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Abstract. A large number of lepidolites K(LixAl3−x)[Si2xAl4−2xO10](OH)yF2−y and Li-muscovites
K(LixAl2−x/3�1−2x/3)[Si3AlO10](OH)yF2−y were synthesised by a gelling method in combination with hy-
drothermal syntheses at a pressure of 2 kbar and a temperature of 873 K. The nominal composition ranged be-
tween 0.0≤ x ≤ 2.0 and 0.0≤ y ≤ 2.0, i.e. from polylithionite K[Li2.0Al][Si4.0O10](OH)yF2−y over trilithionite
K[Li1.5Al1.5][AlSi3.0O10](OH)yF2−y to muscovite K[Al2.0�][AlSi3.0O10](OH)yF2−y . 1H, 19F, 29Si and 27Al
magic-angle spinning nuclear magnetic resonance (MAS NMR) and 27Al multiple-quantum magic-angle spin-
ning (MQMAS) NMR spectroscopy has been performed to investigate the order and/or disorder state of Si and
Al in the tetrahedral layers and of Li, Al, OH and F in the octahedral layer. The synthetic mica crystals are
very small, ranging from 0.1 to 5 µm. With increasing Al content, the crystal sizes decrease. Rietveld structure
analyses on 12 samples showed that nearly all samples consist of two mica polytypes (1M and 2M1) of varying
proportions. In the case of lepidolites, the 1M / 2M1 ratio depends on the Li/Al ratio of the reaction mixture.
The refinement of the occupancy factors of octahedral sites shows that lepidolites (1.5≤ x ≤ 2.0) represent a
solid solution series with polylithionite and trilithionite as the endmembers. In the case of the Li-muscovites
(0.0≤ x ≤ 1.5), the 1M / 2M1 ratio depends on the number of impurity phases like eucryptite or sanidine de-
pleting the reaction mixture of Li or Al. There is no solid solution between trilithionite and muscovite; instead,
the Li-muscovite crystals consist of domains differing in the relative proportions of muscovite and trilithionite.

The overall composition of the synthesised micas which consist of two polytypes can be characterised by
29Si, 1H and 19F MAS NMR spectroscopy. The Si/Al ratio in the tetrahedral layers and thus the content of
[4]Al were calculated by analysing the signal intensities of the 29Si MAS NMR experiments. The Li content
xest was calculated from the measured tetrahedral Si/Al ratio of the 29Si MAS NMR signals. The calculated
Li contents xest of samples between polylithionite and trilithionite agree with the expected values. The F-rich
samples show slightly increased values and the OH samples lower values. Lepidolites with only F (x= 1.5 to
2.0, y= 0.0), but not lepidolites with only OH (x= 1.5 to 2.0 and y= 2.0), were observed after synthesis. With
decreasing Li content, x ≤ 1.2, Li-muscovites containing mostly hydroxyl (y > 1.0) are formed. It was possible
to synthesise fluorine containing micas with a Li content as low as 0.3 and y= 0.2 to 1.8. The 19F and 1H MAS
NMR experiments reveal that F and OH are not distributed statistically but local structural preferences exist. F is
attracted by Li-rich and OH by Al-rich environments. The quadrupolar coupling constant which represents the
anisotropy of the Al coordination is low for polylithionite with CQ = 1.5 MHz and increases to CQ = 3.8 MHz
for trilithionite. For tetrahedral Al a smaller increase of CQ from 1.7 to 2.8 MHz is observed. Advancing from
trilithionite to muscovite both quadrupolar coupling constants decrease to 2.5 MHz for octahedral and 1.5 MHz
for tetrahedral Al. In polylithionite there is the most isotropic environment for octahedral Al; there are only Li2Al
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sites coordinated by F in the octahedral sheets and O from the tetrahedral sheets which are regular, containing
only Si. The distortion and anisotropy for Al in tetrahedral as well as octahedral sheets increases with rising Al
content. The most anisotropic environment can be found in trilithionite, especially for octahedral Al.

1 Introduction

Micas are widespread minerals that are formed under various
conditions and occur in almost all types of rocks. A special
feature is the ability to incorporate considerable amounts of
fluorine into the crystal structure. Fluorine is an incompatible
element that accumulates during continuous crystallisation in
the melt. Even small amounts of fluorine influence the phys-
ical properties of the melt. An increasing F content causes
an increase in water solubility (Holtz et al., 1993) and a de-
crease in solidus temperature (Manning, 1981). Therefore,
it is necessary to gain a deeper understanding of the parti-
tioning processes of fluorine between the mineral and the co-
existing melt. This includes not only studies of phase equi-
libria, partition coefficients and thermal stability of mica, but
also investigations of the local F environment in F-bearing
phases.

The mica mineral phlogopite shows a notable ability to
take up fluorine in the division of phyllosilicate minerals.
This property is only surpassed by the lepidolites within the
class of mica minerals (Foster, 1960). The fluorine incorpo-
ration in micas is dependent on the Al content of the min-
eral: the less aluminium is present in the crystal structure,
the higher the ability to replace OH with F (Langner and
Fechtelkord, 2012). Therefore, it is necessary to investigate
the capability of fluorine incorporation into the crystal struc-
ture of the lepidolites and lithium muscovites.

Robert et al. (1993), Papin et al. (1997) and Boukili et
al. (2001) found that F strongly prefers micas with triocta-
hedral environments. Hydroxyl groups with high OH bond
strengths can be easily substituted by F. In contrast, in dioc-
tahedral sites the hydroxyl proton is involved in hydrogen
bonds with O atoms from the adjacent tetrahedral sheet. As it
is acting as a dipole rather than a sphere-like anion, a replace-
ment by fluorine is difficult (Robert et al., 1993). In their IR
spectroscopic study, Papin et al. (1997) demonstrated that the
OH/F distribution in Al-rich phlogopite is not statistically
random but that the F atoms prefer Mg2Al coordination and
the hydroxyl groups prefer Mg3 coordination. These findings
agree with the 19F, 1H and 29Si magic-angle spinning nu-
clear magnetic resonance (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 sites. They concluded that F–OH substitution is con-
trolled in micas by the geometric adjustment of tetrahedral
and octahedral layers, not by Al–F or Fe–F bond strength.

Solid-state NMR spectroscopy is an ideal tool to obtain
structural data, complementing X-ray diffraction studies. Al-

though only a few solid-state NMR studies have dealt with
the structural incorporation of F in aluminosilicate glasses
and layered silicates, they have made a large contribution
to the understanding of the structural compositions. Kohn et
al. (1991) and Schaller et al. (1992) determined AlF3−

6 com-
plexes in F-containing glasses by NMR spectroscopy. As a
result, the formation of AlF3−

6 complexes explains the in-
creasing 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 framework. When F complexes are in-
troduced, they displace the Al atoms from the framework.

Langner et al. (2012) 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 for-
mation of Al–O–Al linkages following Loewenstein’s rule
(Loewenstein, 1954). Long-range ordering is only present at
Al content close to Si/[4]Al= 1 : 1, with Al and Si occupying
the tetrahedra alternately. For the octahedral layer an Al–O–
Al avoidance similar to the tetrahedral layers has been found,
and Al is always surrounded by six Mg ions in the neighbour-
ing 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, form-
ing Al-rich clusters in the structure.

Although the amount of F in the initial oxide mixture did
not change the Al content of the synthesised phlogopites,
it had a strong influence on the number of impurity phases
formed during synthesis. It has been found that high amounts
of F prevented extensive formation of Al-rich phlogopites
and vice versa, resulting in a formation of K3AlF6

q0.5H2O
instead of phlogopite (in addition to Al2O3). This effect has
been observed not only for F-rich samples and higher Al con-
tents, but also for extremely Al-rich compositions even if the
amount of F was very low (Langner and Fechtelkord, 2012).

