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Suitability of Carbazolyl Hauser and Turbo-Hauser Bases as
Magnesium-Based Electrolytes
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Lithium-ion batteries pose certain drawbacks and alternatives
are highly demanded. Requirements such as low corrosiveness,
electrochemical stability and suitable electrolytes can be met by
magnesium-ion batteries. Metalation of carbazole with Mg in
THF in the presence of ethyl bromide yields the sparingly
soluble Hauser base [(thf);Mg(Carb)Br] (1) which shows a
Schlenk-type equilibrium with formation of [(thf);Mg(Carb),]
and [(thf),MgBr,]. A THF solution of 1 shows a low over-

Introduction

Hauser bases are magnesium amide bases that have been
described firstly by Hauser and Walker in 1947." These bases
represent valuable and often chemoselective metalation
reagents.””” Commonly Hauser bases R,N—Mg(L)—X crystallize as
dimeric complexes with bridging halide®™ or amido ligands.**
In solution, quite complex temperature-dependent Schlenk-
type equilibria between mono- and dinuclear complexes on the
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potential and a good cyclability of electrodeposition/-stripping
of Mg on a Cu current collector. An improved performance is
achieved with the turbo-Hauser bases [(thf)(Carb)Mg(u-Br/X),Li-
(thf),] (X=Br (2) and Cl (3)) which show a significantly higher
solubility in ethereal solvents. The THF solvation energies
increase from (thf),MgBr, over (thf),Mg(Carb)Br to (thf)Mg-
(Carb), for an equal number x of ligated THF molecules.

one hand and homo- and heteroleptic compounds on the other
have been elucidated for iPr,N—MgCl in THF solution based on
DOSY-NMR experiments.”! The addition of lithium halide
produces the turbo-Hauser bases (Knochel-Hauser reagents) of
the general type R,N—MgCl-LiCl with enhanced reactivity and
chemoselectivity.® Expectedly, equilibria between diverse spe-
cies have been observed in solution by DOSY-NMR
spectroscopy.”” The preparation of these turbo-Hauser bases
proceeds smoothly by deprotonation of secondary amines with
Grignard reagents in the presence of lithium halide or with
turbo-Grignard reagents such as iPrMgCl- LiCL.®

Besides the widely used application of Hauser and turbo-
Hauser bases as selective metalation reagents, we are interested
in magnesium batteries.” Not only the nature of the
electrodes" plays an important role, but also the electrolyte
causes challenges that have to be addressed beyond aqueous
systems.!'"

The realization of zero-emission is one of the greatest
challenges of our generation. For the transformation from
classical fossil-based transportation to a fully electrical one,
lithium-ion-batteries (LIBs) are nowadays the only choice due to
their outstanding energy performance. Nevertheless, raw
materials for LIBs are not available in unlimited quantities and
therefore might not cover the increasing demand for electro-
chemical storage.'? Furthermore, dendrite growth at the sur-
face of Li metal and side reactions with the electrolyte pose
challenges." This has led scientists around the world to search
for alternatives to today's established technologies."” Magne-
sium (Mg) possesses the highest volumetric capacity
(3833 mAhcm®) compared to calcium (Ca) (2073 mAhcm™),
lithium (Li) (2062 mAhcm™), and sodium (Na) (1128 mAhcm™3)
and furthermore, the high abundance makes a Mg-based
battery as a promising candidate to opening up the post-
lithium age. Since the realization of the first Mg battery by
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using a Chevrel Phase (CP) as cathode and moreover the
compatibility with a sulfur (S) cathode, the research activities
onto the development of Mg-based electrolytes and appropri-
ate electrolyte compatible electrode materials have been
increased over time.""?

Results and Discussion
Synthesis of Carbazolyl Magnesium Bromide

For the use as an electrolyte in magnesium batteries, specific
requirements must be fulfilled such as low corrosiveness,
electrochemical stability, straightforward synthesis, and high
solubility in suitable solvents. Therefore, we studied the
carbazolyl Hauser and turbo-Hauser bases. The direct magnesia-
tion of carbazole by magnesium turnings is impossible. There-
fore, we applied the in-situ Grignard metalation method
(IGMM)"® and added ethyl bromide to a suspension of
carbazole and magnesium turnings in THF at room temperature
as depicted in Scheme 1. Toward the end of the metalation
reaction, carbazolyl magnesium bromide [(thf);Mg(Carb)Br] (1)
crystallized from the reaction mixture in the shape of slightly
greenish blocks. A Schlenk-type equilibrium between hetero-
leptic CarbMgBr on the one hand and homoleptic Mg(Carb),
and MgBr, on the other was observed in [Dg]THF solution by
NMR spectroscopy (cf. Figures S1-S4). DOSY-NMR experiments
verify the mononuclear nature of the magnesium amide
complexes (cf. Figure S5).

