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Abstract: In this contribution we report on the develop-
ment and application of modern NMR approaches for the 
in situ characterization of the crystallization of metastable 
materials. The work was performed within the framework 
of the DFG priority programme SPP 1415 “Crystalline Non-
Equilibrium Phases”. As one of the goals of this project, 
the development of a NMR methodology which enables 
an analysis of local structural motifs on short (1–2 Å) and 
extended (2–6 Å) length scales without the need for fast 
magic angle spinning (MAS) has been defined, since the 
enormous centripetal forces which occur during fast sam-
ple rotation (up to 107 g) may intervene with the chemical 
or physical process which is being monitored. To achieve 
this goal, we developed a magic angle turning probe and 
pulse sequences allowing to trace the isotropic chemical 
shifts and heteronuclear dipolar couplings and hence the 
determination of structural motifs on short and interme-
diate length scales. With the implementation of novel 
inductive heating approaches the range of accessible 
rotation frequencies for in situ high temperature NMR 
measurements has been enlarged, now covering the νMAS 
range of 0–10 kHz with an accessible temperature of up 

to 700 °C. Application of NMR methodologies for the char-
acterization of crystallization processes and the structure 
and dynamics of novel phases, partially in joint collabora-
tions within the priority program, are also reported.

Keywords: crystallization processes; ionic conductors; 
solid state NMR.

Introduction
Solid state nuclear magnetic resonance spectroscopy has 
developed into one of the most powerful methods for the 
structural characterization of local structural motifs on 
short (1–2 Å) and intermediate (2–6 Å) length scales during 
the last two decades. Especially in systems which are 
lacking translational periodicity or exhibit a high degree 
of disorder, solid state NMR spectroscopy can contribute 
significantly to the identification of local structural motifs, 
such as coordination polyhedra, connectivity patterns, 
etc. Especially the introduction of magic angle spinning 
(MAS) [1, 2] enabled the identification of the immediate 
bonding environment of the investigated nuclear species, 
allowing e.g. to quantitatively identify borate, phosphate 
or silicate polyhedra with different coordination numbers. 
Novel methods such as multiple quantum MAS (MQMAS) 
[3–7] or related methods such as satellite transition MAS 
(STMAS) [8–10] or satellite transitions acquired in real 
time MAS (STARTMAS) [11] proved to be helpful in the 
case of nuclei exhibiting a strong second order quadrupo-
lar interaction.

These and related methods have found countless 
applications in the study of ceramics, glasses and frame-
work structures such as aluminophosphates or zeolites 
and contributed enormously to the study of the local 
structural motifs in these materials [12–31].

Structural motifs on a length scale of 2–6 Å may be 
analyzed via an exploration of the homo- or heteronu-
clear dipole coupling interactions between pairs of nuclei 
– these scale with the inverse cube of the internuclear 
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distance – under the high resolution conditions of fast 
MAS. A large variety of advanced methods to quantitatively 
determine the homo- and heteronuclear dipolar couplings 
and to analyze these with respect to distance sums and 
geometries have been introduced over the last two decades. 
These studies provide detailed information about the con-
nectivity motifs in solid materials and about the spatial 
distribution of chemical species. Methods for the analysis 
of the homonuclear dipole couplings such as 2D exchange 
[32, 33], 2D radio frequency driven recoupling (2D-RFDR) 
[34, 35] or 2D-double quantum NMR experiments [36–38] 
as well as rotational echo double resonance (REDOR) 
[39–41] and related methods [42–44] for the analysis of the 
heteronuclear dipolar couplings contributed enormously 
to the identification of connectivity motifs in solids [45–49] 
and found their way into the standard inventory of solid 
state NMR spectroscopy. Alternative approaches tracing 
the homo- and heteronuclear scalar J-couplings and thus 
directly proving the existence of chemical bonds between 
the involved nuclei have been developed more recently. 
Approaches which are well established in liquid state NMR 
such as INEPT, INADEQUATE, HMQC or COSY could be 
successfully adapted to solid state NMR by Fyfe, Emsley, 
Massiot and others [50–57].

All these methods, however, rely on the averaging due 
to MAS, resulting in well-resolved lines which allow for the 
separation and identification of the various species present 
in the sample under investigation. In cases in which the MAS 
process is incompatible with the problem to be studied (e.g. 
in the case of the study of real catalytic processes or if the 
fast MAS process may intervene with the physical or chemi-
cal process under study) the results obtained from such an 
MAS experiment may not be representative for the studied 
process itself. When studying the crystallization of a boron-
containing zeolite Freude and coworkers [58] observed 
that the crystallization rate slows down by an order of 
magnitude when observing the crystallization under MAS, 
compared to the crystallization of a non-spinning, but oth-
erwise identical sample. One has then to resort to static, 
non-spinning conditions resulting in broad lines which 
usually renders a straightforward and unequivocal assign-
ment impossible, thus severely aggravating the analysis. A 
NMR methodology which would allow to characterize not 
only the structural motifs on a length scale of 1–2 Å via an 
evaluation of the isotropic chemical shift information but 
in addition provide information about extended structural 
motifs (2–6 Å), albeit without the need of fast sample spin-
ning therefore would significantly widen the inventory of 
solid state NMR spectroscopy. The development of such an 
approach marks one of the goals of this project within the 
priority program [59].

Another point in which the available approaches are 
rather limited pertains to MAS experiments at high tem-
peratures and high spinning speeds. Indeed, methods 
are available allowing MAS experiments at temperatures 
of up to 800 °C, however, the MAS frequency is limited 
to ca. 4–5 kHz. This, especially in the case of disordered 
or amorphous samples which exhibit quite a distribution 
of isotropic chemical shift values, renders a considerable 
overlap of center- and spinning sidebands. This severely 
complicates a straightforward analysis of, e.g. crystalliza-
tion processes of phosphate phases from an amorphous 
matrix (vide infra) or the evaluation of chemical exchange 
processes via an analysis of the temperature dependent 
evolution of the MAS NMR line shape.

In further activities within the priority program 
modern NMR methodologies were applied to aid in the 
characterization of the first steps of the crystallization of 
novel metastable phases and for the characterization of 
the structure and dynamics of these novel phases [60–
63]. Among the various materials studied, two systems 
representing ion conductors were studied in detail. The 
crystallization of lithium aluminogermano phosphate 
(LAGP) from an amorphous matrix, either prepared via 
melt-quench or sol-gel processing – results in a mate-
rial exhibiting extremely promising properties in terms 
of mechanical stability, electrochemical performance 
and ionic conductivity. Starting formally from the Al free 
parent compound, lithium germanophosphate (LGP) the 
replacement of Ge with Al/Li introduces excess Li which 
then exhibits extreme Li mobility. However, the details of 
the crystallization of these phases from the amorphous 
phase and the details of structure and Li transport in these 
materials are only partially understood and have been 
investigated in detail within this project. Specifically, we 
will report a detailed study of the structural evolution in 
these materials upon annealing from dipolar MAS NMR 
experiments such as 27Al{31P}-REDOR, 31P{27Al}-rotational 
echo adiabatic passage double resonance (REAPDOR) or 
27Al{7Li}-REDOR NMR. Another class of metastable crystal-
line materials with outstanding (an)ion transport proper-
ties are mixed metal fluorides such as Ba1 − xLaxF2 + x. Known 
to be fast fluoride ion conductors for decades, the origin 
of the fast conductivity and even the microstructure of 
these compounds remain to be clarified. Mechanosynthe-
sis enabled the preparation of Ba1 − xLaxF2 + x over the whole 
range of compositions which allowed new insights into 
the structural evolution of these compounds going from 
the fluorite structure of the BaF2 to the tysonite struc-
tured LaF3. Furthermore, we investigated the synthesis of 
SrMgF4, which turned out to be accessible via high-energy 
ball milling. Although XRD studies help to follow the 
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global structural evolution, 19F-MAS NMR spectroscopy 
may offer further insights into the evolution of the micro-
structure with composition, allowing for an identification 
of the various fluorine coordination spheres FM4 − xM′x. 
First steps were done in the investigation of the structure 
of a new polymorph of SnF2. Its high lability impeded the 
use of other techniques like TEM to solve the structure of 
the nanosized crystallites.