In this study, we continued our previous studies of the
influence of the OH/F content on the formation of Al-rich
phlogopites (Langner and Fechtelkord, 2012; Langner et al.,
2012), focussing on Li-rich micas. A large number of syn-
thetic lepidolites and Li-muscovites have been synthesised
with a composition ranging from Li-rich polylithionites and
trilithionites to Al-rich muscovites. The synthesis of lepido-
lites and Li-muscovites along the two corresponding binary
lines and the subsequent X-ray diffraction (XRD) investiga-
tion revealed miscibility gaps and allowed us to identify oc-
curring polytypes. The influence of incorporated OH/F an-
ions was checked by modifying the nominal content in the
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synthesis mixture. To investigate the local ordering of cations
and anions in the octahedral and tetrahedral layers according
to the chemical composition, NMR spectroscopic investiga-
tions have been performed. It is possible to determine the
composition of the synthesised micas by 29Si, 1H and 19F
MAS NMR spectroscopy. 29Si MAS NMR experiments al-
lowed us to calculate the Si/Al ratio of tetrahedral sheets of
the crystalline product (Langner and Fechtelkord, 2012). The
Li content xest can be calculated from the determined tetrahe-
dral Si/Al ratio of the 29Si MAS NMR signals. The ordering
of Li/Al and OH/F in the octahedral sheets was investigated
using 19F, 1H and 27Al MAS NMR spectroscopy to deter-
mine whether the preference of F for Mg and of OH for Al
reported in phlogopite (Langner and Fechtelkord, 2012) also
applies to lepidolite and lithium muscovite. In addition, 27Al
multiple-quantum magic-angle spinning (MQMAS) NMR
experiments helped to resolve the aluminium signals more
precisely and identify possible emerging secondary phases.

Furthermore, X-ray diffraction experiments enabled the
identification of impurity phases and polytypes and the anal-
ysis of stacking disorder of the mica phases. Scanning elec-
tron microscopy gave information about the crystal sizes of
the mica phases and the impurities.

Background

Lepidolite and lithium muscovite belong to the phyllosil-
icates. All micas consist of interconnected tetrahedral–
octahedral–tetrahedral layers forming TOT blocks which are
stacked along the c axis and which are separated from each
other by interlayer cations. The T sites of the tetrahedral lay-
ers are occupied with silicon and aluminium and the octa-
hedral layers contain lithium and aluminium or a vacancy,
while the interlayer cation is potassium. Each octahedral po-
sition is coordinated by four oxygen atoms belonging to the
tetrahedral layer and two OH− or F− anions in either cis- or
trans-coordination. The structure is shown in Fig. S1 in the
Supplement. The endmembers trilithionite and polylithion-
ite exhibit a trioctahedral structure with every octahedral po-
sition being occupied. Muscovite is a dioctahedral mineral,
which contains a vacancy on one out of three octahedral po-
sitions.

Micas show a large number of different polytypes accord-
ing to the stacking sequence of the TOT layers. According
to Smith and Yoder (1956), there are six different ways to
stack the layers along the c axis, always rotated by 60◦ rel-
ative to each other due to the hexagonal symmetry. The dif-
ferent polytypes can be divided into two subgroups A and
B (Nespolo and Durovic, 2002; Ferraris and Ivaldi, 2002).
The layers can be stacked with 2n× 60◦ (n= 0, 1, 2) rota-
tions of the TOT layers against each other. This results in
subgroup A, while subgroup B includes the polytypes with
(2m+ 1)× 60◦ (m= 0, 1, 2). Smith and Yoder (1956) found
six different polytypes 1M, 2M1, 2M2, 3T, 2O and 6H. Sub-
group A containing the polytypes 1M (n= 0), 2M1 (n= 1

and 2) and 3T (n= 1 or 2) and subgroup B 2O (m= 1), 2M2
(m= 0 and 2) and 6H (m= 0 or 2).

Natural and synthetic micas are characterised by different
chemical compositions and structures that comprise several
polytypes. Early researchers suggest a simple correlation be-
tween the Li content and the occurrence of polytypes (Levin-
son, 1953; Foster, 1960). Natural lepidolites crystallise in the
polytypes 1M, 2M2, 3T, 3M2 and 2M1 (Foster, 1960; Koval’
et al., 1975; Bailey and Christie, 1978; Černý et al., 1970);
the frequency of occurrence for the most important polytypes
is (1M, 2M2)> 3T� 2M1 (Pandey et al., 1982). The poly-
types described for synthetic micas involve 1M and 2M1 and
2M2 type mixed with 2M1 (Munoz, 1968). Systematic stud-
ies of natural lithium micas from different locations show
no direct relationship between the occurrence of polytypes
and mica composition, besides the two exceptions of a high
proportion of the 2M1 polytype in the dioctahedral lithium
muscovite and 1M and 2M2 polytypes in the trioctahedral
lepidolite (Heinrich, 1967; Chaudry and Howie, 1973; Černý
and Burt, 1984). It indicates that not only the mica composi-
tion but also P –T conditions, volatile phases, degree of sat-
uration and rate of cooling are determining the stability and
occurrence of lepidolite polytypes (e.g. Sartori, 1976; Swan-
son and Bailey, 1981; Chaudry and Howie, 1973). Structural
aspects regarding compositions of the octahedral and tetra-
hedral sheets, polytypes and possible miscibility gaps along
the substitutions in the polylithionite–trilithionite–muscovite
binary line are still unclear.

Muscovite has already been synthesised several times us-
ing different methods. Noll (1932) produced OH-bearing
muscovite using gel close to the required composition. The
synthesis was accomplished at 225–300 ◦C and 26–90 bar
with a duration of 5 d. Gruner (1939, 1944) synthesised mus-
covite from a reaction mixture of Al(OH)3, silica and KCl in
HCl solutions (400 ◦C, 350 bar, duration 5 d). Another suc-
cessful synthesis of muscovite is the recrystallisation from
its decomposition products reported by Gruner (1929) and
Rov (1949). Gruner (1929) obtained “kaliophilite” with mus-
covite grown on it by decomposing natural muscovite with
0.5 M KOH in a bomb at 400 ◦C. Rov (1949) heated mus-
covite up to 1050 ◦C until only α-Al2O3 or spinel was ob-
served. By treating the sample at 400–650 ◦C and 69–690 bar
for 12–100 h, muscovite could be observed.

Only a few syntheses of lepidolite have been reported.
Munoz (1968) synthesised the endmembers polylithionite
and trilithionite using oxide–fluoride mixes and gels contain-
ing KHCO3, Li2CO3, LiF, γ -Al2O3 and SiO2 (250–800 ◦C,
2–5 kbar and 3–90 d). Rov (1949) tried to synthesise specific
lepidolites by decomposition of lepidolites at 800–850 ◦C
and a subsequent recrystallisation. However, the experiments
were not successful.

Only a few solid-state nuclear magnetic resonance (NMR)
studies were conducted. B-bearing polylithionite-2M1 was
investigated using 11B, 27Al and 29Si magic-angle spinning
(MAS) NMR spectroscopy (Novák et al., 1999). The results
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were close to those for boromuscovite from the same loca-
tion.

2 Experimental methods

2.1 Synthesis

Polylithionite–trilithionite solid solutions (lepidolites) with
nominal compositions K(LixAl3−x)[Al4−2xSi2xO10](OH)y
F2−y (1.5≤ x ≤ 2.0; 0.0≤ y ≤ 2.0) and lithium muscovites
with nominal compositions K(LixAl2−x/3�1−2x/3[AlSi3
O10](OH)yF2−y (0.0≤ x < 1.5; 0.0≤ y ≤ 2.0) (Fig. 1)
(composition of the oxidic start mixtures) were synthe-
sised by a gelling method following Hamilton and Hen-
derson (1968) in combination with hydrothermal synthe-
ses. Figure 1 shows the phase diagram of the dioctahedral
muscovite, the trioctahedral trilithionite and the trioctahedral
polylithionite and oxidic ternary diagram containing the syn-
thesised sample compositions. The starting compositions are
listed in Table 1. High reactive oxide mixtures were prepared
with 1 M solution of KNO3 (NORMAPUR, 26869.291),
Al(NO3)3

q9H2O (Merck, 1.01086.1000), Li(NO3) (abcr,
AB203314, 99 %) and NH4F (Merck, 1.01164.0250) and
filled in Teflon containers according to the required compo-
sition. Tetraethylorthosilicate was added as a source of sili-
con. A homogenous solution was achieved by adding ethanol
(Fisher chemical, E/0650DF/17) and distilled water. Ammo-
nia solution (Sigma-Aldrich, 05002-1L, 30 %–33 % NH3 in
H2O) starts the gel process until the solution became alka-
line. 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 XRD experiments were made
to test for possible crystalline phases. Only oxides, which
were X-ray amorphous, were used in the syntheses, filled,
and sealed in gold capsules with 9 wt % to 11 wt % distilled
water. The correct sealing was controlled by placing the cap-
sule 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 vertically
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 pres-
sure vessels and fixed with a NiCr fill bar. This prevents
circulation of water and minimises the amount of the wa-
ter needed as the pressure medium. A Ni/NiCr thermocouple
measured the temperature during the synthesis. The samples
were synthesised at p = 2 kbar and T = 873 K over a week

Figure 1. Phase diagram of the dioctahedral muscovite, the trioc-
tahedral trilithionite and the trioctahedral polylithionite and ternary
diagram in terms of oxides showing the compositions of the samples
used in the syntheses.

