American Mineralogist, Volume 95, pages 12761293, 2010

Unique crystal chemistry of two polymorphs of topaz-OH: A multi-nuclear NMR and
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ABSTRACT

A new polymorph of topaz-OH (denoted as topaz-OH II) was recently discovered at higher P-T
conditions than has been known thus far (denoted as topaz-OH I). High-resolution 'H, Si, and ?’Al
nuclear magnetic resonance (NMR) and micro-Raman spectroscopy are applied to shed light on the
crystal chemistry of both polymorphs. Topaz-OH I, synthesized at 7 GPa and 640 °C, is stoichiometric
(Si/Al = 0.5) with a largely ordered local structure. Higher P-T topaz-OH I synthesized at conditions
close to the polymorphic phase transition boundary, on the other hand, shows lower Si/Al ratios
(0.44-0.45) and greater local structural disorder [including a small fraction (~3%) of octahedral Si
with a unique ?*Si chemical shift near —133 ppm]. The latter may be accounted for by the development
of defects (Si/Al in normally vacant octahedral sites and vacancies in the tetrahedral sites) at higher
P-T conditions. Topaz-OH II synthesized at 13.5~14 GPa and 1300~1400 °C similarly exhibits low
Si/Al ratios (0.41-0.46). The NMR and Raman spectra for these topaz-OH II are, in general, broader
and revealed a substantial fraction (33-37%) of octahedral Si with a range of #’Si chemical shifts
(—130 to —190 ppm), a small fraction (2-3%) of tetrahedral Al, and a range of (and overall shorter)
hydrogen-bonding distances than topaz-OH I. Therefore, the phase transition from topaz-OH I to II
is characterized by both a significant increase in the occupied octahedral/tetrahedral site ratio as well

as disordering of cation distribution, which is unique from the viewpoint of crystal chemistry.
Keywords: NMR spectroscopy, Raman spectroscopy, high pressure, crystal structure, phase transi-
tion, vacancy, vacant site, Al-Si disorder, hydrogen bonding

INTRODUCTION

Naturally occurring topaz [Al,SiO,(F,OH),] are generally
limited to F-rich compositions. Topaz-OH [Al,Si0,(OH),], the
OH end-member of the F-OH solid-solution series of topaz,
was first synthesized at 5.5-10 GPa and 700-1000 °C (Wunder
et al. 1993). Subsequent studies in the Al,0;-Si0,-H,O system
reported that topaz-OH can occur at pressures up to ca. 13 GPa
and temperatures up to ca. 1500 °C, and breaks down to phase
egg (AISiO;0H)-bearing assemblages at higher pressures and
to kyanite (Al,SiOs) + fluid at higher temperatures (Ono 1999;
Schmidt et al. 1998).

Despite the reported high-temperature stability (up to ca.
1500 °C at 13 GPa) (Ono 1999), only topaz-OH samples syn-
thesized at relatively low P-T (up to 10 GPa and 1000 °C) have
been well characterized. Wunder et al. (1993) first refined the
crystal structure of topaz-OH synthesized at 10 GPa and 1000
°C (space group Pbnm) from single-crystal X-ray diffraction
(XRD). Subsequent studies of topaz-OH synthesized at 10 GPa
and 1000 °C by single-crystal XRD (Northrup et al. 1994) and
topaz-OD synthesized at 7.5 GPa and 750 °C by powder neutron
diffraction (Chen et al. 2005) located the H (D) positions, and
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reported that the single H position found in F-rich topaz is split
into two nonequivalent, half-occupied H (D) positions in topaz-
OH (OD). The reported infrared and Raman spectra for topaz-OH
synthesized at 9—10 GPa and 800—1000 °C both contain two O-H
stretching bands near 3600 and 3520 cm™ with a low-frequency
shoulder (Komatsu et al. 2005; Wunder et al. 1993). These bands
have been attributed to O-H stretching of different OH groups
from ab-initio calculations (Churakov and Wunder 2004).

We have applied a combined nuclear magnetic resonance
(NMR) and micro-Raman spectroscopic study on hydrous phases
(topaz-OH, phase egg, and 8-AIOOH) in the Al,05-SiO,-H,0O
system synthesized under a range of P-T conditions to place
additional constraints on their structures and potential roles as
water reservoirs in the Earth’s mantle (Kanzaki et al. 2006; Xue
et al. 2006). During this study, we discovered a new polymorph
of topaz-OH (denoted here as topaz-OH II) (Kanzaki et al.
2006). In-situ XRD measurements over a wide range of P-T
using synchrotron radiation at SPring-8, Japan, revealed that
topaz-OH 1II occurs at the highest P-T corner of the previously
reported stability field for topaz-OH, and the phase transition
between topaz-OH II and the polymorph known thus far (denoted
as topaz-OH 1) is reversible (Kanzaki, unpublished results). The
crystal structure of topaz-OH II has recently been refined in space
group Pbnm using powder XRD data obtained with synchrotron
radiation at SPring-8, and was found to bear some resemblance
to that of topaz-OH I, but with a disordered cation distribution
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(Kanzaki 2010). Here we report detailed high-resolution, multi-
nuclear ("H, *Si, *’Al) NMR and Raman results on topaz-OH (I
and II) synthesized at 7-14 GPa, 640—1500 °C to further shed
light on the unique crystal chemistry of both polymorphs.

EXPERIMENTAL METHODS

Sample syntheses

Topaz-OH II was first encountered during preliminary experiments aimed at
synthesizing phase egg at high temperatures (>1200 °C) using a nominal bulk com-
position of Al1SiO;OH (by H.F.) with a 1000 or 5000 ton Kawai-type double-stage
uniaxial split-sphere multi-anvil apparatus (USSA-1000 or 5000) at the Institute for
Study of the Earth’s Interior (ISEI) (Kanzaki et al. 2006). Some of the experiments
were performed using high-pressure cell assemblies that lacked accurate pressure
calibration, which fortunately led to the unexpected synthesis of topaz-OH II with
unusual Raman and NMR features (Kanzaki et al. 2006).

All the samples described in this paper (see Table 1) have been synthesized
subsequently (by M.K.) using a Kawai-type double stage multi-anvil system with
a DIA-type guide block driven by a 1500 ton press (SPEED1500) installed in the
beamline BL04B1 of SPring-8. These “quench experiments” were performed either
in preparation for, or as a follow-up to in situ measurements with synchrotron radia-
tion (Kanzaki, unpublished results), and used the same cell assemblies. Pressure
was estimated from the pressure-press load relationship of the corresponding in situ
experiments with similar initial press load and final temperature, with estimation
uncertainties <1 GPa. The starting material was a mixture of dried reagent-grade
Si0,, Al,O;, and Al(OH); with a nominal bulk composition of Al,SiO,(OH),, and
was either sealed into a 2 or 3 mm (OD) Pt capsule by welding shut or enclosed
in a 1.4 mm Ag-Pd capsule without sealing (see Table 1). For all samples except
K081113, a Cr-doped MgO octahedral cell assembly with an edge length of 14 mm
and a BN composite tube heater (Kanzaki 2010) were used. For sample K081113, an
18 mm octahedral cell assembly and a graphite tube heater were used. Temperature
was measured with a W97Re3-W75Re25 thermocouple with uncertainties within
+1 °C for most experiments, but was estimated from the heating power with estima-
tion uncertainties within ca. £100 °C for samples K081113 and K071126 because
of the failure of the thermocouple (see Table 1). Temperature gradient across the
sample (ca. 2 mm length) is expected to be within ca. 100 °C for all experiments.
High-pressure experiments were carried out by initial compression to the desired
pressure, followed by heating to the desired temperature. After keeping the sample
at the target P-T condition for a duration of 0.5-3 h, it was quenched by cutting
the electrical power to the heater, followed by decompression.

Electron microprobe analysis

Chemical analysis and mapping have been performed on selected pieces of
each sample (embedded in epoxy and polished) using a JEOL JXA-8800 electron
microprobe. An accelerating voltage of 10 kV, a beam diameter of 2 um, a count-
ing time of 20 s on peak, and 10 s on the background were used for the chemical
analysis. To ensure both minimal damages to the sample and good statistics, test
measurements were first performed on a large single crystal of topaz-OH (K080927)
and the standards (quartz and corundum) using beam currents of 1, 5, and 10 nA. The
average compositions (for 10 measurements each) were the same within analytical
uncertainties for all, but the standard deviations are smaller with beam currents
>5 nA. Therefore, all the final (reported) results have been obtained with a beam
current of 5 nA [as compared to 1 nA in our earlier study (Xue et al. 2006)]. Ten
to 25 analyses have been made for each sample (unless otherwise noted), and the
average compositions are reported in Table 2.
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Raman spectroscopy

Unpolarized Raman spectra were acquired using an argon-ion laser with a
wavelength of 488 nm and a power of 60 mW in a 180° backscattering geometry,
similar to that described previously (Xue et al. 2006). The laser beam was focused
onto the sample with a 50X objective lens. Scattered light from the sample was
focused onto a pinhole (diameter: 100 wm) before entering an imaging monochro-
mater with a focal length of 500 mm and a grating of 1200 gr/mm, and detected
with a liquid nitrogen-cooled CCD detector. Raman shift was calibrated using the
plasma lines of the laser. The exposure time was typically 60 s.

'H, *Si, and Al NMR spectroscopy

'H, Si, and ¥’ Al MAS NMR spectra were obtained at a resonance frequency
0f400.4,79.5, and 104.3 MHz, respectively, using a Varian Unity-Inova 400 MHz
spectrometer and a Varian 2.5 or 1.6 mm T3 MAS probe. Chemical shifts are ref-
erenced externally to tetramethylsilane (TMS) for 'H and *’Si, and to 1 M aqueous
solution of AI(NO;); for 7Al, and are reproducible to better than 0.1 ppm.

'"H MAS NMR spectra have been obtained with a spectral width of 1 MHz, a
range of sample spinning rates up to 40 kHz, and recycle delay times of 3 to 15 s
[>5*T,("H) for topaz-OH, where T, is the spin-lattice relaxation time constant]
using a Varian 1.6 mm T3 MAS probe. The 'H T, was measured with the saturation-
recovery method, and was found to be 0.9—4.4 s for the topaz-OH polymorphs (see
Table 3). The DEPTH sequence that consists of three back-to-back pulses nt/2-mt-)
with a phase cycle of 16 (Cory and Ritchey 1988) was used, which effectively
suppressed the background to a negligible level with the 1.6 mm T3 MAS probe.

Because 'H has the highest magnetogyric ratio among all naturally occurring
isotopes, 'H MAS NMR spectra of hydrous phases often suffer from peak broad-
ening due to residual homonuclear dipolar coupling. The contribution to the peak
width from the latter is expected to decrease linearly with decreasing 1/vy (Where
Vy is the spinning frequency), although depending on the proton concentration/
distributions, it is often still significantly above the natural peak width even at a
spinning rate of 40 kHz (Xue and Kanzaki 2009).