The iGMM was performed in the presence of LiBr and of LiCl
yielding the corresponding heterobimetallic turbo-Hauser bases
as shown in Scheme 1 (for NMR cf. Figures S6-S10 and Figure

1.0 eq. Mg, 1.1 eq. EtBr

THF, 20 °C

Q 1.0 eq. Mg, 1.1 eq. EtBr O Br, /(Q
. R _Mg /LI\
H LiBr, THF, 20 °C CO \Br 0!>
2

1.0 eq. Mg, 1.1 eq. EtBr

LiCl, THF, 20 °C

Scheme 1. Synthesis of thf adducts of the carbazolyl magnesium bromide (1,
carbazolyl Hauser base) as well as its lithium bromide (2) and lithium
chloride (3) adducts (carbazolyl turbo-Hauser bases).
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S$12). DOSY-NMR investigations supported the composition of
1:1 adducts of the type (Carb)MgLiBrX (X=Br (2), Cl (3)) (cf.
Figure S11). The solubility significantly increased in the order
1<2<3, and in fact, crystalline [(thf);Mg(Carb)Br] (1) is very
sparingly soluble even in ethereal solvents.

Solid-State Structure

The molecular structure and atom labeling scheme of [(thf);Mg-
(Carb)Br] (1) are depicted in Figure 1. The magnesium atom
Mg1 is in a trigonal bipyramidal environment with the two thf
ligands of O1 and O3 in apical positions. The Mg1-N1 bond
length of 204.5(3) pm is significantly larger than the Mg-N
distances in dinuclear [(TMP)Mg(thf)(pu-Cl)1, (198.1(2) pm) and
[(thf),Li(u-Cl),Mg(thf)(TMP)] (195.58(14) pm)=® which is primarily
a consequence of the larger coordination number of the
magnesium center.

Electrochemical Study

Efficient metal deposition and stripping are crucial for operating
metal-based batteries. Therefore, the reversibility of the electro-
deposition and electro-stripping of Mg metal in the novel
carbazolyl-based electrolyte was investigated using cyclic
voltammetry (CV). Figure 2a shows the features of electro-
deposition/-stripping of Mg metal on a Cu current collector. At
cycle #10, the over-potential for Mg deposition was —330 mV

Figure 1. Molecular structure and atom labelling scheme of [(thf);Mg-
(Carb)Br] (1). The ellipsoids represent a probability of 30%, H atoms are
neglected for the sake of clarity. Selected bond lengths (pm): Mg1-N1
204.5(3), Mg1-Br1 250.81(11), Mg1-01 209.6(2), Mg1—-02 206.5(2), Mg1—-03
213.1(2); bond angles (deg.) at Mg1: N1—Mg1-—Br1 125.65(9), N1-Mg1-01
89.49(10), N1-Mg1-02 120.62(11), N1-Mg1-03 91.65(10), 01-Mg1-02
87.44(10), 01-Mg1-03 173.87(11), O1-Mg1-Br1 91.89(7), 02—Mg1-03
86.80(10), 02—Mg1—Br1 113.72(8), 03—Mg1-Br1 92.34(7).

© 2022 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Eur]JIC . ..
doi.org/10.1002/ejic.202200149

European Journal of Inorganic Chemistry

100 | b)
=
>
§
£l 2 80
£ H
< E
< ,
£ i .
= . ¥l
' Ew
i ]
: 8
oar 1 Mg(Carb)Br-THF | Mg(Carb)Br/THF
: Copper Copper
40
.0 95 00 05 10 15 20 0 50 100 150 200

E{V vs. Mg/Mg?* Cycle number

Figure 2. (a) Cyclic voltammograms of magnesium electro-deposition/elec-
tro-stripping on a Cu current collector using 0.26 M [(thf);Mg(Carb)Br] (1) in
THF. Scan rate: 10 mVs™'. RE/CE: Magnesium metal. (b) Respective
Coulombic efficiency from cyclic voltammetry measurement.

vs. Mg/Mg®" and further decreases down to —220 mV vs. Mg/
Mg?* at cycle #200™. The low over-potential and cyclability is a
substantial improvement over the borate-based Mg[B(hfip),l,/
DME (~400 mV) and B(OMgCl);/Triglyme and Triglyme/THF (>
500 mV) electrolytes."” The Coulombic efficiency for the
electro-deposition/-stripping process of Mg metal is close to
91 % (cf. Figure 2b).

