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Pressure dependence of the OH-stretching mode in F-rich natural topaz and topaz-OH
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ABSTRACT

OH stretching vibration modes for F-rich natural topaz (F-topaz) and for fully hydrated topaz
(topaz-OH) synthesized at high pressure, were observed using IR and Raman spectroscopies at pres-
sures up to 30.4 GPa and 17.3 GPa, respectively. In F-topaz, the pressure derivative of the frequency
of the OH stretching band observed at 3650 cm™' at ambient pressure was 0.91(3) cm™'/GPa, which
was consistent with the value recently reported by Bradbury and Williams (2003). On the other hand,
in topaz-OH, the pressure derivatives of the bands initially at 3599 and 3522 cm™! were —5.2(2) and
—2.56(6) cm™'/GPa, respectively. This contrasting behavior between the two forms of topaz at high
pressures suggests that the OH substitution for F in topaz affects the hydrogen-bonding behavior

under high pressure.

INTRODUCTION

Topaz [AL,SiO4(OH,F),] is a well-known hydrous mineral
abundant in the crust. In near-surface environments, substitution
of F by OH in topaz occurs within a limited range [OH/(OH +
F) <~30%] (e.g., Ribbe and Rosenberg 1971). The existence of
an upper limit of OH content is rationalized in terms of the dis-
tribution of hydrogen over two closely spaced sites (e.g., Parise
et al. 1980; Barton 1982). Based on an accurate determination
of'the structure using single crystal neutron diffraction, Parise et
al. (1980) located two sites for hydrogen 1.5 A apart (Fig. 1a).
These authors noted that this structural model was inconsistent
with full occupancy of both sites and so a hydrogen atom should
only occupy one of the two sites, limiting the OH substitution for
F to 50%. Based on subsequent energy calculations, however,
Abbott (1990) suggested that the OH end-member of topaz
[OH/(OH + F) = 100%] might exist because of the stabilization
by hydrogen bonding.

Wunder et al. (1993) succeeded in synthesizing the OH
end-member of topaz at pressures between 5.5 and 10 GPa
and temperatures up to 1000 °C in the system Al,O;-Si0,-H,O.
They designated this pure hydroxyl end-member as “topaz-OH.”
Northrup et al. (1994) determined the structure of topaz-OH from
single crystal X-ray diffraction data, and showed that hydrogen
atoms were distributed over two non equivalent sites (Fig. 1b).
These sites (H1 and H2) in topaz-OH are statistically occupied
and do not correspond to the one site found in the naturally
occurring fluorine-containing topaz. Both sites in topaz-OH lie
close to the mirror plane in space group Pbnm, but while full
occupancy of the H2 site results in unreasonably short contacts
of about 1.7 A, the distance between H1 sites is approximately
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2.7 A, corresponding to about twice the van-der-Waals radius
(1.2 A) for hydrogen. At high pressures, compositions with
OH/F > 0.5 clearly require occupation of at least one of the two
H1 sites (Fig. 1b) in order to avoid the unfavorable contacts to
the H2 sites.

It is proposed that both topaz-OH and F-rich natural topaz
possess weak hydrogen bonding at ambient pressure. Belokoneva
et al. (1993) identified the O1 or O2 sites as possible hydrogen
bond acceptors from high-precision single-crystal X-ray diffrac-
tion data, and suggested a preference for the O-H2---O2; the O-
H---O2 angle is about 139° while the O-H---O1 angle is 95°. To
better understand the effects of F for OH substitution on hydrogen
bonding in topaz, it is useful to compare the pressure responses of
hydrogen bonds in F-topaz and topaz-OH. Wunder et al. (1999)
investigated IR spectra of topaz-OH at ambient pressure and
showed that the OH stretching frequencies of topaz-OH were
lower than those of F-topaz, suggesting that the hydrogen bonds
in topaz-OH are stronger than those in F-topaz. In this study, our
attention is focused on comparing the pressure responses of the
weak hydrogen bond of F-topaz to that of the stronger hydrogen
bond of topaz-OH, and how the substitution of OH for F affects
the behavior of hydrogen bonding under high pressure.

EXPERIMENTAL METHODS

Sample preparation

Fluorine-rich natural topaz (F-topaz) and fully hydrated synthesized topaz
(topaz-OH) were investigated in this study. A colorless single crystal of natural topaz
from Gilgit division, Pakistan was used as a sample of F-topaz. The chemical com-
position of this F-topaz was determined by electron probe micro analyzer (EPMA:
JEOL, JXA-8800M) which produced a chemical formula Al, 4,Si, 00O4F; 5;(OH)g 43;
the hydroxyl component of the natural topaz was determined from the residual in the
fluorine component. This sample was the same one used by Komatsu et al. (2003)
for high-pressure and high-temperature single-crystal X-ray diffraction.