An alternative and often more effective method to achieve high resolution for
'H is the family of CRAMPS (combined rotation and multiple pulse spectroscopy)
techniques that utilizes multiple pulses to eliminate homonuclear dipolar coupling
among protons (Xue and Kanzaki 2009). To achieve higher resolution to allow
proton order/disorder directly probed, we have obtained two-dimensional (2D)
'"H CRAMPS-MAS NMR spectra for all samples using a Varian 1.6 mm T3 MAS
NMR probe. The frequency-switched Lee-Goldburg (FSLG) scheme (Bielecki et
al. 1989) was used at a spinning rate of 15 kHz for proton homonuclear decoupling.
The pulse sequence is similar to that described in Xue and Kanzaki (2007): follow-
ing a preparation 7/2 pulse, FSLG decoupling (with an RF field of 107 kHz) was
applied during the evolution time period #,. A second /2 pulse was then applied
to rotate the magnetization back to z axis. After a minimal delay (typically 2 us),
a third m/2 pulse was applied, followed by data acquisition. For spin diffusion
experiment, a longer mixing time (typically 200 ms) was inserted between the last
two /2 pulses. Such an experiment probes the transfer of z magnetization between
dipolar-coupled spins via spin diffusion during the mixing time (Xue et al. 2008).
Whereas protons that are isolated from one another (e.g., those belonging to dif-
ferent phases) yield only diagonal peaks (peaks with the same frequency in both
dimensions), a pair of dissimilar protons that are dipolar-coupled (due to spatial
proximity) can produce both diagonal and cross peaks (peaks that are located at
different frequencies in the two dimensions), provided a sufficient mixing time is
allowed. The intensity ratio between the cross peak and diagonal peak increases
with mixing time at a rate that depends on the H-H distance, and ultimately levels
off as spin diffusion approaches an equilibrium state. Thus, the spin diffusion

TaBLE 1. Synthesis conditions and run products for representative samples

Sample* P, T, and duration Capsule Run product#
K070715 13.5 GPa, 1500 °C, 0.5 h 1.4 mm (OD) Ag-Pd, unsealed Tpz | > Tpz Il (+ minor Sti+Crn)
K071126 14 GPa, 1400 °Ct, 1 h 1.4 mm (OD) Ag-Pd, unsealed Tpz Il (+ minor Sti)
K080926b 14 GPa, 1400°C, 0.5 h 2 mm (OD) Pt, sealed Tpz | >Tpz Il (+ minor Sti)
K080927 13.5GPa, 1300°C, 1 h 2 mm (OD) Pt, sealed Tpz Il (+ quench fluid)
K081113 7 GPa, 640 °Ct,3 h 3 mm (OD) Pt, sealed Tpz | (+minor Coe+Crn+Dsp)

* All synthesized from a mixture of 2Al,05+2AI(OH);+3SiO, using SPEED1500 at SPring-8; all samples (e.g., KO71126) are labeled according to the name of experi-

menter (K for Kanzaki) and the date of synthesis (071126 for November 26, 2007).

t Temperature estimated from the heating power.

¥ Identified by combined micro-Raman, 'H and Si NMR, and electron microprobe analysis. Tpz | = topaz-OH |, Tpz Il = topaz-OH I, Sti = stishovite, Coe= coesite,

Crn= corundum, Dsp = diaspore.
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TABLE 2. Chemical compositions from electron microprobe analysis

Phase* SiO, (wt%)  AlL,O; (wt%)  Total (wt%) Si/Al (atomic)
K081113,7 GPa, 640°C,3 h
Tpz1(20) 33.98(0.99) 54.55(0.97) 88.53(1.11)  0.53(0.02)
Coe (8) 99.66(1.47)  0.10(0.04) 99.76(1.44)
K070715, 13.5 GPa, 1500 °C, 0.5 h
Tpzl,grain 1 (20)t  31.26(0.40) 59.75(0.45)  91.00(0.49)  0.44(0.01)
Tpzl,grain2(12)t  30.56(0.39) 60.69(0.82) 91.25(0.57)  0.43(0.01)
Tpzll,grain2(2)t  30.33(0.07) 61.70(0.09)  92.03(0.16)  0.42(0.00)
Crn, grain 2 (8)t 0.36(0.07)  99.46(0.64)  99.82(0.61)  0.00(0.00)
K080926b, 14 GPa, 1400 °C, 0.5 h
Tpz | (20) 31.35(0.44) 58.72(0.62) 90.08(0.67) 0.45(0.01)
Sti(12) 97.11(0.88) 3.35(0.89) 100.45(0.58) 25.99(5.73)
K071126, 14 GPa, 1400°C,1h
Tpz 11 (20) 31.72(0.56)  58.54(0.86) 90.27(1.17) 0.46(0.01)
K080927, 13.5 GPa, 1300°C, 1 h
Tpz Il (25) 30.10(0.34)  62.71(0.39)  92.81(0.44)  0.41(0.01)

* Numbers in parentheses are the number of points averaged. Notation for
phases as in Table 1.
1 Results for two polycrystalline grains (~1 mm size) reported separately.

experiment is particularly useful for evaluating whether a distribution of chemi-
cal shifts is caused by structural disorder in a homogeneous phase, or by multiple
coexisting phases. For each experiment, eight scans were acquired (and averaged)
for 128 pairs of complex ¢, data points with an increment of 101 ps, and a recycle
delay time of 3—6 s. The Sates-Haberkorn-Ruben (hypercomplex) method was used
to achieve quadrature detection in ¢,. Samples were restricted to 0.5-2 mm length
near the center of the rotor with Kel-F spacers to improve the RF homogeneity
across the sample, because of the known sensitivity of CRAMPS experiments to
RF inhomogeneity (Xue and Kanzaki 2007). The scaling factor (0.59-0.61) for the
CRAMPS dimension has been calibrated directly on each sample by repeating the
measurement with three different offset frequencies; the peak maximum position
in the CRAMPS dimension was set to that of the MAS spectrum obtained at the
highest spinning rate (3540 kHz). The CRAMPS chemical shift scale has been
corrected for all the reported spectra.

Al MAS NMR spectra were obtained at a spinning rate of 22 kHz using a
Varian 2.5 mm MAS probe with an Al-free zirconia rotor. A spectral width of 2
MHz, a pulse width of 0.2-0.3 us (about 30° tip angle for selective central transi-
tion) and a recycle delay time of 0.2 s were used. Background signal from the rotor
and probe was insignificant. A spline correction has been applied to remove the
rolling baseline resulting from spectrometer deadtime (ca. 3 us).

Because 2’A1 MAS NMR spectra suffer from second-order quadrupolar broad-
ening as a result of the 5/2-spin of ’Al, we have also obtained high-resolution
2D ?7Al triple-quantum (3Q) MAS NMR spectra using the three-pulse z-filter
sequence described by Amoureux et al. (1996b). Proton decoupling was applied
throughout the sequence using the TPPM (two-pulse phase modulation) method
(Bennett et al. 1995). Most of the spectra (for samples K081113, K071126, and
K080927) have been obtained using a Varian 2.5 mm T3 MAS probe at a spinning
rate of 20 kHz and a RF field of 120 kHz for both the 3Q excitation and 3—0Q

TABLE 3. 'H, 2°Si, and ?’Al NMR results
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reconversion pulses (with corresponding optimized pulse lengths of 2.8 and 1.0
us, respectively). Additional Al 3Q MAS NMR spectra were also obtained (for
samples KO71126 and K080926b) with a Varian 1.6 mm T3 MAS probe at a higher
spinning rate of 30 kHz and a higher RF field of 208 kHz for 3Q excitation and
reconversion (with corresponding pulse lengths of 1.9 and 0.7 ps, respectively).
The pulse length for the third soft z-filter /2 pulse was typically set to 8-14 us.
A delay of 10 or 20 us was kept between the last two pulses. About 1400-9600
scans were acquired (and averaged) for 32—64 pairs of complex ¢, data points with
an increment of 25 or 50 us (one-half or one rotor period) at 20 kHz MAS and
33 us (one rotor period) at 30 kHz MAS, and a recycle delay time of 0.5 s. The
Sates-Haberkorn-Ruben method was used to achieve quadrature detection in ¢,.
Chemical shift reference in the isotropic dimension follows the convention of
Amouroux and Fernandez (1998).

Simulations of the 1D A1 MAS NMR spectra and the MAS cross-sections of
2D 3Q MAS NMR spectra were performed with the STARS software, taking into
considerations of the finite spinning rate and probe bandwidth (about £0.6 MHz).

'H-*"Al cross-polarization (CP)-MAS NMR spectra have also been obtained
for all samples at contact times of 1-2 ms, a recycle delay of 0.5-6 s and a spinning
rate of 20 kHz using a Varian 2.5 mm T3 MAS probe. A low RF field strength (ca.
9 kHz) for the ?’Al channel and a ramped power for the 'H channel (with a RF field
range of about 3.5 kHz) were used during CP to improve the CP efficiency (cf.
Vega 1992) and stability. Selected samples were measured both with and without
proton decoupling during acquisition, and no differences in peak shape were found.
About 400-15 000 scans were averaged for each sample.

Because of the small sample sizes (4-20 mg) and low natural abundance (4.7%)
and long T, for °Si, sufficient signal/noise could not be achieved for *Si MAS NMR
spectra to allow quantitative detection of small, but important structural features.
Fortunately, high-quality "H-*Si CP-MAS NMR spectra are easily obtainable and
have been acquired for all samples using a Varian 2.5 mm T3 MAS probe. A ramped
power for the »Si channel (with a RF field range of about 3.5 kHz), a recycle
delay of 3-6 s (=3T,, or >1.25T, with 2—4 steady-state pulses before acquisition),
arange of contact times of 4-20 ms, and a spinning rate of 20 kHz (and also 5, 10,
and 15 kHz for some samples) were used. Selected samples of topaz-OH I and 11
were measured both with and without proton decoupling during acquisition, and
no differences in peak shape were found. About 24 000-54 000 scans have been
averaged for the reported spectra.

For all CP experiments, the MAS-modified Hartman-Hahn (-1 spinning side-
band) condition was used. Spin temperature inversion was incorporated in the phase
cycle to eliminate direct polarization, which was confirmed by null experiments on
selected samples with the RF power on the 'H channel set to zero during CP.

RESULTS

Phase identifications and chemical compositions

Five samples synthesized at SPring-8 are described in detail
(see Table 1), although several additional samples from pre-
liminary experiments have also been studied and yielded similar

Sample Phase(s)t HNMR 2Si NMR AINMR
8 (ppm)  FWHM* T, (s) Si [ FWHM  population Al [ Po C, ne population(%)
(ppm) site (ppm) (ppm) (%) site_ (ppm)  (MHz) (MHz)
K081113 Tpz| 3.8 1.7 0.86 Siv -834 0.63 100 Al 8.2 5.4 53 04 100
Dsp 9.4
K070715 Tpz I+l 418 1.1 Siv -83.2§ 85 AV
S -133,-1788 15 AlV
Tpz| 4.0+ Siv -83.2§ 97.3(1)# A
Siv -133§ 2.7(MF AV
K080926b Tpz I+l 3.9§ 1.6 Siv -83.2§ 89 Al 98.4
Si' -133,-1788 11 AlV 1.6
Tpz| 3.9% Siv -83.28 97.2(1)% Al >98.4
Sivt -133§ 2.8(1)* AlV <1.6
K071126 Tpzll 4.9§ 5.0 13 SV -803§ 63(1) AM 12| 45| 97.8(1)
s -177.7§ 37(1) AV 68| 35| 2.2(1)
K080927 Tpzll 4.88§ 45 4.4 SV -80.68 67 AM 12| 45| 96.8(1)
S -177.6§ 33 AV 68| 3.7|| 3.2(1)

* FWHM at a spinning rate of 40 kHz and a magnetic field of 9.4 T.

t Notation for phases as in Table 1.

# Estimated from difference spectra after substracting that of topaz-OH II.
§ Maximum of asymmetric peak.

|| Estimated at the maximum of total projection in the isotropic dimension of 2D 3Q MAS NMR spectra.
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results. All samples were initially crushed to coarse grains, and
the entire samples were used for detailed multi-nuclear NMR
study, except where explicitly noted. Selected pieces of each
sample were then embedded in epoxy and polished for chemical
analysis and mapping with an electron microprobe. Micro-Raman
measurements were performed at various stages: on the recovered
sample block before taking it out of the capsule, on the crushed
grains, and on the epoxy mount after electron microprobe analy-
sis. Additional NMR measurements on a sample with coexisting
topaz-OH I and IT (K070715) were also performed after coarse
polycrystalline grains containing topaz-OH II were identified
by micro-Raman and separated. Powder XRD was performed
on fine powders of selected samples after the above detailed
characterization (Kanzaki 2010).

