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NMR spectra of Mg2+ ions in ionic liquids were recorded using a
highly sensitive variant of NMR spectroscopy known as f3-NMR.
The B-NMR spectra of MgCl, in EMIM-Ac and EMIM-DCA compare
favourably with conventional NMR, and exhibit linewidths of
~3 ppm, allowing for discrimination of species with oxygen and
nitrogen coordination.

Over the last few decades, p-detected nuclear magnetic reso-
nance (B-NMR) has enjoyed use as a technique to study
nuclear physics"” and condensed matter,>* the latter mainly
focusing on solids, but also with applications to liquids.”™"
More recently, several groups have pursued advancing modern
incarnations of the technique to study the solution chemistry
of p-NMR probes,"””® motivated by its potential to solve
chemical and biochemical problems.'®™ With the advent of
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high-intensity radioactive ion beam (RIB) facilities, many new
nuclei are available in quantities sufficient for the study of
condensed matter. The main challenge to the use of RIBs as
probes in liquids is the incompatibility of typical solutions
with high vacuum usually applied to achieve optimal RIB
transport. Though specialized setups'>'® aim to circumvent
this limitation, room temperature ionic liquids are readily
compatible with high vacuum, as they exhibit virtually zero
vapour pressure.”’ Here we demonstrate that Mg>" chemical
shift measurements in ionic liquids can be made with the pre-
cision necessary to discriminate between oxygen and nitrogen
coordination environments using *'Mg B-NMR. This resolu-
tion, required for chemical and biochemical studies, indicates
that the prospect for future use in these fields is promising,
and may be extended to other metal ions.

Mg>" was selected as a test case because *'Mg exhibits
appropriate nuclear properties (I = 3, Ti = 236 ms, and asym-
metric B-emission®"*%) for B-NMR spectroscopy. Moreover, the
closed shell Mg>" is difficult to observe by most spectroscopic
techniques, and it is an important metal ion in biological
systems, involved in, e.g. ATP chemistry, nucleic acid folding,
and as an integral component of chlorophyll.>® Finally, there is
considerable and rising interest in characterization of Mg**
chemistry in non-aqueous solutions, such as ionic liquids,
because magnesium-based batteries may outperform lithium
ion batteries.>* In this work, two ionic liquids were used as sol-
vents, 1-ethyl-3-methylimidazolium acetate (EMIM-Ac), and
1-ethyl-3-methylimidazolium  dicyanamide  (EMIM-DCA),
aiming to probe differential chemical shifts of Mg>" complexes
with typical oxygen and nitrogen containing ligands, see
Fig. 1. NMR spectra recorded by *'Mg f-NMR and conventional
**Mg NMR are presented in Fig. 2. In these experiments, anhy-
drous MgCl, was dissolved in the ionic liquids to a final con-
centration of 25 mM, to achieve comparable conditions in con-
ventional NMR and f-NMR. The most important observation,
and the key result of this work, is that the chemical shift differ-

Dalton Trans., 2018, 47, 14431-14435 | 14431


www.rsc.li/dalton
http://orcid.org/0000-0001-9161-7257
http://orcid.org/0000-0002-1389-2410
http://orcid.org/0000-0003-2847-2053
http://orcid.org/0000-0003-0170-4301
http://orcid.org/0000-0001-5180-6870
http://orcid.org/0000-0003-2485-0993
http://orcid.org/0000-0002-0588-3952
http://orcid.org/0000-0003-4812-0522
http://orcid.org/0000-0002-9241-4352
http://orcid.org/0000-0003-1426-689X
http://crossmark.crossref.org/dialog/?doi=10.1039/c8dt02350f&domain=pdf&date_stamp=2018-10-22
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8dt02350f
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT047041

Open Access Article. Published on 03 October 2018. Downloaded on 7/24/2025 11:11:36 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Communication

