0 N N Lk W=

—_ e —
N - O O

—_ = =
O T N VS

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am.2013.3885

Revision

Aluminum ordering and clustering in Al-rich synthetic phlogopite: The
influence of fluorine investigated by {*F/'H} ¥Si CPMAS NMR
spectroscopy

MICHAEL FECHTELKORD*, RAMONA LANGNER'

Institut fiir Geologie, Mineralogie und Geophysik, Ruhr-Universitidt Bochum,
Universitétsstr. 150, 44780 Bochum, Germany

"E-mail: Michael.Fechtelkord@ruhr-uni-bochum.de
"Present address: Fraunhofer-Institut fiir Naturwissenschaftlich-Technische Trendanaly-

sen (INT), Appelsgarten 2, 53879 Euskirchen, Germany

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld

8/22



16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35
36

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am.2013.3885

Revision #3

ABSTRACT

The influence of fluorine on cationic and anionic ordering in the mica mineral
phlogopite has been investigated using *’Si, 'H, and '°F MAS as well as {'H}/{"’F} —
*Si CPMAS and CP-depolarization NMR spectroscopies. It can be shown that the mere
presence of fluorine achieves a tremendous loss of capability to incorporate aluminum
into the phlogopite structure. Fluorine is usually located in Mg-rich octahedral and Si-
rich tetrahedral clusters of the phlogopite structure while hydroxyl groups are located in
Al-rich octahedral and tetrahedral clusters as derived from {'H}/{"’F} — *’Si CPMAS
NMR spectroscopies. The ordering effect in these two basic structural clusters can also
be proven by a smaller *’Si linewidth in the {"’F} — *’Si CPMAS NMR experiments
compared to the usual *’Si MAS NMR experiment showing a stronger ordering of Si —
environments near the two different anion types fluorine and hydroxyl. Intensities of the
{'HY/{"”F} — *Si CPMAS NMR signals as function of the contact-time show a
deviation from the classical I-S model and can be attributed to the I-I'-S model. Time
constants like the proton/fluorine spin diffusion time (73), the spin-spin relaxation time
(T), the lambda parameter (A), and the proton/fluorine spin-lattice time in the rotating

frame (77;,) were extracted to give information about the local structure.

KEYWORDS: 'H/ °F / ?°Si/ Solid State NMR / MAS / CPMAS /
DEPOLARIZATION / phlogopite / fluorine
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INTRODUCTION

F is often present in silicic magmas only in minor amounts, but it may be strongly
enriched in the melt during on-going crystallization because of its incompatible
character. As a result, F-rich minerals like phlogopite form in late-stage magmatic rocks
like pegmatites (e.g., Christiansen et al. 1983; London 1987). For certain A-type
granites, F-contents up to 1.8 wt% have been found (Whalen et al. 1987), and even
larger amounts of 3.2 wt% F have been reported for topaz rhyolites by Pichavant and
Manning (1984). These amounts may have a strong influence on the physical and
chemical properties of magma with effects similar to those of water dissolved in the
melt. F lowers the crystallization temperature of a melt (Manning 1981; Webster et al.
1987; Weidner and Martin, 1987), it decreases the melt density (Dingwell et al. 1993;
Knoche et al. 1995) and melt viscosity (Dingwell et al. 1985; Baker and Vaillancourt
1995; Giordano et al. 2004), and increases element diffusivity in the melt (Baker and
Bossanyi 1994). However, there is an important difference in the behavior of F and
H,O: The water solubility decreases upon ascent of the magma, leading to a higher
viscosity and higher solidus temperatures, and thus a more explosive nature of
eruptions. In contrast, the fluorine solubility may still achieve several wt% of fluorine
even at low pressures, inhibiting degassing upon extrusion, corresponding to a

completely different behavior of the melt (Carroll and Webster 1994).

Therefore, it is essential to gain a deeper understanding of the stability of such F-rich
minerals and the processes controlling a partitioning of F between mineral and co-
existing melt. This includes studies of phase equilibria, partitioning coefficients and

thermal stability of micas. It is also necessary to obtain further information on the local
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F-environment in the melt as well as in the F-containing crystal structures. In contrast to
standard techniques like X-ray and neutron diffraction, spectroscopic methods are ideal

tools to obtain information on the local environment of single atoms in the structure.

The mica mineral phlogopite shows an extraordinary capability to incorporate larger
amounts of F than most other minerals. Within the class of mica minerals this is only
exceeded by the Li-mica lepidolite (Foster 1960). Phlogopite is the Mg-end-member of
the biotite solid-solution series with composition K Mgz (AlSiz;049) (OH, F),. The
mineral structure is made up of two-dimensional infinite octahedral sheets sandwiched
by two sheets of TOy-tetrahedra. Three of the four tetrahedral sites per half unit-cell in
phlogopite are occupied by Si and the remaining site by Al. Potassium ions occupy the
interlayer sections for charge balancing. In nature, extensive replacement of Si and Mg
by Al according to Tschermak’s substitution ((“Mg + “ISi — [UIA] + Al takes place.
The composition then ranges towards the hypothetical end-member eastonite (K

(MgxAl) (Al:S1,049) (OH, F),).

In pure phlogopite the octahedral sites are occupied by Mg (three sites per half unit
cell). Two Mg sites are coordinated by four O atoms from the tetrahedral sheets and two
(OH)" and/or F" anions in cis-coordination. The third Mg site has a trans-coordination of
the hydroxyl and/or F~ anions. The (OH) and/or F~ anions are always coordinated to
three Mg-sites. In the Al-rich phlogopites, some of the Mg sites are substituted by Al, so
that some of the (OH)™ and/or F™ anions are coordinated by two Mg cations and one Al
cation.

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 hydroxyl

groups prefer Mg,Al coordination and the fluorine atoms prefer Mg; coordination. This
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is in agreement with a previous '°F, 'H, and *’Si MAS NMR study (Fechtelkord et al.
2003a). The results of this study indicated a non-statistical distribution of cations and
anions in the octahedral sheets where F prefers sites coordinated by three Mg, whereas
OH prefers sites bonded to Al. In addition, it was shown that hydroxyl-rich
compositions indicate an increased Al-content in the tetrahedral sheets suggesting a
stabilizing effect on the formation of Al-rich phlogopite and for fluorine rich
compositions a stabilizing effect on the formation of Mg-rich phlogopite (Fechtelkord et
al. 2003a; Circone et al. 1991).

In another study, {'"H} —*’Al 2D CPMAS (HETCOR) NMR experiments at short
contact times showed information about the local configuration of tetrahedral Al sites
and Mg;OH as well as Mg,AlOH sites whereas magnetization was only transferred to
the octahedral Al sites from hydroxyl groups in Mg,AIOH sites (Fechtelkord et al.
2003b). The {"’F} —?’Al 2D CPMAS (HETCOR) NMR spectrum in Fechtelkord et al.
(2003b) was dominated by 'VAl sites coupled to the MgsF complex in phlogopite.
Resonances from Mg,AlF complexes were not observed. Finally, the {'H/"F} *’Al
REDOR experiments in this study supported the results of the 2D CPMAS (HETCOR)
experiments. The slope of each REDOR curve gave a good hint about the strength of
heteronuclear dipolar coupling between Al and F or Al and H. The dipolar coupling
between the octahedral sites and OH/F should be stronger due to the smaller distance to
OH and fluorine groups compared to 'V Al sites. The trend could be observed for all the
REDOR curves. The slope of the octahedral REDOR curves was always higher than for
the tetrahedral curve. In addition, {'H} <> ?’Al dipolar interaction is stronger than the
{"F} <> *’Al dipolar interaction due to the higher gyromagnetic ratio of 'H which could

be also observed in the graphs resulting in an increased slope for the {'H} ’Al REDOR
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curves compared to the {"’F} *’Al REDOR curves (Fechtelkord et al. 2003b). It was not
possible to extract quantitative information from the REDOR curves due to the lack of
enough data points in the initial slope.