Phases other than the two polymorphs of topaz-OH (and SiO,)
can be distinguished by any of these techniques. The distinction
between the latter cannot be made from electron microprobe
analysis, because of their similar compositions (see below),
but relied on micro-Raman and NMR (and XRD). A combined
micro-Raman and electron microprobe analysis was used to
determine the compositions of topaz-OH I and II from the same
sample (e.g., KO70715).

Sample K081113 was synthesized at 7 GPa and 640 °C for
3 h and contains submicrometer-sized grains of topaz-OH I
with some coesite (SiO,) and corundum (Al,O;), and minor
diaspore (AIOOH). All the other samples (originally all aimed
at synthesizing topaz-OH II) were produced at a narrow range
of higher P-T (13.5-14 GPa and 1300-1500 °C) for 0.5-1 h,
and consist dominantly of large-grained topaz-OH polymorphs.
Sample K071126 (synthesized at 14 GPa and 1400 °C for 1 h)
comprises large-grained (on the order of 100 um) topaz-OH II
and minor stishovite (Si0,). Sample K080927 (synthesized at
13.5 GPa and 1300 °C for 1 h) contains very large clear crystals
(several millimeters) of topaz-OH II along with fine ash-like
powder (consisting of silica, alumina, and topaz-OH phases as
revealed by micro-Raman) that was most likely quench crystals
from a fluid phase. The large crystals were carefully picked out
and subjected to all the described measurements. Electron micro-
probe analysis and mapping of selected grains suggest that they
are compositionally homogeneous and free of any inclusions.
Sample K070715 (synthesized at 13.5 GPa and 1500 °C for
0.5 h) and sample K080926b (synthesized at 14 GPa and 1400
°C for 0.5 h) both consist of large grains (up to ca. 100 um) of
topaz-OH with finer-grained stishovite along grain boundaries.
Minor corundum was also observed. Both NMR and Raman
(on coarse polycrystalline grains) revealed that the topaz-OH
in both samples is dominantly phase I, but some grains contain
phase II. The observation of topaz-OH II with and without co-
existing topaz-OH I in samples synthesized at the narrow P-T
range of 13.5-14 GPa and 1300-1500 °C (including some with
nominally the same P-7) may be explained by the proximity of
the P-T condition to the polymorphic phase transition bound-
ary (Kanzaki, unpublished results), coupled with uncertainties
of the measured pressure (within ca. +1 GPa, e.g., due to anvil
deformation) and temperature (e.g., within ca. £100 °C with
thermocouple failure), and the presence of thermal gradient
(within ca. 100 °C across the sample).

The chemical compositions of constituent phases from elec-
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tron microprobe analysis are reported in Table 2. The composition
of topaz-OH I synthesized at 7 GPa and 640 °C (K081113) is
close to the ideal Al,SiO,(OH),composition with a Si/Al ratio of
0.53(2). The standard deviations for this sample are larger than
those for all others because of fine grain sizes. The composi-
tions of both topaz-OH I and II in samples synthesized at higher
P-T (13.5-14 GPa and 1300-1500 °C) exhibit lower-than-ideal
Si/Al ratios (0.41-0.46). Topaz-OH II synthesized at 13.5 GPa
and 1300 °C (K080927) and 14 GPa and 1400 °C (K071126)
give Si/Al ratios 0f 0.41(1) and 0.46(1), respectively. For sample
KO070715 (synthesized at 13.5 GPa and 1500 °C), which contains
both topaz-OH I and 11, the compositions of the two polymorphs
are indistinguishable within analytical uncertainties, with Si/Al
ratios of 0.43(1) for topaz-OH I and 0.42 for topaz-OH II. For the
other sample containing mixed topaz-OH I and IT (K080926b)
synthesized at 14 GPa and 1400 °C, only the dominant topaz-OH
I phase was analyzed by electron microprobe, and give a Si/Al
ratio of 0.45(1). The lower-than-ideal Si/Al ratios for topaz-OH
in all these high P-T samples, which were synthesized from a
(nominally) ideal topaz-OH starting composition, are consistent
with the presence of coexisting stishovite (except K080927 that
contains quenched fluid, instead).

The compositional trend described above is in agreement
with those observed for several other samples synthesized from
preliminary experiments at ISEI using starting compositions
of AISiO;0H or Al,SiO4(OH),. For example, a previously de-
scribed sample (denoted as F050612 here) synthesized by H.F.
from a starting composition of AISiO;O0H at about 12 GPa (with
larger uncertainties than experiments described in the present
study) and 1200-1300 °C, which consists of topaz-OH (I > 1I,
see below) + kyanite + stishovite, gave a Si/Al ratio of 0.43(2)
for topaz-OH I (Xue et al. 2006). Another previously described
sample (denoted as 1051105 here) produced by Eiji Ito from a
starting composition of Al,SiO,(OH), at ~11 GPa (with larger
uncertainties than experiments described in the present study)
and 1000 °C (zabout 200 °C due to instability in temperature
control) contained regions of phase egg + corundum (+quenched
fluid nearby) — topaz-OH II (+minor phase egg) — topaz-OH I
(+minor phase egg) in one fragment [that was revealed by com-
bined electron microprobe compositional (Si and Al) mapping
and micro-Raman mapping] as a result of thermal gradient (pos-
sibly in the order of decreasing 7). The compositions of topaz-OH
of both polymorphs and in different parts of the fragment were
indistinguishable [Si/Al = 0.43(2) for topaz-OH I, 0.41(2) for
topaz-OH II] (Kanzaki et al. 2006). Unpublished data for several
other samples also give similar results.

Therefore, it appears that the compositions of topaz-OH are
close to the ideal Al,SiO,(OH), composition at relatively low P-T'
(7 GPa and 640 °C) (for topaz-OH I), but show lower and slightly
varying Si/Al ratios (0.41-0.46) at elevated P-T (for both topaz-
OH I and II). Although no time-series experiments have been
performed to evaluate the attainment of equilibrium in these syn-
thesis experiments, all threads of evidence suggest that the phase
relation and compositional trends described above most likely
reflect the equilibrium state. For samples synthesized at 13.5-14
GPa and 1300-1500 °C for 0.5-1 h (all but one), these include
the large grain sizes for topaz-OH (up to ca. 100 um to several
millimeters), the homogenous compositions of all analyzed
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phases in a given sample, the systematically low Si/Al ratios for
all topaz-OH samples synthesized at high P-T,, the even distribu-
tion of finer-grained stishovite along grain boundaries (formed
from excess silica un-incorporated in the topaz-OH structure),
and the expected fast kinetics at such high P-T conditions (Ono
1999). For the single sample (K081113) synthesized at a lower
P-T of 7 GPa and 640 °C for 3 h, although the reaction kinetics
is expected to be slower than the above, the obtained results are
consistent with those for topaz-OH synthesized from similar
starting compositions (Al,05-Si0,-H,0 system with Si/A1>0.5)
at similar or somewhat higher P-T (up to 10 GPa and 1000 °C)
with longer durations (Northrup et al. 1994; Wunder et al. 1993).
Reversal phase transition between topaz-OH I and II has also
been confirmed by in situ XRD measurements using synchrotron
radiation at SPring-8 (Kanzaki, unpublished results).

Coexisting stishovite in samples produced at high P-T gen-
erally contain some Al,O; [e.g., ca. 3 wt% AlLO; for K080926b
synthesized at 14 GPa and 1400 °C (Table 2); also see Xue et al.
2006 for the example of F050612 described above]. Coexisting
corundum (e.g., in KO70715 synthesized at 13.5 GPa and 1500
°C) contain negligible SiO, (see Table 2). Both observations are
consistent with previous studies (e.g., Ono 1999; Pawley et al.
1993) and lend additional support for the equilibrium composi-
tions of these samples.

Raman spectra

Typical unpolarized Raman spectra for the two topaz-OH
polymorphs are shown in Figure 1. Raman spectra for topaz-
OH I has been previously reported for a sample synthesized at
10 GPa and 800 °C by Komatsu et al. (2005) and for a sample
(F050612) synthesized at ca. 12 GPa and 1100-1200 °C by Xue
etal. (2006). Shown in Figure 1 are the Raman spectra for topaz-
OH I from samples K081113 (synthesized at 7 GPa and 640 °C)
(Figs. 1g—1h) and K070715 (synthesized at 13.5 GPa and 1500
°C) (Figs. le—1f). Within the O-H stretching region, there are
two main bands near 3520 and 3591 cm™ and a weak tail near
3443 cm™, with relative intensities varying among grains for a
given sample. Within the 200-1500 cm™ region, bands near 286,
359, 826, 876, 893, 949, 1135, and 1183 cm™ are observed. The
bands near 1135 and 1183 cm™ may be attributed to in-plane O-H
bending vibration. These spectra, along with those of topaz-OH I
in all other samples from this study, are in general similar to those
reported for topaz-OH I previously (Komatsu et al. 2005; Xue
et al. 2006). There is also a pair of strong bands near 1360 and
1595 ecm™ (Fig. 1g) and a weak band near 2950 cm™' occurring
only in the spectra for sample K081113 (Fig. 1h). The former
two may be attributed to poorly crystallized graphite, possibly
produced due to minor carbon impurities in the starting material
(Kanzaki 2008). The latter may be attributed to minor coexisting
diaspore from comparison with Raman spectra for single-phased
diaspore samples (Kanzaki, unpublished data).

Raman spectra for topaz-OH II in all the samples show a
single, asymmetric, broad O-H stretching band near 3500 cm™
that extends to lower frequencies than those of topaz-OH I (see
Figs. 1b and 1d for examples of samples K080927 and 070715).
From the known correlation between O-H stretching frequency
and hydrogen-bonding distance (Libowitzky 1999; Nakamoto
et al. 1955), this indicates a distribution of, and overall shorter
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FIGURE 1. Unpolarized Raman spectra of topaz-OH II from sample
K080927 (a, b) and sample K070715 (¢, d), and topaz-OH I from sample
KO070715 (e, f) and sample KO81113 (g, h). The two peaks marked by
asterisks in g are due to carbon contaminant, and that marked by asterisk
in h may be due to coexisting diaspore. Sharp spikes marked by asterisks
in b and e are due to cosmic rays.

hydrogen-bonding distances in topaz-OH II, as compared to
topaz-OH I. The intensity distribution within the broad envelope
varies with grains within a given sample, suggesting the presence
of orientation-dependency. Within the 200-1500 cm™ region,
there are bands near 300, 365, 460, 884 (with a high-frequency
shoulder), and 1160 cm™', which show general resemblance to the
corresponding bands of topaz-OH I, but are all broader (see Figs.
la and Ic for examples of samples K080927 and 070715). This
suggests that there is some structural disorder for topaz-OH 11,
but the overall structure likely resembles that of topaz-OH 1.

It should also be mentioned that in some samples that contain
both polymorphs of topaz-OH [e.g., KO70715, also 1051105
described in Kanzaki et al. (2006)], mapping with micro-Raman
clearly revealed that there is a clear-cut boundary between the
two polymorphs, each with a distinct Raman pattern. Therefore
the two polymorphs cannot be regarded as a single phase with
a continuous structural variation, but rather are two distinct
phases that each has a unique, but related crystal structure (also
see Kanzaki et al. 2006).

