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Abstract. Cationic ordering in the octahedral and tetrahedral sheets of synthetic lepidolites with composition
K(LixAl3−x)[Si2xAl4−2xO10](OH)yF2−y and Li-muscovites with K(LixAl2−x/3�1−2x/3)[Si3AlO10](OH)yF2−y
has been investigated using two-dimensional (2-D) {1H/19F} → 29Si/27Al cross-polarisation magic-angle-
spinning (CPMAS) heteronuclear correlation (HETCOR) solid-state nuclear magnetic resonance (NMR) spec-
troscopic experiments. The nominal composition ranged between (x = 1.5–2.0; y = 0.0–2.0) and (x = 0.0–1.5;
y = 0.0–2.0), respectively. {1H}→29Si CPMAS HETCOR solid-state NMR spectra show a clear preferred neigh-
bourhood of the octahedral Li2Al-OH environments close to tetrahedral Si(OSi)3. On the other hand, the LiAl2-
OH group shows a preference to be close to Si(OSi)3 and Si(OAl)(OSi)2 environments in the tetrahedral sheet.
{
19F}→29Si CPMAS HETCOR solid-state NMR spectra show similar results of the Li2Al-F environments close

to Si(OSi)3 and LiAl2-F groups to be close to the Si(OSi)3 and Si(OAl)(OSi)2 environments. However, each 19F
NMR signal is split into two signals. One component of the Li2Al-F signal shows a slightly stronger correlation
to the Si(OAl)2(OSi) groups. Signals resulting from the LiAl2-F groups show much lower signal-to-noise ratio,
as F prefers to be coordinated by Li2Al. {1H} → 27Al 2-D CPMAS HETCOR NMR spectroscopy shows a direct
neighbourhood of OH groups to both octahedral and tetrahedral Al but only for OH coordinated by LiAl2. For
Li2Al coordinations, only a correlation to octahedral Al is visible. In the {19F} → 27Al CPMAS HETCOR exper-
iments, the splitting of the Li2Al-F signal can be also observed here with a stronger correlation to the [4]Al sites.
All results show an ordering of the tetrahedral sheets depending on the octahedral composition. The OH−/F−

distribution shows a tendency of an incorporation of F− next to Li-rich environments and of OH− anions next to
Al-rich environments.

1 Introduction

Fluorine is often present in silicic magmas in only minor
amounts, but it can be strongly enriched in the melt dur-
ing ongoing crystallisation because of its incompatible be-
haviour. Only a few minerals formed from the melt are able
to incorporate F. Even small amounts of F influence the phys-
ical properties of the melt. An increasing F content causes
an increase in the water solubility (Holtz et al., 1993) and
a decrease in the solidus temperature (Manning, 1981) and
viscosity (Dingwell et al., 1993). Therefore, it is necessary

to understand the partitioning processes of F between every
instance of the mineral and the co-existing melt, including,
on the one hand, studies of phase equilibria and partition co-
efficients and to obtain thermal stability of mica, but on the
other hand also investigations of the local F environment of
the melt and the F-containing crystal structures. The struc-
tural integration of F in layered silicates and aluminosili-
cate glasses has been the subject of only a small number
of solid-state nuclear magnetic resonance (NMR) investiga-
tions, but they have significantly advanced our knowledge of
the structural compositions. Kohn et al. (1991) and Schaller
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et al. (1992) determined AlF3−
6 complexes in F-containing

glasses by NMR spectroscopy. The formation of AlF3−
6 com-

plexes in melts explains the increasing depolymerisation and
thus the decreasing viscosity of the melt with increasing
F content (e.g., Dingwell et al., 1987). Usually, Al is bonded
to O atoms at the tetrahedral sites within the glass frame-
work. When F complexes are introduced, they displace the
Al atoms from the framework.

The micas phlogopite (K(Mg)3[Si3AlO10](OH, F)2), bi-
otite (K(Mg, Fe)3[Si3AlO10](OH, F)2), and lepidolite (K(Li,
Al)3[(Si, Al)4O10](OH, F)2) are phyllosilicates of particular
interest as they can incorporate large amounts of F (Fleet,
2003). Robert et al. (1993), Papin et al. (1997), and Bouk-
ili et al. (2001) found that F strongly prefers micas with tri-
octahedral environments. In this case, hydroxyl groups with
high OH bond strengths can be easily substituted by F. In
contrast, in dioctahedral environments, the hydroxyl group is
involved in H bonds with O atoms from the adjacent tetrahe-
dral sheet. As it is acting as a dipole rather than a sphere-like
anion, a replacement by F is difficult (Robert et al., 1993).
In their IR spectroscopic study, Papin et al. (1997) demon-
strated that the OH−/F− distribution in Al-rich phlogopite
is not statistically random, but that the F− anions prefer
Mg2Al coordination, and the OH− groups prefer Mg3 co-
ordination. These findings agree with the 19F, 1H, and 29Si
magic-angle-spinning (MAS) NMR study of Langner and
Fechtelkord (2012). Boukili et al. (2002) investigated the re-
lationship between F content and cation distribution over oc-
tahedral cation sites coordinated by four layer-oxygens and
two OH−/F−. They concluded that F–OH substitution is
controlled in micas by the geometric adjustment of tetrahe-
dral and octahedral layers, not by Al-F or Fe-F bond strength.