In a recent 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 AI-O-Al linkages following Loewenstein’s rule (Loewenstein 1954). Long-range
ordering is only present at Al-content close to Si/A*'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 surrounded by six Mg ions in
the neighboring 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.

However, these observations have been made on pure OH-phlogopites, so the
question now arises whether the clustering of Al in the structure also influences the
distribution of F and OH in F-rich phlogopites as one would expect from the OH-Al

preference mentioned above.

{'HY/{"F} — *Si cross-polarization magic-angle spinning (CPMAS) experiments
combined with 'H, "°F, and *Si MAS NMR investigations are an ideal tool to correlate
octahedral H or F environments with Si-environments in the tetrahedral sheets. The
correlation of octahedral and tetrahedral Al with octahedral H or F environments was
already done in a former study described above (Fechtelkord et al. 2003b). It can be
shown that the ordering of cations and anions is coupled with F preferring sites in the

Si-rich clusters in the structure. Moreover, the analysis of {'H}/{"’ F} — *Si contact-
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time dependent CP and depolarization experiments (Pines et al. 1971, 1973;
Kolodziejski and Klinowski 2002; Wu et al. 1988) provide relaxation, spin-diffusion,
and cross-polarization parameters, which contain valuable information on dynamics and

the local neighborhood between protons/fluorine anions and silicon atoms.

A number of  phlogopite samples with  nominal composition
K (Mg3<Aly) (Al;+xS13x019) (OH), F2.y have been prepared under synthesis conditions
of 873 K and 2 kbar to investigate the role of F on the ordering patterns in both sheets of
the phlogopite structure. In contrast to previous studies (e.g., Langner et al. 2012;
Circone et al. 1991), samples containing different amounts of fluorine (y = 0.2 — 1.8)

have been compared to samples of pure hydroxyl-phlogopite (y = 2.0).

In addition to the variation in the F-content, samples of different Al-contents x = 0.0 —
1.6 have been synthesized. Theoretically, the limit for incorporation of Al into the
phlogopite structure is x=1.0 because then a ratio of Si/*Al of 1:1 is reached.
Incorporating further Al into the tetrahedral sheets would force Al-atoms to occupy
neighboring tetrahedra which is expected to be highly energetically unfavorable
(Loewenstein 1954). However, values of x,om higher than 1.0 have been chosen for the
preparation of gels because not all of the Al present in the initial gel composition is

incorporated into the phlogopite structure.

EXPERIMENTAL METHODS

Phlogopites of nominal composition K(Mg3.cAl)(Al;+Si3x010)(OH)yF2.y with Xu0m =
0.0 — 1.6 and y = 0.2 — 2.0 were synthesized using sol-gel-synthesis and hydrothermal

techniques. Starting materials for the Al-rich F-containing phlogopites were prepared
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according to the gelling method of Hamilton and Henderson (1968). The F anions were
introduced by adding 1 M NH4F solution to the starting gel solution in the appropriate
amounts. A typical experiment consisted of 150-300 mg of the dry gel together with 9-
12 wt% of deionized water in a sealed gold capsule (40 mm long and 3.5 mm inner
diameter). Experiments were carried out in Tuttle-type cold seal pressure vessels at
1073 K or 873 K and 2 kbar for a duration of 7 days using water as pressure medium
(for detailed description of the vessels see Berndt et al. 2001). The value of f{O,) was
close to that imposed by the Ni-NiO buffer.

The chemical composition of the dry oxide gels was checked for several samples by
wavelength dispersive X-ray fluorescence spectroscopy (XRF) on a Philips PW 2404
spectrometer equipped with an Rh X-ray tube. Oxides were mixed with LiBO,/Li,B4O7
(MERCK Spectromelt A12) in a ratio of 1:10 in a fused bead. Analysis results showed
no major deviations from the intended stoichiometry of the gels.

After synthesis the samples have been checked with powder X-ray diffraction on a
D8 Bruker diffractometer. Two phlogopite polytypes have been identified: At low Al-
contents polytypes 1M and 2M; co-exist, while at high Al-contents nearly pure
phlogopite-2M,; has been found. In agreement with *’Al MAS NMR experiments
corundum has been observed as an impurity phase as well as potassium aluminum
hexafluoride (K3AlFs-0.5H,0) (mainly at high fluorine and aluminum contents). On the
other hand, the chemical composition of the phlogopite was difficult to estimate, e.g.,
by microprobe analysis. The average crystal size is about 1 - 2 #m and the crystals were
generally oriented with their thinnest side parallel to the plane of the thin section. In
addition, the thin section often contained large cavities between the phlogopite crystals

filled by epoxy resin so that analytical totals were too low to be used.
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The NMR spectra were recorded on a Bruker ASX 400 NMR spectrometer.
*Si MAS NMR measurements were carried out at 79.49 MHz using a standard Bruker
7 mm MAS NMR probe with sample spinning at 4.0 kHz, a single pulse duration of
2 us (90° pulse length 5.8 us) and 4,000 - 20,000 scans were accumulated with a 10 s
recycle delay. To ensure that the 10 s delay is sufficient with regard to spin-lattice
relaxation times (7;), some experiments were repeated with a delay of 120 s, but no
change in absolute intensity could be observed. Tetramethylsilane was used as reference
standard. In addition, high-power-decoupled {'H/"’F} - *Si MAS NMR experiments
were carried out to check the dependence of *’Si signal linewidths on "H/"F — *°Si

heteronuclear dipolar interaction.

'H MAS NMR experiments have been performed at 400.13 MHz with a standard
Bruker 4 mm MAS NMR probe at rotation frequencies of 12.5 kHz. Liquid
tetramethylsilane (TMS) was used as an external standard. A pulse length of 2 pus and a
recycle delay of 10 s were used, and 128 scans were accumulated. The spectral width
was 125 kHz. After the measurements, a spectrum of the rotor without sample has been
recorded and subtracted from the original spectrum to eliminate the broad signal

resulting from protons in the probehead and the rotor cap.

For 'F MAS NMR experiments a Bruker 4 mm MAS NMR probe has been used.
300 scans were accumulated at a frequency of 376.46 MHz and rotation frequencies of
12.5 kHz. Single pulse duration was 2 us, and a spectral width of 125 kHz and a recycle
delay of 10 s have been used. As external reference a liquid p-C¢H4F, sample has been
measured, and the frequency with highest signal intensity has been set to -120 ppm with

respect to liquid CFCls.
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The {'"H} — *’Si CPMAS NMR spectra were recorded at transmitter frequencies of
400.13 MHz and 79.49 MHz for 'H and *°Si, respectively. A standard 7mm Bruker
MAS NMR probe has been used at rotation frequencies of 4 kHz. The 90° pulse length
for 'H was 7.6 us (vi("H) = vi(*’Si) = 33 kHz), and the recycle delay was 5 s. A total of
360 — 400 scans were accumulated, and tetramethylsilane was used as a reference for
both 'H and *’Si. For the CPMAS contact time dependent experiments contact times of
0.1 to 120 ms have been chosen. The {'H} — 2sj cross-depolarization MAS NMR
experiments (Kolodziejski and Klinowski 2002; Wu et al. 1988) were carried out with a
contact-time of 10 ms, a dephase time of 5 ms for '"H and 32 depolarization times

between 20 ps and 80 ms for *%Sj each totalling 1,200 scans.

The transmitter frequencies for the {'’F} — *’Si CPMAS NMR experiments were
79.49 MHz and 376.45 MHz for *’Si and '°F, respectively. Sample spinning rate was
5.8 kHz in a standard 7 mm Bruker MAS probe. A total of 400 scans were accumulated.
Tetramethylsilane (TMS) and p-C¢H4F, (6 = -120 ppm) have been used as reference for
»Si and 'F, respectively. The 90° pulse length for "F was 5.6 us (vi("°F) =
vir(*’Si) = 45 kHz), and a recycle delay of 5 s has been used. For the CPMAS contact-
time dependent experiments contact times of 0.1 to 120 ms have been chosen. The
{"F} — »Si cross-depolarization MAS NMR experiments were carried with a contact-
time of 10 ms, a '°F dephase time of 8 ms and 32 depolarization times between 20 ps

and 80 ms for *’Si totalling 3,200 scans each.