Results
The organization of this section is as follows. The first 
part is devoted to novel NMR methods, specifically novel 
dipolar based magic angle turning techniques (Section 
“Development of dipolar NMR spectroscopy without fast 
magic angle spinning”) and the realization of high tem-
peratures for in situ measurements employing inductive 
heating (Section “Towards high-temperature high speed 
MAS”). Subsequently, results from the application of NMR 
approaches to two selected projects from within the prior-
ity program will be reported.

Specifically, the study of the crystallization of LAGP, 
one of the most promising crystalline solid electrolytes 
for application in Li batteries, from a glass matrix and the 
characterization of the resulting phases will be addressed 
in Section “Crystallization of LAGP from amorphous alu-
minogermanophosphate glasses”. Finally, in the Section 
“NMR investigations of metastable fluorides”, the synthe-
sis and characterization of complex metal fluorides will 
be reported.

Development of dipolar NMR spectroscopy 
without fast magic angle spinning

As outlined in the introduction, the development of an 
NMR methodology which would allow to obtain struc-
tural information on short (1–2 Å) and intermediates (2–8 
Å) length scales without having to resort to a fast sample 
spinning marked one of the central goals of the project. 
In principle, the high resolution which can be obtained 
under the conditions of fast MAS is also achievable when 
correlating the magnetization from a sample which is 
under the magic angle at three different rotor positions 
which are separated by 120° [64, 65]. Figure 1 illustrates 
the principle of this process, which may be realized either 
by discrete hops between the three positions (magic angle 
hopping) [64, 65] or by continuous sample rotation (magic 
angle turning) [66]. It is important to note that these rota-
tion frequencies are in the range of 0–100 Hz, thus the 

Fig. 1: Schematic representation of the principle of magic angle 
hopping and magic angle turning. Dashed rectangles represent 
90° pulses bringing the magnetization into the xy-plane, the filled 
rectangles 90° pulses, which select either the sin- or the cos-com-
ponent for storage along z.

generated g-forces are several orders of magnitude lower 
than in conventional MAS NMR experiments. Only one 
component, either the sin- or the cos-component is stored 
in the z-direction via the storage pulses (filled rectangles 
in Figure 1). Then, a 2D Fourier transformation produces 
a two-dimensional spectrum in which the full chemical 
shift information is retained in the direct dimension (F2), 
whereas the indirect dimension only contains the iso-
tropic parts of the chemical shift tensor.

The magic angle hopping version, introduced by Bax 
in 1983 [64], may suffer from imprecise positioning of 
the sample; the development of the continuous rotation 
method (at spinning speeds of 0–100 Hz) as introduced by 
Gan in 1992 [66] marks a considerable progress. The con-
tinuous slow rotation is easier to achieve and maintain 
throughout the course of the experiment, today most state 
of the art NMR probes can be set to slow spinning speeds 
and are suitable for MAT experiments, even though some 
restrictions still apply.

Especially under the very low speeds (100  Hz and 
less) applied, small variations in the rotation frequency 
may severely affect the resulting spectrum. This is shown 
in Figure 2, in which hypothetical MAT spectra of a I = ½ 
nucleus exhibiting exclusively CSA interaction (δiso = 2 
ppm, δCSA = 112 ppm, ηCSA = 0, B0 = 9.4 T) at a MAT frequency 
of 30 Hz are plotted as a function of the rotor frequency 
mismatch. As variations of this magnitude are very normal 
for the conventional air-driven spinners as implemented 
in all commercially available MAS probes we decided to 
resort to a mechanical, gear-driven rotation. The probe 
has been designed to provide stable rotation in the range 
of 1–100 Hz, facile setting of the magic angle and a double 
resonance layout of the resonance circuit to allow for 
dipolar based experiments. Further, the probe design has 
been intended to allow for further modifications such as, 
e.g. sample heating.

Hardware: In the MAT probe prototype developed 
during this project the electromotor which accomplishes 
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the sample rotation (via a set of gears and bevel gears) had 
to be positioned outside the stray field of the magnet.

The implemented electric step motor (SANYO Electric 
Stepsyn 242H) provides step sizes of 0.225°, 0.45°, 0.9° 
and 1.8°, generating sufficient torque to allow to multi-
ply the speed via a set of gears. In the setup, a 1:3 (at the 
motor) and a 1:2 transmission ratio (in the tubular part of 
the probe) were applied, resulting in a six-fold increase 
of the rotation frequency. This allows the usage of the 
smaller step size, resulting in a smooth rotation during 
the experiment. An experimental setup with purely gear-
driven sample containers has been reported by Bax [64], 
however, with the electromotor of the ensemble placed on 
top of the magnet, which impedes a quick installation and 
removal of the complete MAT probe.

The motor and the driving electronics (SANYO Elec-
tric PMM-MD-23220-21) are mounted in an aluminum 
casing on one end, where the tubular part of the probe 
arises from the other end. The tubular part is supported 
by a brazen pillar and houses the circuit electronics and 
the Hall probe for the adjustment of the magic angle. To 
be able to adjust the magic angle, two bevel gears are 
used near the sample container (cf. Figure 3). These two 
gears do not mesh together as flawlessly as the remain-
ing gears do, thus under heavy duty some abrasion of 
brass was observed. A second bearing had to be secured 
to the rod meshing with the angled bevel gear to reduce 
abrasion due to jittering. It should be noted that our setup 

principally allows magic angle hopping, however, magic 
angle turning is far less demanding for the hardware.

While all gears were made from brass, the bevel gear 
at the lower end of the rotor had to be manufactured from 
polyoxymethylene to avoid heating effects.

To aid in the setting of the magic angle, a Hall probe, as 
implemented by Levitt and coworkers [67], is incorporated 
in the angle-adjustable part of the probe. The Hall probe 
(LakeShore HGCT 3020) is controlled via an in-house built 
assembly, allowing different supply currents from 1 to 
300 mA (100 mA were typically used) and resulted in Hall 
voltages in the range of ± 300 mV. As all four wires leading 
to the Hall probe in the top of the probe act as antennas 
when used, the Hall probe should be disconnected after 
the initial setup of the magic angle.

The motor was controlled via LabVIEW routine, 
which was run on an external computer equipped with a 
National Instruments PCI 6221 card and connected to the 
National Instruments BNC 2121 connector block.