It can be shown that the mere presence of F achieves
a tremendous loss of capability to incorporate Al into the
phlogopite structure. Fluorine is usually located in Mg-
rich octahedral and Si-rich tetrahedral clusters of the phl-
ogopite structure, while OH groups are located in Al-
rich octahedral and tetrahedral clusters as derived from
{
1H}/{19F} → 29Si cross-polarisation magic-angle-spinning

(CPMAS) NMR spectroscopies (Fechtelkord and Langner,
2013). The ordering effect in these two basic structural clus-
ters can also be proven by a smaller 29Si linewidth in the
{
19F}→29Si CPMAS NMR experiments compared to the

usual 29Si MAS NMR experiment showing a stronger order-
ing of Si environments near the two different anion types of
F− and OH− (Fechtelkord and Langner, 2013).

Within the group of mica minerals, the Li-mica lepido-
lite, which belongs to the polylithionite-trilithionite series,
is able to incorporate the largest amounts of F (Foster, 1960).
The possibility of exchanging cations and anions in the tetra-
hedral as well as in the octahedral layers leads to complex
minerals. All micas consist of interconnected tetrahedral-
octahedral-tetrahedral layers forming TOT blocks that are
stacked along the c axis and are separated from each other

by interlayer cations (Fleet, 2003). The T sites of the tetra-
hedral layers are occupied with Si or Al, the octahedral
layers contain Li and Al or a vacancy, and the interlayer
cation is potassium. Each octahedral position is coordinated
by four O atoms belonging to the tetrahedral layer and two
OH− or F− anions either in cis- or trans-coordination. The
end members trilithionite K(Li1.5Al1.5)[Si3AlO10](OH, F)2
and polylithionite K(Li2Al)[Si4O10]F2 exhibit a trioctahe-
dral structure with every octahedral position being occupied.
Muscovite K(Al2�)[Si3AlO10](OH)2 is a dioctahedral min-
eral, which contains a vacancy on one out of three octahedral
positions (Fleet, 2003).

The overall composition of the synthesised lepidolites and
Li-muscovites used in this study consist of two polytypes and
were already characterised by 29Si, 1H, and 19F MAS NMR
spectroscopy in a previous study (Sulcek et al., 2023). The
Si/Al ratio in the tetrahedral layers and thus the content of
[4]Al was calculated by analysing the signal intensities of the
29Si MAS NMR experiments. The Li content xest was calcu-
lated from the measured tetrahedral Si/Al ratio of the 29Si
MAS NMR signals. The calculated Li contents xest of sam-
ples between polylithionite and trilithionite agree with the
expected values. F-rich samples show slightly increased val-
ues and the hydroxyl-rich sample lower values. The 19F and
1H MAS NMR experiments show that F− and OH− are not
distributed statistically, but local structural preferences exist.
Fluorine is attracted by Li-rich and OH by Al-rich environ-
ments (Sulcek et al., 2023).
{
1H/19F} → 29Si/27Al CPMAS NMR experiments can

help to clarify whether the degree of ordering in the octa-
hedral sheets is related to that in the tetrahedral layers. The
cross-polarisation (CP) experiment is a double resonance ex-
periment that uses the strong magnetic polarisation of nuclei
with high natural abundance and a high magnetogyric ratio
such as 1H or 19F to transfer magnetisation on nuclei with
low sensitivity such as 29Si and 13C via heteronuclear dipolar
interaction (Pines et al., 1971; Pines et al., 1973). On account
of this correlation, CPMAS experiments are able to indicate a
direct neighbourhood of Si- /Al sites in the tetrahedral sheets
to OH−/F− anions in the octahedral sheets and, thus, a rela-
tionship between the ordering of ions in both sheets. Usually,
the experiment is a 2-D heteronuclear correlation (HETCOR)
experiment with the 1H/19F frequency on one axis and the
29Si/27Al frequency on the second axis, useful for the de-
termination of site connectivities between different nuclei.
Moreover, the analysis of contact-time-dependent CP and de-
polarisation experiments (Pines et al., 1971, 1973; Wu et al.,
1988; Kolodziejski and Klinowski, 2002) provide relaxation,
spin diffusion, and CP parameters, which contain valuable
information on dynamics and the local neighbourhood be-
tween OH−/F− anions and Si atoms.

In a previous own study, {1H} → 27Al 2-D CPMAS HET-
COR NMR experiments at short contact times showed in-
formation about the local configuration of [4]Al sites and
Mg3OH as well as Mg2AlOH sites of phlogopites, whereas
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magnetisation was only transferred to the [6]Al sites from
OH groups in Mg2AlOH sites (Fechtelkord et al., 2003).
The {19F} → 27Al 2-D CPMAS HETCOR NMR spectrum in
Fechtelkord et al. (2003) was dominated by [4]Al sites cou-
pled to the Mg3F complex in phlogopite. Resonances from
Mg2AlF complexes were not observed.