All MAS and CPMAS NMR spectra were fitted with mixed Gaussian / Lorentzian

lineshapes using the DmFit 2010 program (Massiot et al. 2002). Tolerances were

10
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estimated by varying the line position and linewidth in the fit function observing ;f

until a distinct change of * took place.

RESULTS AND DISCUSSION

»Si MAS NMR spectroscopy

In order to clarify the influence of F on ordering of Si/'™Al in the tetrahedral sheets of
phlogopite we compared *’Si MAS NMR spectra of F-containing compositions to those
of pure hydroxyl-phlogopites (Fig. 1). Si has a tetrahedral coordination, being connected
through three bridging O atoms to three other tetrahedral sites which could be occupied
either by Al or Si. The fourth (non-bridging) O atom points to the octahedral sheet and
coordinates to Mg in phlogopite or Al in the Al-rich phlogopites. The four possible
signals at approximately -91, -87, -83 and -80 ppm can be assigned as Q*(n Al) signals
with n = 0-3 (Fechtelkord et al. 2003a; Circone et al. 1991). An additional signal due to
an impurity phase has been found in the *’Si MAS NMR spectra at about -94 to -95 ppm
for some of the samples. This has already been reported by Circone et al. (1991) who
suggested that it should result from some K-deficient clay-like layers in the phlogopites.
It could be also due to a talc component (Wunder and Melzer 2002) which cannot be
directly identified in the XRD patterns — it would only alter the cell dimensions of the
mica. The signal was only observed as a small shoulder but in some rare cases it showed
up to 10% relative signal intensity. The signal areas of the phlogopite signals correlate
with the relative amounts of those tetrahedral units in phlogopite, so that the Si/*¥Al
ratio of the tetrahedral sheets can be easily determined by *°Si MAS NMR from

equation 1 if Loewenstein’s rule applies (Loewenstein 1954):

11
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s niol(Q%nAz))
VAl B

> 2 1(0% (na)) M

n
n=0 3

Due to the fact that the real Si/Al ratio of the tetrahedral layers can now be determined,
it is possible to estimate the “real” x—value x,, in the stoichiometric phlogopite formula

K(Mgs.xAly)(Al14xSi3x019)(OH),F,., from equation 2.

est = Sl (2)

The *’Si MAS NMR data of Al-rich phlogopites with nominal composition
K (Mg3<Aly) (Al1+xSi3x019) (OH)y (F),.y 1s listed in Table 1. The table contains signal
positions (9), linewidths (FWHM) and areas of the signals. The spectra were fitted with
mixed Gaussian / Lorentzian lineshapes using the DmFit 2010 program (Massiot et al.
2002). Uncertainties were estimated by varying the line position and linewidth in the fit
function observing ;{2 until a distinct change of }(2 took place. Total signal areas with
less than 100% are due to non-phlogopite *’Si NMR signals from K-deficient clay
signal areas not listed here and mentioned above. The linewidth of all *’Si NMR signals
ranges mostly around 2.6 — 2.8 ppm. The isotropic chemical shift of the signals shows a
dependence on the Al-content of the tetrahedral layers. An increasing Al-content leads
to a small shift of the *’Si NMR signal to higher ppm-values. This can be attributed to

the change of the tetrahedral angle due to substitution of silicon by the larger Al.
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Both the spectra and the calculation of the “real” Al-content x., of the tetrahedral
sheets show a sharp decrease of the phlogopite’s ability to incorporate Al as F enters the
structure. The effect can be very well observed in Figure 2 where the estimated
octahedral Al content x,, is plotted as a function of the nominal Al-content of the oxide
gel x,om. The estimated Al-content of the hydroxyl-phlogopites (y = 2.0) is always much
higher than that of F-containing samples of the same nominal Al-content. In contrast,
there is hardly any difference in the estimated Al-contents of samples of different F-
contents (y = 1.2 - 1.8). At low Al-contents the curves for different F-contents y are
approximately in the same range. However, for high values of nominal x the amount of
Al actually incorporated into the tetrahedral sheets is much higher for y = 2.0 than for
other compositions. This means that the mere presence of F in the mixture reduces the
ability to incorporate Al into the phlogopite structure drastically and has a stronger

influence than the exact ratio of OH/F.

At very high initial Al-contents a saturation effect can be observed: For x,,, = 1.0
and 1.2 the amount of Al incorporated is nearly the same (x.;; = 0.83 for y = 2.0), for
Xzom = 1.6 it even decreases slightly. This indicates that for our synthesis conditions (P =
2 kbar, T = 873 K) the maximum amount of Al in the phlogopite structure has been

reached.
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'H and ”F MAS NMR spectroscopy

In the octahedral sheets, each OH position is surrounded by three cation sites which can
be occupied either by Mg or by Al. We therefore could expect four different
configurations of ions leading to four different signals in '"H MAS NMR spectra:
MgsOH, Mg,AIOH, MgAlL,OH, and Al;OH. However, in a previous publication
(Langner et al. 2012) we showed that only two of these four signals, those for Mg;OH
and the Mg,AIOH, can be observed. Mg/Al is ordering in such a way that never two Al-
atoms occupy adjacent octahedral sites (Loewenstein’s rule applying on octahedral
sites). The same is true for the '"H MAS NMR spectra of F-containing phlogopites
shown in Figure 3. The resonance at 4.7 ppm is thought to be due to molecular water
which could be surface or defect water. It varies in all samples and its intensity shows
no relationship to the Al- or F-contents of the initial composition (see Fechtelkord et al.
2003a). Thus, the water resonance in Figure 3 is truncated for better visibility of the two
main hydroxyl signals at approximately 1.8 ppm and 0.6 ppm. The intensities of these
signals correlate directly with the Al-content of the octahedral sheets: when x,,,, = 0.0,
only the signal at 0.6 ppm is observed. With increasing x,,,, the second signal at
1.8 ppm appears and increases in relative intensity. The two signals can thus be
assigned to the Mg;OH (OHy,) and Mg,AIOH (OHaj) environments in the octahedral
sheets, respectively (Fechtelkord et al. 2003a). The 'H MAS NMR data of Al-rich
phlogopites with nominal composition K (Mgz.cAly) (Al;+Si3.xO10) (OH)y (F)a.y is listed
in Table 2. The table contains chemical shifts (), linewidths (FWHM) and areas of the
signals. The linewidth of both 'H NMR signals is nearly constant around 1.0 — 1.4 ppm.
The chemical shift of the two signals shows a similar dependence on the Al-content as

that of the *’Si MAS NMR signals. An increasing Al-content leads to a slight shift of
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the "H NMR signal to higher ppm-values. The reason for that effect is very similar as
for the **Si NMR signal: the change of cation size from Mg to Al alters the bonding
angles of the OH-group to these cations.

Fechtelkord et al. (2003a) already demonstrated that OH-groups in the phlogopite
structure prefer coordination by two Mg and one Al (OH,)) instead a coordination by
three Mg (OHywg). In contrast, F favors to be surrounded by Mg only. All experimental
values in Table 2 show higher OHa/(OHA+OHyy,) ratios than predicted for a statistical
distribution. In the case of a statistical OH distribution inside the octahedral layers
OHA/(OHA+OHy) should be equal to x.,. This implies a preferential occupation by
hydroxide ions of sites with Al as nearest neighbor which is in agreement with the
findings of Papin et al. (1997) from IR-spectroscopy.