'H MAS and CRAMPS-MAS NMR spectra

"H MAS NMR spectra were obtained for all samples at a
range of spinning rates from 10 kHz to 35-40 kHz. Typical 'H
MAS NMR spectra acquired at a spinning rate of 35 kHz for all
samples are shown in Figure 2. The "H MAS NMR spectrum for
sample K081113 (7 GPa and 640 °C) (that contains topaz-OH
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I as the dominant (hydrous) phase) acquired at a spinning rate
of 40 kHz exhibits a main, symmetric peak near 3.8 ppm with a
full-width at half maximum (FWHM) of 1.7 ppm, attributable
to topaz-OH I (Xue and Kanzaki 2009). The FWHM increases
nearly linearly with increasing 1/vy and becomes 3.0 ppm at a
spinning rate, vy of 20 kHz and 4.9 ppm at vy = 10 kHz, sug-
gesting that the peak width is dominated by '"H-'H homonuclear
dipolar coupling (Xue and Kanzaki 2009). There is also a very
weak, broader peak near 9.4 ppm, which may be attributed to
minor coexisting diaspore (Xue and Kanzaki 2007), consistent
with the Raman result.

The 'H MAS NMR spectra acquired at a spinning rate of 40
kHz for samples KO71126 (14 GPa and 1400 °C) and K080927
(13.5 GPa and 1300 °C) (that contain topaz-OH II as the only
hydrous phase as revealed by micro-Raman and XRD) each show
a broad asymmetric peak with a narrower component near the
maximum at 4.8—4.9 ppm and a high-frequency tail that extends
to much higher frequency (ca. 12 ppm) than that of topaz-OH
I described above (ca. 7 ppm), all attributable to topaz-OH II.
The narrower component is somewhat more prominent for
sample K080927 than sample K071125, suggesting subtle local
structural variation around protons in topaz-OH II with P-T. The
FWHM increases with decreasing spinning rate for both samples
(e.g., from 4.5 ppm at vy =40 kHz to 5.3 ppm at vy =20 kHz for
K080927), although the changes are less prominent than that of
topaz-OH I described above. This suggests that the broad peak
width is likely caused not only by 'H-'H homonuclear dipolar
coupling, but also by a distribution of chemical shifts.

a K071126, f
tpz Il
b K080927, g
tpz Il
c K070715, h
tpz 1> 1l
d K080926b, i
J tpz 1 > I
L
e K081113, k
tpz |
J p
750 100 50 0 -50 -100-150 10 5 0

"H chemical shift (ppm)  'H chemical shift (ppm)

FIGURE 2. '"H MAS NMR spectra (a—e: wider frequency range;
f—j: around the central band region) for samples containing topaz-OH I
(K081113), topaz-OH II (K080927, K071126), and those containing both
polymorphs (K080926b and K070715), acquired at a spinning rate of 35
kHz, a spectral width of 1 MHz, a recycle delay time of 3-15 s (=5T)). A
small Gaussian line broadening function with a time constant of 0.01 s
(that barely affected the peak width) has been applied to all.
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The '"H MAS NMR spectra acquired at a spinning rate of
35 kHz for samples K070715 (13.5 GPa and 1500 °C) and
K080926b (14 GPa and 1400 °C) (that consist dominantly of
topaz-OH I with some topaz-OH II as revealed by micro-Raman)
each contain a dominant narrow peak with a maximum near
3.9-4.1 ppm and a broader high-frequency tail (Figs. 2h-2i).
The former is close to that of topaz-OH I (Fig. 2j), and the latter
matches well with that of topaz-OH II described above (also see
Figs. 2f-2g). To further constrain the origin of these two compo-
nents, coarse (polycrystalline) grains of sample K070715 were
examined by micro-Raman and those grains that gave Raman
pattern of topaz-OH II were separated and subjected to further
"H MAS NMR measurements. It was found that the broad high-
frequency tail is more prominent in such grains (see Fig. 3a),
suggesting that it indeed originates from topaz-OH II. The main,
narrower peak near 3.9—4.1 ppm may be attributed to topaz-
OH 1, as is clear from the difference spectrum taken between
the (bulk) sample K070715 and topaz-OH II-enriched grains
of the same sample (Fig. 3a), and the difference spectra taken
between either of samples K070715 and K080926b (topaz-OH
I+ 1I) and either of samples K071126 and K080927 (topaz-OH
IT only) (see Figs. 3b—3c¢ for examples), which all resemble the
peak shape of topaz-OH I from sample KO81113 (see Fig. 2j).
Note that in taking the difference spectra, the relative intensities
of the two relevant spectra have been adjusted so that the differ-
ence spectrum contains minimal (sum of squared) intensities in
a frequency range (7—13 ppm) where only topaz-OH II (but not
topaz-OH ) is expected, similar to the procedure described in
Malfait and Xue (2010). Therefore, both Raman and 'H MAS
NMR are consistent with the coexistence of topaz-OH I and II
in these two samples. Topaz-OH II is somewhat more abundant
in sample K070715 than sample K080926b, as is clear from the
'"H MAS NMR spectra (Figs. 3b-3c¢).

It is worth mentioning that although most of the samples
contain minor stishovite, which is known to accommodate trace
amount of water and contribute to a narrow 'H peak near 9.3 ppm
(Xue et al. 2006), no narrow peak attributable to stishovite can be
resolved in all the 'H MAS NMR spectra shown in Figure 2. This
is a combined result of small quantity of stishovite and saturation
due to its much longer '"H T, [e.g., 142 s for a sample measured
in Xue et al. (2006)] than the recycle delay times (3—15 s) used.
We have, in fact, observed a peak near 9.3 ppm for stishovite
in '"H MAS NMR spectra acquired with longer recycle delay
times (=200 s) for several other topaz-OH samples containing
more abundant coexisting stishovite [synthesized from a start-
ing composition of AlISiO;0H in preliminary experiments, e.g.,
F050612 described in Xue et al. (2006)].

To place further constraint on the proton order-disorder in
topaz-OH I and II, 2D 'H CRAMPS-MAS NMR spectra were
also obtained at a spinning rate of 15 kHz and with mixing times
of 2 us and 200 ms using the FSLG homonuclear decoupling
scheme (Bielecki et al. 1989; Xue and Kanzaki 2007). This
technique has proven particularly useful in ascertaining the
presence/absence of proton disorder in high-pressure minerals
(e.g., phase D, 8-AIOOH) (Xue and Kanzaki 2007; Xue et al.
2008). Typical 2D '"H CRAMPS-MAS NMR spectra for samples
containing topaz-OH I (K081113), topaz-OH II (K080927), and
both polymorphs (K080926b) are shown in Figure 4. The 2D 'H
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CRAMPS-MAS NMR spectrum of topaz-OH I (K081113) (with
a minimal mixing time of 2 us) contains a narrow, symmetric
peak with a FWHM of 0.3 ppm (after scaling correction) for
the total projection in the CRAMPS dimension, suggesting no
detectable proton local structural disorder (Fig. 4e).

The 2D 'H CRAMPS-MAS NMR spectrum of topaz-OH 11
(K080927) acquired with a mixing time of 2 us, on the other
hand, exhibits a broad peak elongated along the diagonal with a

: K07071 5'
a : AR L N IO K070715(tpz ll-rich
: : - - -~ diff.
20
b
20 15 -5 -10
—— K080926b
............ K080927
c - - - - diff.
20 15 10 5 0 5 -0

'H chemical shift (ppm)

FIGURE 3. (a) 'H MAS NMR spectra of sample K070715 (topaz-OH
I+ 1I) (solid line) and topaz-OH Il-enriched grains of the same sample
(dotted line), and the difference spectrum of the two (dashed line); (b)
'H MAS NMR spectra of sample K070715 (topaz-OH I + II) (solid line)
and sample K080927 (topaz-OH II) (dotted line), and the difference
spectrum of the two (dashed line); (¢) '"H MAS NMR spectra of sample
K080926b (topaz-OH I +1I) (solid line) and sample K080927 (topaz-OH
1I) (dotted line), and the difference spectrum of the two (dashed line). All
the spectra have been acquired at a spinning rate of 35 kHz, a spectral
width of 1 MHz, arecycle delay time of 3—15 s (>5T)). A small Gaussian
line broadening function with a time constant of 0.01 s has been applied
to all. The relative intensities of the two spectra in each graph have been
adjusted so that the sum of squared intensities in a frequency region
(delineated by dotted vertical lines) where topaz-OH I is not expected is
minimized for the difference spectrum. Further expanding the reference
region beyond 7 ppm would yield prominent negative intensity for the
difference spectra. Taking the difference with sample K071126 (topaz-
OH II), instead, for b and ¢ yields similar results.
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distribution of frequencies in both the MAS and high-resolution
CRAMPS dimensions, suggesting that there is a distribution of
chemical shifts (Fig. 4a). For the spectrum acquired at a longer
mixing time of 200 ms (Fig. 4b), cross-peak intensities are de-
veloped among the entire frequency range of the broad peak, so
that the broad peak is now aligned parallel to the axis with cross-
sections taken at different positions giving identical peak shape
(not shown). This is a clear indication that the different parts of
the broad peak belong to a single, homogeneous phase (with a
range of local structures around protons, i.e., proton disorder),
rather than spatially separate phases (e.g., multiple coexisting
phases, inclusions, or a single phase with spatial compositional/
structural heterogeneity). Spin diffusion among all the protons
has reached equilibrium with a mixing time of 200 ms, as was
previously observed for phase D (Xue et al. 2008). Similar re-
sults have also been obtained for the other sample of topaz-OH
1T (K071126, not shown).

The 2D 'H CRAMPS-MAS NMR spectra acquired with a
mixing time of 2 us for the two samples with mixed topaz-OH I
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FIGURE 4. 2D 'H CRAMPS-MAS NMR spectra acquired at a
spinning rate of 15 kHz, a recycle delay of 3—6 s [>3T, (c—e) or >1.25T,
with one steady-state pulse before each acquisition (a—b)], and mixing
times of 2 s (a, ¢, ¢) and 200 ms (b, d) for samples containing topaz-OH
1 (K081113) (e), topaz-OH 1II (K080927) (a, b), and both polymorphs
(K080926Db) (¢, d). The chemical shift scale in the CRAMPS dimension
has been corrected. A small Gaussian line broadening function with a
time constant of 0.01 s has been applied to both dimensions. All contours
have been plotted in a logarithmic scale with 10 (a, b, e) or 15 (¢, d)
levels and a spacing factor of 1.3.
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and IT (K070715 and K080926b) each show a main component
with a narrow peak width in the CRAMPS dimension and a
weaker component with a broad distribution of frequencies in
both dimensions (see Fig. 4c for the latter sample). The alignment
of'the latter component is again changed from diagonal at a mix-
ing time of 2 us (Fig. 4c¢) to parallel to the axis at a mixing time
of 200 ms (Fig. 4d), suggesting that spin diffusion has occurred
among the entire frequency range of the broad component. The
two components correspond well to peaks of topaz-OH I and 11
described above.

Therefore, high-resolution 2D 'H CRAMPS-MAS NMR
data revealed no detectable proton disorder in topaz-OH I, but
provided unambiguous evidence for the presence of considerable
proton disorder in topaz-OH II.

'H-*Si CP-MAS NMR spectra

Typical 'H-*Si CP-MAS NMR spectra for all samples ac-
quired with contact times of 4 or 8 ms at a spinning rate of 20
kHz are shown in Figure 5. The 'H-*Si CP-MAS NMR spectra
of sample K081113 (topaz-OH I, 7 GPa, 640 °C), acquired with a
recycle delay of 3 s, a contact time of 4 ms and a spinning rate of
20 kHz (Fig. Se) yields a narrow, symmetric peak at —83.4 ppm
with a FWHM of 0.63 ppm, attributable to tetrahedral Si (Si'V) in
topaz-OH I (Xue et al. 2006). No peaks in the range expected for
octahedral Si (-130 to —190 ppm, see below) are detected.