In another work (Langner et al., 2012), we showed that
different ordering schemes can be found in the tetrahedral
and octahedral sheets of phlogopite: in the tetrahedral sheet,
ordering patterns are dominated by short-range ordering in
order to avoid the formation of Al-O-Al linkages following
Loewenstein’s rule (Loewenstein, 1954). Long-range order-
ing is only present at Al contents close to Si/[4]Al= 1 : 1,
with Al and Si occupying the tetrahedra alternately. For the
octahedral sheet, an Al-O-Al avoidance similar to that of
the tetrahedral sheets has been found, and Al is always sur-
rounded by six Mg ions in the neighbouring octahedra. There
is a relationship between the ordering in both types of sheets
in that Al atoms in the octahedral and the tetrahedral sheets
tend to be located next to each other, forming Al-rich clusters
in the structure. The ensemble of 27Al-27Al double-quantum
single-quantum (DQ-SQ) MAS NMR data suggests a similar
preference for [4]Al in the tetrahedral sheet to occupy posi-
tions close to the [6]Al of the octahedral sheets in phlogopites
and lepidolites (Sulcek et al., 2020).

Other authors (Alba et al., 2005) have used {1H}→29Si
and {1H}→27Al HETCOR MAS NMR to show that it is
likely that the interlayer space of the beidellite part of a
synthetic mica-montmorillonite is composed of ammonium
ions, whereas ammonium and Al ions are responsible for the
charge balance in the mica-type layer.

In this work, {1H} → 29Si/27Al 2-D CPMAS HETCOR
and {19F} → 29Si/27Al CPMAS HETCOR experiments were
performed to investigate the ordering of the octahedral
layers related to the tetrahedral layers of lepidolites and
Li-muscovites. Samples along the binary line between
polylithionite / trilithionite and trilithionite /muscovite were
synthesised by a gelling method in combination with hy-
drothermal synthesis and then examined by HETCOR ex-
periments. Four different correlations have been investigated.
The neighbourhood of OH− anions to tetrahedral Si and Al
as well as to octahedral Al has been looked at and that of the
F− anions to the same neighbours. The investigations give a
good overview of the preferred neighbourhoods of F− and
OH− anions to tetrahedral Si or Al and octahedral Al.

2 Experimental methods

2.1 Synthesis

Polylithionite-trilithionite solid solutions
(lepidolites) with nominal compositions
K(LixAl3−x)[Al4−2xSi2xO10](OH)yF2−y (1.5≤ x ≤ 2.0;
0.0≤ y ≤ 2.0) and Li-muscovites with nominal com-
positions K(LixAl2−x/3�1−2x/3)[AlSi3O10](OH)yF2−y

(0.0≤ x < 1.5; 0.0≤ y ≤ 2.0) (composition of the oxidic
start mixtures) were synthesised by a gelling method
following Hamilton and Henderson (1968) in combination
with hydrothermal synthesis. High reactive oxide mixtures
were prepared with one molar solution of KNO3 (NORMA-
PUR, 26869.291), Al(NO3)3·9H2O (Merck, 1.01086.1000),
Li(NO3) (abcr, AB203314, 99 %), and NH4F (Merck,
1.01164.0250) and filled in Teflon containers according
to the required composition. Tetraethyl orthosilicate was
added as a source of silicon. A homogenous solution was
achieved by adding ethanol (Fisher chemical, E/0650DF/17)
and distilled water. Ammonia solution (Sigma Aldrich,
05002-1L, 30 %–33 % NH3 in H2O) started the gel process
until the solution became alkaline. This solution was stirred
for a further 15 min and then placed under a fume hood for
24 h. The samples were stirred again after 24 h and dried
in an oven at 353.15 K for 1 d to volatilise the ethanol and
residual ammonia. After that, the solution was stirred again
and dried for 72 h at 393.15 K to volatilise the added water.
The resulting platelets were crushed and heated in a platinum
crucible at about 1073.15 K over a Bunsen burner until no
further smoke was detected to drive off water, ethanol,
ammonia, and nitrogen oxides. The oxides were resorbed,
and X-ray diffraction (XRD) experiments were made to test
for possible crystalline phases. XRD results of lepidolites
and Li-muscovites, as well as the experimental setup, has
been published elsewhere (Sulcek et al., 2023). Only oxides,
revealed to be amorphous under XRD analysis, were used in
the synthesis, filled, and sealed in gold capsules with 9 wt %
to 11 wt % distilled water. The correct sealing was controlled
by placing the capsule at 393 K in an oven and checking
for weight losses. The capsules are 4 cm long, possess an
outer diameter of 4 mm, and have a wall thickness of 0.25
and 0.2 mm. A vertical hydrothermal system was used for
the synthesis with Tuttle-type pressure vessels (Tuttle, 1949;
Luth and Tuttle, 1963) and an external oven. The capsules
were placed in the pressure vessels and fixed with an NiCr
fill bar. This prevents the circulation of water and minimises
the amount of water needed as the pressure medium. An
Ni/NiCr thermocouple measured the temperature during the
synthesis. The samples were synthesised at p = 2 kbar and
T = 873 K over a week (error: 1p = 50 bar and 1T = 20 K
along the capsules). After the run duration, samples were
quenched by removing them from the furnace and cooling in
the air at a constant pressure. Isobaric heat-up and quenching
times were about 1 h, which is assumed to be negligible
compared to the overall run durations. The value of fO2 was
close to that imposed by the Ni–NiO buffer. The synthesised
samples were dried in an oven at 393 K for 24 h.