The behaviors of 'TH MAS NMR signals of Al-rich phlogopites with different F-
contents support the findings made by *’Si MAS NMR spectroscopy. As the hydroxyl
content increases, the OHa/(OHa+OHyg) ratio decreases because increasing the
number of OH groups per unit cell makes it progressively more difficult for them to
preferentially occupy only sites with Al coordinating them. However, similar to what
has been observed for the tetrahedral sheets in the *Si MAS NMR spectra, the Al-
content of samples with same x,,, increases with decreasing F-content.

The preference of OH for Al-containing sites and that of F for full Mg-containing
sites becomes visible when comparing the '"H MAS NMR spectra to the '’F MAS NMR
spectra of our phlogopite samples (Fig. 4). The F MAS NMR spectra show two main
resonances at -150 ppm, and -173 ppm. Spinning sidebands of the main signals due to
the MAS technique are marked with asterisks. At low Al and F contents only the signal

at -173 ppm is observed (not shown in Fig. 4). With increasing Al-content the

15

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld

8/22



333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am.2013.3885

Revision #3

component at -150 ppm appears and increases in relative intensity. At high F contents
(y £ 1.0) and Al contents with x > 0.1 a third signal at -157 ppm appears. The first two
signals can be assigned to fluorine in phlogopite and are in agreement with the results of
Huve et al. (1992) who described the resonance at -173 ppm as MgsF units (Fyg) and
the resonance at -150 ppm as Mg,AlF (Fa;) units. They found a linear correlation
between the Al content of the sample and the intensity of the -150 ppm signal. The
signal at -157 ppm can be assigned to AlF¢-units from the impurity phase potassium
aluminum hexafluoride (K3AlFs-0.5H,0). The signal position is characteristic for these
aluminum hexafluoride compounds (Harris and Jackson 1991). A fourth ’F MAS NMR
signal from another minor F-containing impurity phase at approximately -176 ppm
(signal area is 3% and 9%) exists at compositions of x,,, = 1.0, 1.2 and y = 1.6. An
assignment of these broad and low intensity signals is difficult. The '’F MAS NMR data
of Al-rich phlogopites with nominal composition
K (Mg3<Aly) (Al1+xSi3x010) (OH)y (F),.y is listed in Table 3.

It can be observed that the intensity of the Mg,AlF signal becomes stronger with
increasing Al-content of the octahedral layers which is very similar compared to the 'H
MAS NMR signals. However, in the '"H MAS NMR spectra the intensity of the
Mg,AlOH signal is equal to or even higher than that of the Mg;OH signal. In the P
MAS NMR spectra the signal intensity corresponding to Mg,AlF environments is
always much lower than the MgsF signal intensity which indicates that F prefers to be
co-ordinated by Mg only. As previously shown in Langner et al. (2012) Al is clustered
in both sheets. Therefore, it is possible that F and OH are also part of this clustering
with OH being located in the Al-rich parts of the structure and F favoring Mg- and Si-

rich environments.
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{IH}/ {19F }— »Si Cross polarization (CP) dynamics

In the cross polarization (CP) experiment the strong magnetic polarization of nuclei
with high natural abundance and high magnetogyric ratio such as 'H or Pp (the 1
nucleus) is transferred to nuclei with low spectral sensitivity such as *’Si via
heteronuclear dipolar interaction (the S nucleus). Contact time dependent {'H} — *’Si
CPMAS NMR experiments have been carried out to yield direct information about
atomic site configurations (Pines et al. 1971; Pines et al. 1973). One of the contact time
dependent {'H} — ¥Si CP MAS NMR intensity data experiments is shown in Figure 5.
The exponential increase of magnetization depends on the number of / spins and the
distance of these spins to the S nuclei. On the other hand the intensity curve decays
exponentially during excitation of the radio frequency pulse to approach
thermodynamical equilibrium for the occupancy of the energy levels with the lower B,
field. The described model is called the “classical I-S model” (Kolodziejski and
Klinowski 2002). The least-squares fit in Figure 5 using this model shows that it is too
simple to describe the experimental data.

In fact, a two stage rise as previously reported by Wu et al. (1988) can be observed.
In these cases the spin diffusion between / nuclei (the I nuclei) involved in the CP
transfer and other / nuclei not involved in the CP transfer is not sufficiently rapid and
produces an oscillatory CP transfer between /" and S nuclei in stationary single crystals
(Miiller et al. 1974). In polycrystalline material the oscillatory behavior sums up
because of angular distributions of the I" — S nuclei pairs. First, a very rapid increase in
the first tens of microseconds takes place related to heteronuclear spin-spin relaxation

(T») between I and S nuclei followed by a much slower increase due to spin diffusion
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(T4 between [ and / " nuclei. The ratio (4) of both processes depends on the number of
protons n near the observed nucleus (4 = 1/(n + 1)). However, in practice A depends
also on group mobility. The whole cross-polarization can now be defined using the
following equation (Kolodziejski and Klinowski 2002)

t

Tp

t

1(r)= Ioe[ | - ﬂe[_”] —(1- /1)e[23TJe["J 3)

The model can be described as I-I'-S model. Two of the contact time dependent ('H}
— %°Si CP MAS NMR intensity data experiments are shown in Figure 6. The solid lines
represent the least-squares fits of the data to equation 3. The data plotted as black
diamonds represents the same {'H} — *’Si CP MAS NMR intensity data as in Figure 5.
In contrast, now the least-squares fit using equation 3 describes the experimental data

very well.

In addition, depolarization experiments can help to estimate the proton spin diffusion
time (7), the spin-spin relaxation time (7>) and the lambda parameter (A1), because here
there is no influence of the proton spin-lattice time in the rotating frame (7;,). A
depolarization experiment is set up like a normal cross-polarization experiment. First
magnetization is transferred from the / spin reservoir to the S nuclei. While the S nuclei
magnetization is still locked in the transverse plane of the rotating frame, the proton
pulse is switched off leading to a dephasing of the / spins. Thus, turning on the proton
pulse again causes an inversion of magnetization transfer from the S nuclei to the proton
reservoir (Wu et al. 1988). The functional dependence of the signal intensity can be

described as
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, 3 2
10)=1, ﬂe{T’] +(1—/1)e[2T”’]e[2’T22] (4)
where ¢ is the depolarization time. It is obvious that the functional behavior is
opposite to the CP experiment described in equation 3. In the first ten to hundred
microseconds there is a fast decrease in signal intensity due to heteronuclear / S spin-
spin relaxation related to 7,. Then there is a slower decrease due to /-I° spin-spin
diffusion related to Ty
Figure 7 shows the results of the {1H} — i CP-depolarization NMR experiments.
The signal intensity shows exactly the behavior described above. However, for longer
depolarization times the intensity decays with a time constant of 7 *1,) ~T 1p(1H). For this
case equation 4 can be multiplied by a term A4 exp(-t/ T *Jp), where A is the amplitude
(Kolodziejski and Klinowski 2002). The parameters derived from the depolarization
experiments can then be applied as fit parameters for the cross-polarization experiments
using equation 3. All experimental data extracted from the {IH} — 2Si CP MAS NMR
and CP-depolarization NMR are listed in Table 4. The intensity (z) of the *°Si signal for
a subsequent contact-time has been determined by regarding the maximum intensity
(i.e., signal height) of the Si-Si;Al or the Si-SiAl, signal (depending on sample
composition) or the overall signal area of all Si-nAl signals. This method could be used
because in nearly all experiments the separate Q3(n Al) signals showed all the same
time constants. This means that the relative ratio of Q*(n Al) signal areas does not
change with increasing contact- or depolarization time. As an example the time
constants for the different Q*(n Al) NMR signals of one {'H} — *’Si CP MAS NMR
experiment are the same within uncertainty (Table 5) compared to the data of the area /

maximum fit used in Table 4.