This novel electrolyte formulation shows an increase in the
electrolyte stability of 500 mV as in contrast to the reported
stabilities of 1.5V for Grignard-based electrolytes; it is for
copper and stainless steel more than 2 V (cf. Figure 518)."® The
electrochemical performance in terms of cathodic and anodic
current densities, which corresponds to the electro-deposition/-
stripping process, respectively, and efficiency can be further
improved with the addition of LiCl (cf. Figure S19). This might
be due to the activation of the Mg surface by the chlorine-anion
or either to the formation of a Li-contained Solid Electrolyte
Interface (SEI).'”" The electro-deposited material on Cu current
collector was characterized by XRD and SEM techniques.
Figure 3b shows the XRD pattern of Mg metal deposited on the
Cu current collector. The reflection patterns can be clearly
assigned to a hexagonal Mg structure and to the Cu current
collector (substrate).”” Figure 3a shows that the Mg electro-
deposited as compact particles with different orientations.
Elemental analysis of the deposited material via EDX measure-

b)

Relative Intensity / a.u.

Figure 3. (a) Scanning electron micrograph of electro-deposited magnesium
on copper current collector (magnification = 10.000-fold). (b) Respective XRD
patterns of the electro-deposited magnesium obtained after chronopotenti-
ometry at —0.6 mAcm 2.
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ment confirmed the XRD findings of deposited Mg (cf. SI
Figure S20).

The morphology of the electro-deposited Mg is influenced
by the electrolyte composition. In the presence of LiCl, the Mg
electro-deposited patchier (cf. Figure S21).

Computational Study

Density functional theory (DFT) calculations were performed to
determine the solvation energies and Mulliken charges for
(thf)MgCarbBr, (thf),Mg(Carb),, and (thf),MgBr, at different
degrees of solvation (x=number of coordinated THF mole-
cules). As the degree of solvation increases, the structure of the
electrolyte changes from a linear (x=0) via a trigonal-planar
(x=1) to a tetrahedral (x=2) via a trigonal-bipyramidal (x=3)
to an octahedral complex (x=4), as shown in Table S1 (see
Supporting Information). Table 1 summarizes the energy gain
per additional THF molecule (Ey, g.in) as well as the cumulative
solvation energy (Ey,.m) for the corresponding conformation.
The contribution to the solvation energetics per additional THF
decreases, as expected, with an increasing degree of solvation.
For example, the gain in solvation energy for Mg(Carb)Br is
—148 kJ-mol™" for the first, —125kJ-mol™" for the second,
—94 kJ-mol™" for the third, and —64 kJ-mol™"' for the fourth THF
molecule. The cumulative solvation energies for a given degree
of solvation are the highest for Mg(Carb),, followed by Mg-
(Carb)Br and MgBr,. Following this order, the cumulative
solvation energies for 3 coordinated THF molecules are
—403 kJ-mol™", —367 kJ-mol™", and —336 kJ-mol™', respec-
tively. This finding already indicates that the bromide ligand
provides more negative charge to the Mg cation than the
carbazolyl group, which would explain the stronger bonding
between the central magnesium cation and the oxygen of THF
for Mg(Carb),. We further see that the HOMO and LUMO energy
levels increase (i.e. become less negative) with higher solvation
degrees, as shown in Table 2. Since lower HOMO levels of the
electrolyte correspond to better anodic stability, we expect a
diminished oxidative stability with increasing THF solvation.?"
The Mulliken charge analysis for MgCarbBr in Figure 4
indicates a decrease in negative charge on the THF oxygen
atoms of approximately 4% per additional THF molecule. This is
caused by the lower individual contribution of each THF to
donate negative charge to the magnesium cation. An increasing

Table 1. Solvation energy gain E,q.in and cumulative solvation energy
Eoiveum in kJ-mol ™" of heteroleptic (thf),MgCarbBr and homoleptic (thf),Mg-
(Carb),, as well as (thf),MgBr, at varying degrees of solvation (x=number
of ligated THF molecules). Due to steric effects, a maximum of 3 THF
molecules could be coordinated to Mg(Carb),. The total energies used for
calculating Egygain @and Egyum are given in Table S2 (see Supporting
Information).