A large number of different compositions, along the binary
lines between polylithionite-trilithionite and trilithionite-
muscovite, were mixed according to the required composi-
tion. The samples used in this study are listed in Table 1.

https://doi.org/10.5194/ejm-37-877-2025 Eur. J. Mineral., 37, 877–888, 2025



880 M. Fechtelkord and L. Sulcek: Ordering of layers in synthetic lepidolites and Li-muscovites

Table 1. The nominal chemical composition of the synthesis products with variable OH/F content.

Sample name Composition x (Li content) y (OH content)

Muscovites

TL600006 K(Al2.0�)[AlSi3.0O10](OH)yF2−y 0.0 0.6

Li-muscovites

TL600306 K(LixAl2−x/3�1−2x/3)[AlSi3O10](OH)yF2−y 0.3 0.6
TL600618 0.6 1.8
TL600906 0.9 0.6
TL601204 1.2 0.4
TL601212 1.2 1.2

Trilithionites

TL601502 K(Li1.5Al1.5)[AlSi3.0O10](OH)yF2−y 1.5 0.2
PL601510 1.5 1.0

Lepidolites

PL601604 K(LixAl3−x )[Al4−2xSi2xO10](OH)yF2−y 1.6 0.4
PL601702 1.7 0.2
PL601712 1.7 1.2
PL601806 1.8 0.6
PL601812 1.8 1.2

Polylithionites

PL602000 K(Li2.0Al)[Si4.0O10](OH)yF2−y 2.0 0.0
PL602006 2.0 0.6

2.2 Nuclear magnetic resonance

The NMR spectra were recorded on a Bruker Avance NEO
400 NMR spectrometer. The 29Si MAS NMR measurements
have been performed at 79.49 MHz with a standard Bruker
7 mm MAS probe and a sample rotation frequency of 4 kHz.
The experiments were carried out with a single-pulse dura-
tion of 4 µs (the length of the 90° pulse was 6.5 µs), a 10 s re-
cycle delay, and a spectral width of 20 kHz, and 700–30 000
scans were accumulated. Selected spectra were measured
with longer repetition times to ensure that the short times are
sufficient in obtaining the desired signals. Tetramethylsilane
(TMS) was used as the reference standard for 29Si.

HETCOR investigations were recorded using a linear
ramp on the 1H/19F channel to transfer 1H/19F magnetisa-
tion to 29Si/27Al (Metz et al., 1994). Instead of a constant
output on the 1H/19F channel, the output power is increased
from 50 % to 100 %.

The {1H}→29Si HETCOR NMR experiments have
been performed at transmitter frequencies of 400.35 and
79.53 MHz for 1H and 29Si, respectively, and with a t1 in-
crement of 20 µs. A standard 4 mm probe was used and a
rotation frequency of 8 kHz. The reference standard for both
nuclei was TMS, and 400 scans were accumulated. The 90°
pulse length for 1H was 2.5 µs, the recycle delay 5 s, and the
contact time 2 ms.

The {1H} → 27Al HETCOR NMR experiments were car-
ried out using a standard 4 mm probe and a rotation fre-
quency of 12.5 kHz. The transmitter frequencies were 400.35
and 104.32 MHz, respectively; the t1 increment was 20 µs;
the 90° pulse length for 1H was 2.5 µs; and the recycle delay
was 5 s. The contact time was set to 0.6 ms, and the used stan-
dard materials were TMS and a 1M AlCl3 aqueous solution.
Short contact times and fast MAS spinning were used to en-
sure efficient spin locking and a good magnetisation transfer
from 1H to the 27Al quadrupolar nucleus (Vega, 1992a, b).

For the {19F}→29Si CPMAS HETCOR experiments, the
4 mm Bruker probe was also used, at rotation frequen-
cies of 7 kHz and transmitter frequencies of 79.49 and
376.45 MHz for 29Si and 19F, respectively. Tetramethylsilane
was used as the reference standard for 29Si and p-C6H4F2
(δ =−120 ppm) for 19F. The selected samples were mea-
sured, with a recycle delay of 5 s and a 90° pulse length
for 19F of 2.6 µs. For the 2-D cross-polarisation experiments
(HETCOR), a t1 increment of 20 µs and a contact time of
10 ms were applied. For each measurement, 400 scans were
recorded and accumulated for each spectrum.
{
19F} → 27Al CPMAS HETCOR investigations were car-

ried out at a rotational frequency of 14 kHz to avoid the over-
lapping of rotation sidebands and signals. 1 M AlCl3 aqueous
solution and p-C6H4F2 (δ =−120 ppm) were used as refer-
ence standards for 27Al and 19F. Transmitter frequencies of
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104.27 and 376.45 MHz were applied, and 400 scans were
recorded and accumulated for each experiment, with a recy-
cle delay of 5 s. The t1 increment was 20 µs, the contact time
was 0.6 ms, and the 19F 90° pulse length was 2.6 µs. Short
contact times and fast MAS spinning were used to ensure ef-
ficient spin locking and a good magnetisation transfer from
19F to the 27Al quadrupolar nucleus (Vega, 1992a, b).