19

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld

8/22



425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am.2013.3885

Revision #3

The spin-spin relaxation times 7, are longer than for hydrocarbons investigated with
{'H} — *C CP MAS NMR investigations by Kolodziejski and Klinowski (2002) and
in the range of 290 — 530 s (for "*C approx. 10 — 100 ps). This can be attributed to the
longer H-Si distance in the phlogopite structure (C-H bond usually 1.1 A) and a weaker
heteronuclear dipolar interaction. Tateyama et al. (1974) reported H-Si distances of
3.18 A, 3.20 A, and 3.22 A for a hydroxyl-phlogopite. With increasing hydroxyl content
of the phlogopite (y = 1.0 to y = 1.8) T decreases from 530 us to 300 pus. The increased
density of protons leads to stronger heteronuclear dipolar interaction. The spin-diffusion
time 7y shows no clear correlation with the phlogopite composition. Compared to
proton spin diffusion in {'H} — “C CP experiments (Kolodziejski and Klinowski
2002), the phlogopite proton spin diffusion is slow and in the range of tenths of
milliseconds (7, in {'H} — C CP experiments is around 0.2 — 6 ms). The lambda
parameter ranges around A = 0.66 — 0.75. 4 is dependent on the number of protons 7
contributing to the polarization (4= 1/(n + 1)). The lambda ratio clearly decreases with
increasing hydroxyl content of the phlogopite. The proton spin-lattice time in the
rotating frame (77,) is very large and it is impossible to estimate them from the data.

In the same way as described for the {'"H} — *’Si CPMAS and CP-depolarization
intensity data described above, {"°F} — **Si CPMAS and CP-depolarization intensity
data have been acquired. Figure 8 shows one of the {"’F} — *°Si CP-depolarization
NMR experiments. The signal intensity shows the same behavior as for the {'H} — *°Si
CP-depolarization experiment. Similar, for longer depolarization times the intensity
decays with a time constant of T *1p ~T 1p(19F) (Kolodziejski and Klinowski 2002).
Again, the parameters derived from the depolarization experiments can then be applied

as fit parameters for the cross-polarization experiments using equation 3. Results of two
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of the contact time dependent {"’F} — *’Si CP MAS NMR experiments are shown in
Figure 9. The solid lines represent the least-squares fits to equation 3. All experimental
data extracted from the {"’F} — *’Si CP MAS NMR and CP-depolarization NMR are
listed in Table 6. The intensity I(z) of the *’Si signal for a subsequent contact-time has
been determined by regarding the maximum intensity (i.e., signal height) of the Si-Si,Al
or the Si-SiAl, signal (depending on sample composition) or the overall signal area of
all Si-nAl signals. This is possible because the relative ratio of Q*(n Al) signal areas
does not change with increasing contact- or depolarization time (similar as for the

{'H} — *°Si CP MAS NMR experiments, see above).

Analyzing the data, the spin-spin relaxation times 75 in the {"’F} — *’Si CP MAS
NMR are longer than for the {'H} — *’Si CP MAS NMR experiments and are in the
range of 1 — 17 ms (290 — 530 ps for {'H} — *Si CP MAS NMR). This can be
attributed to two facts. Firstly, the gyromagnetic ratio of '°F is lower than for 'H leading
to a weaker dipolar interaction. Secondly, the F-Si distance in the phlogopite structure is
longer because F substitutes OH. In structures of fluoro-phlogopites reported by Takeda
and Morosin (1975) and McCauley et al. (1973) this distance is much longer with 3.53 —
3.54 A compared to H-Si distances of 3.18 A, 3.20 A, and 3.22 A for a hydroxyl-
phlogopite reported by Tateyama et al. (1974). T, and the spin-diffusion time 7y show
no clear correlation with the phlogopite composition. 7, is very large for phlogopites
with high fluorine content but at lower F-content they are comparable to proton spin
diffusion times in the {'H} — *’Si CP MAS NMR experiments and are around 10 — 14
ms. The comparison of 7, and T for the first two samples (X0, = 0.0, y = 0.5 and X,
= 0.3, y=0.5) in Table 6 compared to the other samples suggest that the Al-content has

also a large effect. However, x,,, reflects only the Al-content of the sol-gel. Comparing
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the estimated Al-content x,,, reveals that due to the fluorine content of the gel much less
Al is incorporated into the structure (compare x. values in Table 6). Thus, an influence
of the Al-content on the CP dynamic parameters cannot be inferred. The lambda
parameter ranges around A = 0.75. In contrast to the {'H} — *’Si CP MAS NMR
experiments where the proton spin-lattice time in the rotating frame (77,) is very large
and not possible to estimate, the {"’F} — *’Si CP MAS NMR data shows a clear
decrease of intensity with larger contact times (Fig. 9). It ranges around 50 ms for
phlogopites at high fluorine contents and increases with decreasing fluorine content of

the phlogopite.

Summarizing it can be seen that the proton concentration clearly influences 75 in the
{'H} — *’Si CPMAS NMR experiments while there is no similar trend regarding the
fluorine concentration in the {"’F} — *Si CP MAS NMR data. The lambda parameter
and the spin diffusion time 7,;rshow no functional behavior in both cases. 77, is large in
the case for 'H but shows for '’F a clear dependence on the fluorine concentration

(lower values at higher fluorine concentration).

{'"H}— ¥Si CPMAS NMR spectra

If we keep in mind that the signal intensities of HO-Mg3; and HO-Mg,Al environments
in the "H MAS NMR spectra are very often equal or the HO-Mg,Al signal is sometimes
higher than the HO-Mg; signal, the separation into clusters of original phlogopite
composition (K(Mg3)[AlSi309](OH);) and clusters of ‘eastonite’ composition
(K(Mg,Al)[ALSi,010](OH),) is not visible in one-dimensional {'H} — *’Si CPMAS

NMR spectra. Magnetization is transferred from both environments (HO-Mg3; and HO-
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Mg,Al) to nearby silicons. Thus, the {'H} — *’Si CPMAS NMR spectrum shows a
superposition of the *’Si signals of both phlogopite regions. This can be nicely seen in
Figure 10. The top spectrum shows the normal *’Si MAS NMR spectrum for a
composition of x,,, = 0.8 and y = 1.0 (sample synthesized at 1073 K). The {'H} — *’Si
CP MAS NMR spectra shown below the *’Si MAS NMR spectrum have been recorded
using contact times of # = 3, 5 and 7 ms. Increasing contact time leads to farther
magnetization travel for the two spin-systems, and thus *’Si nuclei at larger distances
from the hydrogen of the OH group can be reached. The CP MAS and the *°Si MAS
NMR spectra look comparable: For the CPMAS NMR spectra, the estimated Al-content
X ot is between 0.38 and 0.41 while xes obtained from the *Si MAS NMR spectrum is
0.37. x*est was calculated from the {IH} — 2Si CP MAS NMR signal intensities of the
Q’(nAl) signals similar as the ratio x., from the ’Si MAS NMR spectra using equations

1 and 2.

Differences are only visible in 2D {'H} — *’Si heteronuclear correlation (HETCOR)
CP MAS NMR spectroscopy which is an ideal tool to investigate the relationship
between ordering in the tetrahedral and octahedral sheets because it combines
information on the local 'H environment in the octahedral sheet with that on tetrahedral
»Si environments nearby. These experiments were already carried out with the pure
hydroxyl phlogopites samples (y = 2.0, synthesis temperature 7 = 873 K) from the
present investigation in a previous study (Langner et al. 2012). It could be shown that
Al-rich Si environments in the tetrahedral sheet are more likely to be found in direct
neighborhood of Al-rich proton environments in the octahedral sheets. In contrast, the
*Si with a lower number of Al-atoms as next-nearest-neighbors are more often located

next to Al-free OH environments. As a result the structure is separated into clusters of
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original phlogopite composition (K(Mg3)[AlISi30;9](OH),) and clusters of ‘eastonite’
composition (K(Mg,Al)[Al,Si,00](OH),) that encompass a whole T-O-T Ilayer
package, although Al is presumed to be distributed in the phlogopite structure
homogeneously on a macroscopic level (Langner et al. 2012). The cluster size of the
mica substructures ‘phogopite’ and ‘eastonite’ have been roughly estimated by
atomistic calculations given in Langner et al. (2012). The clusters are between 20 - 50 A
in diameter. The size is too small to speak of two phases. However, they are large
enough for 2D {IH} — #’Sj heteronuclear correlation (HETCOR) CP MAS NMR
spectroscopy to show the effect of Al-rich (‘eastonite’) and Al-poor (‘phlogopite”)
containing regions. The results can also be transferred on the results of the {'*F} — *°Si

CP MAS NMR spectra discussed below.