X (thf),Mg(Carb)Br (thf),Mg(Carb), (thf),MgBr,

Eqovgain Esotvcum Esotvgain Eotvicum Esotvgain Eotvcum
1 —148 —148 —164 —164 —132 —132
2 —125 —273 —147 —311 —117 —249
3 —94 —367 —92 —403 —87 —336
4 —63 —430 - - —-79 —414

© 2022 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Eur]JIC . ..
doi.org/10.1002/ejic.202200149

European Journal of Inorganic Chemistry

Table 2. HOMO and LUMO energy levels in eV of heteroleptic
(thf),MgCarbBr and homoleptic (thf),Mg(Carb),, as well as (thf),MgBr, at
varying degrees of solvation (x=number of ligated THF molecules).

X (thf),Mg(Carb)Br (thf),Mg(Carb), (thf),MgBr,
Eriomo Evumo Eviomo Evumo Eromo Evumo

1 —6.34 —0.62 —6.01 —0.64 —8.28 —0.22

2 —5.88 —0.13 —5.91 —0.22 —7.69 0.61

3 —5.74 —0.06 —5.79 —0.15 —7.31 0.78

4 —5.63 0.08 - - —6.81 0.89

1.10 -0.45 0.10
o)
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Figure 4. (a) Molecular structure of (thf);Mg(Carb)Br calculated with DFT. (b)
Respective Mulliken charges for Mg, N, Br, O and C at different solvation
degrees. The charges for O are averaged over the oxygen atoms of the THFs.
The same applies to the charges of the C atoms, which are averaged over
the carbon atoms of the carbazolyl group. The yellow area marks the most
probable degree of solvation according to NMR. Number of ligated THF
molecules is in perfect agreement with NMR results. Calculated bond lengths
of (thf);Mg(Carb)Br (DFT) are also in agreement with X-ray structure results
(pm): Mg1—N1 203.6, Mg1—Br1 247.3, Mg1-01 216.5, Mg1—-02 210.8,
Mg1-03 219.6; bond angles (deg.) at Mg1: N1-Mg1-Br1 127.0, N1-Mg1-01
88.4, N1-Mg1-02 126.8, NT-Mg1-03 91.5, 01-Mg1—02 82.3, 01-Mg1-03
166.7, 01-Mg1-Br1 94.4, 02—Mg1-03 87.2, 02—Mg1-Br1 105.9,
03-Mg1-Br1 96.2.

degree of solvation is also associated with steric effects. In case
of the bromine ligand in (thf)Mg(Carb)Br, the Mg—Br bond
increases (232.3<236.4<241.6<247.3<262.5 pm, for x=0-4),
resulting in about 10% less charge being transferred from
bromine to magnesium per additional THF molecule. The Mg—N
bond distance also increases upon solvation (192.4< 198.0 <
199.8<203.6<212.1 pm, for x=0-4), although the negative
charge on the nitrogen atom decreases (—0.71e< —0.58e <
—0.57e< —0.53e < —0.52¢, for x=0-4). The free-electron pairs
of the THF oxygen atoms cause a negative charge transfer from
the nitrogen electrons into the aromatic system of the
carbazolyl group due to electrostatic repulsions. That is
consistent with the averaged positive charge on the aromatic
carbon atoms decreasing by approximately 10% with the first
THF molecule and an additional 4% with each subsequent THF
molecule. The charge on the magnesium cation remains largely
constant but shows a minimum positive charge in the trigonal
bipyramidal structure, which was experimentally determined by
NMR spectroscopy. For the sake of completeness, the Mulliken
charges of homoleptic (thf),Mg(Carb), and (thf),MgBr, may be
found in the Supporting Information (Figure S22, Figure S23,
and Table S3).
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Conclusion