FHs CHs
N+ 0 N+ N
S I G
kCH3 kcH3

Fig. 1 Chemical structure of the two ionic liquids used as solvents in
this work. Left: 1-ethyl-3-methylimidazolium acetate (EMIM-Ac); right:
1-ethyl-3-methylimidazolium dicyanamide (EMIM-DCA).
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Fig. 2 Mg p-NMR spectra (top) and conventional Mg NMR spectra
(bottom) of 25 mM MgCl, in EMIM-Ac (red) and EMIM-DCA (blue). The
B-NMR experiments were conducted at 22 °C, ultra-high vacuum
(<107° mbar), and an external magnetic field of 3.41 T (45.9 MHz) using
crystalline MgO as chemical shift reference. The conventional NMR experi-
ments were conducted at 70 °C to improve signal-to-noise, ambient
pressure, and an external magnetic field of 11.7 T (500 MHz) using
11 M MgCl, as chemical shift reference. See the text and ESI for details.

ence for Mg>" in the two ionic liquids is very similar using the
two techniques. The similarity is expected if the experiments
reflect the same Mg>" species, and if these species exhibit
rapid rotational diffusion. This establishes that *"Mg p-NMR
can be applied to record chemical shifts of Mg>" species in
solution, and that the technique provides sufficient spectral
resolution to discriminate between typical coordination
environments of this metal ion. A priori, it was not obvious
that the 40 keV beam of *'Mg" implanted into the ionic liquids
would rapidly (within the 236 ms half-life) be oxidized to Mg>",
and reach the same chemical equilibrium of complexation as
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observed in conventional >*>Mg NMR, but the spectra in Fig. 2
indicate that this is indeed the case.

Another central observation is the high resolution of the
*'Mg B-NMR spectrum exhibiting linewidths of ~3 ppm (~140
Hz at a resonance frequency of 45.9 MHz). This is analogous to
the narrow lines observed in conventional solution (as
opposed to solid state) NMR spectroscopy.>® Given the small
span of chemical shifts typically observed in **Mg NMR,®
high resolution is essential, to discriminate different Mg**
complexes. For additional discussion of the origin of the line-
width of the p-NMR resonances, see the ESL.}

The *'Mg B-NMR spectrum of Mg>* in EMIM-DCA displays
a major resonance at —60.2 + 2.4 ppm with respect to MgO
and a weaker signal at —52.0 + 2.4 ppm, see Fig. 2. For
EMIM-Ac the main resonance is observed at —31.9 + 2.4 ppm,
with a shoulder consistent with another unresolved resonance
at —38.1 + 2.4 ppm. Thus, co-existence of two Mg”>* complexes
is observed in EMIM-DCA and possibly in EMIM-Ac. The fact
that both resonances are observed indicates no or slow
exchange between them, ie. the lifetime of each species is
longer than milliseconds. In the conventional **Mg NMR
spectra speciation is not resolved. This may either be due to
the poorer signal-to-noise, faster dynamics at the higher temp-
erature (70 °C), or nuclear quadrupole interactions (NQIs)
giving rise to line broadening for **Mg (I = 5/2), while NQIs do
not contribute to the line width for *'Mg (I = 1/2), vide infra.

To demonstrate the extraordinary sensitivity of *'Mg
B-NMR, additional experiments were conducted at ultra-trace
concentrations, with only (~10® cumulative) magnesium ions
originating from the *'Mg* RIB implanted into the sample,
see Fig. 3. The spectra presented in Fig. 2 and 3 differ signifi-
cantly, because 25 mM non-radioactive MgCl, was added for
the data displayed in Fig. 2, while none was added for the data
displayed in Fig. 3. Thus, the speciation observed in Fig. 3 may
originate from trace amounts of high affinity ligands (such as
water) for Mg”*, while these impurity sites are essentially satu-
rated in Fig. 2, shifting the spectrum towards pure DCA coordi-
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Fig. 3 3'Mg p-NMR spectra recorded with ultra-trace amounts (~pM) of
3!Mg in EMIM-Ac (red) and EMIM-DCA (blue). The chemical shift refer-
ence is crystalline MgO. See the text for additional details.