3 Results and discussion

3.1 {
1H}→29Si 2-D CPMAS HETCOR NMR

spectroscopy

Table 1 presents the composition of oxidic reaction mixtures
used as samples for the HETCOR experiments from the dif-
ferent synthesis experiments of mica phases along the binary
lines muscovite-trilithionite and trilithionite-polylithionite.
{
1H}→29Si 2-D CPMAS HETCOR NMR spectroscopy

supplies additional information about site connectivity be-
tween H and Si atoms. The magnetisation is transferred from
the H atom to Si by cross-polarisation to accomplish a 2-D
correlation. Figure 1 shows a {1H}→29Si 2-D CPMAS HET-
COR NMR spectrum of an Li-rich lepidolite (Pl601812: x =
1.8, y = 1.2). Two different signals regarding the hydroxyl
group environments are expected. Each hydroxyl group is
bonded to three octahedral sites which can be occupied by
two Li and one Al (δ(Li2Al-OH)=−1 to 0 ppm) or one Li
and two Al (δ(LiAl2-OH)= 1 to 2 ppm). The two signals
from the H environment, Li2Al-OH and LiAl2-OH, occur
in the F1 direction. The environments correlate with differ-
ent Si environments. Each Si tetrahedron in the tetrahedral
sheet is connected to three other tetrahedra which can be oc-
cupied by three Si (Q3(0Al)), two Si, and one Al (Q3(1Al))
and one Si and two Al (Q3(2Al)). The sample Pl601812 con-
tains all three Si environments with a ratio of 0.1 : 0.7 : 3.2
(Q3(2Al) :Q3(1Al) :Q3(0Al)) obtained from the 29Si MAS
NMR spectrum (Sulcek et al., 2023). Two sections were ex-
tracted along the dotted lines to visualise the correlation be-
tween the NMR signals originating from H and those from
Si. The resulting 1-D spectra in Fig. 1 show the 29Si environ-
ments in the neighbourhood of the H environments. F2 cor-
relates to the 29Si, with the two signals belonging to Q3(0Al)
and Q3(1Al). The Q3(2Al) signal is not visible in the 2-D
spectrum. The intensity is too low, and the HETCOR spectra
show a lower spectral resolution than the normal 29Si MAS
NMR spectra.

The upper 1-D spectrum in Fig. 1 shows a strong cor-
relation between the Li2Al-OH and the Q3(0Al) but none
or only less neighbouring between Li2Al-OH and Q3(1Al).
The Li2Al-OH signal at the δ(F1)=−2 ppm environment
shows a clear relation to the Q3(0Al) environment signal
at δ(F2)=−89 ppm. The LiAl2-OH group at δ(F1)= 0 ppm
is connected to the Q3(0Al) and the Q3(1Al) Si at δ(F2)=
−86 ppm. In a recent study (Sulcek et al., 2020), it was
shown that the tetrahedral Al atoms are always close to octa-

hedral Al cations. The {1H}→29Si 2-D CPMAS (HETCOR)
NMR spectrum in Fig. 1 supports these findings. The OH
groups with an [6]Al-rich environment are coupled with the
Si-Si2Al environments of the tetrahedral layer. Since the OH-
Al2Li groups prefer the proximity of the tetrahedral Al sites,
the OH-Li2Al groups show correlations with the remaining
Si-rich sites. It can thus be shown indirectly that the octahe-
dral Al is located near the tetrahedral Al and the octahedral
Li near the tetrahedral Si. Thus, there is a clear distribution
based on the Li/Al order of the structure. The Li atoms are
incorporated near the Si-rich sites and the hydroxyl groups
near the Al-rich environments.

It can also be observed that the 1H signal in the HETCOR
spectrum is not the same as the 1H signal in the typical MAS
NMR spectrum (Sulcek et al., 2023) in terms of intensity,
but it does correlate with the strength of the Si environment.
It seems that there are clusters in the structure that differ due
to the chemical composition.

The spectra of a trilithionite (PL601510: x = 1.5 and y =
1.0) and a Li-muscovite sample (TL600618: x = 0.6 and
y = 1.8) are shown in Fig. 2. The signal intensity referring to
the Li2Al-OH environment (δ(F1)=−0 ppm) is significantly
lower than the signal at δ(F1)= 2 ppm (LiAl2-OH). This
means that the available F− anions prefer the occupation next
to Li-rich octahedral sites and the OH− anions next to Al-rich
environments. The signal distribution to the three different Si
signals shows the same behaviour as the spectrum in Fig. 1.
However, the extracted 1-D spectra show deviations from
the recorded 29Si MAS NMR spectra (shown on the right
in Fig. 2) since only Si environments with OH nearby show
up in the HETCOR spectrum. The two selected 29Si slices,
which were extracted along the dotted lines, are very similar.
The Li2Al-OH environment shows a slightly higher correla-
tion to the Si-richer environment (−90 ppm) than the LiAl2-
OH neighbourhood. In contrast, the resonance referring to
the Q3(2Al) environment (−83 ppm) is slightly higher at the
lower spectrum, the LiAl2-OH environment. The signal-to-
noise ratio is better in the lower spectrum. The OH− anions
prefer the Al-richer environments, and only a few OH− an-
ions are bonded to the Li2Al environment. Therefore, the
number of anions that transmit the magnetisation is lower,
and the signal-to-noise ratio decreases. The Q3(0Al) signal
(−90 ppm) intensity is much lower in the 29Si MAS NMR
spectrum, shown on the upper right in Fig. 2, than the inten-
sity in the HETCOR experiment. Only the Si atoms in the
neighbourhood of H are considered in the HETCOR exper-
iment due to the magnetisation transfer. As the magnetisa-
tion is transferred from H to Si, only Si atoms are visible
that are close to the OH groups. Incorporated F atoms are
bonded next to the Q3(0Al) environment, which is thus not
visible in the HETCOR experiment. The OH− anions prefer
the Q3(2Al) and Q3(1Al) environments.