The in-situ Grignard metalation method (iGMM) of carbazole,
i.e. the metalation of carbazole by Mg in the presence of ethyl
bromide in THF, allows to prepare the slightly green Hauser
base [(thf);Mg(Carb)Br] (1) which is only sparingly soluble. A
Schlenk-type equilibrium is operative leading to the formation
of homoleptic [(thf);Mg(Carb),] and [(thf),MgBr,]. Quantum
chemical calculations show preferred coordination numbers
and increasing solvation energies in the series (thf),MgBr,<
(thf),Mg(Carb)Br < (thf),Mg(Carb), for an equal number x of
ligated THF molecules. If the iGMM is performed in the presence
of lithium halide, the heterobimetallic turbo-Hauser bases
[(thf)(Carb)Mg(u-Br/X),Li(thf),] (X=Br (2) and CI (3)) form as has
been verified by DOSY NMR spectroscopy. A THF solution of 1
shows a low over-potential and a good cyclability of electro-
deposition/-stripping of Mg on a Cu current collector. An
improved performance is achieved with the heterobimetallic
turbo-Hauser bases [(thf)(Carb)Mg(u-Br/Cl),Li(thf),].

Experimental Section

General information. All manipulations were carried out under an
inert nitrogen atmosphere using standard Schlenk techniques, if
not otherwise stated. The solvents were dried over KOH and
subsequently distilled over sodium/benzophenone under a nitro-
gen atmosphere prior to use. All substrates were purchased from
Alfa Aesar, abcr, Sigma Aldrich or TCl and used without further
purification. The yields given are not optimized. Purity of the
compounds was verified by NMR spectroscopy. Deuterated solvents
were dried over sodium, distilled, degassed, and stored under
nitrogen over sodium. 'H, ®Si and “C{'H} NMR spectra were
recorded on Bruker Avance Il 400 (BBO, BBFO probes), Avance llI
HD 500 (BBO Prodigy probe) or Avance Il HD 600 (TCl cryo probe)
spectrometers. Chemical shifts are reported in parts per million
relatively to SiMe, ('H, "*C) as an external standard referenced to
the solvents residual proton signal using xiref AU program for "Li-
NMR spectra. DOSY-NMR spectra were measured using the
ledbpgp2 s standard pulse sequence. Molar masses in solution
were calculated using the ECC-DOSY method.”? ASAP-HSQC-
spectra and ASAP-HSQC-DEPT-spectra were recorded using the
published pulse sequences.”®

Synthesis of [(thf);CarbMgBr] (1). Carbazole (4.93 g, 29.6 mmol, 1 eq.)
and magnesium granules (0.79 g, 32.6 mmol, 1.1 eq.) were sus-
pended in THF (60 mL). EtBr (2.22 mL, 6.0 mmol, 1 eq.) was added
dropwise over 30 minutes and the reaction mixture was stirred at
room temperature for 2 h. Titration of a hydrolysed aliquot with
sulfuric acid (0.1 N) against phenolphthalein showed 88% yield.
Almost after completion of the reaction the product crystallized
spontaneously. The precipitate was collected by filtration (G3 frit)
and dried under reduced pressure. [(thf);MgCarbBr] (11.96 g,
24,3 mmol, 82%) was obtained as slightly green blocks. IR (ATR):
2981 (w), 2892 (w), 1619(w), 1493 (m), 1294 (m), 911 (m) cm',
m.p.=138-143°C. In [DgITHF solution a Schlenk-type equilibrium
was observed. Physical data of [(thf);Mg(Carb)Br] (1): 'H NMR
([Dg]ITHF, 297 K, 400 MHz): 6=8.00 (d, J=7.64 Hz, 2H), 7.73 (d, J=
8.16 Hz, 2H), 7.20 (t, J=7.54 Hz, 2H), 6.92 (t, J=7.33 Hz, 2H) ppm,
C NMR ([Dg]THF, 297 K, 101 MHz): §=150.0, 123.0, 119.0, 114.6,
113.6, "H DOSY ([Dg]THF, 297 K, 400 MH2): Doy = 2.43-107° m¥/s,
D[(thf)AMgCarbBr: 7-42.10—10m2/5' Nchalc:590 g m0|71l MWfound:
589 gmol™', A=0%. Physical data of [(thfMgCarb,]: 'H NMR

© 2022 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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(IDgITHF, 297 K, 400 MHz): §=8.09 (d, J=7.68 Hz, 2H), 7.60 (d, J=
8.20 Hz, 2H), 7.15 (t, J=7.44 Hz, 2H), 6.97 (t, J=7.30 Hz, 2H) ppm,
3C NMR ([Dg]THF, 297 K, 101 MHz): =150.0, 119.2, 118.4, 114.9,
1140 ppm, 'H DOSY ([DgTHF, 297K, 400 MHz): Dgerir=
2.43-107° m’s™", Dynpmgcarrz = 8-50- 107" m*s™", MW, =436 gmol ",
MW,,ynq =467 gmol ™", A= —7%.

