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ABSTRACT: We present a multinuclear nuclear magnetic
resonance (NMR) and density functional theory (DFT) study
of electrolyte solutions based on organometallic complexes
with aromatic ligands. These solutions constitute a unique
electrolyte family possessing a wide electrochemical window,
making them suitable for rechargeable magnesium batteries. In
our previous study we identified equilibrium species in the
solutions based on a combination of Raman spectroscopy and
single-crystal XRD analyses,' and herein we extend our studies
to include multinuclear NMR analyses. These solutions are

w P
2 ) ¢’ J# ‘?
. . 2 -
J 4"}3\ I\ 1 /[‘3 J" I 9
2@ °9 2 Iaian,
P S P @2
y f Wl 22,
RS ot <« | 9
f w,-"m‘mwﬂ“(’ ‘W.x,v,\-wl s / \‘*ww 2 9

e —r—————
158 156 ppm 149 148 ppm

comprised of the metathesis reaction products of MgCl,_,Ph, and AICl;_,Ph, in various proportions, in THF. In principle, these
reactions involve the exchange of ligands between the magnesium and the aluminum based compounds, forming ionic species
and neutral molecules, such as Mg,Cl;"-6THF, MgCl,-4THF and AICl,_,Ph,~ (y = 0—4). The identification of the solution phase
species from the spectroscopic results is supported by spectral analyses of specially synthesized reference compounds and DFT
quantum-mechanical calculations. The current approach reveals new aspects about the NMR shift of the organometallic
complexes and, in particular, facilitates differentiation between ionic and neutral species.

B INTRODUCTION

In the early 2000s, we presented the first prototype of a
rechargeable magnesium battery.” This battery was realized
largely because of the development of novel complex
organometallic solutions of magnesium salts of the nominal
formula R, MgCl,_, R’ AICl,_,~ (R, R’ = n-butyl and/or ethyl, x
=0—2, y = 0—4) in THF. The standard solution was selected to
be the product of the metathesis reaction between MgBu, and
AICLEt at a ratio of 1:2 forming, technically, Mg(AICL,BuEt),.
This solution displayed favorable electrochemical character-
istics, with an electrochemical stability window of ~2.2 V (vs
Mg), specific conductivity of a few 10 Q' cm™, and
magnesium electrodeposition at 100% Coulombic efficiency.
Nonetheless, such organometallic solutions suffer from a
limited stability window, which hampers the possibility to
couple the Mg anode with high voltage cathodes. It was shown
that the weakest link that limits the oxidation stability is a
carbon—aluminum bond that breaks electrochemically through
a p-H-elimination.>* Thus, we theorized that replacing the
aliphatic ligands with phenyl, for which f-hydrogen elimination
is impossible, will lead to significantly more robust organo-
metallic complexes.

This new family of solutions is comprised of the metathesis
reaction products of MgCl,_,Ph, and AICl;_Ph, in different
proportions, in THF. These reactions involve the exchange of
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ligands between the magnesium and the aluminum based
compounds, forming ionic species and neutral molecules, such
as Mg,Cl;*-6THF, MgCl,-4THF and AICl,_,Ph,~ (y = 0—4).
These electrolytes will henceforth be referred to as “APC”. The
electrochemical stability of these solutions was measured by
cyclic voltammetry and found to display a window of ~3.3 V
(vs Mg)," proving that the basic hypothesis is correct.

In a previous paper’ we presented a comprehensive analytical
work, identifying nearly all the species existing in these
solutions. In the current article we focus on multinuclear
NMR studies in conjunction with DFT calculations, to
complement the previous analyses of the organometallic
complexes in THF. This combined approach allows identi-
fication of the entire range of species existing in the solutions
(with the exception of trace compounds). In particular, we
successfully differentiate between charged and neutral mole-
cules. The excellent agreement between the calculated spectra
and the trends obtained empirically resulted in the complete
determination of the solutions composition.
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B RESULTS AND DISCUSSION

Since the multinuclear NMR analysis provides vast amounts of
information, we found it logical to divide it into two sections,
namely, >C and *’Al NMR. The integration of the data gained
from *C and *’Al NMR provides detailed information on the
composition of the Al-based compounds. Thus, the current
work, which identifies Al-based compounds, in combination
with our previous identification of the remaining species
employing Raman spectroscopy, forms a complete picture of
the composition of this novel family of solutions.