To allow for dipolar based NMR experiments, the 
resonance circuit (cf. Figure 4) was designed as a double 
resonance circuit.

Testing the MAT probe: The functionality of the MAT 
probe was tested employing a binary phosphate glass 
55K2O−45P2O5 as a test sample, which was doped with 
small amounts of MnCO3 to shorten the T1 relaxation of 
31P. For this glass composition we expect the presence of 
two distinct 31P NMR signals from two different network 

Fig. 2: Effect of a deviation from the set rotor frequency for the indicated values. Even for deviations as small as 1–2 Hz the pulse sequence 
runs out of synchrony entailing a drastic broadening of the projections onto the vertical (F1) axis.
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developed by Bax and Gan as well as the PHORMAT 
(PHase cORrected MAT) [68] experiment rely on projecting 
the magnetization back and forth from the z-direction, in 
the FIREMAT (FIve π REplicated MAT) [69] approach the 
magnetization is kept in the xy-plane.

In the current implementation, only two projections 
of the magnetization onto z were used (cf. Figure 5), as this 
approach retains the highest fraction of magnetization 
[64, 66]. The detection commences immediately following 
the fifth pulse, thus recording the full echo and entailing 
a spectrum which has to be sheared. Figure 6 collects the 
unsheared and sheared 2D 31P MAT spectrum of the 55K2O–
45P2O5 glass, obtained at a rotation frequency of 33.3 Hz. 
In the projection of the 2D spectrum onto the F1 axis the 
two signals from Q1 and Q2 phosphate groups are clearly 
resolved. Thus, even for amorphous phosphate samples 
with their inherent distribution of chemical shifts the 
signals can be clearly resolved, even at a spinning speed 
of 33.3 Hz.

Although the S/N ratio achievable with the home-built 
MAT probe seems to be a bit limited, with the spectrum 
presented the functionality of the MAT probe has been 
successfully proved, thus principally allowing to obtain 
high resolution isotropic chemical shift information 
without the need to apply fast MAS. However, as the final 
completion of the probe has been achieved just shortly 
before the end of the priority program, the dipolar based 
MAT experiments were developed and tested employing a Fig. 3: Prototype MAT probe for dipolar based NMR experiments: 

The electromotor is located at the lower right end side of the 
L-shaped assembly. Employing a set of gears, the rotation is trans-
ferred to the sample container (see insert).

Fig. 4: Resonance circuit of the MAT probe: CM(LF) and CM(HF) are the 
matching capacitors for the high frequency (80–180 MHz) and low 
frequency (33–63 MHz) side of the circuit, CT(LF) and CT(HF) the corre-
sponding tuning capacitors. All capacitors cover a range of 1.5–52 pF. 
The coils L1 (4 turns, ∅ 7 mm) and L2 (2.5 turns, ∅ 7 mm) are made 
from a silver-coated copper wire with L1 being the measuring coil.

polyhedra [59], Q1 (chain end) units at −5  ppm and Q2 
(chain) units at −20 ppm. A variety of different pulse 
sequences have been designed for the implementation 
of the MAT principle. Whereas the original sequences 

Fig. 5: Schematic representation of MAT and dipolar MAT pulse 
sequences used in this work: (a) five pulse MAT as introduced by 
Gan et al., (b) dipolar MAT: The MAT block is followed by a two cycle 
REAPDOR sequence. The pulses within the dipolar block are π-
pulses (X channel) and a τr/3 pulse (Y-channel, with τr denoting the 
MAT period). Setting the pulse power of the dark grey pulse on the 
Y-channel to 0 W constitutes the reference experiment.
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conventional 4 mm MAS NMR probe from Bruker, in com-
bination with a Bruker NMR RockSolid unit which allows 
stable spinning speeds as low as 30 Hz.

As the results of the implementation of dipolar based 
NMR approaches into the MAT approach have been 
described in detail in a previous publication, only the 

Fig. 6: Unsheared (top) and sheared (bottom) 31P MAT NMR spec-
trum of the 55K2O–45P2O5 glass sample. The two one dimensional 
spectra right to the sheared spectrum represent slices at the identi-
fied isotropic positions of 0 ppm and −20 ppm, which resemble 
the CSA tensors of the phosphate Q2 and Q1 groups present in the 
sample. In the projection onto the F1 axis the two signals are clearly 
resolved.

salient features are repeated here. For more details the 
reader is referred to ref. [59].

As a test sample for the dipolar based MAT NMR 
experiments a ternary aluminophosphate glass 55K2O–
5Al2O3–40P2O5 was chosen. In addition to the signals for 
the Q2 and Q1 units in this glass a further component at 
−8 ppm can be observed, which originates in Q1

1Al units, 
i.e. a phosphate tetrahedron bridged via oxygen to one 
further phosphate tetrahedron and to one AlO6 poly
hedron. The dipolar coupling between 27Al and 31P nuclei 
may be evaluated simply by replacing the final π/2 pulse 
of the MAT sequence by a two cycle REAPDOR fragment 
(cf. Figure 5). Then, the intensity of the signals from phos-
phate polyhedra with connection to aluminate polyhedra 
should decrease with increasing 27Al pulse power.

We note that we had to adjust the spinning speed 
to 400–670  Hz to overcome the T2

* signal loss, which 
however still represents quasistatic conditions for the 31P 
resonances [59]. In the 31P MAT spin echo spectrum (cf. 
Figure 7 left) the three signals at 0 ppm (Q1), −8 ppm (Q1

1Al) 
and −18 ppm (Q2) can be clearly identified in good agree-
ment with the data obtained from fast MAS experiments, 
in the 31P{27Al}-MAT-REAPDOR-NMR spectrum (cf. Figure 
7) the −8 ppm signal from the (Q1

1Al) unit is almost com-
pletely absent, asserting that qualitative dipolar informa-
tion is indeed accessible even without fast MAS.

Upon varying the 27Al RF amplitude the intensity of 
the −8  ppm signal decreases with increasing RF power, 
which may principally be used to extend this approach to 
a quantitative evaluation of the coupling strength.

Apart from REDOR and its variants, cross polarization 
techniques with magnetization transfer from a nucleus X to 
a nucleus Y represent a further dipolar based NMR method 

Fig. 7: 31P{27Al}-REAPDOR-MAT-NMR-spectroscopy for the ternary 55K2O–5Al2O3–40P2O5 glass: left: 31P MAT spin echo NMR (no 27Al-irradiation); 
middle: 31P-{27Al}-REAPDOR-MAT NMR (27Al-pulse: 100 W; 500 μs); right: projections of the 31P MAT spin echo NMR (top) and 31P{27Al}-REAPDOR-
MAT NMR spectra (middle) onto the vertical (F1) axis and the difference of the two spectra (bottom). Adapted from ref. [59] with permission 
from Elsevier.
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which allows to obtain qualitative information about the 
connectivity motifs present. This has been successfully 
tested with 31P{1H}-CP-MAT NMR and 31P{27Al}-CP-MAT NMR 
spectroscopy on a mixture of a sodium metaphosphate gel 
and a 26NaPO3–74Al(PO3)3 glass (cf. Figure 8) [59].