Synthesis of [(thf)CarbMg(u-Cl/Br),Li(thf),] (2). NMR-scale: Carbazole
(20 mg, 120 pmol,1 eq.), magnesium turnings (3 mg, 120 umol,
1 eq.) and LiCl (4 mg, 0.8 eq. 96 pmol) were suspended in 550 pL of
[Dg]THF. EtBr (9 pL, 1eq.) was added, and the Young tube was
sealed. After a few minutes gas evolution was observed and after
3 h gas evolution ceased. During this time, a yellow-green solution
formed. Physical data of 2: '"H NMR ([Dg]THF, 233 K, 400 MHz): 8 =
7.95, (d, J=6.3 Hz, 4H), 7.07 (t, J=7.36, 8.94 Hz, 2H), 6.81 (t, J=6.84,
9.47 Hz, 2H) ppm, C NMR ([Dg]THF, 233 K, 101 MHz): §=150.7,
122.2, 118.4, 115.9, 113.7 ppm, "Li NMR ([Dg]THF, 233 K, 155.5 MHz):
8=—0.05 (s) ppm, 'H DOSY ([DGITHF, 297 K, 400 MH2): Digetryr =
2.19-10°m?s ™", Dyunpcarbmgpaipriionnn =7-02-107°m?s™", MW, =
553 gmol ™!, MW, =539 gmol ™', A=2%.

Synthesis of [(thflCarbMg-u-Br,-Li(thf),] (3). LiBr (1.58 g, 18,19 mmol,
1eq.), Mg granules (440 mg, 18.19 mmol, 1 eq.) and carbazole (
3.04 g, 18.19 mmol, 1 eq.) were suspended in 30 mL of THF and
cooled to 10°C. EtBr (1.4 mL, 18.19 mmol, 1 eq.) was added in two
portions and the reaction mixture was stirred for 2 h at room
temperature. Physical data of 3: '"H NMR ([Dg]THF, 297 K, 400 MHz):
0=7.93(d, J=7.7 Hz, 1H), 7.86 (d, J=8.2 Hz, TH), 7.19-7.07 (m, 1H),
6.90-6.80 (m, TH), 3.65 (s, THF), 1.79 (s, THF) ppm, *C NMR ([Dg]THF,
297 K, 101 MHz): 6=150.2, 125.1, 124.9, 122.7, 119.7, 118.6, 118.3,
114.2, 1142, 110.5 ppm, 'Li NMR ([Dg]THF, 297 K, 155.5 MHz): =
0.35ppm, 'H DOSY ([DGITHF, 297K, 400 MH2): Dgessisivesn =
9.39:107°m’s™", Dympcamgpantgnnn= 637-1077°m’s™", MW =
573 gmol™', MW,,,s=581 gmol™', A=1%.

Crystal Structure Determination of 1. The intensity data for 1 were
collected on a Nonius KappaCCD diffractometer using graphite-
monochromated Mo-K, radiation. Data were corrected for Lorentz
and polarization effects; absorption was taken into account on a
semi-empirical basis using multiple-scans.**?® The structures were
solved by direct methods (SHELXS®") and refined by full-matrix
least squares techniques against F,’ (SHELXL-2018).”® All hydrogen
atoms were located by difference Fourier synthesis and refined
isotropically. Al non-hydrogen  atoms  were  refined
anisotropically.”® The program packages XP** and POV-Ray™” were
used for structure representations. Crystal and refinement data for
1: C4H3,BrMgNO;, M=486.72 gmol™', colorless prism, size 0.108 x
0.102x0.088 mm’, monoclinic, space group P2,/n, a=11.3856(2),
b=14.5083(4), c=14.3729(4) A, $=107.130(1)°, V=2268.88(10) A3,
T=-140°C, Z=4, Paa=1425gcm> u (Mo-K,)=18.65cm’,
multi-scan, trans.,;,: 0.6939, trans,,. 0.7456, F(000)=1016, 16569
reflections in h(—14/14), k(—18/18), 1(—18/18), measured in the
range 2.042°<© <27.484°, completeness Omax=99.8%, 5171
independent reflections, R;,;=0.0573, 4228 reflections with F,>
40(F,), 399 parameters, O restraints, R1,,,=0.0484, wR?,,,=0.1002,
R1,,=0.0646, wR%,,=0.1091, GOOF =1.078, largest difference peak
and hole: 0.588/—0.625 e A%,