In addition, {'"H}— *’Al 2D CP MAS (HETCOR) spectroscopy has already been
carried out in Fechtelkord et al. (2003b) on samples synthesized at 1073 K with high Al
contents (x,o,» = 0.8) and F contents (y = 0.5, 1.0). The spectra show site connectivities
between the tetrahedral *’Al signal and the two 'H NMR signals of HO-Mg; and HO-
Mg,Al environments. The *’Al octahedral signal is connected to the 'H signal of HO-

Mg, Al environments only.
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{**F} — ’Si CPMAS NMR spectra

The {"’F} — ?Si CP MAS NMR spectra shown have been recorded using contact times
of t =3, 5 and 7 ms. Increasing contact time leads to farther magnetization travel for the
two spin-systems, and thus *’Si nuclei at larger distances from F can be reached. An
example of the three 1D {19F} — 2°Si CP MAS NMR spectra of a phlogopite sample of
composition x,,, = 0.7, y = 1.0, is displayed in Figure 11. For comparison, the *’Si MAS
NMR spectrum of the same sample [nominal composition K (Mg, 3Alp7) (Al 7S123010)
(OH) F] is presented at the top. There is a large discrepancy between the CP MAS and
the *’Si MAS NMR spectra: The Al-content of the octahedral sheet estimated from the
CPMAS NMR spectra, x*est, is always about 0.2 lower than that obtained from the 284
MAS NMR spectra. x o was calculated from the {"’F} — *’Si CP MAS NMR Q*(nAl)
signal intensities in the same manner as the ratio x,; from the »Si MAS NMR spectra

using equations 1 and 2.

While the {'H} — *’Si CP MAS NMR spectra and *’Si MAS NMR spectra showed
very often similar lineshapes for one sample, this seems to be completely different for
the {"’/F} — *Si CP MAS NMR spectra. The fact that the relative intensity of the F-
Mg,Al signal is always very low can be used to directly show a relationship between
octahedral F environments and tetrahedral Si environments. In 1D {’F} — *’Si CP
MAS NMR experiments, magnetization is transferred from the "°F to the *°Si nucleus,
and only those *’Si nuclei that have '°F nuclei nearby will contribute to the resulting CP
MAS NMR spectrum. If we assume that the amount of F being surrounded by Al can be
neglected, these 1D {19F} — %Si CP MAS NMR spectra should reflect the local
composition and distribution of Si environments in the tetrahedral sheet next to F- and

Mg-rich clusters in the octahedral sheet.
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It should be noted that the CPMAS NMR experiments are in principle
non-quantitative. However, as contact time dependent experiments show very long 77,
times (as discussed below), the intensities depend greatly on the number and distance of
the fluorines near the silicon nuclei. This means that *’Si nuclei close to F- and Mg-rich
octahedral environments have fewer tetrahedral Al atoms as next-nearest-neighbors than
the average over the whole structure. This lower value does not change much for spectra
recorded with different contact times which shows that this is not only true for Si-atoms
directly adjacent to the F-ion but also to some further in the structure. In many cases the
lower Al-content is also visible from a shift of the Si-nAl signal positions to more
shielded values. All this indicates that F is ordered in the Al-poor clusters of the
structure, consistent with the results for F-free compositions in a recent paper showing
the separation into clusters of Al-rich (‘eastonite’) and Al-poor (‘phlogopite’) containing

regions (Langner et al. 2012).

In addition, nearly all samples also showed a decrease in FWHM of the {"’F} — *’Si
CP MAS NMR signals compared to ’Si MAS NMR signals. A comparison is given in
Table 7 containing the *’Si MAS NMR data and Table 8 containing the {'’F} — *’Si CP
MAS NMR data at a contact time of # = 10 ms. The *’Si MAS NMR spectra contain
information on all the Si environments throughout the structure. Si-O-Al bond length
and bond angles slightly differ for Si-atoms in both types of clusters leading to broad
*Si MAS NMR signals. Signal widths in Table 7 are usually around 2.8 ppm. In
contrast, in {""F} — *’Si CPMAS NMR experiments only Si-atoms in one type of
cluster are considered. These environments are more homogeneous resulting in a smaller
signal width of approximately 2.1 ppm as shown in Table 8. High-power-decoupled

{'H/"F} ’Si MAS NMR experiments were carried out to check the dependence of *’Si
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signal linewidths on 'H/'’F — ?°Si heteronuclear dipolar interaction. There was no
indication of broadening due to heteronuclear dipolar interaction (same lineshape with

and without decoupling).

Two-dimensional {"’F}— *’Al 2D CPMAS (HETCOR) spectroscopy of fluorine-
and aluminum-rich phlogopites has been carried out in a previous study by Fechtelkord
et al. (2003b) on samples synthesized at 1073 K with high Al contents (x,,, = 0.8) and F
contents (y = 0.5, 1.0). It is not surprising that in comparison to the {'H} — *’Al 2D
CPMAS (HETCOR) spectrum there are no similar contributions from the Mg;F and
Mg, AlF sites to neighboring tetrahedral and octahedral Al sites in phlogopite. The
fluorine in the Mg;F sites is only able to transfer magnetization to tetrahedral Al sites.
Magnetization transfer from fluorine to octahedral aluminum sites is not observed due

to the low abundance of Mg,AlF sites.
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FIGURE CAPTIONS
Figure 1 Comparison of *Si MAS NMR spectra of phlogopites with nominal
composition K (Mgs_xAly) (Al11xSi3.4010) (OH)y F».y with different Al- and F-contents.
The Al-content of the tetrahedral sheets calculated from the relative signal intensities,
Xest (calculated from eq. 1 and 2), for each spectrum is given in the figure.
Figure 2 Plot of the experimentally derived (additional) Al-content of tetrahedral sheets
Xest (calculated from eq. 1 and 2) of the phlogopites against the Al-content of the initial
gel mixture x,,,. The black line indicates a complete reaction of the starting material to
phlogopite (Xes: = Xnom).
Figure 3 Comparison of 'H MAS NMR spectra of OH- and Al-rich phlogopites with
nominal composition K (Mg3.<Aly) (Al;+xSi13xO019) (OH)y Fo.y. The ratio I[H-OMg,Al]/
(I[H-OMg,Al] + I[H-OMgs]) for each spectrum is given in the figure, abbreviated as
‘Al/(Mg+Al)’. The water resonance at 4.7 ppm is cut off for a better visibility of the two
main signals.
Figure 4 Comparison of ’F MAS NMR spectra of OH- and Al-rich phlogopites with
nominal composition K (Mg3xAly) (Al;+xS13x019) (OH)y Fa.y. The ratio
I[[F-Mg,AlJ/(I[F-Mg,Al] + I[F-Mgs]) is given below the spectra, abbreviated as
‘Al/(Mg+Al)’. Spinning sidebands are marked by asterisks.
Figure S5 Experimental CP magnetization data derived from contact-time dependent
{'H} — *’Si CP-MAS NMR experiments for phlogopites with nominal composition
K (Mg3<Aly) (Al1+xS13x010) (OH)y Fo.y with X0, = 0.5, y = 1.0 (black diamonds). The
solid lines represent the least-squares fits using the ‘classical I-S model” (Kolodziejski

and Klinowski 2002).
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Figure 6 Experimental CP magnetization data derived from contact-time dependent
{'H} — *’Si CP-MAS NMR experiments for phlogopites with nominal composition
K (MgsxAly) (Al1+xSi3xO10) (OH)y F2.y with X0, = 0.8, y = 1.8 (open circles) and x,om =
0.5, y = 1.0 (black diamonds). The solid lines represent the least-squares fits of the data
to equation 3.