(error: 1p = 50 bar and 1T = 20 K along the capsules). Af-
ter the run duration, samples were quenched by removing
them from the furnace and cooling in air at constant pres-
sure. 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 (Table 1). Since the composition of the solid product
may depend on the synthesis time, three experiments were
performed, in addition, to explore the influence of the syn-
thesis time. Reaction mixtures of identical composition were
heated for 3, 7 and 14 d, respectively.
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Table 1. The nominal chemical composition of the synthesis products with variable OH/F content.

Mineral Composition x (Li content) y (OH content)

Muscovites
(Li-free)

K[Al2.0�][AlSi3.0O10](OH)yF2−y 0.0 0.0, 0.2, 0,4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6,
1.8, 2.0

Li-muscovites K(LixAl2−x/3�1−2x/3[AlSi3O10](OH)yF2−y 0.3, 0.6, 0.9, 1.2 0.0, 0.2, 0,4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6,
1.8, 2.0

Trilithionites
(Li: 1.5)

K[Li1.5Al1.5][AlSi3.0O10](OH)yF2−y 1.5 0.0, 0.2, 0,4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6,
1.8, 2.0

Lepidolites K(LixAl3−x )[Al4−2xSi2xO10](OH)yF2−y 1.6, 1.7, 1.8, 1.9 0.0, 0.2, 0,4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6,
1.8, 2.0

Polylithionites
(Li: 2.0)

K[Li2.0Al][Si4.0O10](OH)yF2−y 2.0 0.0, 0.2, 0,4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6,
1.8, 2.0

2.2 X-ray diffraction

For phase identification, powder X-ray diffraction (XRD) ex-
periments were carried out on a PANalytical theta–theta pow-
der diffractometer equipped with a Cu Kα radiation source
(λ= 1.5418 Å) in a 2θ range of 4 to 65◦ with a step size of
0.013◦ 2θ .

For structural studies, high-resolution XRD patterns were
recorded using a Siemens D5000 diffractometer with Cu
Kα1 radiation (λ= 1.54060 Å, 45 kV, 40 mA), a Johansson
Ge(111) monochromator and a Braun position-sensitive de-
tector (6◦ coverage). The measured range was 4 to 90◦ 2θ
with a step size of 0.0078◦ 2θ . Additionally, a STOE STADI
MP diffractometer equipped with a Johansson Ge(111)
monochromator (wavelength: 1.54060 Å, 40 kV, 40 mA) and
a Mythen K1 position-sensitive detector (18◦ coverage) was
used. The measured range was 5 to 95◦ 2θ , with a step size of
0.015◦ 2θ . The samples were prepared in borosilicate glass
capillaries with a diameter of 0.03 mm to prevent preferred
orientation of the micas for both diffractometers.

To analyse the samples with respect to the presence of im-
purity phases and of several structurally closely related mica
polytypes, the samples were measured using synchrotron ra-
diation at the beamline P08 at PETRA III, DESY, Ham-
burg, Germany. The wavelength for the experiment was λ=
1.378 Å. The intense synchrotron beam is in particular suit-
able to detect even very weak reflections.

The three samples obtained after different synthesis times
have also been measured using synchrotron radiation.

2.3 Structure refinement

The structures were refined using the FullProf 2K program
(Rodríguez-Carvajal, 1993, 2001) with scattering factors
as implemented there. No absorption correction was nec-
essary. For the Rietveld refinement, soft distance restraints
were used: d(Si[4]–O)= 1.62(1) Å, d(Si[4]· · ·Si[4])=
3.03(2)Å, d(Al[6] /Li[6]· · ·Al[6] /Li[6])= 2.98(2) Å

d(O· · ·O)= 2.65(3) Å, d(Al[6] /Li[6]–O/OH/F, large oc-
tahedron)= 2.08(3) Å, d(Al[6] /Li[6]–O/OH/F, small octa-
hedron)= 1.92(3) Å, d(K–O)= 3.00(4) Å; nine additional
parameters had to be used to describe the anisotropic peak
widths. To obtain informative occupancy factors of Li and Al
atoms from samples containing structurally closely related
mica polytypes which, in addition, are somewhat disordered,
specific care had to be taken. Since displacement parameter
and occupancy factor of an atom are highly correlated
in a structure refinement based on powder data, isotropic
displacement parameters were fixed for cations (Li, Al, Si,
K) and anions (O, OH, F) at crystal chemically meaningful
values: Biso(cations)= 0.9 Å2, Biso(anions)= 1.8 Å2.

2.4 Scanning electron microscopy

To investigate the crystal shapes and sizes of the samples and
to characterise the impurity phases, scanning electron mi-
croscopy (SEM) measurements in combination with energy-
dispersive X-ray spectroscopy (EDX) analyses have been
performed. For the experiments, a ZEISS – Gemini2 – Merlin
HR-FESEM (high-resolution–field emission scanning elec-
tron microscopy) microscope with an acceleration voltage of
4 to 20 kV was used. The samples were gold-coated before
investigation.

2.5 Nuclear magnetic resonance

The NMR spectra were recorded on a Bruker ASX 400 NMR
spectrometer and a Bruker Avance NEO 400 NMR spec-
trometer. The 29Si MAS NMR measurements have been per-
formed at 79.49 MHz with a standard Bruker 7 mm MAS
probe and a sample rotation frequency of 4 kHz. The exper-
iments were carried out with a single pulse duration of 4 µs
(the length of the 90◦ pulse was 6.5 µs (Bruker Avance Neo)
and 5.8 µs (Bruker ASX)), 10 s recycle delay and a spectral
width of 20 kHz. A total of 700–30 000 scans were accumu-
lated. Tetramethylsilane was used as the reference standard
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for 29Si and 1H MAS NMR measurements, which were taken
at 400.13 MHz, with a pulse length of 2 µs (90◦ pulse length
5.3 µs (Bruker ASX) and 90◦ pulse length 3.0 µs (Bruker
Avance Neo)) with a repetition time of 10 s. Selected spec-
tra were measured with longer repetition times to ensure that
the short times are sufficient to obtain the desired signals.
The spectral width was 125 kHz, and a total of 128 scans
were added up.

In 19F MAS NMR experiments, 300 scans were recorded
at 376.51 MHz and a rotation frequency of 12.5, 15 and
35 kHz. The faster speeds were chosen due to overlaps of a
signal in the MAS NMR measurement with the rotation side-
bands. The spectral width was 125 kHz and the pulse length
was 4 µs (90◦ pulse length 4.0 µs (Bruker ASX)) and 2.08 µs
(90◦ pulse length 7.1 µs (Bruker Avance Neo)). The repeti-
tion time was 10 s (Bruker ASX) and 15 s (Bruker Avance
Neo). As an external standard, p-C6H4F2 was used, and the
parts per million scale was calibrated to −120 ppm.

In the case of 19F and 1H MAS NMR investigation, the
empty rotor was measured, and the spectra were subtracted
as a background measurement from the sample spectra due
to extensive background signals. As a result, the broad sig-
nal from the rotor environment was eliminated. It was based
on, for example, cables and glue and on the probe head sta-
tor, a BN stator containing hydrogen atoms and a Teflon heat
shield containing fluorine.

The 27Al MAS NMR experiments were taken at
104.27 MHz and a rotation frequency of 12.5 kHz. A molar
aqueous solution of AlCl3 (aq) was used as the external stan-
dard. A total of 25 000 scans were performed with a spectral
width of 125 kHz, a pulse length of 0.6 µs (90◦ pulse length
3.5 µs (Bruker Avance Neo) and 3.8 µs (Bruker ASX)) and a
repetition time of 0.1 s.