DFT Calculated and Measured *C NMR. Previous 3C,
'H, Al and *Mg NMR analyses revealed that the information
extractable is restricted to the Al coordination number, i.e., the
number of organic vs inorganic ligands.*”” In fact, very little
could be gained from "*C, 'H and Mg NMR analyses. One
important limitation of the >’Al NMR spectra is that the CI and
THEF ligands affect the chemical shift in a similar manner. Thus,
with the widths of the typical spectra it was impossible to
differentiate between several pairs of molecules possessing the
same number of phenyl groups, yet a different THF and Cl
composition, e.g., AlPh;-THF and AICIPh;". In such cases, the
different types of composition reflect neutral (THF) vs ionic
molecules (Cl). Interestingly, the DFT calculations results for
the C NMR revealed coherent chemical-shift differences
between such pairs of neutral and ionic species, which allowed,
for the first time, to distinguish between them.

As was described in the previous account, correct selection of
the basis-set and the reliability of the calculated molecule
structures and their reconstructed spectra were ascertained by
comparison between empiric and calculated data for selected
pure compounds.

Table 1 below displays all the phenyl-ligand bearing Al and
Mg species that can possibly exist in APC-type solutions and

Table 1. Calculated *C NMR Peak Positions of ipso, ortho,
meta and para Carbons of the Phenyl in the Al and Mg
Species Using B3LYP/6-31+G(d,p)

carbon [ppm (vs TMS)]

molecule ipso ortho meta para
AICL,Ph™ 146.0 134.0 124.0 125.0
AICL,Ph-THF 136.3 134.6 124.1 126.2
AICL,Ph,~ 147.5 134.3 122.6 123.2
AICIPh, - THF 140.5 134.4 124.1 125.0
AICIPh;~ 153.2 134.7 122.6 121.7
AlPh;- THE 144.3 135.7 124.1 124.8
AlPh,~ 156.4 134.9 122.5 120.6
MgCIPh 165.8 142.0 127.0 126.0

their corresponding '*C NMR chemical shift obtained from the
DFT calculations.

The phenyl ligands possess four sets of carbons that can be
distinguished by NMR. Each of the carbons is affected
differently by the Al core. The complete set of data for each
of these carbons is listed below.

The peaks for phenylmagnesium chloride are also added.
This molecule is the only organomagnesium species ever
detected in our solutions under the limitation of our NMR and
Raman spectroscopies. It is used to estimate the reliability of
the DFT calculations of chemical shifts for our compounds.
The calculated TMS *C NMR peak was used as a reference
(see Experimental Section).

Several important results are presented in Table 1. (1) For
each molecule (Al-based and Mg-based) the ipso carbon
chemical shift is the largest, followed by the ortho carbon. (2)
The meta and para carbons are always shifted significantly less
than the ipso and ortho ones and show much smaller variability.
(3) The ipso carbon shifts for the ionic species increase with
increasing phenyl to Cl content ratio: (AICL,Ph™) 146.0 <
(AICLPh,”) 147.5 < (AICIPh,”) 1532 < (AIPh,”) 156.4. (4) A
similar trend is also observed for the ortho carbons, albeit with
significantly smaller values. The more organic ligands (i.e., less
Cl), the higher the chemical shift: (AIC,Ph™) 134.0 <
(AICLPh,”) 134.3 < (AICIPh;”) 134.7 < (AlPh,”) 134.9. (5)
The ipso and the ortho shifts for the neutral molecules also
followed the same trend, with a stronger effect for the ipso
position. (6) The opposite trend is obtained for the chemical
shifts of the para carbons, and a similar, although much weaker
trend, for the meta carbons.

The results for MgCIPh are also presented in Table 1. Its
purpose was both for the validation of the correlation between
the calculated spectra and the empirical data, and to serve as an
identifier for phenyl ligand containing species in case they exist
in the solution. The data show important features: The whole
set of peaks appear with appreciably higher chemical shifts, the
ipso carbon having the highest shift and the para the lowest.
Compared to the equivalent carbons on the Al species, the para
and meta carbon shifts are very close (difference of 2—3 ppm).
However the ortho and ipso shift is much higher, as expected on
the basis of the higher electropositivity of Mg and the "*C
NMR date reported in the literature for organo-phenyl
compounds.®

The DFT calculated *C NMR data for the above species
suggests that a reliable database compiling the related
experimental data may be utilized for spectroscopic identi-
fication of the various species in the family of APC solutions.
Specifically, the chemical shifts obtained from the calculations
suggest that reliable identification of the relevant solution
species can be realized by using a proper library of the ipso and
para NMR peak shifts as they prove to be species specific. This
teature adds cross-measurement certainty to Raman spectros-
copy, as described in the previous paper. Moreover, the ipso
chemical shifts complement the capability, unattained by
Raman spectroscopy, to differentiate between the “equivalent”
neutral versus anionic pairs (neutral and anionic species
containing the same number of phenyl ligands).