The spectrum of the Li-muscovite (Fig. 2, bottom) ex-
hibits much broader 1H MAS NMR signals due to the smaller
crystallite sizes. It is not possible to distinguish between
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Figure 1. {1H}→29Si CPMAS HETCOR spectrum of the sample with nominal composition K(Li1.8Al1.2)[Si3.6Al0.4O10](OH)1.2F0.8. Two
spectra were extracted along the dotted lines. The upper spectrum represents the Si signals belonging to the Li2Al-OH environment, and the
lower spectra are the Si signals belonging to the LiAl2-OH environment.

Figure 2. {1H}→29Si CPMAS HETCOR investigations of the samples Pl601510 (upper spectrum) and Tl600618 (lower spectrum). The
extracted 1-D spectra along the dotted lines are shown in the middle. The two 29Si MAS NMR spectra of samples are shown on the right.

the two different octahedral environments. The 1-D spectra,
which were extracted along the dotted line, correlate to all
three 29Si signals. The OH is incorporated next to all three
Si environments. However, no distinction can be made be-
tween the Li2Al-OH and the LiAl2-OH environment. The
29Si MAS NMR resonance (Fig. 2, bottom right) shows a
slightly weaker Q3(0Al) signal intensity but still a very sim-
ilar spectrum. The fewer F atoms (y = 1.8) prefer incorpo-

rating next to the Q3(0Al) environment. The hydroxyl group
occupies the remaining sites.

3.2 {
19F}→29Si 2-D CPMAS HETCOR NMR

spectroscopy

19F MAS NMR spectra show two signals belonging to the
Li2Al-F and LiAl2-F environments, analogous to the 1H
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Figure 3. {19F}→29Si HETCOR spectra of the anhydrous (left) and the “normal” (right) polylithionite (x = 2.0, y = 0.0) samples. The F1
axis refers to the 19F NMR signals and the F2 axis to the 29Si NMR signals.

Figure 4. {19F}→29Si HETCOR spectrum of a trilithionite sample (x = 1.5, y = 0.2). Four 1-D spectra were extracted along the dotted
lines. The F1 axis refers to the 19F signals and the F2 axis to the 29Si signals.

MAS NMR experiments (Sulcek et al., 2023). Interestingly,
the two signals are very asymmetric, and it seems that they
are split into several signals. They may be explained by dif-
ferent OH/F distributions in the next coordination sphere.
Then there should be four different F environments with
OH/F in cis- and in trans-coordination and with OH or F in
cis- and F or OH in trans-coordination (Griffin et al., 2010).
A polylithionite sample (PL602000: x = 2.0, y = 0.0) was
synthesised with or without adding water during the synthe-
sis. The {19F}→29Si 2-D CPMAS (HETCOR) NMR spec-
trum of the polylithionite sample with added water during
the synthesis shows one asymmetric signal (F1) at−163 ppm
(Fig. 3, right). The synthesis of this sample was repeated
without water as a synthesis medium, and the spectrum is
shown in Fig. 3 on the left. The 19F signal is slightly sharper
and more symmetrical. Thus, it is possible that the incorpora-
tion of OH− or F− in the cis- or trans-coordination influences

the environment and thus the chemical shift. Both samples
exhibit one Si signal referring to the Q3(0Al) environment.

Figure 4 represents a {19F}→29Si HETCOR spectrum of
the trilithionite sample Pl601502 (x = 1.5, y = 0.2). The
29Si MAS NMR spectrum shows three different signals, and
the 19F MAS NMR spectrum displays several signals (not
shown; Sulcek et al., 2023). The signal belonging to the
Li2Al-F environment at −160 ppm shows a correlation to all
three Si sites. The ratio 0.6 : 2.4 : 1 is different to the 29Si
MAS NMR spectrum. The signal is split into two different
ones at−160 and−163 ppm. The cross-correlation to 29Si is
slightly different. The signal at −160 ppm shows a stronger
correlation to the Q3(2Al) environment. Otherwise, the two
signals do not show any apparent differences. All three Si
environments can be found next to the Li-rich environment.