The 27Al MQMAS investigations were evaluated as split-
t1–whole-echo experiments. The spectral width has been re-
duced to 50 kHz for the F2 direction. The 90◦ pulse lengths
were 3.3 µs for the excitation pulse and 10 µs for the double-
frequency sweep (DFS) conversion pulse. An initial delay
between the two pulses of 1 µs was chosen. After the conver-
sion pulse, a delay of 2.79 ms was chosen to allow the full
echo to build up after the 20 µs selective 180◦ soft pulse. For
each experiment, an F1 increment of 40 µs was selected, and
192 scans were added with 96 transients. The DFS started at
an offset of 50 kHz and ended at 1 MHz; the frequency reso-
lution was 50 ns. The labelling of the F1 axis follows Cz but
is inverted due to the echo acquisition convention (Millot and
Man, 2002).

2.6 Fitting of NMR spectra

All NMR spectra were fitted with mixed Lorentzian–
Gaussian lineshapes including convolution using the Dmfit
2022 program (Massiot et al., 2002). Some 27Al MAS NMR
lineshapes partially show a distribution of quadrupolar pa-
rameters in their signal components. These resonances were

fitted by the introduction of a Gaussian distribution of the
quadrupolar coupling (dispersion) and a subsequent summa-
tion of the computed weighted signal components (amor-
phous Cz simple model). Tolerances (estimated standard de-
viations) were estimated by varying the line position and
linewidth in the fit function, observing the statistical χ2 func-
tion until a distinct change of χ2 took place.

3 Results and discussion

3.1 Characterisation of samples and impurity phases
by X-ray powder diffraction and scanning electron
microscopy

Table 1 presents the composition of oxidic reaction mixtures
used to perform a large number of different synthesis ex-
periments of mica phases along the binary lines muscovite–
trilithionite and trilithionite–polylithionite:

Li-muscovites

K(LixAl2−x/3�1−2x/3)[AlSi3O10](OH)yF2−y,

with 0.0≤ x ≤ 1.5; 0.0≤ y ≤ 2.0,

lepidolites

K(LixAl3−x)[Al4−2xSi2xO10](OH)yF2−y,

with 1.5≤ x ≤ 2.0; 0.0≤ y ≤ 2.0.

A detailed analysis of the sample compositions was possi-
ble on the basis of the XRD powder data. The presence and
the total number of impurity phases give a first hint at the
“willingness” of the mica phases to crystallise from a partic-
ular reaction mixture. Moreover, the knowledge of the phase
composition of each sample is helpful to interpret the corre-
sponding NMR spectra.

The phase composition and the crystallisation of impurity
phases may depend on the synthesis time. Thus, the synthesis
time of a selected experiment (x = 0.0, y = 1.6) was diversi-
fied from a standard of 7 to 3 or 14 d, respectively. The three
corresponding diffraction patterns present no significant dif-
ferences. It only seems that the crystallinity is slightly bet-
ter after 14 d. The reflections are slightly sharper, and sev-
eral very weak reflections that appear in the other two dia-
grams are missing. However, the differences are not signifi-
cant enough to justify doubling the synthesis time. All other
samples were prepared with a synthesis time of 7 d.

No additional phases occur with increasing Li and F
content x = 0.3y = 1.4, x = 0.6y = 1.2, x = 0.9y = 1.0 and
x = 1.2y = 0.0. It seems that there is an optimal composition
for a Li content and a corresponding F content.

Prior to the structure analyses, synchrotron powder
diffraction diagrams of eight selected samples were recorded
to get a first impression of the complexity of the envisaged
analyses shown in Fig. S2. In nearly all cases, a series of
weak reflections are visible, which indicate that either sev-
eral mica polytypes are present or the mica phase is charac-
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terised by a stacking disordered structure. Reflections origi-
nating from a secondary mica are marked by ↓ in the upper
and lower diagram. The main phase is always polytype 1M.
The small additional reflections can be assigned to the poly-
type 2M1. The intensity of the small reflections shows no
correlation to the chemical composition.

The samples exhibit very small sizes of the mica crystals,
ranging from 0.1 up to 5 µm (Fig. 2). The polylithionite sam-
ples show the largest crystals. With increasing Al content, the
crystal sizes decrease. Muscovite yields larger crystals. The
crystals show, typical for micas, the cleavage along the (001)
plane and a platy habit. SEM images (e.g. Fig. 2) show that
some platelets have a pseudo-hexagonal outline and that the
platelets are more commonly aggregated into clusters.

It was possible to distinguish between the micas and some
impurity phases. The crystallite sizes of the impurity phases
were larger (up to 130 µm) and were finally identified with
EDX measurements (energy-dispersive X-ray spectroscopy)
and X-ray diffraction analysis. A list of the phase compo-
sitions of the samples is given in Tables 2 and 3. Figure 3
illustrates the optimal, sufficient and inadequate oxide com-
positions of the reaction mixture to form micas. Seemingly,
there is an optimal chemical composition for the mica syn-
thesis. Fewer additional phases occur with a lithium content
between 2.0 and 1.5, combined with a high F content. The
trilithionite samples can be synthesised without any addi-
tional phases up to an OH content of y = 0.6. With decreas-
ing Li content (x ≤ 1.2) and increasing OH content, the pro-
portion of impurity phases decreases. The muscovite samples
without Li show fewer impurity phases with an OH content
y ≥ 1.6.

Along the trilithionite–polylithionite line (K(LixAl3−x)
[Al4−2xSi2xO10](OH)yF2−y ; 1.5≤ x ≤ 2.0), fewer sec-
ondary phases are observed with a higher fluorine content
(y = 0.0 and 0.2). At ratios higher than y = 0.2, eucryptite
and sanidine are the most common impurity phases. Addi-
tionally, quartz, leucite, lithium metasilicate and lithium dis-
ilicate are present in lower amounts (Table 2). With increas-
ing OH content, the number of additional phases increases. In
this work, synthesised trilithionites can occur up to y = 0.6
without additional phases in agreement with experiments of
Munoz (1968). With an increasing Li content, the impurity
phases are present even at lower OH contents (e.g. x = 1.6,
y = 0.4; x = 1.7, y = 0.2). Polylithionite without any im-
purity phases crystalises only without any OH content. In
contrast, no mica phases are present along the binary line
between trilithionite and polylithionite without F content.
Small amounts of fluorine (y = 1.8) are sufficient to produce
mica phases.

The Li-muscovites (K(LixAl2−x/3�1−2x/3)[AlSi3O10]
(OH)yF2−y ; 0.0≤ x ≤ 1.5) show the opposite behaviour due
to their dioctahedral structure (Table 3); the incorporation
of hydroxyl groups is energetically more favourable for Li-
muscovites than for lepidolites since the OH bond can point
to the vacancy of the structure. The muscovite crystallises

Figure 2. SEM images of three samples (a: polylithionite,
b: trilithionite and c: muscovite). The crystallite sizes decrease with
increasing disorder in the structure.

without additional phases with an OH content of y = 2.0.
The addition of fluorine to the synthesis mix leads to the ad-
ditional formation of sanidine and KAlF4.

Nevertheless, it is possible to synthesise the phyllosilicates
under the specified conditions for most compositions. Only
the lepidolites without any fluorine and muscovites without
any OH could not be synthesised. The results are consistent
with Munoz (1968), who reported the successful synthesis
of polylithionite and polytrilithionite in a fluorine-rich sys-
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Table 2. List of phases as determined by X-ray diffraction for the nominal compositions of the reaction mixtures along the polylithionite
(Pln)–trilithionite (Tln) join. The various phases are listed in order of relative quantity. Products with mica as major phase are printed in
bold letters. Symbols – Qz: SiO2 (quartz), Ecp: eucryptite, Sa: sanidine, l2s: Li2SiO3, Lct: leucite, l2s2: Li2Si2O5 (lithium disilicate). Some
impurity phases which could not be identified are marked with (?).

y\x 1.5 (Tln) 1.6 1.7 1.8 1.9 2.0 (Pln)

0.0 mica mica mica + Sa mica mica + Qz
(+?)

mica + Qz

0.2 mica mica + Ecp mica mica mica mica + Qz
(+?)

0.4 mica + Ecp mica mica + Ecp +
Sa

mica + Ecp +
Qz

mica + Ecp mica + Sa +
l2s

0.6 mica mica + Ecp mica + Ecp +
Sa

Ecp + Sa +
mica

mica + Sa +
Ecp

mica + Sa +
l2s

0.8 mica + Ecp mica + Ecp mica + Ecp +
Sa

mica + Sa +
Ecp

Sa + mica +
Ecp + l2s

mica + Sa +
l2s2 + l2s

1.0 mica + Ecp mica + Ecp +
Sa + Lct

mica + Ecp +
Sa

mica + Sa +
Ecp + l2s

mica + Sa +
l2s

mica + Sa +
l2s2 (+?)