In the 31P-MAT NMR experiment three signals may 
be identified and assigned to P(OAl)2O- (–32 ppm), 
P(OH)2O2- (2 ppm) and P(OH)O3-environments (–6 ppm). 
Here, CP was used as a dipolar filter. In the 31P{1H}CP-
MAT NMR experiment (middle slice in Figure 8) exclu-
sively the signals of the phosphate species at 2 ppm and 
−6 ppm (both with P–O–H bonds) are excited, whereas 
in the 31P{27Al}-CP-MAT NMR experiment only the signal 
at −32 ppm (P-O-Al units) is visible in the vertical (F1) pro-
jection. The experiments were performed at a rotation 
frequency of 30 Hz.

Thus, the described experiments illustrate that MAT 
experiments may be employed to obtain structural infor-
mation on short (1–2 Å; via the evaluation of the isotropic 
chemical shifts) and intermediate (2–6 Å; via an explora-
tion of the dipolar couplings) length scales without the 
need for fast MAS.

Towards high-temperature high speed MAS NMR

MAS NMR experiments at high temperatures still present 
an experimentally rather challenging task. While for 

Fig. 8: Projections onto the vertical (F1) axis from a 31P-MAT-NMR-
(top), 31P{1H}-CP-MAT-NMR (middle) and 31P{27Al}-CP-MAT-NMR 
(bottom), obtained on a mixture of a non-annealed sodium phos-
phate gel and a sodium aluminophosphate glass. (adapted from ref. 
[59]) with permission from Elsevier.

the temperature range up to 300 °C probes are commer-
cially available which allow rotation frequencies of up 
to 10  kHz, experiments at higher temperatures require 
specialized hardware. Two commercial systems are avail-
able: The LASER MAS system from Bruker Biospin relies 
on heating the sample with a laser beam from a diode 
laser which is fed through an optical fiber until close to 
the sample. The system from Doty Sci. relies on conven-
tional heating with hot nitrogen gas. The operation of 
both systems is far from routine and needs special exper-
tise. Although both systems allow the application of 
MAS NMR at temperatures of up to 700 °C, the maximum 
achievable rotation frequency of 4000  Hz (Bruker) and 
5500 Hz (Doty) represents a serious drawback and limits 
the applicability of these systems. An alternative heating 
approach utilizes inductive heating [70–72], using, e.g. 
the proton channel of a commercial MAS probe to induc-
tively heat the sample. Here we report that by using rotor 
inserts machined from boron nitride (cf. Figure 9), which 
are coated with a thin metal layer, this method makes 
high temperature experiments at high spinning speeds in 
an unmodified standard NMR-Probe (for the experiments 
here standard Bruker 4 mm MAS probes were employed) 
possible, even without an external heating system. We 
developed a combined vapor deposition/galvanization 
process to coat the inserts and used different metals 

Fig. 9: Insert (left), manufactured from boron nitride for a Bruker 
4 mm spinner (right). The arrow marks the part of the insert which is 
coated with platinum or silver.
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including platinum, gold and silver to fabricate the coat-
ings. Details of the coating process are given elsewhere 
[73]. For the experiment we used the 300 MHz 1H channel 
of a Bruker double or triple resonance probe. The low 
power output of the SGU (signal generation unit) was 
connected to an external amplifier which is optimized for 
continuous wave (cw) operation. Heating was then per-
formed using the electrical component of the 1H RF, either 
under cw decoupling or using a decoupling sequence in 
which decoupling pulses of variable length are separated 
by variable periods in which no RF power is applied to 
the 1H channel.

In a typical experiment, the data acquisition was pre-
ceded by cw-irradiation for 2–5 min to ensure temperature 
equilibration. We found that equilibration usually was 
reached after just 2  min of cw-irradiation. To check the 
performance of this heating approach we used the 79Br 
resonance of KBr, which has been established as a reliable 
chemical shift thermometer.

Figure 10 (top) shows the obtained temperatures as a 
function of the cw-irradiation power for a typical insert. 
The rotor frequency was set to 9.5 kHz. The observed 
S/N ratio was found to be very acceptable in view of the 
losses as described in Ref. [73]. In addition we found that 
the line width of the 79Br resonance did not increase as 
compared to the measurement at room temperature sug-
gesting a rather moderate temperature gradient. Thus, 
with this setup we are able to heat the samples to tem-
peratures of up to 700 °C at spinning speed of > 9 kHz. 
This can be considered a significant advancement in 
high-temperature MAS NMR. Inserts having been coated 
following the same coating procedure have been found 
to exhibit the same heating performance, thus allowing 
to fabricate inserts with specified heating performance 
in larger quantities.

As an example in Figure 10 (bottom) the 31P-MAS NMR 
spectra of a binary potassium phosphate glass are repro-
duced as a function of temperature. For this glass, fast 
exchange between the two different local phosphate poly-
hedra Q3 and Q2 is observed at T > 670 K (for more details 
see ref. [74]). From a comparison of the spectra obtained 
here at νMAS = 9.5 kHz with those acquired at 5 kHz, the 
improvement in the resolution is obvious (cf. Ref. [74]).

Crystallization of LAGP from amorphous 
aluminogermanophosphate glasses

Fueled by the continuous quest to improve the perfor-
mance of rechargeable batteries [75–80] for use in auto-
motive transportation, research in the field of advanced 

Fig. 10: Top: Chemical shift position of the 79Br line (left) and temper-
ature (right) as a function of the cw-irradiation power. MAS was per-
formed at 9.5 kHz. Bottom: 31P-MAS NMR spectra of a 20K2O–80P2O5 
glass as a function of temperature (from top to bottom: 334 K, 605 K, 
649 K, 778 K). Adapted from ref. [73] with permission from Elsevier.

battery systems marks a rather vivid field of research in 
the area of energy related materials. Among the various 
systems, Li based batteries – Li ion, Li air or Li sulfur – 
are considered as the most promising candidates for next 
generation mobile energy storage systems. Although the 
last decade has witnessed tremendous progress in the 
field, especially the usually employed liquid electro-
lyte poses serious issues such as environmental safety, 
limited temperature window and fire hazards. During 
the last two decades, a large variety of solid electrolytes 
has been studied and evaluated. For an extensive report 
on NMR studies (see Ref. [81]). Recent studies especially 
highlighted the advantageous properties of crystalline 
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and glass ceramics materials such as those derived, e.g. 
from the garnet structure A3B2C3O12 [82–86], from the 
family of argyrodites [87, 88] or glass ceramics such as 
the LAGP family [89–94] – lithium aluminum germanium 
phosphate, Li1 + xAlxGe2 − xP3O12 glass-ceramics. Starting 
from the NASICON structure for pristine LGP, lithium ger-
manophosphate, which consists of GeO6 octahedra linked 
via corner-sharing to PO4 tetrahedra with lithium cations 
occupying exclusively the M1 sites, the replacement of a 
fraction of Ge4+ by Al3+/Li+ introduces additional Li+ ions 
which subsequently fill the M2 sites and Al replaces Ge. 
This then produces a remarkably high Li mobility with 
conductivity values as high as 5.08 × 10−3 S cm−1 at ambient 
temperature [94] for Li1.5Al0.5Ge1.5(PO4)3. The preparation of 
these superionic crystals usually proceeds via crystalliza-
tion from an amorphous precursor glass, derived either 
from conventional melt-quench techniques or from sol-gel 
processing or via high energy ball milling.