Topaz-OH was synthesized at high pressure and high temperature using a 2:
1 mixture of AI(OH); and SiO, glass powders, which provided an excess of H,O
compared to the stoichiometric composition of topaz-OH. These starting materials
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FIGURE 1. Local structures surrounding hydrogen atoms in (a)
F-topaz and (b) topaz-OH. The atomic positions were determined by
Belokoneva et al. (1993) and Northrup et al. (1994), respectively.

were loaded into a welded platinum capsule, which was then placed into a solid
pressure medium with a graphite resistance furnace for synthesis in a Kawai-type
high-pressure apparatus driven by a pair of guide blocks in a uniaxial 2000-ton
press (ERI-2000) installed at the Earthquake Research Institute, University of
Tokyo. Eight tungsten carbide (WC) cubic anvils having 8 mm truncation edge
lengths were used. The temperature of the sample was monitored with a chromel-
alumel thermocouple. The sample was held at 10 GPa and 800 °C for 18 h prior
to temperature quenching followed by release of pressure. The recovered samples
were confirmed as topaz-OH by powder XRD (Rigaku, MiniFlex). No impurity
phase was observed within the detection limit of powder XRD.

FTIR spectra

Infrared absorption spectra of F-topaz were measured using FTIR spectrometer
(Perkin Elmer, Spectra 2000) equipped with an IR microscope, a Globar light source
(unpolarized), KBr beam splitter, and MCT detector operating at a spectral resolu-
tion of 4 cm™'. At ambient pressure, the spectrum of air was used as a reference. A
diamond anvil cell (DAC) consisting of a pair of Type Ia diamonds with 600 um
flat culets was used for high-pressure measurements up to 30.4 GPa. A thin plate
of F-topaz cut parallel to (001) was placed in a gasket hole with ¢ = 150 um in
a 0.1 mm thick stainless steel (SUS301) plate with fluorinert as a fluid pressure
transmitting medium. The incident light propagated between two conical angles
of 45° and 72° using Cassegrainian condensing mirrors. The c-axis of the sample
was parallel to the vertical line of the microscope. The pressure was calibrated by
the ruby fluorescence method (Mao et al. 1986). At high pressure, the spectrum of
fluorinert in the DAC was used as a reference spectrum. Positions and full widths
at half maxima (FWHM) for peaks were determined by fitting with Lorentzian
peak-shape functions. Applying this peak-fitting procedure reduces the effective
spectral resolution to 0.15 cm™ (Izraeli et al. 1999).

Raman spectra

The Raman spectra were obtained with a Raman microprobe consisting of a
30 cm single polychromator equipped with an optical microscope (a 20x objective
lens), Ar ion laser (operating at 514.5 nm and 20 mW at the sample surface), and a
CCD camera with a resolution of 1024 x 256 pixels. The Rayleigh line was removed
using a holographic supernotch filter. Further details of the instrument have been
described elsewhere (Kawakami et al. 2003). The Raman shift was calibrated with
standard samples of naphthalene (3056.4 cm™) and brucite (3650.0 cm™). The
spectral resolution was approximately 1.5 cm™ per pixel. The same diamond anvil
cell was used for both high-pressure IR and Raman measurements. A 4:1 mixture of
methanol/ethanol was used as a fluid pressure medium. The orientation of topaz-OH
in the diamond anvil cell was unconfirmed. Other experimental details on the usage
of the diamond anvil cell were identical to those for FTIR measurements at high
pressure. All Raman spectra were collected with an exposure time of 600 s. Peak
fitting variables, fitting function and the effective spectral resolution were the same
as for the FTIR measurement. Special care was taken to measure Raman spectra
at the same point on the crystal with increasing pressure to minimize analytical
errors induced by pressure gradients within the cell.
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RESULTS AND DISCUSSION

IR and Raman spectra at ambient pressure

The IR absorption spectrum of F-topaz and the Raman
spectrum of topaz-OH, both obtained at ambient conditions,
are shown in Figures 2 and 3, respectively. The IR spectrum of
F-topaz at ambient pressure shows a sharp band at 3650 cm™!
(band 1 in Fig. 2) and a weak shoulder at 3639 cm™ (band 2 in
Fig. 2). These frequencies agree with those reported in previ-
ous studies (Aines and Rossman 1985; Beny and Piriou 1987,
Shinoda and Aikawa 1994, 1997) and were assigned to OH
stretching modes. Aines and Rossman (1985) describe several
“anomalous” secondary OH absorption bands that, with the
exception of the absorption band at 3650 cm™', were associated
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FIGURE 2. IR spectrum of F-topaz at ambient conditions.
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with structural OH defects in the 3640-3200 cm™ region. The
“anomalous” secondary OH absorptions were not detected in
the present study.