1.2 mica + Sa +
Qz

Ecp + mica +
Sa +Lct

mica + Ecp +
Sa (+?)

mica + Sa +
Ecp + l2s

mica + Sa +
Ecp + l2s +
l2s2

mica + Sa +
l2s2 + l2s+Qz

1.4 mica + Ecp
+ Lct (+?)

Ecp + Sa +
mica + Lct
(+?)

mica + Ecp +
Sa + l2s

Sa + Ecp +
mica + l2s

Sa + mica +
l2s + Ecp +
l2s2

Sa + mica +
l2s2 + l2s (+?)

1.6 Ecp + Sa +
mica + Lct

Ecp + mica +
Sa+ l2s2 + Lct

Sa + Ecp +
mica + l2s

Ecp + Sa +
mica + l2s +
Qz (+?)

Sa + mica +
l2s + Ecp +
l2s2

Sa + mica +
l2s2 + l2s

1.8 Ecp + Lct +
Sa + mica

Ecp + Sa +
mica + Lct +
l2s + Qz (+?)

Sa + Ecp +
mica + l2s
(+?)

Sa + mica +
Ecp + l2s

Sa + mica +
l2s + Ecp +
l2s2

Sa + l2s2 +
mica + l2s
(+?)

2.0 Ecp + Sa +
Lct + l2s (+?)

Ecp + Sa +
Lct (+?)

Sa + Ecp +
l2s

Sa + Ecp +
l2s (+?)

Sa + l2s2 +
l2s + Qz (+?)

Sa + l2s2 +
l2s (+?)

tem, but no polylithionite or polytrilithionite, when fluorine
is completely substituted by hydroxyl.

Eucryptite, sanidine and quartz are the most common im-
purity phases; Li2SiO3, Li2Si2O5, KAlF4, topaz and leucite
rarely occur, in agreement with Munoz (1968).

3.2 Structure refinements

Structure refinements of the Li-muscovites and lepidolites
were carried out to investigate structural changes, to inves-
tigate the occurrence of different polytypes, and to obtain
reliable occupancy factors for octahedrally coordinated Al
and Li. It was, however, not possible to distinguish between
OH− and F− and between tetrahedrally coordinated Al and
Si due to very similar scattering curves. Occupancy factors
of OH−, F−, [4]Al and [4]Si were fixed at values which re-
flect the composition of the reaction mixture. Almost all in-
vestigated samples exhibit weak reflections in addition to the

ones of polytype 1M, indicating that two different polytypes
1M and 2M1 are present. These weak reflections are marked
by black arrows in Figs. S2 and 4 (right). Twelve Rietveld
refinements were carried out, taking into account a mixture
of two mica phases (and additional impurity phases if nec-
essary). The structure refinement was performed assuming
that the domains of the 1M and the 2M1 polytypes are large
enough to consider them as separate crystals. In this case,
two calculated diffractograms add up to the observed one.
The anisotropic halfwidths of the reflections, however, indi-
cate that some stacking disorder exists. This was covered in
the refinement by using nine additional profile parameters. It
was necessary to refine the 1M structure in space group C2
due to three different occupancies of octahedral sites M1,
M2 and M3; the related centrosymmetric space group C2/m
allows only for two independent M sites.
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Table 3. List of phases as determined by X-ray diffraction for the nominal compositions of the reaction mixtures along the trilithionite–
muscovite join. The various phases are listed in order of relative quantity. Products with mica as major phase are printed in bold letters.
Symbols – Qz: SiO2 (quartz), Ecp: eucryptite, Sa: sanidine, Lct: leucite, l2s2: Li2Si2O5 lithium disilicate, tpz: topaz. Some impurity phases
which could not be identified are marked with (?).

y\x 0.0 0.3 0.6 0.9 1.2

0.0 Sa + KAlF4
(+?)

Sa + tpz +
mica

Sa + mica +
tpz + KAlF4

mica + Sa +
tpz

mica + tpz
(+?)

0.2 mica + Sa +
tpz + KAlF4

mica + Sa +
tpz (+?)

mica + Sa +
tpz + KAlF4
(+?)

mica + Sa +
tpz (+?)

mica + Sa

0.4 mica + Sa +
tpz + KAlF4

mica + Sa +
tpz (+?)

mica + Sa +
tpz + KAlF4
(+?)

mica + Sa mica (+?)

0.6 mica + Sa +
tpz + KAlF4

Sa + mica +
tpz (+?)

mica + Sa +
KAlF4 (+?)

mica + Sa mica + Qz

0.8 mica + Sa +
tpz + KAlF4

mica + Sa mica + Sa
(+?)

mica + Sa
(+?)

mica + Ecp
+ tpz

1.0 mica + Sa +
tpz + KAlF4

mica + Sa +
tpz

mica + Sa mica mica + Sa

1.2 mica + Sa +
tpz + KAlF4

mica + Sa +
KAlF4

mica (+?) mica + Sa +
Ecp

mica + Sa

1.4 mica + Sa +
KAlF4

mica mica + Sa mica + Ecp mica + Sa

1.6 mica + tpz mica + Sa mica + Ecp mica + Sa +
Ecp + Qz

Ecp + mica +
Sa + Qz

1.8 mica + Sa +
tpz

mica + Ecp +
Sa

mica + Sa +
Ecp

mica + Ecp +
Sa + Qz

Ecp + mica +
Sa + Qz

2.0 mica + tpz mica + Ecp +
Sa

mica + Sa
(+?)

Ecp + Sa +
mica + Lct

Ecp + mica +
Sa + l2s2

In total, the structures of six lepidolites were refined in-
cluding the octahedral occupancy of both polytypes (see
Table 4). With the exception of trilithionite, all lepidolites
crystallise as a mixture of two different polytypes with dis-
tinctly different chemical compositions. The samples show
a clear distribution between a Li-rich 1M polytype and
an Al-rich 2M1 polytype. According to the refined occu-
pancy factors, the compositions of both polytypes change
with the changing Li/Al ratio of the reaction mixture. Start-
ing from a polylithionite composition (polytype 1M with
Li/Al= 2.0 / 1.0 and polytype 2M1 with Li/Al= 0.0 / 2.0)
the distribution of lithium and aluminium approaches the
composition of trilithionite with idealised Li/Al= 1.5 / 1.5.
This indicates that the lepidolites represent a solid solution
series with polylithionite and trilithionite as the endmembers.

In addition, the ratios of polytypes vary. The higher the Al
content of the reaction mixture, the higher the portion of Al-
rich polytype 2M1 (see Table 1). It is noticeable that the lepi-
dolite samples contain hardly any impurity phases (Table 4),

probably because lepidolite crystals of various compositions
can form.

The octahedral sitesM1 andM2 of the 1M polytype of the
lepidolites are preferentially occupied by lithium, while the
M3 site is preferentially occupied by aluminium. The 2M1
polytype incorporates Li predominantly at the octahedral site
M1 and Al at M2.

The trilithionite sample K(Li1.5Al1.5)[AlSi3O10](OH)1F1
is an exception, as it exhibits only one polytype 1M (97 %)
and a small amount of eucryptite (3 %) as an impurity phase
(Fig. 4a). The sample having a nominal composition of x =
1.5 and y = 1.0 shows no additional peaks which would
reflect considerable stacking disorder or a second polytype
2M1.

Furthermore, Rietveld refinements of six Li-muscovite
samples were carried out. In the series of Li-muscovites, the
occupancy factor of Al at the octahedral site M2 in poly-
type 2M1 refined for all samples to slightly higher values
than 1 (two Al per formula unit). The occupancy factor was,
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Figure 3. Diagram of phases as determined by X-ray diffraction for
compositions along the trilithionite–muscovite (Li-muscovites) and
the trilithionite–polylithionite join (lepidolites). Optimal composi-
tions of the nominal oxide mixtures are plotted in brown dots, suf-
ficient nominal compositions are plotted in red dots and inadequate
compositions are displayed in orange dots.

therefore, fixed to the maximum of 1.0. Still, the refinement
showed also a little electron density at site M1. Since the
potassium site was in all samples not fully occupied, it is as-
sumed that some Li+ occupies siteM1 for charge compensa-
tion leading to formula K1−z(LizAl2)(Si3AlO10)(OH)yF2−y ,
with z about 0.1.