Figure 7 Experimental depolarization data derived from {'H} — *’Si CP-depolarization
NMR experiments for phlogopites with nominal composition
K (MgsxAly) (Alj+xSi3xO19) (OH)y F2y with x,,, = 0.8 and y = 1.8. The solid line
represents the least-squares fit of the data to equation 4.

Figure 8 Experimental depolarization data derived from {’F} — *Si CP-
depolarization NMR experiments for phlogopites with nominal composition
K (Mg3<Aly) (Al;+xS13x019) (OH)y Foy with x40, = 0.3 and y = 0.5. The solid line
represents the least-squares fit of the data to equation 4.

Figure 9 Experimental CP magnetization data derived from contact-time dependent
{"F} — »’Si CP-MAS NMR experiments for phlogopites with nominal composition
K (Mg3<Aly) (Al1+xSi13x019) (OH)y Fa.y with X, = 0.0, y = 0.5 (open circles) and x,om =
0.3, y = 0.5 (black diamonds). The solid lines represent the least-squares fits of the data
to equation 3.

Figure 10 1D {'H} — *Si CPMAS NMR spectra of the sample with nominal
composition x,,, = 0.8, y = 1.0 (synthesized at 1073 K), recorded at contact times of ¢ =
3, 5, and 7 ms, respectively. For comparison, the ’Si MAS NMR spectrum of the same
sample is also shown (top). x ot Was calculated from the {IH} — ¥Si CP MAS NMR
signal intensities of the Q3(nAl) signals similar as the ratio x, from the 2Si MAS NMR

spectra using equations 1 and 2.
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Figure 11 1D {”F} — *’Si CPMAS NMR spectra of the sample with nominal
composition x,,, = 0.7, y = 1.0 (synthesized at 873 K), recorded at contact times of ¢ =
3, 5, and 7 ms, respectively. For comparison, the ¥Si MAS NMR spectrum of the same
sample is also shown (top). x et Was calculated from the {F} — ¥Si CP MAS NMR
signal intensities of the Q*(nAl) signals similar as the ratio x.y from the *Si MAS NMR

spectra using equations 1 and 2.
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766 Table 1. *°Si MAS NMR data of Alrich phlogopites with nominal  composition
767 K (Mgs.xAly) (Al14xSis.xO10) (OH), (F)2.y. The table contains chemical shifts (), linewidths (FWHM) and areas
768 of the signals. xs; was calculated from equation 1 and 2. Total signal areas with less than 100% are due to

769  non-phlogopite **Si NMR signals from K-deficient clay signal areas not listed here.

Xnom Y | Xest Q3(3Al) Q3(2A) Q%(1Al) Q%(0Al)

0 FWHM Area| § FWHM Area| § FWHM Area| § FWHM Area
[ppm] [PPM] [%] |[ppm] [PPM] [%] |[ppm] [PPM] [%] |[ppm] [PPm] [%]
0.1 1.2|0.04 841 28 25 (-882 26 56 [-923 28 19
0.2 1.2|0.11 847 29 31 (-885 24 53 |-925 29 16
0.3 1.2|0.17 |-80.4 2.8 839 26 29 (-87.7 27 44 |-914 28 16
04 12014 |-80.0 27 -83.9 28 29 |-87.8 27 45 |-91.3 28 17
0.5 1.2/ 024|799 28 838 26 30 (-87.7 27 42 [-913 28 15
06 1.2/023|799 28 -83.8 2.7 30 |-87.7 2.7 40 |-91.3 28 15
07 1.2/035|-80.1 26 10 |-839 26 40 |-876 26 43 [913 21 7
0.1 1.6/0.05|-796 28 3 |-835 27 20 [-874 26 46 [-91.0 28 20
0.2 1.6/ 0.03 836 26 24 (-876 27 52 (912 28 20
0.3 1.6/ 0.08 840 26 27 (878 27 51 |-914 28 17
04 16/010(-80.0 28 4 |-837 27 25 |-874 27 40 [-902 28 21
05 16/035|-796 29 13 |-833 26 38 [-87.0 27 38 [-90.7 28 11
06 16/028|-798 28 8 |-835 23 35 [-87.3 25 47 [-912 28 10
08 16/0.36(-80.1 28 12 |-837 27 40 |-874 27 38 |-91.3 28 10
1.0 16|063[-80.1 19 39 |-83.7 24 34 |-872 28 21 |-911 29 6
12 16|0.66 [-80.0 1.8 40 |-836 26 38 |-87.3 28 16 |-90.7 29 6
02 18/014|790 28 3 |-828 26 27 [-868 28 50 (903 28 14
0.3 1.8|017|-797 27 4 |-832 24 33 [-868 26 44 (903 28 17
05 18/026(-80.3 28 8 |-835 26 35 [-87.3 27 44 (905 28 13
06 1.8/046|-795 23 17 |-830 24 43 |-866 24 35 [-90.2 2.1

12 1.8[0.71|-794 17 50 |-83.0 24 30 |-86.7 28 14 |-90.2 29

16 1.8|0.67 |-794 18 43 |-828 25 36 |-86.1 28 14 |-896 29

04 20/025|-80.1 28 7 |-837 26 34 [-876 27 43 (908 28 13
05 20/029|798 29 10 |-831 27 34 [-871 29 37 |-909 29 14
0.8 2.0/067|-79.4 23 42 |-828 25 36 [-863 27 17 |-898 24 5
10 20|/083|-794 14 61 |-826 25 31 |-862 20 8
12 20[0.87 |-796 13 72 |-828 26 20 |-86.7 26 8
16 20|065[-794 20 36 |-829 26 42 |-866 27 19 [-900 29 3

0w ©O© W O,

Note: Error ranges are as follows: Xest £ 0.10, 8 + 0.3 ppm, FWHM £ 0.4 ppm, area + 3%

770
771
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of

Al-rich  phlogopites

with

nominal

composition

K (Mgs.xAly) (Al14xSis.xO10) (OH), (F)2.y. The table contains chemical shifts (), linewidths (FWHM) and areas

of the signals. Xt Was calculated from equation 1 and 2.

Xoom Y | Xest |  MgsOH (OHhg) MgzAIOH (OHx) OH ,
iOHA,+0HMgi
) FWHM Area | 6 FWHM Area
lppm] [PPm] [%] | [ppm] [pPm] [%]
0.8 1.6 0.36| 0.6 1.0 46 1.8 1.3 54 0.54
1.0 16063 15 1.0 34 2.8 1.4 66 0.66
1.2 16|066| 1.1 1.2 29 24 1.2 71 0.71
1.2 18071 1.0 1.0 26 23 1.2 74 0.74
16 1.8|067| 1.0 0.9 20 23 1.3 80 0.80
0.8 2.01(067| 15 1.8 35 3.0 1.8 65 0.65
1.0 2.0|0.83| 1.9 1.1 22 3.2 1.1 78 0.78
1.2 201087 1.3 1.2 19 25 1.0 81 0.81
16 2.0 (065 1.7 1.1 32 3.0 1.3 68 0.68