Comparison of the para, meta and ortho carbon shifts for the
ionic and neutral molecules with identical number of phenyl
groups reveals that their chemical shifts are nearly indistin-
guishable. For example, the chemical shift for the ortho carbon
in AICL,Ph,” is 134.3 ppm, whereas for the corresponding
“equivalent” neutral molecule, AICIPh, - THF, the shift is 134.4
ppm. This phenomenon has been demonstrated previously®
and is rationalized on the basis of the similar effect THF and Cl
have on the NMR chemical shifts of the phenyl para, meta and
ortho carbons. In contrast, the ipso carbon shifts exhibit unique
and significant differences between the neutral and ionic
“equivalent” pairs. The shift for AIPh;-THF is 144.3 ppm, while
for its “equivalent” ionic pair, AICIPh;™, it is 153.2 ppm: a
difference of 8.9 ppm. For the other two pairs, AICL,Ph,”/
AICIPh,- THF and AICL,Ph™/AICLPh-THF, the shift differ-
ences are 7.0 and 9.7 ppm, respectively.

As displayed by the DFT calculation, each of the para, meta,
ortho and ipso carbons has a range of chemical shifts centered
around a unique value. These shifts are very informative as they
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depend in a consistent manner on the nature of the molecule
(ionic, neutral, number of phenyl groups, etc.). Experimental
BC NMR limitations preclude the use of this tool to
differentiate between the different molecules through the para
and meta peaks. Fortunately, the spectral features for the ortho
and ipso carbons were obtained with sufficient quality to allow
distinguishing between the complexes.

We measured the *C NMR spectra for a wide variety of
THE solutions containing either single, known compounds or
the reaction products of MgCIPh with AICl;_,Ph, The
empirical shifts obtained followed the expected trend (from
the DFT calculated spectra): the higher the number of phenyl
ligands on the aluminum, the larger the chemical shift
(downfield).

Because of the lack of essential literature data on the spectral
properties of many of the relevant molecules, we first compiled
a spectral database by measuring the multinuclear NMR spectra
for solutions containing known compounds. The empirical data
was also correlated with the DFT calculated spectra. In a few
cases, where it was possible, pure compound solutions in THF
were measured for the library. In other cases, where a great
excess of a specific molecule was unequivocally identified by
other spectroscopies (*’Al NMR, Raman, SC-XRD), the *C
spectrum was also measured for the same purpose. In all other
cases the measured spectrum had to be carefully analyzed, as it
contained an equilibrium mixture of several molecules at an
unknown molar ratio.

Figure 1 presents the spectrum obtained in the spectral
region between 120—170 ppm. In this region there are number
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Figure 1. C NMR spectrum of 0.5 M MgCIPh in THF (shift vs
TMS).

of significant peaks that are related to the different carbons of
the phenyl group. The peaks at 123.9, 125.5, 141, and 170 ppm
correspond to the para, meta, ortho and ipso position,
respectively. Table 2 presents a comparison between the *C
NMR chemical shifts obtained with DFT and the measured
ones for MgCIPh. In both cases we used the TMS *C NMR
peak position as the reference for the comparison (see
Experimental Section).

Table 2 shows that once an appropriate reference data point
is selected, there is a very good correlation between the DFT
results and the measured ones. The computed trend is in
reasonable agreement with the observed trend, and the
chemical shifts are of similar magnitude. Such a correlation

Table 2. Calculated (B3LYP/6-31+G(d,p)) and Measured
3C NMR Comparison of Phenyl Carbons in MgCIPh (Shift
vs C3 of THF)

MgCIPh *C NMR [ppm (vs TMS)]

Cposition ipso ortho meta para
calc 165.8 142.0 127.0 126.0
measured 170.0 140.6 1258.5 123.9
A 4.2 -1.4 -1 -2.1

was also obtained in all the comparisons between the *C NMR
spectra obtained from the DFT and the measured ones (vide
infra).

MgPh, has frequently been used as a reactant in electrolyte
synthesis." the '*C spectrum for this molecule was indistin-
guishable from the one obtained for MgCIPh (see Figure S1,
Supporting Information). Thus, NMR measurements are not
practical for differentiation between MgCIPh and MgPh,, and
only elemental analysis achieved clear identification. (Raman
measurements were also inadequate in this respect because of
strong fluorescence interfering with the analysis).