All samples from x = 0.0 to x = 1.2 consist of both poly-
types 1M and 2M1 with 1M/2M1 ratios from 0.9 to 2.4 (Ta-
ble 4). For those samples that did not contain impurity phases
the 1M/2M1 ratio is 1.3. In the case of the Li-muscovites the
1M/2M1 ratio depends obviously on the number of impurity
phases depleting the reaction mixture of Li (eucryptite) or
Al (sanidine or amorphous). It is important to note that there
is no solid solution between trilithionite and muscovite; in-
stead, the crystals of the Li-muscovites consist of domains of
muscovite and trilithionite of different ratios (see Table 4).
Grew et al. (2018) illustrated fine layering in lepidolite at
high magnification. That might be a natural analogue of our
findings for synthetic micas. The refinements of the occu-
pancy factors of the individual octahedrally coordinated sites
show that lithium prefers the M1 and M2 sites in polytype
1M and contains aluminium preferentially at M3. The poly-
type 2M1 includes hardly any lithium and possessesM2 sites
fully occupied by aluminium.

It is noticeable that higher numbers of additional phases
occur in samples with a chemical composition between mus-
covite and trilithionite because the crystallisation of layered
silicates was effectively blocked (Table 3).

These structure refinements are only good approximations.
The fact that nine additional profile parameters had to be used
to describe the anisotropy of peak halfwidths leads to the
conclusion that the different layers show noticeable stacking
disorder, which is a common phenomenon of layered sili-
cates. The Rietveld refinements of the Li-muscovites exhibit

higher χ2 values (see Table S1 in the Supplement), indicating
that stacking disorder is more pronounced, and the assump-
tion of two different crystalline domains of the 1M and the
2M1 polytypes is, therefore, justified to a lesser extent.

The lattice metrics of all samples are shown in Tables S1
(1M) and S2 (2M1). The refined lattice parameters fit well
compared to literature values. Analysing the lattice metrics
in more detail a different behaviour of lepidolites and Li-
muscovites becomes obvious: the lattice parameters a and b
and the β angle of the Li-muscovites (x= 0.0 to 1.2) vary in a
non-uniform way and do not show a systematic change with
chemical composition of the materials as shown in Figs. 5
and 6 for the Li-muscovites. Also, there is no systematic
change of the unit cell volume of the Li-muscovites with
chemical composition of the mica crystals.

In contrast, the lattice parameters a, b and c of the lepido-
lites (x= 1.5 to 2.0) decrease systematically from trilithion-
ite (x= 1.5) to polylithionite (x= 2.0) for both polytypes
(see Figs. 5 and 6 and Tables S1 and S2, upper part). As a
result, the unit cell volumes of the lepidolites shrink with in-
creasing Li content.

These findings can be rationalised as follows: for OH-
richer samples (trilithionite) the lattice parameter c is higher
than for F-rich samples (polylithionite). In OH-rich samples,
the proton directly points towards the interlayer cation K+

leading to a strong repulsion and a widening of the distance
between adjacent layer packages. In the tetrahedral layers,
aluminium is substituted by silicon. Due to the smaller ionic
radius of silicon (Si–O bond 1.62 Å) compared to aluminium
(Al–O bond 1.76 Å), the lateral dimensions of the whole
structure decrease within the a, b plane. Therefore, the vol-
ume of the unit cell of both polytypes decreases with increas-
ing Li content. This agrees well with the fact that the lepido-
lites form solid solutions (see above) while Li-muscovites do
not.

3.3 29Si MAS NMR experiments

29Si MAS NMR spectra of all samples were recorded to in-
vestigate the local environments of the Si atoms in the struc-
ture. According to the mica structure, there are three possible
silicon environments for the lithium muscovites and lepido-
lites and thus up to three 29Si MAS NMR signals: the Si-(O–
Si)3, Si-(O–Al)(O–Si)2 and Si-(O–Al)2(O–Si) environment
exhibit a Q3(0Al), Q3(1Al) and Q3(2Al) signal. Signals are
assigned using the Qn(xAl) nomenclature, where n is equal
to the number of bonded oxygens between silicon atoms and
next neighbours (n= 3 for layer silicates), and x is the num-
ber of Al atoms bonded to silicon. Along the binary line be-
tween muscovite and trilithionite (see Fig. 1), the tetrahedral
composition is [Si3Al]. The relative proportion of Q3 types
should be 25 % Q3(0Al), 50 % Q3(1Al) and 25 % Q3(2Al)
and is reflected by the intensities of the NMR signals. Be-
tween trilithionite and polylithionite, the Si/Al ratio changes
from [Si3Al] to [Si4]. Consequently, the polylithionite sam-
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Figure 4. Structure refinement of the sample with nominal composition K(Li1.5Al1.5)[AlSi3O10](OH)1F1 (a) and K(Li2Al)[Si4O10]F2 (b).
The left diffractogram contains two different phases, 1M and eucryptite. The χ2 of the refinement is 1.57. The intensity (arb. units) is plotted
against 2θ (◦) in the range of 8 to 90◦. Three distinguishable phases are present in the right diffractogram: the two polytypes 1M and 2M1
and quartz as minor phase.

Table 4. Results of the Rietveld refinements. OC: total charge of the three octahedral sites, SG: space group, p.f.u.: per formula unit, Qz:
SiO2 (quartz), Ecp: eucryptite, Sa: sanidine, Pln: polylithionite, Tln: trilithionite, LEP: lepidolite, Ms: muscovite, Li-Ms: lithium muscovite,
tpz: topaz.

Name Sample Reaction Occupancy of octahedra p.f.u. according to Percentage of Ratio Impurity
mixture the structure analysis polytype phases

Composition 1M polytype, SG: 2M1polytype, SG: 1M, 2M1 1M /

C2 C2/c C2 C2/c 2M1

Li (x) Al OH (y) Li Al OC Li Al OC

Pln PL602000 2.0 1.0 0.0 2.1 0.9 4.8 0.0 2.0 6.0 93 6 15.5 1 % Qz

LEP PL601902 1.9 1.3 0.2 2.1 0.9 4.8 0.1 2.0 6.1 82 18 4.6 –

PL601802 1.8 1.6 0.2 2.1 0.9 4.8 0.0 2.0 6.0 82 16 5.1 2 % Sa

PL601702 1.7 1.9 0.2 1.8 1.2 5.4 1.2 1.2 4.8 71 28 2.5 1 % Sa

PL601602 1.6 2.2 0.2 1.8 1.2 5.4 1.6 1.4 5.8 64 35 1.8 1 % Ecp

Tln TL601510 1.5 2.5 1.0 1.5 1.5 6.0 97 3 % Ecp

Li-Ms TL601208 1.2 2.6 0.8 1.7 1.3 5.6 0.0 2.0 6.0 35 53 0.7 9 % Ecp,
3 % tpz

TL600910 0.9 2.7 1.0 1.6 1.4 5.8 0.1 2.0 6.1 56 44 1.3 –

TL600610 0.6 2.8 1.0 1.6 1.4 5.8 0.1 2.0 6.1 55 32 1.7 13 % Sa

TL600314 0.3 2.9 1.4 1.6 1.4 5.8 0.1 2.0 6.1 42 49 0.9 ca. 9 %
amorphous

TL600316 0.3 2.9 1.6 1.6 1.4 5.8 0.2 2.0 6.2 57 24 2.4 19 % Sa

Ms TL600016 0.0 3.0 1.6 – 2.0 6.0 – 2.0 6.0 56 44 1.3 –

The amorphous phase of sample TL600314 was simulated as a highly disordered cristobalite to calculate an approx. relative percentage.
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Figure 5. Lattice metric of the polytype 1M of selected lepidolite
and Li-muscovite samples adapted from Table S1. The error mar-
gins are less than the width of the data symbols.

Figure 6. Lattice metric of the polytype 2M1 of selected lepidolite
and Li-muscovite samples adapted from Table S1. The error mar-
gins are less than the width of the data symbols.