Electrochemical Characterization. Copper foil (99.95%, thickness=
0.01 mm, Schlenk), magnesium foil (99.95%, thickness=0.15 mm,
Goodfellow) and magnesium wire (99.99%, d=1 mm, Goodfellow)
were used as working, counter and reference electrodes, respec-
tively. Prior to use, the copper foil was dried under vacuum at
120°C. To remove the thin native oxide layer from the magnesium
current collector the surface was polished with sandpaper
(1200 micron). The electrochemical measurements were performed
inside a glovebox in a three-electrode configuration using EL-Cell
ECC-Ref cells conducted to a BioLogic VMP3 potentiostat. Magne-
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sium and Copper foil used as counter and working electrode (d=
18 mm) and a piece of magnesium wire was used as reference
electrode, respectively. A glass fiber used as separator (1.55 mm
thick, ECC-01-0021-C/L, EL-Cell) used as reservoir for Mg electrolyte
(450 pL). Cyclic voltammetry experiments were run in a potential
range between —0.8V to 1.8V vs. Mg/Mg®>" at a scan rate of
10 mVs™'. Mg was electro-deposited onto copper current collector
using chronopotentiometry at a fixed current density of
—0.6 mAcm™2

Ex-situ Analysis. X-ray diffraction (XRD) and scanning electron
microscopy (SEM) were applied to characterize the morphology of
the electrodeposited Mg on the current collector. XRD pattern was
recorded using an air-dome sample holder in a single scan between
10° and 90° in 0.02° 20 increments on a Bruker AXS D8 Discover
using Cu—Ka radiation, a Ni-monochromator and a LYNXEYE 2D
energy dispersive detector. The SEM images have been obtained
with a LEO 1530 VP microscope with an acceleration of 5.0 kV and a
secondary electron detector.

Computational Details. All electrolyte structures were generated
using the Amsterdam Modelling Suite and pre-optimized with the
semi-empirical MOPAC engine.”” Spin unrestricted, non-relativistic
first principle geometry optimizations were subsequently per-
formed within the Amsterdam Density Functional (ADF) framework,
using slater type orbitals (STOs) with a triple-C polarized (TZP), all-
electron basis set and the meta hybrid exchange correlation
functional MN15 as part of the LibXC library.®? Convergence criteria
were chosen to be 2.6-10°kJ-mol™" for the energy difference
between two consecutive self-consistent field (SCF) cycles and
2.6 kJ-mol™'-A~" for the forces during geometry optimization. The
gain in solvation energy per additional THF E, .., Was calculated
for (thf),Mg(Carb)Br, (thf),Mg(Carb),, and (thf),MgBr, using equa-
tion 1, where x equals the number of coordinated THF solvent
molecules.

— E(thf)xEIectronte

E

solv, gain

_ E((hf),X,UEIectrolyte _ Ethf (1)

In addition, the cumulative solvation energy for a given conforma-
tion was determined by equation 2:

(thf),

_ (thf),Electrolyte
Esolv. cum Z Esolv. gain (2)
(thf),

Atomic charges were obtained by the Mulliken charge analysis.**

Supporting Information (see footnote on the
first page of this article)

Experimental details, analytical methods as well as NMR spectra
and theoretical data (pdf format). Crystallographic data (exclud-
ing structure factors) has been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication
CCDC-2142703 for 1. Copies of the data can be obtained free of
charge on application to CCDC, 12 Union Road, Cambridge CB2
1EZ, UK [E- mail: deposit@ccdc.cam.ac.uk].

Deposition Number 2142703 (for 1) contains the supple-
mentary crystallographic data for this paper. These data are
provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access
Structures service www.ccdc.cam.ac.uk/structures.
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Lithium-ion batteries show excellent
performance but pose challenges at
the same time related to the accessi-
bility of lithium metal. Therefore, al-
ternatives based on magnesium are
very attractive and the electrolytes
must fulfill specific requirements like
non-corrosiveness and electrochemi-
cal stability as well as straightforward
synthesis. The carbazolylmagnesium
halide system offers a promising
strategy for a suitable Mg-based elec-
trolyte.
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