The 'H-*Si CP-MAS NMR spectra of sample K071126 and
K080927 (topaz-OH II, 13.5-14 GPa, 1300-1400 °C) acquired
with contact times between 4 to 20 ms and spinning rates of 10
and 20 kHz all show an asymmetric peak with a maximum near
—80.3 to —80.6 ppm and a tail to higher frequency, which is sig-
nificantly broader and shifted to higher frequency as compared
to that of topaz-OH I for sample K081113. In addition, a smaller,
broad peak with maximum near —178 ppm and a high-frequency
tail extending to about —130 ppm is also clearly visible (see Figs.
Sa, 5b, and 5f). The high spinning rate of 10-20 kHz is critical
for the unambiguous identification of the entire frequency range
of the latter peak (especially the high-frequency tail to —130
ppm); with lower spinning rates of <8 kHz (e.g., 4 kHz as used
in Xue et al. (2006), the spinning sideband of the main peak near
—80 ppm would partially overlap with the latter peak. As further
discussed in the next section, the main peak near —80 ppm is
within the range expected for Si", and may be assigned accord-
ingly, and the latter may be attributed to octahedral Si (Si'"). To
evaluate whether the relative intensities of the two peaks vary
with experimental conditions, '"H-*’Si CP-MAS NMR spectra
have been obtained for sample K071126 at a spinning rate of 20
kHz and contact times of 4, 8, 12, and 20 ms, and at a spinning
rate of 10 kHz and a contact time of 4 ms. The relative intensities
of the two peaks remain the same for all five spectra, giving an
average (with standard deviation in brackets) of 63(1)% for Si'V
and 37(1)% for SiY". Similarity of "H-*’Si CP dynamics for dif-
ferent Si sites have also been previously observed for phase egg
(AISiO;0H) (Xue et al. 2006), and may be attributed to the lack
of significant contrast in Si-H distances for all Si sites. Under
such a condition, the obtained relative peak intensities may be
taken to represent the site abundances. The relative intensities of
the two peaks for sample K080927, estimated from a spectrum
acquired at a spinning rate of 20 kHz and a contact time of 4
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FIGURE 5. 'H-¥Si CP-MAS NMR spectra for samples containing
topaz-OH I (K081113) (e), topaz-OH II (K071126, K080927) (a, b, f),
and both polymorphs (K070715, K080926b) (¢, d), acquired with a
contact time of 4-8 ms (as marked), a recycle delay time of 3—6 s [>3T,
(a, ¢, e),or>1.25T, (b, d) with 2—4 steady-state pulses before acquisition]
and a spinning rate of 20 kHz. Also shown above each spectrum in a—e
is the corresponding spectrum in the range —100 to —200 ppm with
vertical scale expanded by 5 or 20% (as marked). Figure f is the same as
b, but is plotted with a wider frequency range for clarity. Other spectra
acquired with a range of contact times of 4-20 ms and different recycle
delay times for selected samples (e.g., KO71126, K081113, K070715)
give identical peak shape (relative intensities).

ms are 67 and 33%, respectively. There are subtle differences
in peak shapes for both Si'V (peak maximum at slightly higher
frequency for KO711126 than K080927) and Si"' (more promi-
nent narrower component near —179 ppm relative to the broad
high-frequency tail for K0711126) between the two samples
(see Figs. 5a—5b). Together with the observed small differences
in relative intensities of the two peaks, in peak shape of the 'H
MAS NMR spectra (Fig. 2), and in composition (Si/Al ratio)
(Table 2) between the two samples, it may be concluded that
the local structure and composition of topaz-OH II vary slightly
with P-T conditions.

The "H-Si CP-MAS NMR spectra of sample KO70715 and
K080926b (topaz-OH I > II) acquired at a spinning rate of 20
kHz and a contact time of 8§ ms both contain a main peak near
—83 ppm with a high-frequency shoulder, and a weak broad peak
in the —130 to —190 ppm region (with two maxima near —178 and
—133 ppm) (Figs. Sc—5d). The main, narrower peak near —83 ppm
for both samples is consistent with that of topaz-OH I; the broad
asymmetric high-frequency tail of the main peak and the weak
peak near —178 ppm both match well with those of topaz-OH 11
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described above, and may be assigned accordingly. The latter
two components are more prominent for sample K070715 (Fig.
5¢) than K080926b (Fig. 5d), which may be explained by greater
abundance of topaz-OH II in the former, consistent with 'H MAS
NMR results described above. The overall relative intensities of
the broad peak in the —130 to —190 ppm region are ca. 15% for
sample K070715 and 11% for sample K080926b. The spectral
feature of topaz-OH I in samples K070715 and K080926b may
be roughly estimated by subtracting out the spectra for topaz-
OH II (from samples K080927 or K071126). Examples are
shown for the comparison of peak shapes of samples K070715
and K080926b (topaz-OH I > II) with that of K080927 (topaz-
1) in Figure 6. The relative intensities of the two spectra were
adjusted so that the difference spectrum contains minimal (sum
of squared) intensities in a frequency range (—72 to —80 ppm)
where only topaz-OH II (but not topaz-OH 1) is expected. This
procedure leads to the maximal subtraction of topaz-OH II-like
component, because further moving the frequency limit to <—76
ppm would result in significant negative intensities in the dif-
ference spectrum. The difference spectra, which may be taken
to approximate the spectra for topaz-OH I, contain a narrow,
somewhat asymmetric peak near —83.3 ppm, and a weak broad
peak with a maximum near —133 ppm (and possibly a very weak
tail to —190 ppm) (see Fig. 6). The estimated relative intensity in
the —130 to —190 ppm region for the difference spectra (topaz-
OH 1) are ca. 2.7(1)% for sample K070715 and 2.8(1)% for
K080926b. Like the 'H MAS NMR spectra described above,
similar results were obtained if the difference spectra were taken
with sample K071126 (topaz-OH II only), instead (not shown),
because the difference in peak shape for topaz-OH II between
the two samples are only secondary.

It should be pointed out the 'H-*Si CP-MAS NMR spectrum
reported in Xue et al. (2006) for a sample synthesized at ca. 12
GPa and 1200-1300 °C (F050612) (topaz-OH + kyanite + stisho-
vite) measured at a spinning rate of 4 kHz similarly also gave an
asymmetric peak near —83.3 ppm with a high-frequency shoulder,
and a peak near —177 ppm (with an estimated relative intensity
of about 7%). The low spinning rate rendered only part of the
envelope in the —130 to —190 ppm region recognized (because the
first spinning sideband of the main peak is expected to occur near
—134 ppm), so that its actual intensity should be somewhat higher.
Therefore, this sample most likely also contained dominantly
topaz-OH I with some topaz-OH II. NMR was a more sensitive
probe of the minor topaz-OH II phase than micro-Raman [which
only detected topaz-OH I in Xue et al. (2006)], because it was
taken on the bulk sample, rather than selected regions.

Although most of the samples described above contain minor
(water-bearing) stishovite, no peak near —191.4 ppm expected for
the latter (Xue et al. 2006) has been observed in any of the 'TH-**Si
CP-MAS spectra (Fig. 5). As discussed in Xue et al. (2006), this
is a combined result of small abundance, proton saturation, and
low CP efficiency for stishovite.

AIMAS NMR, ”7A13Q MAS NMR, and '"H-’Al CP-MAS
NMR

Typical Al MAS NMR spectra acquired at a spinning rate
of 22 kHz and 2D 3Q MAS NMR spectra acquired at a spinning
rate of 20 or 30 kHz for all samples are shown in Figures 7 to 10.
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FIGURE 6. Comparison of 'H-*Si CP-MAS NMR spectrum for
samples containing topaz-OH I + II [a, b: KO70715 (contact time: 8
ms); ¢, d: KO080926b (contact time: 8 ms) (top, solid line)] and that
containing only topaz-OH II [K080927 (contact time: 4 ms) (middle,
dotted line)], all acquired at a spinning rate of 20 kHz (as for Fig. 5), and
their difference spectra (bottom, dashed line). The latter were obtained
by adjusting the relative intensities of the two spectra so that the sum of
squared intensities in the =72 to —80 ppm region (delineated by vertical,
dotted lines), where topaz-OH I is not expected, are minimized in the
difference spectrum. Further expanding the reference region beyond —80
ppm would yield prominent negative intensity for the difference spectra.
All spectra are shown in an expanded vertical scale (20%) in the —100 to
—200 ppm region (b, d) relative to the corresponding spectra in the —60
to —100 ppm region (a, c).

The 2 Al MAS NMR spectrum of sample K081113 (topaz-OH I)
contains a central band with sharp maxima near —2.5 and —12.4
ppm (Fig. 7). The Al 3Q MAS NMR spectrum of the sample
yields a narrow, slightly asymmetric peak with a maximum near
17.7 ppm in the total projection to the isotropic F, dimension
(Fig. 8a). The MAS (F,) cross-section taken at the latter position
(Fig. 8b) can be well reproduced by a single set of parameters (04!
= 8.2 ppm, C5' = 5.3 MHz, and ng' = 0.4, where §;, Cy, and 1
are the isotropic chemical shift, quadrupolar coupling constant,
and electric field gradient asymmetry parameter, respectively)
(Fig. 8c). The spinning sideband intensity pattern of the 1D #’Al
MAS NMR spectrum can also be reasonably reproduced by the
same set of parameters (Fig. 7a), suggesting the local structural
environment around Al in topaz-OH I of sample K081113 is
largely ordered. The 82! value of 8.2 ppm is typical of those for
octahedral Al [AI'": —10 to 15 ppm (Stebbins 1995; Xue and
Kanzaki 2007)], consistent with the known crystal structure of
topaz-OH. The relative intensity of the left maximum near —2.5
ppm for the central band of the ?Al MAS NMR spectrum is,
however, somewhat taller than that of the simulated spectrum
(Fig. 7b). The extra intensity corresponds to minor, additional
components with narrower MAS pattern(s) that contribute to a
weak, low-frequency tail of the total projection to the isotropic
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FIGURE 7.?7Al MAS NMR spectra and simulations (a: entire spectral
range; b: around the central band) for sample K081113 (topaz-OH I)
acquired with a pulse width of 0.2 us (ca. 30° tip angle for selective
central transition), a recycle delay of 0.2 s, and a spinning rate of 22
kHz with proton decoupling during acquisition. Also shown below the
experimental spectrum is the simulated spectrum obtained with &' = 8.2
ppm, C5'=5.3 MHz, n§' = 0.4, and a RF band width of +0.6 MHz.

dimension of the 2D 3Q MAS NMR spectrum (Fig. 8a). The extra
component cannot be accounted for by minor coexisting corun-
dum or diaspore, because corundum is expected to contribute to
apeak near 18 ppm (F,) and 13 ppm (F,), and diaspore contribute
to a peak near 22 ppm (F,) and 9 ppm (F,) in the 2D 3Q MAS
NMR spectrum [corundum: 6= 16 ppm, Cy' = 2.4 MHz, and
n4' = 0 (cf. Stebbins 1995); diaspore: 3 = 17 ppm, C§' = 3.4
MHz, and n§' = 0.8 (Xue, unpublished data)]. It is tentatively
attributed to imperfections in the crystal structure of topaz-OH
due to the submicrometer crystallite sizes of the sample produced
at arelatively low temperature (640 °C), which may have resulted
in local Al structures with a range of (smaller) C5' values.