Figure 7. 29Si MAS NMR spectra with different x content (1.5
to 2.0) and constant OH content with y = 0.8. The polylithionite
shows one defined signal for the Q3(0Al) environment. The second,
belonging to the Q3(1Al) environment, and the third signal, belong-
ing to the Q3(2Al) environment, appear and increase with decreas-
ing Li content. The position of the signals is marked by the dashed
lines.

ples should show only one signal belonging to the Q3(0Al)
environment.

The 29Si MAS NMR spectra show the three expected
signals (Fig. 7). The polylithionite spectra exhibit one de-
fined signal at −89 ppm belonging to the Q3(0Al) environ-
ment. When the lithium content decreases, a second signal at
−86 ppm and a third signal at −83 ppm appear and increase
according to the Q3(1Al) environment and the Q3(2Al) envi-
ronment, respectively. Thus, the ratio of the three samples in
the trilithionite sample is 1 : 2 : 1 in line with expectations.

The content of [4]Al and thus the Si/Al ratio of the tetrahe-
dral sheets can be determined indirectly from the subsequent
29Si signals. The Li content in the octahedral layer of lepido-
lites (between trilithionite and polylithionite) depends on the
Si/Al ratio. Therefore, it is possible to calculate the Li con-
tent xest from the determined Si/Al ratio of the 29Si MAS
NMR spectra with

Si
[4]Al

=

3∑
n=0

In(Q3 (nAl))

3∑
n=0

n
3 In(Q

3 (nAl))
, (1)

xest =
2 · Si
[4]Al

1+ Si
[4]Al

with 1.5≤ x ≤ 2.0, (2)

which gives the experimental compositions of the lepidolites.
The calculated Li contents xest of samples between

polylithionite and trilithionite agree with the expected val-
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Figure 8. The estimated Li content plotted against the nominal composition given in the synthesis (a) and the Si/Al ratio plotted against the
nominal x content (b). The OH content is given by the blue and green colours. The black line shows the expected statistical value.

ues. F-rich samples show slightly increased values and the
OH-richer samples lower values (Fig. 8a).

The composition of the tetrahedral layer is constant be-
tween trilithionite and muscovite. Thus, the ratio of the three
signals in the 29Si MAS NMR spectra should not change. The
exact Li content cannot be determined. The estimated Si/Al
ratio plotted against the nominal x content is also given in
Fig. 8b. Li-muscovite samples with a high fluorine content
show a higher Si/Al ratio than expected in contrast to the
OH-rich samples with lower values. F-rich lepidolites indi-
cate higher Li contents and OH-rich samples lower Li con-
tents, which can be explained by the preference of Al to OH
and F to Li as described in the 1H and 19F MAS NMR sec-
tion.

Interestingly, the OH/F content has influence on the 29Si
MAS NMR signals (Fig. S3). The spectra of lepidolites with
a nominal Li content of x = 1.7 show no large deviation
from 0.0≤ y ≤ 0.8. With increasing OH content the 29Si
MAS NMR Q3(1Al) and Q3(2Al) signals of the lepidolite
decrease and disappear; only the Q3(0Al) remains and van-
ishes also at high OH contents. Several signals referring to
impurity phases occur. The fluorine anions prefer the incor-
poration next to Si- and Li-rich environments. The remaining
Q3(0Al) signal indicates the formation of pure polylithionite
(K(Li2Al)[Si4O10]F2) for the remaining fluorine. The incor-
poration of OH in a trioctahedral structure is energetically
unfavourable. While a high fluorine content of the reaction
mixture led predominantly to mica phases with the expected
Si/Al ratio, an increase of OH led to the crystallisation of
impurity phases like sanidine, eucryptite and Li2SiO3, and
the less available fluorine will be incorporated near Si-rich
environments in polylithionite.

3.4 1H and 19F MAS NMR experiments

Each OH anion is coordinating three octahedral cations, ei-
ther Li or Al. In trioctahedral micas, the OH bond is nearly
perpendicular to (001), but it can be tilted in lepidolites
(Robert et al., 1989). Thus, three signals should emerge, the
Li2Al environment, the LiAl2 and the Al2� environment.
The 1H MAS NMR spectra show several different signals
with three signals according to the mica structure: Li2Al–
O–H, LiAl2–O–H and Al2�–O–H (Fig. 9). The polylithion-
ite samples show only one signal at −1.0(3) ppm according
to the Li2Al–O–H environment. This signal decreases with
increasing Al content, and a second signal at 1.1(3) ppm ap-
pears, which can be assigned to the LiAl2–O–H or the Al2�–
O–H environment, respectively. This assignment is in agree-
ment with Alba et al. (2000), who assigned the signal at
2.0 ppm to dioctahedral micas and the signal at 0.5 ppm to tri-
octahedral micas. There is no significant difference between
the di- and trioctahedral signals. The positions of the sig-
nals from Al2�–O–H and LiAl2–O–H environments are very
close to each other and cannot be distinguished. The overlap
results in broad signals. In addition, water signals are present,
either from water inclusions (4.5 to -5.0 ppm) or crystal wa-
ter from accompanying phases in the synthesis product (2.0
to 2.5 ppm).

The position of the signals shifts from −1 ppm
(polylithionite) to 0 ppm (muscovite) and 1 ppm (polylithion-
ite) to 2 ppm (muscovite). The bond length and angle slightly
change due to the variation in the chemical composition. This
change in the coordination sphere leads to the shift of the sig-
nal position. The signal for the Li2Al–OH environment dis-
appears below a lithium content of x = 0.6.

The fluorine environment is very similar to the OH envi-
ronment. Each fluorine anion is coordinating three octahedral
cations which can be Li or Al. According to the structure,
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Figure 9. 1H MAS NMR spectra of samples with 0.0 ≤ x ≤ 1.2, y = 0.6 (left two rows) and 1.5≤ x ≤ 2.0), and y = 1.2 (right two rows).

two different fluorine signals are expected: one referring to
the Li2Al–F content and the other to LiAl2–F.

The 19F MAS NMR spectra show these two different
signals (Fig. 10). The spectra of the polylithionite samples
(x = 2.0) exhibit one defined signal at −164 ppm according
to the Li2Al environment. With increasing Al content, a sec-
ond signal appears and increases at −135 ppm belonging to
the LiAl2 environment (Fig. 10b). Both signals are split up
into several signals, which cannot be assigned exactly. They
may refer to the OH/F disorder in the structure (see Grif-
fin et al., 2010). Each fluorine anion is coordinating three
cation sites, which on the other hand are coordinated by F
or OH. This leads to four different fluorine environments:
F/OH in cis- and trans-coordination and F/OH in cis- and
OH/F in trans-coordination. These small changes may im-
plicate small changes in the local structure and thus changes
in the chemical shift values.

If only the spectra with the same Li but different OH con-
tent are considered, it is noticeable that the intensity of the
LiAl2 signal decreases with increasing OH content, although
the ratio between Li2Al and LiAl2 environment should be
constant (Fig. 10a). This is analogous to the 1H MAS NMR
results. The OH anions prefer an Al-rich environment and oc-
cupy the Li–Al2 sites and the fluorine anions the Li2Al sites.

The 1H MAS NMR and 19F MAS NMR spectra show a
non-statistical distribution of the OH and F anion incorpo-
rated in the structure (Fig. 11). The obtained values of the
area of the Li2Al signal concerning the three mica signals are
below the expected value of the statistical distribution in the
1H MAS NMR spectra (Fig. 11b). The OH anion prefers an
Al-rich environment instead of a Li-rich environment as al-
ready indicated in the 29Si MAS NMR measurements. With

Figure 10. 19F MAS NMR spectra of several samples with constant
x = 1.5 content and increasing OH content (a) and with decreasing
Li content (b).

increasing Li content, the values approach the statistical dis-
tribution. The estimated values show larger deviations with
increasing F content. The few OH anions prefer the incorpo-
ration near LiAl2 or Al2� sites and initially occupied them
exclusively. With increasing OH content the values approach
the statistical distribution since no other positions can be oc-
cupied. The contrary trend can be observed in the 19F MAS
NMR spectra: the obtained values of the area of the Li2Al
signal concerning the three mica signals are above the ex-
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Figure 11. Non-statistical distribution of the F anion (a) and the OH anion (b). The signal intensity of the Li2Al environment is plotted
against the sum of signals originating from the octahedral sites (Li2Al, LiAl2, Al2). The OH content is given by the blue and green colours.
The black line shows the expected statistical value.

pected value of the statistical distribution (Fig. 11a). The F
anion prefers a Li-rich environment. As already observed for
1H with increasing Al content, the values approach the statis-
tical distribution. Similarly, the estimated values show larger
deviations with increasing OH content.