Figure 2 displays the *C NMR spectrum for AlPh;-THF.
This is one of the two molecules we were able to obtain as a
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Figure 2. >°C NMR spectrum of 0.25 M AlPh;-THF in THF (shift vs
TMS).

single component in THF and thus was valuable for the
compilation of a reliable spectral database. Raman spectroscopy
for the solution proved that this solution contains only one Al-
based specie, and '"H NMR proved that this molecule is
AlPh; THF (and not AICIPh;™)."

The spectrum of this molecule was very valuable as it was the
first verified neutral molecule in of the APC family to be
identified.

Figure 2 presents the 120—160 ppm region and a
magnification of the 150 ppm region (insert). There are a
number of significant peaks that relate to the different carbons
on the phenyl group. The peaks at 126.9, 127.1, 138.2, and
147.9 ppm, correspond to the para, meta, ortho and ipso
carbons, respectively. As with the case of MgCIPh, a constantly
increasing shift was also observed in the DFT calculation
presented in Table 1.
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Figure 3. >C NMR spectrum of APC 1—4 (0.25 M AICL; and 1 M MgCIPh) in THF. Insert: Magnified 160—175 ppm region (shift vs TMS).
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Figure 4. >*C NMR spectrum of 0.4 M APC (0.4 M AICl; and 0.8 M MgCIPh) in THF (shift vs TMS).

The spectra presented below were measured in various
solutions, in which only partial molecular identifications were
obtained previously from Raman spectroscopy. In addition to
the partial knowledge regarding the solution chemistry, all these
solutions are expected to include multiple equilibrium species.
Because of the lack of resolution and the richness in peaks, in
most cases it was not possible to differentiate between the para

and meta carbon peaks of the different species. Therefore, our
analysis has to focus on the ipso and ortho carbons.
Unfortunately, the ipso carbon signal was usually very weak
and in some cases unobservable. Figure 3 displays the spectrum
of APC 1—4; this solution was synthesized from 0.25 M AICl;
and 1 M MgCIPh as described in the Experimental Section.
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Figure 5. *C NMR spectrum of 0.4 M APC + 0.8 M LiCl (0.4 M AICI3 and 0.8 M MgCIPh + 0.8 M LiCl) in THF (shift vs TMS).

From the Raman spectrum of this solution we identified the
main Al-species in this solution to be AlPh,".

As one can see, this spectrum is much richer in peaks, as
expected from solution containing several species in equili-
brium. Some of the species in this case, however, have very low
concentration. Figure 3 presents the 120—170 ppm region and
magnifications of two important regions. In this spectrum we
can see the peaks already presented in Figure 1, related to
MgCIPh (at ~123, ~125.5, ~141, and 170 ppm). The presence
of MgCIPh and its associated peaks is expected, as this solution
was synthesized with an excess of MgCIPh. Apart for the
features associated with this already identified molecule, four
new peaks are clearly seen, at 124.0, 125.4, 139.2, and 159.0
ppm. On the basis of the information obtained from Raman
spectroscopy, we ascribe these peaks to the para, meta, ortho
and ipso carbons of AlPh,”, respectively. A weak peak is also
observed at 128.4 ppm. This peak corresponds to benzene.”
Benzene is a common breakdown product of these organo-
metallic molecules; therefore, the presence of its traces in these
solutions is not unexpected. A unique feature in the spectrum is
the location of the ipso carbon, at 160 ppm. Because of its direct
bond to YAl it clearly displays the 6-fold splitting, resulting
from the spin coupling with the aluminum nucleus. For AlPh,~
these splittings are particularly visible because of the high
symmetry of the molecule. This splitting is not seen in the ipso
carbon features of the other molecules (AICIPh;~, AICL,Ph,”
etc.). Because of lower symmetry of these species, the peaks are
too weak and broad to show the fine splitting details.

Figure 4 presents the >*C NMR for 0.4 M APC solution (this
solution was synthesized from 0.4 M AICl; and 0.8 M MgCIPh
in THF). From previous Raman spectroscopy, it was
established that this solution contains a wide range of Al
species.1

‘When examining the peaks associated with the ortho carbons,
in the 135—140 ppm region, it can be determined that there are
4 different species in the solution (marked A to D). On the

basis of the understanding gained to date*'° and on the DFT
results, these peaks can be assigned as follows: 136.8 ppm to
AICL;,PhT, 137.5 ppm to AICL,Ph,”, 138.2 ppm to AICIPh;~
(see Figure 2) and 139.2 ppm to AlPh,~ (see Figure 3). On the
basis of the ipso carbon features, which will be thoroughly
discussed later, and supported by ionic conductivity measure-
ments, we conclude that these species are all ionic. In Figure 4
one can also observe the 6-fold spin coupled splitting of the
AlIPh,” peak at 160 ppm. Although weak, but still discernible,
one can identify the ipso carbon peaks of AICIPh;™ at 155 ppm,
and the ipso carbon peaks for AICL,Ph,™ and AICI;Ph™ at ~153
ppm.