However, fine tuning of the Li conductivity requires 
detailed knowledge about the formation of the LAGP 
phase from the parent amorphous aluminogermanophos-
phate glasses and about the presence and nature of side 
phases, which usually seriously degrade the conductivity. 
In an attempt to unravel the crystallization mechanism of 
LAGP as a function of composition and temperature and 
to find optimum compositions and annealing profiles for 
the generation of materials with optimum performance, 
we performed an extended advanced solid state NMR 
study on LAGP glasses and ceramics in the compositional 
range Li1 + xAlxGe2 − xP3O12 with 0.4  ≤  x  ≤  1.0. The crystalliza-
tion process was studied ex situ on annealed samples as 
well as in situ employing the inductive heating approach 
as outlined in Section “Towards high-temperature high 
speed MAS”. The ex situ studies have already been pub-
lished in ref. [95] and will be only briefly reproduced 
here. While the results of one-dimensional 27Al- and 31P 
MAS NMR experiments allow for the characterization 
of the local structural arrangements such as the distri-
bution of Al within the LAGP structure, the performed 
27Al{31P}REDOR, 27Al{7Li}REDOR and 31P{27Al}REAPDOR 
NMR experiments aid in the identification of more 
extended structural motifs.

Structure of the precursor glass matrix: For the pre-
cursor glasses of compositions 0.4  ≤  x  ≤  0.8, the 31P-MAS 
NMR spectra exhibit a non-resolved broad signal cen-
tered around −24 ppm. The corresponding 27Al-MAS NMR 
spectra indicate the presence of Al in four-, five- and six-
coordination by oxygen with AlO4 units representing the 
dominant Al species. Employing dipolar NMR spectros-
copy (data not shown) [95], the structural motifs on an 
extended length scale could be analyzed. With the help 

Fig. 11: Compilation of 27Al- (left) and 31P-MAS-NMR spectra (right) 
of melt-quenched Li1.5Al0.5Ge1.5(PO4)3 (a) and Li1.7Al0.7Ge1.3(PO4)3 (b) 
for the indicated annealing temperatures. Annealing times (at 
T = 600 °C) for Li1.5Al0.5Ge1.5(PO4)3 are 30 min, 40 min, 50 min, 1 h and 
3 h (from bottom to top); for Li1.7Al0.7Ge1.3(PO4)3 the annealing times 
(at T = 700 °C) are 5 min, 30 min, 1 h, 3 h, 5 h, 7 h and 11 h. Adapted 
from ref. [95] with permission from Elsevier.

of an 31P{27Al}REAPDOR experiment on the glass x = 0.5 
an average number of 1 P-O-Al connection per phospho-
rous atom is found, according to 27Al{31P}REDOR, AlO4 and 
AlO6 polyhedra are connected to four and five phosphate 
polyhedra, respectively. In addition, the presence of P-O-P 
connectivity was confirmed employing one-dimensional 
31P-refocused INADEQUATE experiments, in agreement 
with a DQ-DRENAR study by Eckert et  al. [96] From our 
results we conclude the presence of PO(OAl)(OGe)2 − x(OP)x 
with x < 1 as the dominant extended structural motif. 
These are also compatible with the observed chemical 
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shift, considering the downfield shifting effect of Al and 
Ge as next nearest neighbor to P.

Crystallization of LAGP from the glass matrix: In 
Figure  11, the 27Al- and 31P-MAS NMR spectra for melt 
quench derived LAGP with x = 0.5 and x = 0.7 as a func-
tion of annealing temperature and time are given. First 
indication of crystalline LAGP for x = 0.5 is observed at 
T = 600 °C, after an annealing time of t = 30 min. The 
emerging signals at −42 ppm, −37 ppm, −32  ppm and 
−27  ppm can be assigned to P(OGe)4 − m(OAl)m units with 
m = 0, 1, 2 and 3 [96, 97].

With increasing annealing time (at T = 600 °C), the 
fraction of the amorphous part of the sample is gradu-
ally decreasing until it escapes detection after t = 50 min, 
indicating complete crystallization. The 27Al-MAS NMR 
results corroborate these findings: In synchrony with the 
occurrence of the first 31P-LAGP signals, the 27Al-MAS-NMR 
spectra show a conversion of all three amorphous Al envi-
ronments into a symmetric line centered at −14 ppm after 
t = 40 min, which can be assigned to AlO6 units. From the 
results of a 27Al{31P}REDOR NMR study (data not shown, 
see ref. [95]), we can conclude a full connection of AlO6 
octahedra by PO4 tetrahedra, i.e. the AlO6 units are incor-
porated in the LAGP structure.

A quite different behavior is observed for the crys-
tallization of the x = 0.7 sample (cf. Figure 11b). Here, 
together with the first precipitation of LAGP at T = 570 °C 
as seen from the 31P MAS NMR, in the 27Al spectra we find 
the emergence of a rather narrow AlO4 signal, which con-
sumes approximately 56% of the total 27Al intensity. The 
intensity of the AlO4 signal is first gradually decreasing 
with temperature until T = 800 °C, but then re-appears 
upon further heating to temperatures above 850 °C. When 
performing the annealing at constant temperatures of 
T = 600 °C and T = 700 °C, we find complete crystallization 
after 30 min for the former and after 5 min for the latter 
temperature. In both cases, a large fraction of the total Al 
signal intensity represents AlO4 units. This fraction is then 
decreasing with prolonged annealing; at the same time, 
the 31P-MAS NMR spectra indicate an increase in the signal 
intensity of the P(OGe)4 − m(OAl)m units with m = 1 and 2. 
From a 27Al{31P}REDOR-NMR experiment we conclude a 
coordination of AlO4 by four phosphate units.

XRD measurements on melt-quench-derived 
Li1.7Al0.7Ge1.3(PO4)3 (x = 0.7, data not shown), annealed at 
the indicated temperatures, offer complementary infor-
mation about the crystallization process [95]. The onset 
temperature for crystallization can be identified as 550 °C. 
The dominant reflections can all be assigned to the LAGP 
structure. At the same time, a reflection around 2θ = 35.2° is 
detected for the sample annealed at 560 °C. The intensity 

of this reflection is first decreasing until it virtually disap-
pears at T = 700 °C. At temperatures above 850 °C, however, 
its intensity is increasing again, accompanied by a signal 
at 22°. These observations prove to be in perfect harmony 
with the results from the 27Al NMR experiment, as both 
indicate the presence of AlPO4. The most intense reflex for 
AlPO4 is expected very close to the intense LAGP signals 
near 21.5° and can thus not be clearly assigned. Minor 
impurities such as GeO2 and Li4P2O7 can be observed and 
identified [95], the intensity of which increases at anneal-
ing temperatures higher than 800 °C. Thus, LAGP is the 
first crystalline product to be formed, accompanied by 
some disordered form of AlPO4, which is then consumed 
upon further temperature increase. At temperatures above 
800 °C, LAGP starts to decompose, indicated by the for-
mation of the mentioned side phases. In the 31P-MAS NMR 
spectra, the signal for the mixed P(OAl)4 − m(OGe)m units 
are decreasing, which indicates the removal of Al from the 
LAGP structure, in line with the observation of an increase 
in the amount of AlPO4.