This journal is © The Royal Society of Chemistry 2018
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nation. Given the current and energy of the *'Mg" beam, the
half-life (236 ms), the beam-sample geometry, and sample
volume, the *'Mg concentration may be estimated to be
0.1 pM-1000 pM, depending on the diffusion coefficient of
Mg>" in the ionic liquid. The actual concentration of Mg”* is
presumably higher and dictated by the trace amounts that may
be present in the ionic liquids (<3.5 pM, see Table S17).
Interestingly, the two resonances observed with 25 mM Mg>*
in EMIM-DCA, Fig. 2, still appear to be present in the spectrum
recorded with ~pM *'Mg, Fig. 3, presumably reflecting the
same two species. The minor species observed at —51.7 ppm
however, becomes more prominent, and an additional (third)
resonance is present above the noise level. The fact that the
relative intensity of the two latter resonances increases when
no MgCl, is dissolved in the ionic liquid prior to implantation
of *'Mg" support the notion that they may originate from
coordination by water or other dilute impurities with higher
affinity for Mg>" than DCA in the ionic liquid. Moreover, they
are observed at chemical shifts closer to that of oxygen coordi-
nation (in EMIM-Ac), corroborating that they originate from
water replacing DCA in the first coordination sphere. The reso-
nance of *'Mg in EMIM-Ac with ultra-trace amounts of Mg”"*
slightly shifted and somewhat broadened as compared to the
signal observed with 25 mM MgCl,, Fig. 2 and 3. This may also
reflect coordination by water or other impurities, and the
observation that only a minor change occurs, agrees with the
expectation that replacing one oxygen coordinating ligand
(acetate) with another (water) leads only to small changes in
chemical shift.

Complementary experiments using 'H-, ’C-, '°N-, **Mg-,
and *°CI-NMR spectroscopy, and FTIR spectroscopy, see
Fig. S1-S9, and Tables S1-S6,7 indicate that the ionic liquid
anions (acetate and DCA respectively) coordinate to Mg>" in
rapid exchange with free anions, that the DCA anions coordi-
nate with the terminal nitrogen, and that trace amounts of
impurities such as water in the ionic liquids may give rise to
the observed speciation, see Fig. 2 and 3. These observations
agree with the us residence time of water molecules reported

View Article Online
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at 25 °C for the aqua ion of Mg>*,”” with crystal structures of
Mg(DCA),(s) and Mg(DCA),(H,0),(s),>**° and with hard-soft-
acid-base theory.**?' To further substantiate the structural
interpretation of the recorded *'Mg B-NMR data, we present
calculated NMR properties for selected Mg>*
Table 1.

In agreement with the *'Mg B-NMR experimental data,
nitrogen coordination (DCA) gives rise to shielding as com-
pared to oxygen coordination. Accordingly, the consecutive re-
placement of DCA anions with water molecules gives rise to
deshielding, and a tentative interpretation that accounts for
the main observed f-NMR resonances for Mg>* in EMIM-DCA
is [Mg(DCA)e]"™ (~60.2 ppm), [Mg(DCA)s(H,0)]* (~52.0 ppm),
and [Mg(DCA),(H,0),]*~ (—43.2 ppm), see Fig. 2, 3 and Table 1.
Assuming that this assignment is correct, it is possible to esti-
mate the equilibrium constants in EMIM-DCA for:

complexes in

[Mg(DCA),]* + H,0

= [Mg(DCA),(H,0)]’ + DCA™ K ~ 10°

[Mg(DCA), (H,0)]*” + H,0
= [Mg(DCA),(H,0),]* + DCA~ K, ~ 5 x 107

consistently reproducing the data in Fig. 2 and 3. For Mg>" in
EMIM-Ac, only minor differences in chemical shift are
observed experimentally, Fig. 2 and 3, in agreement with the
small changes calculated when replacing acetate with water in
the first coordination sphere, see Table 1. Thus, the reso-
nances observed for EMIM-Ac may originate from [Mg
(Ac)4(H,0),]*~ (=38.1 ppm), and [Mg(Ac),(H,0),] (=31.9 ppm)
or other complexes with mixed acetate and water coordination.