The Raman spectrum of topaz-OH observed at ambient
pressure exhibits two bands at 3599 cm™' (band 1, Fig. 3) and
at 3522 cm™! (band 2, Fig. 3) and a weak shoulder at 3458 cm'™
(band 3, Fig. 3). The relative intensities of these three bands
changed in individual experiments due to the orientation of the
sample. Wunder et al. (1999) obtained IR spectra from topaz-
OH showing bands at 3602.1, 3526.3, and 3457 cm™" at ambient
pressure. If the space group of topaz-OH is Pbnm, then the four
hydrogen atoms per Bravais unit cell occupy the H1 and H2 sites
at Wyckoff 84 sites. In this case, the IR and Raman active modes
are represented as follows:

Tip=184,+ 15 B, + 18 By, + 15 By,
1—‘Raman: 17B1u + 14’ B2u+ 17BSu-

Three hydrogen-related modes with one OH stretching mode
are included in the respective symmetry species. However, as
pointed out by Northrup et al. (1994), the true symmetry of to-
paz-OH might be lower than Pbnm, at least locally. For example,
if the symmetry of topaz-OH is reduced from Pbnm to Pbn2,,
the 8d site in Pbnm splits into two 4a sites in Pbn2,. The four
hydrogen atoms per Bravais unit cell now occupy either of the
two 4a sites with site occupancies of 1.0, and therefore there are
both IR and Raman active modes (32 4, + 32 B, + 32 B,) and
Raman active modes (33 4,) with two OH stretching modes in
the respective symmetry species. Although the true symmetry is
unknown, it is possible that some different vibrational modes are
degenerate, because the frequencies of the IR absorption bands
are almost the same as those of the Raman bands.

Pressure dependences of the OH stretching modes

Representative IR spectra of F-topaz and Raman spectra of
topaz-OH at high pressures are shown in Figures 4 and 5, respec-
tively. Peak positions of the OH stretching modes of F-topaz and
topaz-OH at several pressures are plotted in Figure 6. In F-topaz,
the frequencies of band 1 increased linearly with increasing pres-
sure. The frequencies of band 2 also increased with increasing
pressure, but there is a slight discontinuity of the frequencies
between 5.6 and 8.0 GPa. It is likely that this discontinuity is an
artifact of non-hydrostatic conditions above the solidification
pressure of fluorinert. This is because the FWHM of the band
jumped from 12.8 cm™ at 5.6 GPa to 20.2 cm™' at 8.0 GPa, and
the frequency correlates with the FWHM, especially in the case
of the shoulder band.

The pressure derivative of the frequency of band 1 was
0.91(3) cm'/GPa. It is quite possible that the error of the pres-
sure derivative was underestimated, because the pressure gradi-
ent within the cell did not propagate the error of the pressure
derivative of the OH frequency. Except for the FWHM of this
O-H stretching band, our results were roughly in agreement with
those of Bradbury and Williams (2003) who reported a pressure
derivative of 0.6(3) cm™!/GPa. The total peak width including
bands 1 and 2 at 30.4 GPa was 22.4(3) cm™, while that reported
by Bradbury and Williams (2003) was approximately 80 cm™'.
These differences in the pressure derivatives and FWHM of the

KOMATSU ET AL.: PRESSURE DEPENDENCE OF OH STRETCHING MODE IN TOPAZ

ey )
R
1.0 B
0ol /| \H_w.gf’;fffa
0.8 J) 1\ __ 27.3GPa
® 074 e
2 - / \ 22.2GPa
(] 0.6 1 l| S e
_8 B
S 0.5 \ 15.1GPa
8 pad = J Tt
® o3 RN |\ W vy
024 . t'& 4.1GPa
0.14 / 0.5GPa
0.04+——i—ur T——
T T T T T 1
3800 3700 3600 3500

wavenumber (cm'1)

FIGURE 4. Selected IR spectra of F-topaz from ambient pressure
to 30.4 GPa. ,\

-ww//”\\”'\ﬂff Pa
Lo ) 15257
] / \/‘\

_-,./"”"F-f\-/ /\ \”‘-m.mlg{.?,’,-gapa

3 ] "™ _105GPa
5 o

-EL T " s
R T
21
c A
S ] fﬂ\\/r’\\\ 6.0 GPa
[t { o e Ty
= ‘-/‘”*’”/f 75T 3.7 GPa

] "

1 \‘L”j[ ﬁ'n

1 \'/I\‘\ho.ocm GPa
lokleirinddhs

T T T

T
3800 3600 3400
wavenumber (cm'1)

1
3200

FIGURE 5. Selected Raman spectra of topaz-OH from ambient
pressure to 17.3 GPa; “*” represents noise from cosmic rays.

band could be related to the degree of the non-hydrostatic condi-
tion and/or the existence of a pressure gradient, since Bradbury
and Williams (2003) used KBr powder as a pressure transmit-
ting medium and used a diamond anvil with a smaller cullet
size (500 wm). The small but clear positive pressure derivative
of the frequency of the OH-stretching mode indicates that the
hydrogen bond in F-topaz does not strengthen with increasing
pressure. Bradbury and Williams (2003) also indicated that the
polarizability of the O-atom weakly increased at high pressures
resulting in the slightly increased hydroxyl bond strength and
thus the hydroxyl-stretching frequency of F-topaz increased
with compression.