3.5 27Al MAS NMR and 27Al MQMAS NMR
experiments

The 27Al MAS NMR experiments should show two different
signals according to the mica structure: one for the tetrahe-
dral Al and one for the octahedral aluminium. In the spectra
of the polylithionite samples, one defined signal at 7(3) ppm
appears, which can be assigned to the octahedral environ-
ment. A second signal at 73(3) ppm appears and increases
with rising Al content (Fig. 12). This signal refers to the
tetrahedrally coordinated aluminium. The other signals in the
spectra represent the impurity phases sanidine (60(2) ppm)
and eucryptite (62(2) ppm). 27Al MQMAS NMR experi-
ments can be used to assign the signals correctly (Fig. 13).
The two-dimensional experiment is able to separate signals
with different quadrupolar interaction parameters in the sec-
ond dimension. The upper left spectrum shows only sig-
nals from a lepidolite at δ(F2)= 73 ppm, δ(F1)= 95 ppm for
tetrahedral aluminium and δ(F2)= 7 ppm, δ(F1)= 0 ppm for
the octahedral site. The upper right spectrum shows an ad-
ditional tetrahedral signal from sanidine at δ(F2)= 60 ppm,
δ(F1)= 78 ppm (Zhou et al., 1997). In the lower left spec-
trum, the α-eucryptite shows two signals at δ(F2)= 60 ppm,
δ(F1)= 95 ppm and δ(F2)= 85 ppm, δ(F1)= 82 ppm be-
neath the lepidolite and sanidine. The correct assignment was
checked by a 27Al MQMAS spectrum of pure α-eucryptite.
The assignments do also agree with the X-ray diffraction re-
sults shown in Table 3.

The 27Al MAS NMR lineshapes show a distribution of
quadrupolar parameters in their signal components. These

Figure 12. 27Al MAS NMR spectra with variable Li content and an
OH content of y = 0.4. The position of the tetrahedral signal is at
73(3) ppm and that of the octahedral at 7(3) ppm.

resonances were fitted by introduction of a Gaussian distri-
bution of the quadrupolar coupling (dispersion) and a sub-
sequent summation of the computed weighted signal com-
ponents (amorphous Cz simple model). Table S3 contains
the tetrahedral and octahedral CQ values of the mica res-
onances for selected samples from polylithionite (x = 2.0)
to trilithionite (x = 1.5) to pure muscovite, always with dif-
ferent OH/F contents (y) for compositions containing lep-
idolites or Li-muscovites as major phase. The values of
the tetrahedral and octahedral CQ values are plotted in
Fig. 14. For polylithionite there exists only the octahedral
Al. The quadrupolar coupling constant which represents the
anisotropy of the Al coordination is low with CQ = 1.5 MHz.
The tetrahedral sheet consists of SiO4 only. With decreasing
Li content and rising Al content in tetrahedral and octahe-
dral sheets, the tetrahedral signal appears, and the octahedral
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Figure 13. 27Al MQMAS spectra of the samples x = 0.9, y = 1.4, and x = 1.7 and y = 1.0. The spectra show two signals belonging to the
tetrahedral Al (73 ppm) and the octahedral Al (6 ppm). Ecp/Sa indicates the secondary phases eucryptite and sanidine, respectively.

signal affects a broad asymmetry. The quadrupolar coupling
constant of the octahedral Al increases to CQ = 3.8 MHz.
The tetrahedral Al affects only a slighter increase of CQ from
1.7 to 2.8 MHz. Advancing from trilithionite to muscovite,
both quadrupolar coupling constants decrease to 2.5 MHz for
octahedral and 1.5 MHz for tetrahedral Al. In polylithionite
there is the most isotropic environment for octahedral Al;
there are only Li2Al sites coordinated by F in the octahedral
sheets and O from the tetrahedral sheets which are regular,
containing only Si. The distortion and anisotropy for Al in
tetrahedral as well as octahedral sheets increases with ris-
ing Al content. In addition, mixed OH/F anion occupancies
are more favourable. The most anisotropic environment can
be found in trilithionite, especially for octahedral Al. Here,
LiAl2 and Al2Li environments exist with mixed OH/F oc-
cupation. Advancing to muscovite the Al environment in the
tetrahedral sheet does not change much anymore (AlSi3O10).
The octahedral sheet consists more and more of Al2 and a
vacancy and becomes dioctahedral. The OH content of the
mica increases. The site anisotropy thus decreases. Interest-
ingly it can be observed that CQ values are always lowest for
a given x value with the most favourable OH/F content (e.g.
for x = 2.0, y = 0.0; x = 1.5, y = 1.0; x = 0.0, y = 2.0). It
must be noted that a distinction of the Al sites of the differ-
ent polytypes 1M and 2M1 is not possible in the 27Al NMR
spectra due to the local signal detection and the similarity of
the 27Al crystallographic site coordination.

4 Conclusion

In a very comprehensive study on Li-mica phases it
could be shown that it was possible to synthesise lepido-
lites (K(LixAl3−x)[Al4−2xSi2xO10](OH)yF2−y); 1.5≤ x ≤
2.0 and Li-muscovites (K(LixAl2−x/3�1−2x/3)[AlSi3O10]
(OH)y ,F2−y); 0.0≤ x ≤ 1.5 with variable Li content and
(OH)y /F2−y ratio in a wide compositional range. The
successful formation of micas for a certain Li content is
very sensitive to the applied OH/F ratios in synthesis. The
muscovites do not crystallise without any OH content. In
compositions without fluorine (y = 2.0), muscovite and Li-
muscovites occur up to x = 1.2. Low amounts of fluorine
(y = 1.8) are necessary to obtain the expected lepidolites,
but several impurity phases are formed. Both Li content
and F/OH content influence the occurrence of the impurity
phases. The lepidolite samples (1.5≤ x ≤ 2.0) with a high F
content show fewer impurity phases. In contrast to this, the
Li-muscovites (0.0≤ x ≤ 1.2) are formed with fewer impu-
rity phases at high OH content. Rietveld structure analyses
on 12 selected samples showed that nearly all samples con-
sist of two mica polytypes (1M and 2M1) of varying propor-
tions. The refinement of the occupancy factors of octahedral
sites showed that lepidolites (1.5≤ x ≤ 2.0) represent a solid
solution formation series with polylithionite and trilithionite
as the endmembers, while no solid solution formation ex-
ists between trilithionite and muscovite. The lepidolite solid
solution formation can be understood as structural assem-
bly in small domains with different polytypes. The lattice
parameters a, b and c and the unit cell volume of the lepi-
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Figure 14. Quadrupolar coupling constants of the
27Al MAS NMR tetrahedral and octahedral mica
resonances with selected nominal compositions of
K(LixAl2−x/3�1−2x/3[AlSi3O10](OH)yF2−y with 0.0≤ x ≤ 1.5
and 0.0≤ y ≤ 2.0 and K(LixAl3−x )[Al4−2xSi2xO10]
(OH)yF2−y with 1.5≤ x ≤ 2.0 and 0.0≤ y ≤ 2.0.

dolites decrease systematically from trilithionite (x = 1.5) to
polylithionite (x = 2.0) for both polytypes.

The overall composition of the synthesised micas can be
characterised by 29Si, 1H and 19F MAS NMR spectroscopy.
The Si/Al ratio of the tetrahedral sheets and thus the con-
tent of [4]Al as well as the Li content could be calculated
using the signal intensities of the 29Si MAS NMR spectra.
The values agree with the expected values. Deviations at cer-
tain OH/F ratios can be attributed to the crystallisation of
impurity phases. 1H and 19F MAS NMR investigations in-
dicate that there is a preference for incorporating fluorine
near Li-rich environments and for OH groups near Al-rich
environments. The distribution of OH and F in the micas is
not statistical. The 27Al MAS NMR spectra show two differ-
ent signals belonging to [4]Al and [6]Al in the structure. The
27Al MQMAS NMR spectra finally enable us to clearly dis-
tinguish the 27Al signals of the micas from additional signals

of the secondary phases eucryptite and sanidine. The octa-
hedral Al experiences the most anisotropic environment and
thus the highest quadrupolar coupling constant in trilithion-
ite (x = 1.5), containing both LiAl2 and Al2Li environments
with mixed OH/F occupation.
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