The Al MAS NMR spectra for the two samples of topaz-OH
IT (KO71126 and K080927) each contain an asymmetric peak
with a maximum near 4.2—4.6 ppm and a tail to low frequency
in the central band region (Fig. 9b). The spinning sidebands for
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FIGURE 8. Rotor-synchronized Al 3Q MAS NMR spectrum with
total projections shown along both dimensions for sample K071113
(topaz-OH 1) (a), the MAS (F,) cross-section (b) taken at the peak
maximum in the isotropic (F,) dimension (denoted by a dotted line in a),
and the simulated spectrum (¢) of b. The Al 3Q MAS NMR spectrum
was acquired at a spinning rate of 20 kHz (a) with a recycle delay of
0.5's, at, time increment of 50 s (one rotor period), and 64 ¢, increments;
1440 scans were averaged. A Gaussian line broadening function with
a time constant of 0.01 s has been applied to both dimensions. The
contours in a have been plotted in a logarithmic scale with 10 levels
and a spacing factor of 1.5.

both samples show a bell-shaped intensity pattern (Fig. 9a). Both
the peak shape of the central band and the spinning sideband
intensity pattern cannot be reproduced by a single set of NMR
parameters, but are typical of octahedral Al with a range of pa-
rameters (Xue et al. 2006). There is also a smaller shoulder near
50 ppm in the central band region for both samples (Fig. 9b). The
two peaks are better resolved in the 2D 3Q MAS NMR spectra
(Figs. 10c—10d). The projection to the isotropic (F,) dimension
of the main peak is broad and asymmetric with a maximum near
19 ppm and a tail to higher frequency for both samples (Figs.
10c and 10d), again suggesting the presence of a distribution
of local structures around octahedral Al. The distribution of
isotropic chemical shift, 82! (in ppm) and quadrupolar products,
P§(=C,\[1+m,/3) (in MHz) may be approximately estimated
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from the positions of center of gravity for selected MAS (F,)
cross-sections across the peak in the F; projection according to
the following (Amoureux and Fernandez 1998):

P =0.010244v, 5 —5,

where 8, and d, are the peak positions (in ppm) in the F, and F,
dimensions, respectively, and v, is the resonance frequency (in
MHz). Simulation of the MAS cross-section at the maximum of
the isotropic projection gives a 8 of 12 ppm and P$' of 4.5 MHz
for both samples. Simulations of a range of cross-sections give
& in a range of 6-17 ppm, while P}' increases systematically
from 1 to 11 MHz with increasing F, frequency. The obtained
& values are typical of those for octahedral Al [-10 to 15 ppm:
(Stebbins 1995; Xue et al. 2006)]. A similar estimation for the
cross-section at the maximum of the isotropic projection of the
smaller peak gives a O of 68 ppm and Pj' of 3.5-3.7 MHz for
the two samples (see Table 3). The 82 value is typical of those
for tetrahedral Al (AI'Y) [50-90 ppm: (Stebbins 1995)]. No ad-
ditional peak(s) in the 2D Al 3Q MAS NMR spectra can be
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FIGURE 9. Al MAS NMR spectra (a: entire frequency range; b—c:
central band) of samples K070715 and K080926b (both topaz-OH I >
I1), and samples K071126 and K080927 (both topaz-OH II), all acquired
with a pulse width of 0.2—-0.3 us (ca. 30° tip angle for selective central
transition), a recycle delay of 0.2 s, and a spinning rate of 22 kHz with
proton decoupling during acquisition.
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FIGURE 10. Rotor-synchronized Al 3Q MAS NMR spectra with
total projections along both dimensions for samples K081113 (topaz-OH
1) (a), K080926b (topaz-OH 1> 1I) (b), K071126 (topaz-OH 1II) (¢), and
K080927 (topaz-OH II) (d), acquired at a spinning rate of 20 or 30 kHz
(as marked) with a recycle delay of 0.5 s, a ¢, time increment of one (a,
b) or one-half (¢, d) rotor period, and 32 to 64 ¢, increments; 1440 to
7488 scans were averaged for each. A Gaussian line broadening function
with a time constant of 0.005 s has been applied to both dimensions. All
contours have been plotted in a logarithmic scale with 10 (a, ¢, d) or 12
(b) levels and a spacing factor of 1.5. The sharp diagonal tail near the
main peak (for octahedral Al) in b is minor artifact (sheared t, ridge due
to imperfect baseline) that appears prominent because of the expanded
vertical scale used to make the weak tetrahedral Al peak visible.

recognized at positions in between the main peak of Al and
minor peak of Al"Y, where peaks of pentacoordinate Al (A1) are
known to occur for many crystalline and glassy aluminosilicates
(MacKenzie and Smith 2002). This suggests that Al" species are
most likely absent in the topaz-OH structures.

The relative abundance of A"V may be estimated from the
relative peak volume in the 2D Al 3Q MAS NMR spectra.
Although the relative intensities of peaks in 3Q MAS NMR
spectra are in general known to be sensitive to the RF power
for the 3Q excitation and reconversion pulses for sites with
different C;, values (Amoureux et al. 1996a), the AI'" and AIY
peaks in these samples have comparable C, values, and thus
may be close to quantitative. To double check the quantifica-
tion, 3Q MAS NMR spectra have been obtained for sample
KO071126 under two different conditions: one at a spinning rate
of 30 kHz (rotor-synchronized in the F; dimension) using a large
RF field of 208 kHz for 3Q excitation and reconversion, and
another at a spinning rate of 20 kHz using a smaller RF field
of 120 kHz for 3Q excitation and reconversion. The estimated
relative volume for Al' peak are in good agreement with each
other [2.2(1)%], and are also comparable to the relative peak
height in the 1D MAS NMR spectrum, suggesting that the 3Q
excitation efficiencies for the two peaks are indeed similar and
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the relative volume closely represents the true abundance. The
abundance of Al"Y for the other topaz-OH II sample (K080927)
is estimated to be 3.2%.

The Al MAS NMR spectra for the two samples of topaz-OH
I+11(K070715 and K080926b) each contain an asymmetric peak
with a maximum near 0.7—1.8 ppm and a tail to low-frequency, at-
tributable to AlY! with a range of NMR parameters, and a shoulder
near 50 ppm, attributable to AI' (Fig. 9c). To get an approximate
idea of the peak shape for topaz-OH I in these samples, the 2’Al
MAS NMR spectra of topaz-OH II (from sample K080927 or
KO071126) were subtracted from those of the above until the
(sum of squared) intensities of the low-frequency tail (—35 to
—100 ppm, characteristic of topaz-OH II) is minimized in the
difference spectrum (Fig. 11). The resultant peak shapes are
similar using either of the reference spectra for topaz-OH II, but
differ from that of topaz-OH I in sample K081113, showing no
sharp features (see Fig. 11). This suggests the local structures
around Al in topaz-OH I have (greater) local Al disorder for
these high P-T samples than that synthesized at 7 GPa and 640
°C (K081113). There may also be some weak intensity for AI'Y
in the difference spectrum, although the subtraction procedure
is subject to large error, because of uncertainties with phasing
for broad peaks. To get a better idea of the abundance of Al
in the mixed topaz-OH I and II samples, ¥’Al 3Q MAS NMR
spectrum was obtained for sample K070715 at a spinning rate
of 30 kHz (Fig. 10b). The estimated abundance for Al' in the
bulk sample K070715 from the peak volume was about 1.6%.
The actual abundance in topaz-OH I of the sample must be less,
as is also clear from Figure 11.

'H-? A1 CP-MAS NMR spectra were also obtained at a spin-
ning rate of 20 kHz for all samples (not shown). The spectra in
general resemble the respective Al MAS NMR spectra, sug-
gesting the peaks are (dominantly) from hydrous (topaz-OH)
phase(s). Nevertheless, small differences in peak shapes from
those of the corresponding MAS spectra and small variations
with experimental parameters (e.g., position of the transmit-
ter for the Al channel) are sometimes observed, in part due
to limited frequency range of excitation as a result of low RF
power used during CP.

It is also worth mentioning that the '"H-*’A1 CP-MAS NMR
spectrum reported in Xue et al. (2006) for a sample synthesized
atca. 12 GPaand 1200-1300 °C (F050612) (topaz-OH + kyanite
+ stishovite) resemble the 27Al MAS and 'H->’ A1 CP-MAS NMR
spectra for topaz-OH I + I samples (K070715 and K080926b)
described above. This again supports the conclusion from "H-*Si
CP-MAS NMR that this sample also contained mixed topaz-OH
I +1I phases.

Di1ScUssIoN

»Si chemical shift range for octahedral Si

The #Si chemical shift of silicates is known to be sensi-
tive to the coordination number of Si. For inorganic silicates,
data for tetrahedral Si typically fall within the range of —60 to
—120 ppm (Stebbins 1995); limited data for pentacoordinate
Si in silicate glasses (Gaudio et al. 2008; Xue et al. 1991) and
crystalline calcium silicates (Kanzaki et al. 1991; Stebbins and
Poe 1999) give *Si chemical shifts of —124 to —150 ppm; the
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FIGURE 11. Comparison of A1 MAS NMR spectrum for samples
containing topaz-OH I + II (a: K070715; b: K080926b) (top, solid line)
and that containing only topaz-OH II (K080927) (middle, dotted line),
all acquired at a spinning rate of 22 kHz (as shown in Fig. 9), and the
difference spectra of the two (bottom, dashed line). The latter were
obtained by adjusting the relative intensities of the two spectra so that
the sum of squared intensities in the —35 to —100 ppm region (delineated
by vertical, dotted lines), where topaz-OH I is not expected, are
minimized in the difference spectrum. Further expanding the reference
region beyond —35 ppm would yield prominent negative intensity for
the difference spectra.

reported data for octahedral Si fall in the range of —158 to —221
ppm (Phillips et al. 1997; Stebbins 1995; Xue et al. 2006). For
the latter, it has been noted that octahedral Si with one or more
edge-sharing SiO¢/AlO¢/MgO, octahedral next-nearest neighbors
(NNN) tend to have less negative ?’Si chemical shifts (—158 to
—191.3 ppm) than those without such neighbors (-191.7 to —221
ppm) (Kanzaki et al. 1992; Phillips et al. 1997; Xue et al. 2006).
Among them, our previous study for phase egg (Xue et al. 2006)
revealed three Si NMR peaks near —183, —174, and —158 ppm,
which were attributed to octahedral Si with 2Si1Al, 1Si2Al,
and 3Al edge-sharing octahedral NNN, respectively, showing
progressively less negative chemical shift with increasing Al/Si
ratio in the edge-sharing NNN sites. The peak near —158 ppm
gave the least negative Si chemical shift for octahedral Si
known by that time. Predominance of ?Si chemical shift by the
number of edge-sharing (rather than corner-sharing) NNN is
also known for SiS, tetrahedra in thiosilicates (though with an
opposite trend) (Eckert et al. 1989). The reported 2°Si chemical
shifts for the corresponding groups in organosilicon compounds
are in general similar, but cover somewhat wider and overlapping
ranges (SiO,: —44 to —110 ppm; SiOs: —102 to —144 ppm; SiOq:
—135 to —197 ppm) (Kemmitt and Milestone 1995; Marsmann
1981; Swamy et al. 1990).

The main ?Si NMR peak near —80 to —83 ppm for topaz-OH
I and II are typical of those for tetrahedral Si, and can thus be
assigned unambiguously. The broad, continuous distribution
of intensities in the region of —190 to —130 ppm observed for
topaz-OH II (and I + I) from this study largely overlap with, but
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extend further beyond (to higher frequency) the typical chemical
shift range for octahedral Si in inorganic silicates, as described
above. In particular, the main, narrower component near —178
ppm for topaz-OH I is typical of octahedral Si. As to the highest-
frequency extreme (to ca. —130 ppm) of the broader component
for topaz-OH II and the weak peak near —133 ppm for topaz-
OH I at high P-T, if judged purely from chemical shift alone, it
would be difficult to exclude the possibility of pentacoordinte
Si, because it lies within the reported range (—124 to —150 ppm)
for such group in limited inorganic silicates as described above.
Nevertheless, several lines of evidence suggest that they are most
likely all from octahedral Si.

First, because the intensities for topaz-OH II span continu-
ously from —190 to—130 ppm with the majority within the known
range for octahedral Si (but not pentacoordinate Si) (see Fig.
51), it would be most reasonable if the entire envelope belongs
to octahedral Si.