Note: Error ranges are as follows: Xet £ 0.10, 8 £ 0.1 ppm, FWHM £ 0.2 ppm, area

3%
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777 Table 3. F MAS NMR data of Alrich phlogopites with nominal composition
778 K (Mgs.xAly) (Al14xSis.xO10) (OH), (F)2.y. The table contains chemical shifts (), linewidths (FWHM) and areas
779  of the signals. x.st Was calculated related to equation 1 and 2.
Other _
Xoom V| Xest MgsF (Fug) MgAIF (Fyg) F, KoAIFs0.5 H,0  [Phases
S FWHM Area| &  FWHM Area Fart P S  |FWHM| Area | Area
[ppm] [ppm]  [%] | [ppm] [pPM] [%] ppm] |[PPm]| [%] | [%]
0.8 1.6 |0.36 | -173.3 3.5 88 |-149.3 3.7 12 0.12
1.0 1.6 |0.63 | -172.9 3.6 81 |-149.1 35 16 0.16
12 1.6 |0.66 | -172.2 34 28 | -1478 1.7 5 0.16
-175.5 3.0 50 | -150.0 2.8
1.2 1.8 |0.71 | -173.3 3.5 81 |-149.3 4.0 10 0.11 -157.8 | 2.5 9
1.6 1.8 |0.67 | -171.0 35 50 | -1474 3.2 19 0.28 -1574 | 25 | 31
Note: Error ranges are as follows: Xes; + 0.10. & + 0.5 ppm. FWHM + 0.3 ppm. area + 3%; unidentified
780
781
782
783
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Table 4. {'H}—>%®Si CP MAS NMR data of Al-rich phlogopites with nominal composition
K (Mgs.Aly) (Al14,Siz«O10) (OH), (F)2, and synthesis temperature T according to the I-1*-S Model. The spin-

spin relaxation time (T,), the H spin-diffusion time (Ty), the H spin-relaxation time in the rotating frame

(T1,) and the lambda factor (1) were calculated from cross-polarization experiments according to equation 3

and depolarization experiments according to equation 4.

Xnom Y Xest | TIK] [ T2 [us] Tar[ms]  Tip[s] A

04 1.0] 0.25 | 1073 | 526 + 30 10+ 1 n.a. 0.78 £ 0.05
0.5 1.0] 0.29 | 1073 | 517 £ 50 12 + 1 n.a. 0.76 £ 0.02
06 1.0| 0.29 | 1073 | 495+ 50 15+ 1 n.a. 0.71+£0.02
0.7 1.0| 0.37 | 1073 | 382+ 50 912 n.a. 0.83 £ 0.02
08 1.0| 0.37 | 1073 | 457 £ 60 14 £ 1 n.a. 0.79 £ 0.01
04 15| 025 | 1073 | 372+ 12 17 + 1 n.a. 0.66 £ 0.01
06 15| 035 | 1073 | 3078 12+ 1 n.a. 0.68 £ 0.01
0.8 1.8 | 0.50 | 1073 | 292 + 12 12 + 1 n.a. 0.67 £ 0.01
05 16| 035 | 873 | 378115 8+2 n.a. 0.68 £ 0.01
0.7 1.8 | 046 | 873 350 £ 6 11+£1 n.a. 0.70 £ 0.01

Note: n.a.: Value cannot be estimated
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Table 5. {'H}—>%®Si CP MAS NMR data of Al-rich phlogopites with nominal composition
K (Mg3.Aly) (Al44,SizO10) (OH), (F),y with x = 0.5 and y = 1.6 according to the I-I*-S Model for the different
25i NMR signals. The spin-spin relaxation time (T,), the H spin-diffusion time (Ty), the 'H spin-relaxation
time in the rotating frame (T.,) and the lambda factor (1) were calculated from cross-polarization

experiments according to equation 3 and depolarization experiments according to equation 4.

23 Signal Tolus]  Ta[ms] Ty ls] A
Q%(3Al) 323+12 111 n.a. 0.68 + 0.02
Q%(2A1) 312+£12 111 n.a. 0.67 +0.02
Q3(1Al) 352+11 121 n.a. 0.75 + 0.05
Q%(0Al) 301+£25 12+4 n.a. 0.57 + 0.08

Note: n.a.: Value cannot be estimated
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Table 6. {"F}>?°Si CP MAS NMR data of Al-rich phlogopites with nominal composition
K (Mgs.Aly) (Al14,Siz«O10) (OH), (F)2.y. according to the I-I*-S Model. The spin-spin relaxation time (T,), the
'H spin-diffusion time (T4), the 'H spin-relaxation time in the rotating frame (Ty,) and the lambda factor (4)
were calculated from cross-polarization experiments according to equation 3 and depolarization

experiments according to equation 4.

Xnom Y Xest | T[K] | Tz[ms] Tt [ms] Tip [ms] A
01 02| 0.01 | 873 17 +1 222 + 12 56 + 1 0.76 + 0.01
00 05| 0.01 | 873 22+2  162+12 47 + 2 0.76 + 0.01

03 05| 008 | 873 | 22+0.2 9+1 1780 + 110 0.71 £0.03

06 05| 0.33 | 873 12+5 101 385+ 78 0.63 £ 0.01

08 08| 041 | 873 | 14+0.5 102 n.a. 0.86 + 0.01

07 1.0 | 051 | 873 | 1.2+0.5 14 +1 n.a. 0.81 £ 0.02
Note: n.a.: Value cannot be estimated
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806 Table 7. *°Si MAS NMR data of Alrich phlogopites with nominal  composition
807 K (Mgs.xAly) (Al14xSis.xO10) (OH), (F)2.y. The table contains chemical shifts (), linewidths (FWHM) and areas
808 of the signals. x.st Was calculated related to equation 1 and 2. Total signal areas with less than 100% are
809  due to non-phlogopite 2°Si NMR signals from K-deficient clay signal areas not listed here.
Xoom Y | Xest Q3(3Al) Q%(2Al) Q1A Q%(0Al)
o FWHM Area ) FWHM Area R FWHM Area R FWHM Area
[ppm] [PPm] [%] | [ppm] [PPm] [%] | [ppm] [PPm] [%] | [ppm] [ppm] [%]
0.1 0.2 0.01 -85.1 2.5 22 | -88.9 2.4 58 -93.1 2.8 20
0.0 0.5/ 0.01 -84.7 2.2 20 | -884 1.9 61 -92.4 20 19
0.3 0.5 0.08 -84.2 2.7 27 | -88.2 2.7 54 91.8 2.8 16
0.6 0.5 0.33 | -80.7 28 10 | -83.5 2.6 39 | -86.9 27 41 -90.6 28 10
0.8 0.8| 0.41 | -80.2 2.8 13 | -83.8 2.6 44 | -87.4 2.5 36 -91.0 2.8
0.7 1.0| 0.51 | -79.9 26 23 | -83.6 2.5 43 | -87.2 25 27 90.7 2.8
Note: Error ranges are as follows: Xt + 0.10, 8 + 0.3 ppm, FWHM £ 0.4 ppm, area + 3%
810
811 Table 8. {"F}—>%Si CP MAS NMR data of Alrich phlogopites with nominal composition
812 K (Mgs,Aly) (Al14xSizxO10) (OH), (F).y at a contact time of t = 10 ms_The table contains chemical shifts (3),
813  linewidths (FWHM) and areas of the signals. X «s Was calculated from the {*°F} — ?°Si CP MAS NMR signal
814  intensities of the Q%n Al) signals related to equation 1 and 2.
Xoom Y | Xest Q°(3Al) Q°(2Al) Q°(1Al) Q°(0Al)
o FWHM Area| ¢ FWHM Area| § FWHM Area o FWHM  Area
[ppm] [PPm] [%] | [ppm] [PPm] [%] | [ppm] [PPm] [%] | [ppm] [pPm] [%]
0.1 0.2]-0.08 -84.6 1.9 17 | -88.2 2.3 56 -92.2 3.0 27
0.0 0.5]-0.02 -85.4 2.2 19 | -88.9 20 59 -92.7 22 22
0.3 0.5 0.06 -84.6 2.1 21 -88.3 24 66 -92.2 2.2 13
0.6 0.5 0.34 | -80.7 1.5 2 -84.3 29 49 | -87.9 25 47 -91.9 1.0
0.8 0.8 | 0.38 | -80.7 2.0 5 -84.6 2.6 51 -88.0 2.3 41 -92.4 0.9
0.7 1.0| 0.38 | -80.8 20 7 -84.6 3.1 51 -88.1 24 35 -921 1.9
Note: Error ranges are as follows: Xest £ 0.10, 8 £ 0.3 ppm, FWHM £ 0.4 ppm, area + 3%
815
816
817
818
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