Crystallization model: From the experimental data 
as described above the following crystallization model 
is suggested. The drastic change in the chemical shift of 
the 31P signal upon crystallization may most probably be 
traced back to a change from a network dominated by 
PO(OAl)(OGe)2 − x(OP)x units into the dominant structural 
motif of the crystalline phase: P(OAl)m(OGe)4 − m. For low 
x-values LAGP is found as the only phase crystallizing; its 
Al content does not change notably upon further anneal-
ing, as suggested by the evolution of the 31P-MAS NMR 
spectra. On the other hand, for x = 0.7, crystallization of 
LAGP is accompanied by the co-precipitation of AlPO4, as 
seen from the XRD as well as the NMR results (vide supra).

With increasing annealing temperature and time, the 
change in the relative intensities of the 31P signals for the 
P(OGe)4 − m(OAl)m units with 0  ≤  m  ≤  2 suggests an increase 
in the amount of Al incorporated within the LAGP phase 
(cf. Figure  12 top), which originates in the initially pre-
cipitated AlPO4. This assumption is corroborated by the 
reduction of the intensity of the corresponding AlO4 signal 
in the 27Al-MAS-NMR and the concomitant decrease in the 
intensity of the XRD reflex at 2θ = 35.2°.

The asymmetry and width of the 27Al signal for the 
AlO6 in LAGP is decreasing with increasing annealing 
temperature (cf. Figure 12 bottom), from which a succes-
sive ordering around the AlO6 octahedra with increas-
ing annealing temperature can be inferred. Annealing 
temperatures above 850 °C render the incorporation of 
Al unfavorable; as a consequence, Al is being removed 
from the LAGP structure (increase in the intensity of the 
P(OGe)4 signal in 31P-MAS NMR spectrum, cf. Figure 11), 
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leading to the formation of LGP and AlPO4 (increase in 
the corresponding 27Al AlO4 signal; observation of the XRD 
signals for AlPO4).

In an attempt to follow the crystallization of the 
LAGP from the glass matrix in situ, we performed tem-
perature dependent 31P-MAS NMR experiments employ-
ing the inductive heating approach as outlined in Section 
“Towards high-temperature high speed MAS”. Here, the 
rotation at frequencies > 7 kHz is necessary to clearly sepa-
rate the isotropic signals from the spinning sidebands. The 
spectra, as collected in Figure 13, support the observations 
made in the ex situ experiments. Other than observed by 
Freude and coworkers [58], the crystallization rates for the 
ex situ and in situ studies seem to be comparable.

NMR investigations of metastable fluorides

In this section the results of investigations of metastable 
fluorides with exceptional fluoride ion conductivity are 
highlighted. Specifically, results on Ba1 − xLaxF2 + x, SnF2 and 
SrMgF4 will be reported.

Ba1 − xLaxF2 + x: Ba1 − xLaxF2 + x compounds are known for 
exhibiting high ionic conductivity [98]. The BaF2-LaF3 
system is characterized by a miscibility gap in the range 
from x ≈ 0.55 to x ≈ 0.85 [99, 100]. The samples with x  ≤  0.55 
were reported to crystallize in the fluorite structure in 

Fig. 12: Representative 31P-MAS NMR (top) and 27Al-MAS NMR spectra 
(bottom) for LAGP with x = 0.7, annealed at 700 °C for the indicated 
annealing times. Adapted from ref. [95] with permission from Elsevier.

Fig. 13: In situ 31P-MAS NMR spectra, obtained at a spinning speed 
of 8.4 kHz at the indicated temperatures. The samples were held at 
the temperatures for 50 min prior to data acquisition.

which the La ions substituting the Ba ions shall form so 
called 222 clusters, the ones with x > 0.85 crystallize in the 
tysonite structure [101, 102]. We investigated the possibil-
ity to close the miscibility gap by a mechanochemical syn-
thesis approach as it was successfully done in case of the 
BaF2-CaF2 system [103].

The prepared samples showed a linear change of the 
lattice parameter with increasing x up to x = 0.80 [104]. 
The XRPD patterns of the samples with 0.75  ≤  x  ≤  0.85, 
however, showed peaks which could be ascribed to 
both, the fluorite structure and the tysonite structure 
[104]. Hence, it may be a mixture of a fluorite-type and a 
tysonite-type phase or it might be a compound exhibiting 
structural properties of both structures. The linear change 
of the lattice parameter as a function of the composition 
up to x = 0.80 points to a complete substitution of La ions 
for the intended amount of Ba ions in BaF2. To get insight 
into the microstructure of the compounds we performed 
19F-MAS NMR measurements. The 19F-MAS NMR spectrum 
of the ball milled, nanocrystalline LaF3 consists of two 
clearly separated NMR lines representing the three lattice 
sites of the fluoride ions: F1-sites coordinated by four La 
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ions, and F2 and F3 sites which are trigonally coordinated. 
As the F2 and F3-sites are characterized by very similar 
chemical environments for the fluoride ions the respec-
tive NMR lines have very similar chemical shifts, such that 
they overlap in case of nanocrystalline LaF3. The 19F-MAS 
NMR spectrum of BaF2 consists of a single NMR line repre-
senting the tetrahedrally coordinated fluoride ions. Inter-
estingly, the samples with compositions in the range of 
0.75  ≤  x  ≤  0.85 exhibit two NMR lines pointing to a tysonite-
type structure, although the XRPD patterns clearly show 
the pattern of the fluorite structure for x  ≤  0.80 to be domi-
nant. Hence, there seem to be structural motifs similar to 
the ones of F2 and F3-sites present in the distorted fluorite 
structure of Ba1 − xLaxF2 + x for these large x. Moreover, the 
change of the chemical shift of the NMR line representing 
the fluoride ions in the fluorite structure and the ones on 
F1 sites in the tysonite structure with x was found to be 
linear, cf. Figure 14. Hence, the chemical environment of 
the fluoride ions changes continuously with x.

Furthermore, we investigated the fluoride ion mobil-
ity in Ba1 − xLaxF2 + x. According to the enhanced ionic motion 
model introduced by Wapenaar et  al. [98] the high fluo-
ride ion mobility is caused by percolating highly conduct-
ing pathways. These pathways are the interfacial regions 
between the La containing clusters (so-called 2:2:2 clus-
ters) in which no fluoride ions shall be mobile and the 
fluorite host lattice which shall exhibit a medium fluoride 
ion conductivity. Static 19F NMR measurements, however, 
showed, that in a range from 0.10  ≤  x  ≤  0.50 all fluoride 
ions are mobile at temperatures larger than 453  K [104]. 
Hence, the whole material is highly conductive ruling out 
the validity of the enhanced ionic motion model in this 
compositional range of mechanosynthesized Ba1 − xLaxF2 + x. 

Fig. 14: Chemical shift of the maximum of the NMR lines of the spectra 
recorded (ν0 = 565 MHz, νrot = 60 kHz) as a function of x. Figure taken 
from ref. [104] with permission from the American Chemical Society.

Additional measurements currently performed in our labs 
might elucidate the structure of Ba1 − xLaxF2 + x in more detail.