Second, the extreme chemical shift near —130 ppm is in fact
fully consistent with the local structures of octahedral Si expected
for topaz-OH I and II. As detailed in subsequent sections, octa-
hedral Si in topaz-OH II have local structures resembling those
in ideal topaz-OH (octahedra with two edge-sharing octahedral
NNN) and diaspore (octahedra with four edge-sharing octahe-
dral NNN), as well as those in between (octahedra with three
edge-sharing octahedral NNN). The peak maximum for topaz-
OH II near —178 ppm, which lies between peaks of phase egg
with 2Al11Si (=174 ppm) and 1AI12Si (183 ppm) edge-sharing
octahedral NNN, most likely results from dominant octahedral Si
sites with two edge-sharing AlOgoctahedra. Provided the trend of
increasing number of edge-sharing octahedral NNN favors less
negative ’Si chemical shift described above applies, the least
negative chemical shift that may be expected for octahedral Si
in topaz-OH II would be for those with four edge-sharing A1O,
neighbors. The latter most likely gives less negative chemical
shifts than those with three edge-sharing Al1O4 neighbors (e.g.,
—158 ppm in phase egg). Therefore, it is not unreasonable to as-
sign the high-frequency extreme of the continuous peak for topaz-
OH II near —130 ppm (and the peak near —133 ppm observed
for topaz-OH I) to octahedral Si with four edge-sharing AlOq
neighbors. Such chemical shift values are also consistent with
the range observed for SiOg groups in organosilicon compounds
(—135 to —197 ppm) as described above. In particular, because
SiO¢ with multiple edge-sharing AlO; neighbors are expected
to have small Si-O-Al angles (as compared to those with only
corner-sharing neighbors), the assignment is consistent with the
observation that the least negative chemical shifts (to —135 ppm)
for SiO, in organosilicon compounds occur only in small five-
membered (-C-O-Si-O-C-) rings that have small Si-O-C angles
(Kemmitt and Milestone 1995; Kubicki and Heaney 2003).

Third, as is discussed in Kanzaki (2010) (also see below),
topaz-OH I and II, along with diaspore (Hill 1979), share the
same basic topology based on hexagonally close-packed array
of O atoms with cations occupying (different combinations of)
tetrahedral and octahedral interstices (sites). Although the devel-
opment of pentacoordinate cation sites (e.g., through the creation
of oxygen site vacancies) in the topaz-OH or diaspore structure
is physically feasible, there is no evidence or compelling need
for such a structure model.
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Therefore, it may be concluded that the observed peak in the
range of —130 to —190 ppm for topaz-OH II and I may be most
reasonably attributed to octahedral Si with two to four edge-
sharing octahedral NNN, with the most extreme peak near —133
ppm observed for topaz-OH I and the high-frequency extreme of
the continuous peak for topaz-OH II attributable to octahedral
Si with four edge-sharing AlO¢ neighbors. This thus extends
the known chemical shift range for octahedral Si in inorganic
silicates to overlap with that of pentacoordinate Si (—124 to—150
ppm), albeit still in good agreement with the known range (135
to —197 ppm) for SiOy in organosilicon compounds. The wide
range of chemical shift for octahedral Si in inorganic silicates
is in part a result of the variety (different numbers and types) of
edge-sharing NNN environments.

Structural features of topaz-OH I

Topaz-OH I under low P-T condition (7 GPa, 640 °C).
Topaz-OH 1 synthesized at 7 GPa and 640 °C (K081113) has
a composition within uncertainty of that for ideal topaz-OH
[ALSiO4(OH),]. The 'H-*Si CP-MAS NMR spectra contain a
single, narrow peak near —83.4 ppm, typical of tetrahedral Si.
The A1 MAS NMR pattern can be reasonably simulated by a
single Al site with a ’Al chemical shift of 8.2 ppm typical of
octahedral Al (with some extra intensities that may be due to
imperfections in the structure). All these results are consistent
with a largely ordered structure of topaz-OH I (consisting of SiO,
tetrahedra and AlO;4 octahedra, see Fig. 12a) at relatively low P-7,
as was also reported by previous X-ray (Northrup et al. 1994;
Wunder et al. 1993) and neutron diffraction (Chen et al. 2005)
studies. The observed relatively small 'H chemical shift (3.8
ppm) is consistent with the weak hydrogen-bonding (O-H---O
distances of 2.9-3.1 A) revealed from diffraction studies (Chen
et al. 2005; Northrup et al. 1994) [see Xue and Kanzaki (2009)
for the inverse correlation of the two parameters]. However, al-
though two hydrogen sites were identified in topaz-OH from the
latter studies, only a single narrow, symmetric peak is observed
in both the '"H MAS NMR (FWHM = 1.7 ppm at 40 kHz MAS)
and 2D 'H CRAMPS-MAS NMR spectra (FWHM = 0.35 ppm
in the scaled CRAMPS dimension). A similar observation has
also been reported previously for chondrodite, MgsSi,05(OH),
(with a single 'H MAS NMR peak at 1.1 ppm for two hydrogen
sites) (Phillips et al. 1997). This could be due to insensitivity of
'HNMR to hydrogen bonding within the weak hydrogen-bonding
regime (Xue and Kanzaki 2009).

Topaz-OH 1 under high P-T conditions (13.5-14 GPa,
1300-1500 °C). Topaz-OH I in samples synthesized at higher
P-Tin the vicinity of the polymorphic phase transition boundary
(13.5-14 GPa, 1300-1500 °C, K070715 and K080926b) show
compositions with consistently lower Si/Al ratios (0.43-0.45)
than that of the ideal composition. Although both samples con-
tain some coexisting topaz-OH II, from the preceding analysis
(spectral subtraction), it may be concluded that topaz-OH I in
both samples contain a small fraction of octahedral Si (~3%)
with a unique chemical shift around —133 ppm, and could also
contain a smaller fraction of tetrahedral Al (<1.6%).

A simple, intuitive scenario for the lower (than ideal) Si/Al
ratios is that excess Al enters Si (tetrahedral) sites, while the
basic structure of ideal topaz-OH 1 is retained. If the observed
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small fraction of octahedral Si is
ignored, the observed non-ideal
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FIGURE 12. Comparison of the crystal structures of ideal topaz-OH

I (Northrup et al. 1994) (a, b), diaspore (Hill 1979) (e, d), and topaz-

OH II (Kanzaki 2010) (e, f). For a—d, light-colored octahedra stand for

AlOg¢ and dark-colored tetrahedra stand for SiO,; for e—f, the notation

is similar, except that there are two types of octahedral sites [Ocl:

light-colored (gray for the color version), Oc2: dark-colored (purple

for the color version)], and all tetrahedral and octahedral sites are only

partially occupied (by Al+Si). Large spheres represent O atoms, and

small spheres represent H atoms for all. Boxes delineate the unit-cell

dimensions. Drawings have been produced with VESTA (Momma and
Izumi 2008). Color online.

composition would requires 3.3-4%
of Al entering tetrahedral sites. If
a small fraction of Si-Al exchange
occurs between the octahedral and
tetrahedral sites (as indicated by the
presence of ca. 3% octahedral Si),
the tetrahedral Al required would
be somewhat higher (5%). The ob-
served NMR spectra seem to suggest
significantly lower concentration of
tetrahedral Al (<1.6%). Furthermore,
this model would imply that all oc-
tahedral sites have two edge-sharing
octahedral neighbors (as in the ideal
topaz-OH structure). It would then
be difficult to explain the observed
extreme chemical shift (—133 ppm)
for octahedral Si, which most likely
have four edge-sharing AlO4 neigh-
bors (see above).

A more plausible scenario for
the lower Si/Al ratios can be envi-
sioned from the greater (than ideal)
occupied octahedral/tetrahedral
site ratio (>2.2) derived from the
estimated abundances of SiV!, Si"V,
AlY!, and Al" and the measured Si/
Alratio (see Table 3). The latter may
be achieved through occupancy of
normally vacant octahedral sites
and concurrent creation of vacan-
cies in the tetrahedral sites. The
(Al-excess) composition may be
regarded as solid solution between
Al,Si0,(OH), (ideal topaz-OH) and
AlOOH (diaspore) (i.e., Al+H sub-
stitution for Si). As further shown
for topaz-OH II below (also see
Figs. 12e—12f), there are two types
of normally vacant octahedral sites
(interstices in the hexagonally close-
packed oxygen array) in topaz-OH;
one is above or below the regular
octahedral sites along the ¢ axis
(Ocl in Fig. 13), another is laterally
displaced from the chains of regular
octahedra (Oc2 in Fig. 13). The former (Ocl) resembles those
in diaspore. As a matter of fact, there are considerable struc-
tural similarities between topaz-OH I and diaspore (see Figs.
12a—-12d). Both have the same space group Pbnm with unit-cell
parameters of @ = 4.7203(8), b = 8.9207(15), ¢ = 8.4189(15)
A for topaz-OH T (Northrup et al. 1994), and a = 4.4007(6),
b =9.4253(13), ¢ = 2.8452(3) A (Hill 1979) for diaspore. The
a and b lengths of diaspore are similar to those of topaz-OH,
whereas its ¢ length is about 1/3 of the latter (corresponding to
the length of one octahedron). In terms of polyhedral connec-
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ALSiO,(OH),-AIOOH
topaz-OH |

FIGURE 13. The crystal structure of topaz-OH I with possible
positions of occupied, normally vacant octahedral sites outlined (Ocl
and Oc2 as labeled). The notations are the same as Figures 12a—12b.
Drawings have been produced with VESTA (Momma and Izumi 2008).
Color online.

tivity, the diaspore structure consists of infinite edge-sharing
double octahedral chains that are elongated along the ¢ axis and
interconnected to neighboring chains by corner-sharing, form
(2 x 1) octahedron-sized channels in between (Figs. 12¢c—12d);
the ideal topaz-OH I structure contains chains with a repeating
unit of two AlOg octahedra and one SiO, tetrahedron (Fig. 12a).
If all the tetrahedral sites in ideal topaz-OH I become vacant,
and all neighboring vacant (diaspore-type) octahedral sites (i.e.,
those above and below regular octahedral sites along the ¢ axis)
are occupied instead, the diaspore structure would be obtained.
Therefore, the excess Al of topaz-OH I produced at elevated P-T'
conditions may be well accounted for by partial occupancy of
normally vacant, diaspore-type octahedral sites (Ocl in Fig. 13)
and concurrent creation of vacancies in adjacent (face-sharing)
tetrahedral sites. The observation of octahedral Si suggests that
some of the Si atoms also move from tetrahedral to octahedral
site(s) (which may or may not be the result of simple Si-Al ex-
change between tetrahedral and octahedral sites). If a Si atom
is moved from a tetrahedral site to a neighboring Ocl site, the
latter would have four edge-sharing octahedral neighbors. This
would be consistent with the observed *’Si chemical shift (near
—133 ppm), because the largest population of octahedral Si is
expected to have four AlO4 edge-sharing neighbors due to the
predominance of Al in octahedral sites. It should be noted that
Oc2 sites (shown in Fig. 13) similarly may have four edge-
sharing octahedral neighbors [if located next to a (face-sharing)
tetrahedral site], and thus cannot be excluded. The predominance
of octahedral Si with four edge-sharing A104 neighbors in topaz-
OH I (giving a »Si peak near —133 ppm), rather than regular
octahedral sites with two edge-sharing octahedral neighbors (*Si
peak near —178 ppm) may be explained by oxygen bond valence.
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If Si enters a regular octahedral site, each SiOg would be linked
to four (corner-sharing) SiO, tetrahedra and two edge-sharing
AlO, octahedra. Four of the six O atoms in the SiO4 octahedron
would be coordinated to one SiV, one AlYY, and one Si"V, and
thus would be significantly over-bonded. If Si enters Ocl or
Oc?2 sites as shown in Figure 13 (while leaving a neighboring
tetrahedral site vacant), each SiOs would have four edge-sharing
AlOg neighbors, but only one SiO, neighbor (at most), and thus
would lead to less over-bonded O atoms. The proportions of
octahedral cations (Sit+Al) occupying normally vacant sites are
estimated to be >3—4% for the two samples from the analyzed
Si/Al ratio and the estimated abundances of SiV!, Si%V, A1V, and
AlY (assuming the creation of each tetrahedral vacancy is ac-
companied by occupancy of one nominally vacant octahedral
site). It should be noted that because Oc1 (diaspore-type, vacant
octahedral) sites and (at least) part of the Oc2 sites have four
edge-sharing octahedral NNN, the proportion of Al sites affected
by such defects would be significantly higher. The lack of well-
defined quadrupolar pattern for the 2’ A1 MAS NMR spectra of
topaz-OH I synthesized under high P-T conditions may thus be
accounted for.