The resolution of the 19F LiAl2 signal is low due to the
lower abundance compared to the Li2Al environment. The
OH− anion prefers the incorporation near the LiAl2 environ-
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Figure 5. Four {19F}→29Si CPMAS HETCOR spectra of Li-muscovites with nominal composition: x = 0.0, y = 0.6 (upper left); x = 0.3,
y = 0.6 (bottom left); x = 0.9, y = 0.6 (upper right); and x = 1.2, y = 0.4 (bottom right). The signal at −160 ppm (Li2Al-F environment)
increases with increasing Li content and is split into two different signals, analogous to the lepidolites. Rotational sidebands are marked with
an asterisk (*).

Figure 6. {1H} → 27Al CPMAS HETCOR spectra of the sample with nominal composition K(Li1.7Al1.3)[Si3.4Al0.6O10](OH)1.2F0.8. The
1-D spectra were extracted along the dotted lines.

ments, and the F− anions fill up the remaining sites. It is hard
to resolve different signals at −135 ppm. The LiAl2 environ-
ment prefers the incorporation near to Al-rich clusters. This
behaviour could already be seen in the {1H}→29Si CPMAS
HETCOR NMR experiments (Figs. 1 and 2).

The 19F MAS NMR spectra of the muscovite samples
show several signals at −160 ppm, which cannot be iden-
tified (Sulcek et al., 2023). These signals are not visi-
ble in the four {19F} → 29Si CPMAS HETCOR spec-

tra of TL6000006 (x = 0.0, y = 0.6), TL6000306 (x = 0.3,
y = 0.6), TL6000906 (x = 0.9, y = 0.6), and TL6001204
(x = 1.2, y = 0.4), (Fig. 5) and thus do not refer to any
F atoms which are next to incorporated Si. In conclusion,
they do not relate to the muscovite but rather to secondary
phases. The muscovite incorporates only tiny amounts of
F visible through the comparatively low signal intensity.
The intensity of both signals at −160 ppm (Li2Al-F) and
−135 ppm (LiAl2-F) increases with increasing Li content.
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Figure 7. {1H} → 27Al CPMAS HETCOR spectrum of the sample Tl601212. The sample exhibits much broader 1H MAS NMR signals,
which could not be separated.

Figure 8. {19F} → 27Al CPMAS HETCOR experiments of the sample Tl601204. Three 1-D spectra were extracted along the dotted lines.
Rotational sidebands are marked with an asterisk (*).

Thus, the incorporated amount of F increases. The signal
at −160 ppm (Li2Al-F) is split into two different ones at
−160 and −163 ppm, analogous to the lepidolites. The sig-
nal at −160 ppm shows a stronger cross-correlation to the
Q3(2Al) environment. The intensity of the LiAl2-F signal is
too low for a visible separation. The fact that the intensity
of the LiAl2-F signal is lower compared to the trilithionite is
unusual as the environments occur more frequently. Conse-
quently, the Li-muscovites prefer the incorporation of OH−

anions, which prefer the bonding next to the LiAl2 environ-
ments. Only small amounts of F were incorporated into the
mica structure; the excess F atoms accumulate in the impu-
rity phases.

3.3 {
1H} → 27Al 2-D CPMAS HETCOR NMR

spectroscopy

The {1H} → 27Al 2-D CPMAS (HETCOR) NMR spec-
troscopy combines the information of the local 1H environ-
ment with the nearest tetrahedral and octahedral 27Al envi-
ronments. The experiments are non-quantitative since the in-
tensities of the signals depend on the number of H atoms
in the neighbourhood. A spectrum is shown in Fig. 6 for
a composition of x = 1.7 and y = 1.2 (PL601712). The 1H
NMR signals in the F1 direction can be assigned to the Li2Al-
OH (−2 ppm) and the LiAl2-OH (1 ppm) environment as al-
ready assigned in the 1-D single-pulse 1H MAS NMR exper-
iments (Sulcek et al., 2023). These signals are correlated to
the 27Al MAS NMR signals of the F2 direction being located
at 70 ppm ([4]Al) and 3 ppm ([6]Al). A strong correlation be-
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Figure 9. {19F} → 27Al CPMAS HETCOR spectra of nine different samples with nominal composition varying from muscovite (top left)
to polylithionite (bottom right). Rotational sidebands are marked with an asterisk (*).

tween the LiAl2-OH environment and the tetrahedrally coor-
dinated Al exists. The Li2Al-OH environment is close to Si-
rich tetrahedral positions. In addition, the 2-D spectra show
two different [6]Al signals with a quite similar chemical shift
(Fig. 6). One shows a correlation with the Li2Al-OH and
the other with the LiAl2-OH environment. The signals are
very similar and close to each other. They cannot be distin-
guished in the single pulse 27Al MAS NMR spectra. The sig-
nal at−2.0 ppm correlates to the OH groups, with two Li and
one Al as nearest neighbours. The chemical shift changes
to 0.0 ppm when the OH is bonded to one Li and two Al.
The electronegativity values explain the chemical shift dif-
ferences between the two signals. The value for Al with 1.5 is
much larger than the one of Li with 1.0. Due to the low elec-
tronegativity of Li, the shielding of the F nucleus increases
and leads to a displacement of the signals to more negative
values with increasing Li content (Huve et al., 1992). The
experiments show a clear distribution based on the Li/Al or-
der analogous to the {1H}→29Si 2-D CPMAS (HETCOR)
NMR measurements in this study. The OH groups bonded to
the Li2Al environment show only weaker correlation to tetra-
hedrally coordinated Al. They are located near Si-rich sites.
The OH groups bonded to the Al2Li environment completely
occupy the sites near the [4]Al.