Figure S presents the *C NMR spectrum for 0.4 M APC
solution containing 0.8 M LiCl (LiCl is added as electro-
chemical ionic additive'). On the basis of Raman analysis, this
solution was determined to contain AICIPh;~ that is the main
Al-based species. Figure S displays the measured *C NMR
spectrum of 0.4 M APC solution + 0.8 M LiCl in THF.

In the 140 ppm region, the same 4 peaks presented in Figure
4 are also observed. However, in this solution, the peak at 138.2
ppm (A) is much stronger than the other three. This peak is
assigned to the ortho carbon for AICIPh;”. From the peak
integration it is evident that this molecule exists in excess.
Comparison between this spectrum and that for AIPh;-THF in
Figure 2 reveals the difference between the chemical shifts for
the “equivalent” ionic and the neutral molecules. A unique and
significant spectral difference is seen, as predicted from the
DFT calculations, in the ipso carbon chemical shift, in the 150
ppm region. From Figure 2, it is found that the ipso carbon
peak for AIPh;-THF is at 147.9 ppm, whereas the “equivalent”
anion, AICIPh;~, shows the ipso carbon peak at 155.6 ppm. The
experimental difference in position between these two peaks is
about 9 ppm, close to the DFT results that predicted a
difference of 10 ppm. These results complete the identification
of the variety of species present in APC-type solutions by *C
NMR, including the possibility to distinguish between neutral
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and ionic molecules. Further corroboration of the peak
assignments for the spectra in Figures 3, 4, and $ are given
in the Figures S2—S4 (Supporting Information).

Two practical conclusions can be derived from meticulous
examination of the empirical *C NMR spectra for the APC-
family of organometallic complex solutions: (1) The peak
position of the ipso carbons can be utilized to distinguish
between neutral and ionic molecules, otherwise equivalent both
in Al NMR and Raman spectroscopy. (2) The peaks position
of the ortho carbon can be used to determine the number of
phenyl ligands bound to the aluminum.

Table 3 summarizes the measured *C NMR peaks positions
of the ipso and ortho carbons as obtained from Figures 3, 4, S

Table 3. Measured *C NMR Peaks Positions of ipso and
ortho Carbons of the Phenyl in the Al and Mg Species

carbon [ppm (vs TMS)]

molecule ortho ipso
MgCIPh 140.6 170.0
MgPh, 140.6 170.0
AlPh,~ 139.2 159.0
AICIPh;~ 138.2 155.6
AICLPh,” 137.3 152.9
AICL,Ph~ 136.6 152.9
neutral n/a n/a
AlPh,- THE 138.2 147.9

and Figures S2—S4 (Supporting Information). This is used in
the following tables for the comparison between the measured
and the calculated peaks positions.

The DFT results presented at the beginning of the paper
predicted that the more phenyl groups attached to the Al, the
higher the ppm value of the ipso and ortho carbon. Moreover,
the DFT calculations predicted that the corresponding
chemical shifts for the organomagnesium species will be
downfield. It can be seen from Table 3 that the trends in the
measured chemical shifts for all the above organometallic
compounds follow those predicted by the DFT calculations.

In order to highlight the correlation between the DFT
calculations results and the measured spectra, Table 4 compares
the chemical shift (vs TMS) of a specific carbon type (ortho,

Table 4. Calculated (B3LYP/6-31+G(d,p)) and Measured
13C NMR Chemical Shifts (vs TMS) of ipso and ortho
Carbons of the Al-Species

ionic molecules: ortho carbon

AlPh,~ AICIPh;~ AICLPh,~ AICL,Ph™
calculated 134.7 134.7 134.3 134
measured 139.2 138.2 137.3 136.6
A 4.5 3.5 3 2.6
ionic molecules: ipso carbon
AlPh,~ AICIPh;~ AICLPh,~ AICL;Ph~
calculated 1554 153.2 147.5 146.0
measured 159 155.6 152.9 152.9
A 3.6 2.4 54 6.9
neutral molecules: ipso carbon
AlPhyTHF  AICIPh, THF  AICLPh-THF
calculated 144.3 140.5 136.3
measured 147.9 n/a n/a

ipso of the ionic molecules and ipso of the “equivalent” neutral
molecules) obtained from the DFT calculations and the *C
NMR measurements.