SnF2: SnF2 crystallizes in three known structures: α-SnF2 
(monoclinic symmetry, space group C2/c) being the ther-
modynamically stable polymorph, γ-SnF2 (orthorhombic 
symmetry, space group P412121) forming at temperatures 
of about 423  K and β-SnF2 (tetragonal symmetry, space 
group P212121) which forms at cooling down γ-SnF2 (tran-
sition temperature: 340 K) [105]. β-SnF2 is known to be 
metastable at ambient conditions but sensitive to grinding 
which leads to a rapid conversion to the α-phase. In 2010 
Ghedia [106] reported about a high-pressure polymorph of 
SnF2 in his thesis which forms at pressures  ≥  8 GPa and 
temperatures  ≥  793 K. This phase could be preserved at 
ambient conditions but turned out to be very labile. Here 
we investigated the structural changes of SnF2 due to high-
energy ball milling. We milled 2 g of SnF2 (Sigma Aldrich, 
99%) in a beaker (45 mL) made of stabilized ZrO2 equipped 
with 140 milling balls made of the same material (5 mm in 
diameter) in a Fritsch P7 premium line planetary mill at 
600 rpm.

Besides a broadening of the peaks due to comminu-
tion of the crystallites and increasing lattice strain, the 
first clear changes of the XRPD patterns occurred after 
about 30 h of milling, cf. Figure 15. Most noticeable is a 
new peak at about 24.7° 2θ next to the peak of the stable 
α-SnF2 (at 25.05° 2θ). After about 50 h of milling the XRPD 
pattern clearly differs from the one of α-SnF2. Increasing 
the milling time to 80  h leads to further changes of the 
XRPD pattern. It should be noted that this change of the 
structure due to high-energy ball milling seems to be inde-
pendent of the milling atmosphere as it can be observed 
after milling in air as well as in argon atmosphere. Fur-
thermore, although these results could be reproduced, not 
every milling attempt led to a compound with this XRPD 
pattern. Sometimes almost pure α-SnF2 was obtained after 
50 h of milling, although the powder to ball mass ratio as 
well as the rotation speed of the mill were unchanged. The 
XRPD pattern cannot be matched with any of the known 
polymorphs of SnF2 like β-SnF2 and γ-SnF2 [107, 108]. It 
seems plausible to assume the formation of a high-pres-
sure polymorph of SnF2. The XRPD pattern of the high-
pressure phase of SnF2 reported by Ghedia [106], however, 
differs from the one of the phase prepared within this 
study.

Also the XRPD patterns of other SnxFy compounds or 
elemental Sn (which might form by a disproportionation 
reaction SnF2 → Sn + SnF4) showed no agreement with the 
pattern of the prepared material. The change of the struc-
ture was also investigated by 19F-MAS NMR spectroscopy 
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conducted with an Avance III 600  MHz spectrometer 
(Bruker). The measurements were done at ν0(19F) = 565 MHz 
(B0 = 14.1 T) employing a 1.3 mm MAS probe (Bruker) at a 
spinning rate of 60 kHz and a π/2-pulse with a duration 
of 1 μs (38 W). A total of 32 scans were accumulated with 
waiting times adjusted to be approximately 6 × T1 to obtain 
fully relaxed spectra. The NMR lines were referenced to 
C6F6. The NMR spectrum of the non-milled α-SnF2 reveals 
four NMR lines with the chemical shifts 112 ppm, 115 ppm, 
119 ppm and 124 ppm which can be assigned to the four 
different sites of the fluoride ions in the α-SnF2 structure 
[109]. The 19F-MAS NMR spectrum is similar to the one 
reported by Bräuniger et al. [110] for α-SnF2 although they 
were not able to resolve four but merely two NMR lines 
located at 112  ppm and 121  ppm albeit they also used a 
spinning rate of 60 kHz. This difference is probably due to 
the smaller field-strength of the magnet they used (B0 = 9.4 
T) for their measurements. They observed a narrow NMR 
line with a chemical shift of 50 ppm which they ascribed 
to an impurity. This NMR line is also visible in our spectra. 
The intensity of this line increased after the unmilled SnF2 
was stored under air for several months. Thus, it might be 
caused by a reaction product of SnF2 with moisture. After 
milling for 10  h of SnF2 the NMR lines start to coalesce, 
eventually forming a single, broad NMR line in the spectra 
of the SnF2 milled for 50 h, being located at about 125 ppm.

This chemical shift is similar to the largest chemical 
shift in the 19F NMR spectrum of the non-milled α-SnF2. 

Furthermore, an additional narrow NMR line emerges 
at about 65 ppm. Increasing the milling time to 80 h the 
intensity of the narrow NMR line is increased and the 
broad NMR line exhibits a shoulder indicating an addi-
tional NMR line at about 130 ppm. The shift of the line 
to larger chemical shift values points to decreased dis-
tances between the cations and the fluoride ions, thus, a 
high-pressure polymorph. This is in agreement with TEM 
measurements which showed an increase of the crystal-
lite volume due to the retransformation towards the α-
phase which was initiated by the electron beam [D. Wang, 
KIT, private communication]. The high lability of the 
polymorph impeded electron diffraction studies on the 
material to elucidate the crystal structure as well as the 
growth of larger crystals. A comparison with the 19F-MAS 
NMR spectrum of SnF4 clearly shows that there is no SnF4 
present in the milled SnF2 samples, cf. Figure 16.

If the sample milled for 50 h is stored for some weeks, 
its XRPD pattern changes back to the one of α-SnF2, cf. 
Figure 17. Hence, the formation of oxides or oxyfluorides 
causing the changes in the XRPD patterns and 19F-MAS 
NMR spectra seems very unlikely. Storage under air and 
storage in argon atmosphere led to very similar results. 
Thus, the decomposition is probably thermally induced 
rather than due to moisture or oxygen. Additional inves-
tigations (NMR, scattering and modeling of potential 
structures) to elucidate the structure of the yet unknown 
polymorph are currently in progress.