Figure 7 shows a {1H} → 27Al 2-D CPMAS (HETCOR)
NMR spectrum of a Li-muscovite (TL601212: x = 1.2 and
y = 1.2). Analogous to the {1H}→29Si 2-D CPMAS (HET-
COR) NMR spectra in this study, the broader 1H signals can-
not be distinguished due to the smaller crystallite sizes and
thus impossible to refer them to the Li2Al and LiAl2/Al2�

environments. This signal represents the averaged environ-
ment and strongly correlates with the [6]Al and the [4]Al.
Compared to the Pl601712 sample, the cross-correlation with
the tetrahedral Al is much stronger. The Li-muscovites incor-
porate more Al in the tetrahedral position than the lepidolites.

3.4 {
19F} → 27Al 2-D CPMAS HETCOR NMR

spectroscopy

{
19F} → 27Al CPMAS HETCOR experiments were recorded

to investigate the F/Al order in the mica structure. Figure 8
shows a 2-D spectrum of the sample TL601214 with a nom-
inal composition of x = 1.2 and y = 0.4. Three 1-D spec-
tra were extracted along the dotted lines. F1 represents the
19F signals and F2 represents the 27Al ones. Both tetrahedral
(73 ppm) and octahedral (6 ppm) Al is incorporated next to
F in the structure. A strong cross-correlation occurs between
Li2Al-F and [6]Al.

The signal belonging to the Li2Al-F (−163 ppm) environ-
ment is split into two different ones. One at −163 ppm ap-
pears with a strong cross-correlation to [6]Al and a weak one
to [4]Al. The other one, at −160 ppm, shows a similar be-
haviour, but the correlation to [4]Al is stronger. Since F es-
pecially prefers Li-rich environments, the Li2Al position has
a higher intensity. A small amount of F is also incorporated
on the LiAl2 site. This environment shows correlations with
both [6]Al and [4]Al but with a stronger correlation to [6]Al.

The Al content decreases, and the ability to incorpo-
rate F in the crystal structure increases from muscovite to
polylithionite. Figure 9 shows nine different samples with
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variable compositions (compositions are given in the fig-
ure). The polylithionite sample at the bottom right shows
one F signal at −163 ppm, representing the Li2Al-F environ-
ment with a cross-correlation to the [6]Al at 6 ppm. A second
F signal appears and increases with increasing Al content at
−160 ppm with a strong cross-correlation to [6]Al and a weak
one to [4]Al. All samples show the signal of the Li2Al-F en-
vironment except for the muscovite. Below a Li content of
x = 1.7, the signal of the LiAl2-F environment with a cross-
correlation to the octahedral coordinated Al becomes visi-
ble. A cross-correlation between tetrahedral Al appears in the
spectra of the samples Pl601502, Tl601204, and Tl600006.

It should be noted that the HETCOR spectra do not al-
low for a quantitative assessment of their components. The
signal intensity depends on the incorporated F in the next
neighbourhood. The F atoms prefer the incorporation next to
Li2Al. The incorporated OH− anions first occupy the LiAl2
sites, which are only occupied with F when no more OH−

anions are available. Previous experiments show that the Al-
rich octahedral clusters prefer a localisation next to Al-rich
tetrahedral clusters (Sulcek et al., 2020, 2023). Thus, samples
with a higher OH content should show no cross-correlation to
the tetrahedral coordinated Al, e.g., Tl600306 or Tl600906.

4 Conclusion

Synthetic lepidolites with composition
K(LixAl3−x)[Si2xAl4−2xO10] (OH)yF2−y and Li-
muscovites with
K(LixAl2−x/3�1−2x/3)[Si3AlO10](OH)yF2−y have been
investigated using 2-D {

1H/19F} → 29Si/27Al CPMAS
HETCOR solid-state NMR spectroscopic experiments.
The nominal composition ranged between (x = 1.5–2.0;
y = 0.0–2.0) and (x = 0.0–1.5; y = 0.0–2.0), respectively.

Experiments show either Li2Al-OH and LiAl2-OH sig-
nals for 1H or Li2Al-F and LiAl2-F signals for 19F in the
F1 dimension. The octahedral Li2Al groups are located close
to Si-rich regions in the tetrahedral sheets, while the LiAl2
groups are located close to Al-rich regions of the same sheet.
Each 19F NMR signal of Li2Al-F and LiAl2-F groups is split
into two, one showing a slight stronger correlation to Al-rich
tetrahedral regions. Both {1H} → 27Al CPMAS NMR and
{
19F} → 27Al CPMAS NMR show direct neighbourhoods

for [4]Al and [6]Al close to the LiAl2 groups.
All results show a limited and mutual ordering of the tetra-

hedral and octahedral sheets with Al-rich tetrahedral regions
clustering close to the Al-rich octahedral sites preferably
coordinated by OH− anions and Si-rich tetrahedral regions
close to Li-rich octahedral sites preferably coordinated by F−

anions.
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