From Table 4 it can clearly be seen that the DFT calculations
reproduce fairly well the '*C NMR shifts for the phenyl Mg and
Al organometallic compounds. In some cases, the difference
between the calculated values and the measured are as low as
2.6 ppm.

DFT Calculated and Empirical Al NMR. Previous
studies of a homologue series of aliphatic organometallic
complexes,'® and related work,"' ~'* have shown that 2’Al NMR
contains invaluable structural information. In many cases it can
be used to shed light on structural and chemical aspects of
aluminum-based molecules. This is despite the quadrupolar
YAl nucleus,” which causes peak broadening. It has been
shown,® as a rule of thumb, that the coordination number of
the aluminum core atom is the primary influencing parameter
on the chemical shift. To a lesser degree, but still significantly,
the ligand’s nature influences the chemical shift in an additive
and predictable manner: while inorganic ligands, like CI7, drive
the chemical shift upfield, organic ligands drive the chemical
shift downfield. In this respect, it was previously shown that
highly polar donor ligands, such as THF, influence the chemical
shift in an identical manner to CI™. These phenomenological
features combined with DFT calculations and Raman spec-
troscopy facilitate complete identification of all species in these
complex, multicomponent organometallic equilibrium solu-
tions.

In contrast, the Mg NMR spectra are much less informative
and usually too broad and weak to be of help in structural
determination. In addition, the Mg NMR spectra demonstrate
much smaller chemical shift variations.

Table S lists the 2’Al NMR shifts obtained from the DFT
calculations (B3LYP/6-31+G(d,p)) for the various molecules,
as described before. The peak for AICL,THF was taken as a
reference.

Table S. Calculated ’Al NMR Chemical Shifts for the Al
Species Using B3LYP/6-31+G(d,p)

DFT calculated 2’Al NMR shift

molecule chemical shift [ppm]
AICl, THF 0.0
AICI,” 02
AICL,Ph™ 17.5
AICL,Ph-THF 194
AICl, Ph,~ 323
AICIPh, THF 36.4
AICIPh;~ 439
AlPh, THF 2.1
AlPh,” 283

The results of the DFT calculations listed in Table 5 show a
clear trend in the chemical shifts. As was shown before, the
chemical shift depends on the Ph:Cl™ ratio for all the
tetracoordinated molecules. Moreover, THF as a ligand
influences the chemical shift in a qualitatively similar way to
the inorganic ligand, but quantitatively different. As a general
rule, it can be said that the higher the Ph:Cl™ ratio, the higher
the chemical shift for these tetracoordinated organometallic Al
based coordination species.
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Interestingly, AlPh,” is an outlier in this respect. This
molecule’s 2’Al NMR peak appears at a significantly lower ppm
than expected on the basis of the constantly increasing chemical
shift with increasing number of phenyl ligands. This
phenomenon is still not fully understood. However, since this
phenomenon is both predicted by the DFT calculations and
obtained in the NMR measurement, it suggests that it reflects
subtle changes in the electronic structure of the tetracoordi-
nated, all organic ligand, molecule. It is important to note here
that the very same phenomenon was revealed for the series of
organo-halo aliphatic (ethyl, butyl) compounds, the DCC
family of electrolytes.'®

Also, the differences in the chemical shifts obtained for
“equivalent” neutral ionic pairs, show a constant trend: the
chemical shift for the neutral molecule is usually higher than
that of its “equivalent” anionic. For example, the *’Al peak for
AICL,Ph™ is 17.5 ppm, while its neutral “equivalent”,
AICL,Ph-THF is at 194 ppm. The pair AICI;-THF and
AICIl,” is an exception to this trend, although the differences
in the chemical shifts are exceedingly small. As will be shown
later, most of the trends obtained above from the DFT
calculations were observed in the measured spectra for the
molecules that could be synthesized.

Figure 6 displays two *’Al NMR spectra, (a) for 0.25 M AIC,
in THF and (b) APC 1—4.
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Figure 6. Al NMR spectra of (a) 0.25 M AlCl, in THF and (b) APC
1—4 (AIPh, Mg,CL" in THE).

0.25 M AICl,; in THF contains mainly the tetracoordinated
AICl;- THF and its measured NMR peak is at 60.4 ppm (Figure
6a).° Figure 6b, presents the Al NMR spectrum for APC 1—4
solution. The *C NMR spectrum for the same solution was
presented in Figure 3. The main Al species in this solution was
proven to be AlPh,”. Thus the peak at 131.9 ppm is assigned to
the AIPh,”. Both AIPh,” and AICl;-THF display sharp and
strong peaks. Because of its high symmetry, AlPh,” displays the
sharpest and highest peak among all the current *’Al NMR
spectra.