Fig. 15: Left: XRPD patterns of high-energy ball milled SnF2 after the milling times indicated. For comparison the XRPD pattern of non-milled 
SnF2 is also shown. Right: the corresponding 19F MAS NMR spectra (ν0 = 565 MHz, νrot = 60 kHz).
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of Ce3+ on the structure to be negligible. In 2008 a solu-
tion chemical route for the preparation was introduced by 
Veitsch et  al. [114] Their XRPD patterns exhibited phase 
pure crystalline SrMgF4 after annealing at 723 K for 30 min 
or after 3 h at 673 K. Unexpectedly, they observed a partial 
decomposition of SrMgF4 to the binary fluorides at 773 K. 
Treatment at 1073 K for 4 h lead to a complete decompo-
sition. This is in contradiction to the results obtained by 
Banks et  al. [111] who observed incongruent melting of 
SrMgF4 at temperatures of ca. 1173 K. Veitsch et  al. [114] 
assumed that the heating rate and the grain size play a 
role. In 2015 a mechanochemical approach was used for 
the preparation of SrMgF4, starting from Mg hydroxides 
(and acetates) and Sr acetates, by Scholz et al. [115]. They 
did not succeed in the preparation of phase pure SrMgF4. 
However, an extensive analysis of the 19F-MAS NMR line 
shapes revealed the presence of at least 18 different fluo-
ride ion sites which is in good agreement with the struc-
ture determined by Ishizawa et al. [113]. Here we tried the 
mechanosynthesis of SrMgF4 directly from the binary fluo-
rides. For this purpose an equimolar mixture of dry SrF2 
(99.99%, Alfa Aesar) and MgF2 (99.99%, Alfa Aesar) with a 
total mass of 2.0000(5) g was given into a milling beaker 
made of tungsten carbide (45 mL, Fritsch, Germany) 
together with 100 milling balls made of the same mate-
rial (5 mm, Fritsch, Germany) and high-energy ball milled 
in a Fritsch Pulverisette 7 premium line for 24  h under 
argon atmosphere. The milling was performed in inter-
vals of 15 min followed by 20 min pause for cooling down 
the milling beaker. XRPD patterns were recorded with an 
Advance D8 diffractometer (Bruker, Germany) in Bragg-
Brentano geometry with a step size of 0.016° and 2.2  s 
waiting time at each step. The diffraction patterns were 
analyzed by Rietveld refinement employing the program 
TOPAS (Bruker, Germany). 19F-MAS NMR measurements 
were performed with an Avance III spectrometer (Bruker, 
Germany) operated at 565 MHz with a 1.3 mm MAS probe 
(Bruker, Germany). The spinning speed was set to 60 kHz, 
the duration of the π/2-pulse was 1 μs (38 W). A total of 32 
scans were accumulated with waiting times adjusted to be 
approximately 6 × T1 to obtain fully relaxed spectra. The 
spectra are referenced against C6F6 with CaF2 as a second-
ary reference material (δiso = 58.5 ppm). Directly after high 
energy ball milling of the mixture, its XRPD pattern shows 
the most intense reflections of the product phase, SrMgF4 
(space group P1121 [113]) besides a large amount of amor-
phous material, cf. Figure  18b). This is reflected by the 
19F MAS NMR spectrum shown in Figure 18a) exhibiting 
a very broad NMR line with two broad maxima. Addition-
ally the NMR line of residual MgF2 is visible. Increasing 
the milling time did not decrease the amount of residual 

Fig. 16: 19F-MAS NMR spectra of SnF2 (ν0 = 565 MHz, νrot = 60 kHz) 
and SnF4 (ν0 = 565 MHz, νrot = 50 kHz).

Fig. 17: XRPD patterns of the sample milled for 50 h after storage in 
an argon filled glovebox. The storage times are given in the figure.

SrMgF4: The synthesis of SrMgF4 was first reported by 
Banks et  al. [111] in 1980 who prepared it by annealing 
a mixture of MgF2 and SrF2 in a graphite crucible three 
times in a row for 5 h at 1148 K. This ferroelectric mate-
rial was found to crystallize in an orthorhombic structure 
(space group Cmcm) by Bingyi and Banks [112] two years 
later. However, in 2001 Ishizawa et  al. [113] prepared a 
Ce3+ doped SrMgF4 single crystal and found a much more 
complex monoclinic structure (space group P1121) with 22 
different sites for the fluoride ions. They determined the 
Sr:Ce ratio to be 0.9994:0.0006 and, thus, the influence 
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MgF2. Also shorter milling times as well as higher or lower 
spinning speeds did not lead to mixtures with less MgF2. 
Milling under air leads to larger amounts of MgF2 which 
might be due to the presence of small traces of water [111]. 
However, the amount of residual educts is smaller than in 
the samples reported by Scholz et al. [115] which might be 
due to the longer milling times, the usage of a different 
milling vial set material or the much smaller amounts of 
water present in the milling beaker. Interestingly, there 
is no NMR line of SrF2 in the spectrum (cf. Figure 18), 
although an equimolar mixture was used. In the range 
where its signal should show up there is a very broad 
line of low intensity visible. Changing the spinning speed 
changes the position of the maximum of this broad line 
but not its overall range. Thus, this line probably contains 
spinning side bands but probably also represents fluoride 
ions being situated in highly disordered Sr-rich environ-
ments. Since the chemical shift of this line is larger than 
the one expected for pure SrF2 it seems likely that either 
d(Sr-F) is smaller than in SrF2 (shorter d(Sr-F) values are 
expected for amorphous SrF2 due to a decrease of the 
Madelung potential resulting from reduced long-range 
order) or that even larger coordination numbers than four 
for the fluoride ions are present.

After annealing for 30 min at 573 K the shape of the 
NMR line did not change. Increasing the temperature by 
about 50 K, however, leads to a clear change of the NMR 
spectrum. The maxima are now clearly separated from 
each other. Furthermore, the two broad lines exhibit local, 
narrow maxima. Further increasing the temperatures 
leads to an increasingly better separation of the NMR lines 

building up the two ranges which are most probably Mg-rich 
for the NMR lines situated in the range from −50 ppm to 
10 ppm and Sr-rich in case of the NMR lines in the range 
from 25  ppm to 60  ppm (see also [115]). After 30  min at 
723 K the NMR line of SrF2 emerges. A longer temperature 
treatment at only 663 K shows a similar effect. The small 
amounts of SrF2 and MgF2 visible in the spectrum of this 
sample are not visible in the XRPD pattern. The Rietveld 
refinement results in 100% pure SrMgF4. Of all samples 
prepared that exhibit a good crystallinity this one shows 
the lowest amount of MgF2 and SrF2. A temperature treat-
ment for 15 h at 723 K leads to an increase of the amounts of 
SrF2 and MgF2 which is supported by the results of the Riet-
veld refinement. The presence of the educts might foster 
the decomposition of SrMgF4. Hence, a possible cause 
for the decomposition of the SrMgF4 samples reported by 
Veitsch et al. [114] at unexpectedly low temperatures might 
be the presence of XRPD invisible residual educts. We will 
try to prepare pure SrMgF4 by other methods and without 
the presence of Ce ions in the future.

Conclusion
Recent progress in the development and application 
of modern NMR techniques for the characterization of 
crystallization processes of metastable systems from 
our laboratories was highlighted. With the develop-
ment of an approach, in which the magic angle turning 
technique teams up with dipolar NMR methods such as 
REDOR or cross polarization we successfully introduced a 

Fig. 18: (a) 19F-MAS NMR spectra of a high-energy ball milled mixture of SrF2 and MgF2 and after heat treatment recorded at ν0 = 565 MHz and 
νrot = 60 kHz. (b) XRPD patterns of the milled mixture and after the two long time heat treatments.
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methodology to study structural motifs on short and inter-
mediate length scales without the need of fast MAS. To 
ensure the most stable sample rotation as possible, rota-
tion of the sample is accomplished via a step motor and a 
set of gears. The hardware layout is open and amenable to 
being adapted to special needs such as high temperature, 
etc. Further, we presented an approach to sample heating 
on non-spinning and spinning samples which relies on 
inductive heating. With this setup, stable sample spinning 
around νrot = 10 kHz is possible for temperatures of 600 °C 
and higher.

For the crystallization of lithium aluminogermano-
phosphate, a rather promising solid electrolyte which may 
find application in the next generation Li batteries, we 
could follow the crystallization process starting from an 
amorphous matrix and from this develop strategies for the 
formation of phase pure LAGP with a high ionic conductiv-
ity. For the metal fluorides, metastable metal fluorides were 
synthesized via high energy ball milling and characterized 
via X-ray diffraction and solid state NMR techniques.
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