In brief, topaz-OH I produced under high P-T (in the vicinity
of the polymorphic phase transition boundary) have lower-than-
ideal Si/Al ratios that may be described as solid solution between
ALSiO4(OH), (for ideal topaz-OH) and AIOOH (diaspore). The
nonstoichiometric composition may be largely accounted for
by the occupancy of normally vacant octahedral sites by excess
Al and concurrent creation of vacancies in the tetrahedral sites
of the ideal topaz-OH I structure. A small fraction (ca. 3%) of
Si in octahedral coordination are also observed, and seem to
preferentially enter normally vacant octahedral sites (with four
edge-sharing octahedral NNN). The development of these defect
structures would increase the configurational entropy of topaz-
OH, and is thus favored at high temperature.

Structural features of topaz-OH I1

Topaz-OH 1I synthesized at 13.5-14 GPa, 1300-1500 °C
(K070715, K071126, and K080927), like topaz-OH I obtained
at similar P-T (in the vicinity of the phase transition bound-
ary), show compositions with consistently lower Si/Al ratios
(0.41-0.46) than that of the ideal topaz-OH composition, which
may again be described as solid solution between Al,SiO,(OH),
and AIOOH.

The "HNMR spectra of topaz-OH II (K071126 and K080927)
suggest significant proton disorder, with a distribution of (and
overall greater) chemical shifts than topaz-OH I, which would
correspond to a distribution of (and overall shorter) hydrogen-
bonding distances from the known inverse correlation of the two
parameters (Xue and Kanzaki 2009). Si MAS NMR spectra
suggest greater local disorder around tetrahedral Si and also the
presence of significant abundance (33—37%) of Si in octahedral
coordination. The proportion of Al in tetrahedral coordination
derived from Al 3Q MAS NMR (2-3%) is, in comparison,
much less abundant. From the estimated abundances of SiV!,
Si%V, AIY!, and Al"Y and the measured Si/Al ratio, the occupied
octahedral/tetrahedral ratio (for Si+Al) is inferred to be 3.6 for
both topaz-OH II samples, which is significantly higher than that
(2) of ideal topaz-OH I (see Table 4).
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TABLE 4. Si and Al site distribution in topaz-OH | and Il based on electron microprobe analysis (EPMA) and NMR results

Phaset 2S5i MASNMR Al 3Q MAS NMR EPMA Site fraction among all cations (Si+Al)% SO/XT SiY/2O AIV/IT vacantT/iT§
SiV/zSi SiY/ESi  AIV/ZAl AIM/ZAl  Si/Al - Si/ Siv/z  SiW/E  AlvZ  AM/E 3T/ 3O/%
(Si+Al)  (Si+Al) (Si+Al) (Si+Al) (Si+Al) (Si+Al) (Si+Al)
Tpz|, ideal 1 0 0 1 0.5 0.333 0.333 0.000 0.000 0.667 0.333 0.667 2.00 0.000 0.00 0.00
Tpz |, K0O70715*% 0.973 0.027 0.016  0.984 0.44 0.306 0.297 0.008 0.011 0.683 0.308 0.692 224 0012 0.04 0.07
Tpz |, K080926b* 0.972 0.028 0.016  0.984 045 0310 0302 0.009 0.011 0.679 0.313 0.687 220 0.013 0.04 0.06
TpzIl,K0O71126  0.63 0.37 0.022 0978 046 0.315 0.198 0.117 0.015 0.670 0.214 0.786 3.68 0.148 0.07 0.36
TpzIl,K080927 0.67 0.33 0.032 0.968 041 0.291 0.195 0.096 0.023 0.687 0.218 0.782 3.60 0.123 0.10 0.35

*The AIY/ZAl ratio for the bulk K070715 is used for a rough approximation (upper limit).

1 Tpz | =topaz-OH |; Tpz Il = topaz-OH II.
$T =tetrahedral Si+Al; O = octahedral Si+Al.

§ Fraction among all available T sites (in the ideal topaz-OH I structure) that are vacant, estimated from YO/3T assuming the deviation from 2 (for ideal topaz-OH

1) results from cations moving from T to O sites.

As described in Kanzaki (2010) and also shown in Figure
12e—12f, the structure of topaz-OH II, derived from Rietveld
refinement of powder XRD data for sample K071126 obtained
using synchrotron radiation at SPring-8, bears some resemblance
to that of the ideal topaz-OH (I) and diaspore structures, all with
a space group Pbnm. The lattice constants of topaz II are a =
4.72318(5), b = 8.91480(9), and ¢ = 2.77276(3) A. All three
parameters are close to those of diaspore; as for the latter, the a
and b lengths are similar to those of topaz-OH I, and the ¢ length
is about 1/3 of topaz-OH I (i.e., approximately the length of one
octahedron). The latter feature can only be accounted for, given
the observed composition, if there is an absence of long-range
order in the distribution of cations (Si, Al) in the tetrahedral and
octahedral sites along the c-axis. The refined crystal structure
contains one tetrahedral site (T, resembling that of topaz-OH I)
and two types of octahedral sites, Oc1 (that resemble those of
topaz-OH I and diaspore) and Oc2 (that are displaced laterally
from the Oc1 chains and located in the (2 X 1) channels of the
ideal topaz-OH I structure) (see Fig. 12 for a comparison). All
three sites form infinite chains along the c axis, but are only par-
tially occupied (with estimated occupancy of 0.213, 0.705, and
0.082 for T, Ocl, and Oc2, respectively; note the occupancy is
relative to all sites in the infinite chain, so that the corresponding
occupancy for ideal topaz-OH I would be 0.333, 0.667, and 0,
respectively). Although there is no long-range order as revealed
by the lattice parameters, local order must be present to prevent
face-sharing neighbors of T-Oc1, T-Oc2, and Oc1-Oc?2 sites (at
least when occupied by Si). Random and partial occupancy of
cations (Al, Si) in both Oc1 and Oc?2 sites would create octahedral
sites with a range of edge-sharing octahedral NNN, from two (as
in ideal topaz-OH ), to three, and to four (as in diaspore).

Some insights into the distribution of Si within the octahedral
and tetrahedral sites may be gained from the NMR peak shape
for Si¥™. There is a narrower main component with a maximum
near —178 ppm and a broader component extending to about
—130 ppm. As discussed above, the main, narrower component
near —178 ppm most likely results from octahedral Si with two
edge-sharing AlO; neighbors. Such a local structure is typical of
octahedral sites in the ideal topaz-OH I structure. On the other
end, the extreme chemical shift near —130 ppm must result from
octahedral Si with four edge-sharing AlO; neighbors, which
resembles octahedral sites in the diaspore structure. The intensi-
ties in the intermediate frequency region most likely result from
octahedral Si with arange (2, 3, and 4) of edge-sharing octahedral
NNN and different Si/Al ratios in the NNN. The dominance of
octahedral Si with two edge-sharing octahedral NNN in topaz-

OH II, but not in topaz-OH I with similar compositions may
be related to the significantly greater fraction of vacancies in
the tetrahedral sites in the former, because octahedral Si would
then have less tetrahedral Si NNN and thus more freedom to
enter octahedral sites with different numbers of edge-sharing
octahedral NNN without leading to significant oxygen over-
bonding. Unfortunately, similar information (NNN environ-
ments) for Al cannot be extracted from the 2?Al NMR spectra,
because of complications due to quadrupolar coupling and lack
of knowledge (and resolution) concerning the NNN effects on
its NMR parameters.

Although the refined structure from X-ray diffraction revealed
the occupancy of two types of octahedral sites in topaz-OH 11,
it is difficult to distinguish them by NMR because both would
result in octahedral sites with different numbers of edge-shar-
ing octahedral NNN and contribute to the range of *Si NMR
intensities within —190 to —130 ppm.

The 'H NMR results are also consistent with the structure
described above. In the ideal topaz-OH I structure, protons are
bonded to two corner-sharing octahedral Al with relatively weak
hydrogen-bonding (O-H---O distances of 2.9-3.1 A) and accord-
ingly produce a relatively low 'H chemical shift (3.8 ppm). On
the other hand, protons in AIOOH diaspore are bonded to three
edge-sharing AlOg octahedra (because of the continuous edge-
sharing double octahedral chain) with stronger hydrogen bonding
(O-H:--O distances of 2.65 A) and accordingly result in larger 'H
chemical shift (9.4 ppm). The stronger hydrogen bonding of the
latter may be attributed to greater bond valence when an oxygen
atom is bonded to three rather than two Al, which would in turn
favors stronger hydrogen bonding for the proton attached to it. In
the structure of topaz-OH II, because of the significantly greater
proportion of occupied octahedral sites (than ideal topaz-OH I
structure), a significant proportion of the protons must be bonded
to three edge-sharing octahedra (SiO4 and/or AlOg); the varying
and overall larger oxygen bond valence (due to different number
and types (Si, Al) of bonded octahedral cations) would result in
arange of (and overall shorter) hydrogen bonding distances, and
accordingly a range of (and overall larger) 'H chemical shifts
(extending to about 12 ppm). The narrower component near the
peak maximum (4.8—4.9 ppm) likely represents OH shared by
two edge-sharing octahedra.

Characteristics of the polymorphic phase transition of
topaz-OH

The (equilibrium) composition of topaz-OH I produced from
a (nominal) AL,Si0O4(OH), (and more Si-rich A1SiO;0H) start-
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ing composition appears to change from nearly stoichiometric
at lower P-T to more Al-rich compositions [describable by
AL,Si04(OH),-AIOOH solid solution, or Al+H for Si substitu-
tion] at higher P-T in the vicinity of the polymorphic phase
transition boundary. The compositional change is most likely
accompanied by the development of relatively isolated defects
(vacancies in tetrahedral sites and Si/Al in adjacent normally
vacant octahedral sites) in an otherwise ordered topaz-OH
structure at higher P-T. This leads to a somewhat greater oc-
cupied octahedral/tetrahedral site ratio (than the ideal structure).
These compositional and structural changes would be consis-
tent with greater entropy at higher temperatures. Composition
variation and nonstoichiometry at elevated temperatures have
been widely observed for many inorganic compounds (e.g.,
MgAlQ, spinel in the MgO-Al,O; system), and are often ac-
companied by equilibrium population of intrinsic structural
defects (Tilley 2008).

The polymorphic phase transition of topaz-OH I and II ap-
pears to be isochemical, with both phases near the transition
boundary having more Al-rich compositions than the ideal topaz-
OH. The most prominent structural changes accompanying the
phase transition include significantly greater occupied octahedral
sites (especially greater octahedral Si) and correspondingly less
occupied tetrahedral sites, and significantly greater disorder in
cation distribution among all (partially occupied) sites (to the
extent that long-range order along the ¢ axis is lost) in topaz-
OH II. These structural changes would be accompanied by an
abrupt increase in density and configurational entropy, and are
thus favored with increasing P-7. Exchange of Si-Al between
tetrahedral and octahedral sites, although also observed, is less
significant, in comparison. This type of polymorphic phase
transition, as far as the authors are concerned, has not been
observed in any other phases, and thus is unique from a crystal-
chemical point of view.
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