Further confirmation of the existence of AlPh,” in the APC
1—4 solution came from a complementary measurement of
solid state Al NMR. As was described in a previous paper,’
crystals precipitated from APC 1—4 solutions were identified as
AlPh, Mg, Cl;" by SC-XRD. Figure 7 below presents the solid
state *’Al NMR spectrum of these crystals.

As in the case of the solution spectra, solid state Al NMR
for AIPh,” shows very sharp peaks owing to its high symmetry.

WLMM

T T T T
400 300 200 100 000 ppm

Figure 7. Solid-state Al NMR spectrum of the AlPh, Mg,Cl".

All the other *’Al NMR spectra display wider and weaker
peaks, as presented in Figure 8, below.

The spectrum of AlPh;-THF in THF in Figure 8a exhibits a
single peak at 142.3 ppm with a weak, but noticeable shoulder
to the right, presumably associated with traces of the reactant
AICI;. Figure 8b displays the spectrum obtained from the APC
2—1 solution. This solution was shown, on the basis of Raman
and *C NMR (Figure S3, Supporting Information), to contain
a mixture of AICL;Ph~, AICl,~ and AICl;-THF. The peak for
AICl;- THF can clearly be seen in the 60 ppm region.® The ¥’Al
NMR for AICI," is reported to be located at around 102—108
ppm,' and thus it can be inferred that the wide peak at 102.5
ppm is a superposition of the two peaks associated with
AICL,Ph™ (~107.0 ppm, Figure SS, Supporting Information)
and AICl,” (~100.0 ppm, Figure SS, Supporting Information).
Figure 8c displays the spectrum obtained from 0.25 M APC,
the standard working electrochemical solution. It was shown
previously by Raman and C NMR to contain a very wide
array of species in equilibrium." This spectrum is displayed in
order to emphasize the difficulty in the analysis of these
complex organometallic compounds solutions. Figure 8
illustrates the need for the combined work of multinuclear
NMR and Raman spectroscopy, with the aid of high quality
DFT calculations for the reliable peak associations. As can be
seen in Figure 8, apart from two clearly identifiable peaks, the
spectrum displays very wide and smeared overlapping features
associated with a variety of species. Additional spectra are
displayed in Figures SS and S6 (Supporting Information)
supporting the remaining peak assignments.

Table 6 summarizes and compares all the measured and DFT
calculated ’Al NMR peaks for the above organometallic
compounds. For simplicity the NMR shifts in Table 6 are
referenced to AlCL,.

Interestingly, despite the relatively large difference between
the calculated and the measured chemical shifts, the same
general trend can be observed: more organic ligands attached to
the Al results in a higher chemical shift. Also, the exception to
the trend related to the AlPh,” chemical shift is also predicted
by the DFT calculations. Increasing the basis set with the
B3LYP functional does not significantly change the chemical
shifts. However, slightly better agreement with experiment is
obtained with the mPWI1PW91 functional with a larger basis
set.””'® We note that calculating »Al chemical shifts is
challenging for modern DFT methods,"” although the errors
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Figure 8. ”’Al NMR spectra of (a) 0.25 M AlPh,- THF, (b) APC 2—1 (0.25 M AICl, + 0.125 M MgCIPh), and (c) 0.25 M APC (0.25 M AICl, + 0.5

M MgCIPh). All spectra were measured in THF.

Table 6. Calculated and Measured >’Al NMR Comparison of
the Al-Species

Al NMR (ppm vs AICL;)
AICl,”  AICLPh- AICLPh, AIPh, THF AlPh,

calculated 0.2 17.5 323 52.1 283
(ppm)*

calculated 6.9 21.8 353 n/a n/a
(ppm)

measured 42—48 47.0 60.0 82.3 72.0
(ppm)

“B3LYP/6-31+G(d,p). “mPW1PW91/Aug-cc-pVTZ.

herein are somewhat larger than what is typically observed for
YAl species. We also computed the 'J(*’AL"C) coupling
constants for AIPh,”. The computed value using mPWPW91/
6-31+G(d,p) is 74.9 Hz (while the measured value from our
experiments was 96.0 Hz), comparable to the computed value
for Al(t-Bu); of 76.3 Hz.”® In spite of the significant differences
between the calculated and the empirical results for the
chemical shifts, the importance of the *’Al NMR analysis to
fully unravel the existing species of the metallic—organic
solutions is demonstrated.