Interestingly, the calculated electric field gradients, V,,, are
very small for the [Mg(H,0)q]*", [Mg(Ac)4(H,0),]*~ and [Mg
(DCA)e]*~ complexes. For [Mg(H,0),]>" and [Mg(DCA),]*", this
is expected due to the high symmetry of the complex, i.e. these
complexes may essentially escape quadrupolar line broaden-
ing. The remaining complexes are likely to experience quadru-
polar line broadening of the conventional **Mg NMR reso-

Table 1 Calculated spectroscopic properties of selected complexes. Calculations were done at the B3LYP/pcSseg-2//B3LYP/pc-2 level with an

iefpcm solvent model and a static dielectric constant of 11.7 corresponding to EMIM-DCA 32738 |sotropic shielding, s, chemical shift § = (oer — 0)/(1 —
oref), arbitrarily with respect to [Mg(HZO)G]Z*, and electric field gradient, V,, and 5. See the ESI for details

ZsMga 31Mga

- - VZZ
Complex (in solvent with & = 11.7) o/ppm 5/ppm 5P /ppm 5P/ppm a.u. n
[Mg(H,0)e]** 577 0 0.00 —
:Mg(DCA)Z(H20)4] 578 -1 0.18 0.04
[ (DCA)g(HZO)g] 581 —4 -0.12 0.87
Mg(DCA),(H,0),]>~ 585 -8 —43.2 —0.12 0.00
[Mg(DCA)5 (HZO)] 589 -12 -52.0 -0.04 0.22
[Mg(DCA)]*~ 597 -20 -13.3 -60.2 0.00 —
[MgCl,(DCA),(H,0), >~ 573 4 0.16 0.66
[Mg(Ac),(H,0),] 570 7 -31.9 0.18 0.40
[Mg(Ac)4(H,0),]*~ 573 4 10.2 -38.1 -0.01 0.41

“Experimental chemical shifts, assuming the indicated assignment (the absolute values of the chemical shifts differ because different chemical

shift references were used).

This journal is © The Royal Society of Chemistry 2018
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nances. Although there are other contributions to the line
width, this suggests that only the [Mg(Ac),(H,0),]*~ and [Mg
(DCA)e]*~ complexes are readily observable in *>Mg NMR, in
agreement with the fact that only two resonances are observed.
Moreover the observed chemical shift difference is ~23 ppm,
see Fig. 2, Table 1, and Table S5.1

In summary, we have successfully recorded *'Mg B-NMR
spectra for Mg>" in solution. Contrary to **Mg (I = 5/2), *'Mg
(I = 1/2) NMR spectra do not suffer from line broadening due
to nuclear quadrupole interactions, and the sensitivity of *'Mg
B-NMR is far superior to that of **Mg NMR illustrating that
B-NMR allows for interrogation of elements that are otherwise
difficult or impossible to observe by NMR spectroscopy. The
excellent resolution of the *'Mg B-NMR spectra, allows for the
discrimination of various complexes with the typical oxygen
and nitrogen coordination formed by Mg>*, and consequently
opens for further characterization of the coordination chem-
istry of this spectroscopically elusive metal ion in solution.
Finally, the results indicate that similar success may be
achieved with application of p-NMR to other metal ions. Even
formation of transient species and surface properties of
liquids may be explored, as the time from implantation to
measurement is of the order of a second, and the implantation
depth can be controlled by the energy of the ion beam if
diffusion is slow. Therefore, broader applications of f-NMR in
inorganic and bioinorganic chemistry may be anticipated.
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