contribute.

Taken together the listed contributions are of the same order of magnitude as the observed linewidths, see figures 2 and 3
in the main text.
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