B CONCLUSIONS

In this paper we completed the identification of the equilibrium
species in the APC family of electrolyte solutions formed by
reacting MgCIPh and AICl; in THF. Multinuclear NMR
combined with Raman spectroscopy, elemental analysis and
DFT calculations were utilized to carry out this complex
endeavor. Both the Al and Mg based species, neutral and ionic,
were identified, and their spectral features were reported. It was
shown that for the complete elucidation of the various mixtures
of equilibrium compounds, the combined use of *C, Al NMR
and Raman spectroscopic measurements is crucial. Each of the
spectroscopic techniques is used for the identification of
particular pieces of the complete picture, and only the
combined work can lead to complete analysis. NMR, like
Raman spectroscopy, is especially suited for the task of
identifying the equilibrium solution species of these organo-
metallic compounds under identical conditions to those
exercised during the electrochemical measurements. The
analysis of the APC electrolytic system is particularly important,
as it is one of the most advanced electrolyte solutions for
rechargeable magnesium batteries with operating voltage of up
to 3 V. The spectroscopic methods and the spectral database
obtained in this work can be valuable for the analysis of similar
complexes and organometallic species in other fields, such as
organic synthesis and polymerization catalysis.

B EXPERIMENTAL SECTION

All the syntheses and electrochemical measurements were carried out
under pure argon atmosphere (99.999%) in a M. Braun, Inc,, glovebox
(less than 1 ppm of water and oxygen).

Chemicals and Syntheses. All electrolyte solutions were
synthesized according to the same basic procedure: First, AlICI,
(Aldrich, anhydrous, 99.999%) in THF (Aldrich, 99.9%, less than 20
ppm water) solution was prepared in the desired concentration by very
slow addition to the vigorously stirred solvent. Then, this solution was
added dropwise to a predetermined quantity of 2 M phenylmagnesium
chloride (MgCIPh) solution in THF (Aldrich). Both reactions are very
exothermic. The resulting solution was stirred for additional 16 h or
more (at room temperature).

The family of electrolytes containing phenyl ligands in various
proportions are referred to in this paper as “APC” (all phenyl
complex). Electrolyte concentrations are reported in terms of the
aluminum-based species concentration. If not indicated otherwise, the
AICl; to MgCIPh ratio is 1:2. Thus, a 025 M APC solution is
synthesized by reacting equal quantities of 0.25 M AICl; and 0.5 M
MgCIPh in THF. The standard electrolyte, to which others are
compared, is 0.25 M APC, as it exhibits favorable electrochemical
properties. In cases where solutions were prepared with AICl; and
MgCIPh at ratios other than 1:2, they are denoted as APC m:n
solutions (m and n are the relative amounts of AICl; and MgCIPh,
respectively). Unless otherwise noticed, the AICl; concentration that
was used in all of the solutions was 0.25 M.

Synthesis of AlPh;-THF Reference Compound.?' A 2 M THF
solution of phenylmagnesium chloride (22.5 mmol) was slowly added
to a 1.2 M solution of AICl; (1.0 g, 7.5 mmol) in THF (6.25 mL) at 0
°C. The solution was then stirred for 14 h at rt, after which the solvent
was removed under reduced pressure. The solid residue (mainly
MgCl,) was separated and removed by toluene extraction and
centrifugation. The white powder left after toluene removal contained
mainly AlPh;-THF with less than 10% (molar) MgCl,. NMR indicated
a Ph:THF ratio of 3:1.'

MgPh, syntheses followed well-documented procedures.**

Nuclear Magnetic Resonance. NMR spectra of the solutions
were measured with a Bruker DMX-600 spectrometer. Solutions of
different concentrations and ratios of reagents in THF were measured
in 8 mm NMR tubes without a deuterium lock. "*C chemical shifts are
reported in the figures relative to TMS. *Al chemical shifts are
reported relative to external references: a solution of AICl; in H,O. All
the measurements were performed at room temperature (25 + 2 °C).

DFT Computations. All aluminum core geometry optimizations
were performed at the B3LYP/6-31+G* level of theory.”* >
Magnesium core geometry optimizations were done at the B3LYP/
CEP-31+G* level in the gas-phase and in solution. The solvent (THF,
€ = 7.58) was taken into account via the IEFPCM model?
Theoretical NMR spectra were calculated at the B3LYP/6-31+G(d,p)
level in solution, as well as with the mPWI1PW91 functional”” in
conjunction with the Aug-cc-pVTZ basis set.”** For comparison
between the calculated and the measured "*C NMR, the peak position
of the carbon in TMS (192.981 ppm as obtained from the DFT
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calculation) was used as a reference. All calculations were performed
using Gaussian 09 package.30

B ASSOCIATED CONTENT
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Supporting Figures S1—S6. This material is available free of
charge via the Internet at http://pubs.acs.org.
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