In contrast to F-topaz, the frequencies of three OH stretching
modes in topaz-OH decreased with increasing pressure (Fig. 5).
The frequency of band 1 decreased almost linearly with compres-
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sion. The pressure derivative of the frequency of band 2 has a
discontinuity between 8.1 and 9.2 GPa, in a manner similar to that
for F-topaz, and this is probably related to the non-hydrostatic
condition due to the solidification of the mixture of methanol/
ethanol used as the pressure-transmitting medium. Therefore, our
discussion will be restricted to the pressure-response of band 2
up to 8.1 GPa. The pressure derivative of the frequency of the
band 1 was —2.56(6) cm™'/GPa and that of band 2 up to 8.1 GPa
was —5.2(2) cm'/GPa. The negative pressure derivatives of the
OH stretching modes clearly indicate that each hydrogen bond
in topaz-OH strengthens with increasing pressure.

One might question the comparison between Raman spectra
of OH-topaz and IR spectra of F-topaz since there is no guarantee
of the same pressure response for Raman and IR modes in this
system. We therefore observed Raman spectra of F-topaz under
the same experimental conditions and confirmed that the pres-
sure derivative of the Raman shift of the OH stretching mode in
F-topaz was about 0.9 cm!/GPa, the same as observed in the IR
spectra. Recently, we determined the structure of F-rich natural
topaz at elevated pressure (Komatsu et al. 2003). According to
our results, the F---O1 and F---O2 distances at ambient pressure
are 3.081(4) A and 3.047(2) A, respectively. These values are
significantly larger than the corresponding values for topaz-OH
[O(-H)---O1: 3.054 A and O(-H)---02: 2.961 A] determined by
Northrup et al. (1994). At 6.2 GPa, the F---O1 and F---O2 dis-
tances are 3.024(7) and 2.950(4) A, respectively. The O(-H)---O
distances in F-topaz at 6.2 GPa were close to those for topaz-OH
at ambient pressure, and the O(-H)- - -O distances in F-topaz might
keep on shortening at higher pressures. However, the hydrogen
bond of F-topaz did not strengthen up to 30.4 GPa, as evidenced
by the small positive shift in the pressure derivative.

Along with the O(-H)- - -O distance, the O-H---O angle is an
important factor in determining the strength of the hydrogen
bond, since it determines the degree of Hs-O2p orbital overlap
for the formation of the hydrogen bond, as noted by previous au-
thors (e.g., Hofmeister et al. 1999; Bradbury and Williams 2003;
Kagi et al. 2003). The O-H---O angles of topaz-OH at ambient
pressure reported by Northrup et al. (1994) were in the range of
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112-153° [OHa-H1-OHb: 112(4)°, OHa-H1-02: 129(4)°, OHa-
H1-03: 152(5)°, OHb-H2-O1: 130(6)°, OHb-H2-02: 114(6)°
and OHb-H2-OHa: 153(7)°]. In F-topaz, the O-H---O angles
reported by Belokoneva et al. (1993) were 95° for O-H---O1
and 139° for O-H:--02. The maximum values reported for the
O-H:---O angle in F-topaz and topaz-OH are 139° and 153°,
respectively (Belokoneva et al. 1993; Northrup et al. 1994). If
the O-H---O angles in F-topaz and in topaz-OH exhibited little
change with increasing pressure, our present results and previ-
ous crystallographic data imply that there is a lower limit in the
OH---O angle where the strength of the hydrogen bond shows a
pressure response, and the limit of the O-H---O angle would be
in the range of 139-153°. For further discussion, however, more
structural information, on the pressure responses of the hydrogen
bonds and the hydrogen position in topaz-OH is required.

In summary, we conclude that pressure dependences of OH
stretching modes of F-topaz were positive in contrast to the nega-
tive pressure derivative found for topaz-OH. With increasing
pressure, hydrogen bonds in F-topaz weaken slightly whereas
those in topaz-OH strengthen. These contrasting results suggest
that local structures of hydrogen bonds play an important role in
controlling the pressure responses in these hydrous minerals. A
combination of the present results and neutron diffraction at high
pressure will be needed to obtain precise information on the H-H
distance, H---O distance, and O-H---O angle under pressures.
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