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Abstract Infrared absorption spectra of brucite Mg
(OH), were measured under high pressure and high
temperature from 0.1 MPa 25 °C to 16 GPa 360 °C
using infrared synchrotron radiation at BL43IR of
Spring-8 and a high-temperature diamond-anvil cell.
Brucite originally has an absorption peak at 3700 cm™,
which is due to the OH dipole at ambient pressure. Over
3 GPa, brucite shows a pressure-induced absorption
peak at 3650 cm™'. The pressure-induced peak can be
assigned to a new OH dipole under pressure. The new
peak indicates that brucite has a new proton site under
pressure and undergoes a high-pressure phase transition.
From observations of the pressure-induced peak under
various P-T condition, a stable region of the high-
pressure phase was determined. The original peak shifts
to lower wavenumber at —0.25 cm™' GPa™!, while the
pressure-induced peak shifts at —=5.1 cm™' GPa™'. These
negative dependences of original and pressure-induced
peak shifts against pressure result from enhanced
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hydrogen bond by shortened O-H--O distance, and the
two dependences must result from the differences of
hydrogen bond types of the original and pressure-
induced peaks, most likely from trifurcated and bent
types, respectively. Under high pressure and high tem-
perature, the pressure-induced peak disappears, but a
broad absorption band between 3300 and 3500 cm™" was
observed. The broad absorption band may suggest free
proton, and the possibility of proton conduction in
brucite under high pressure and temperature.
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Introduction

To investigate the influence of hydroxyls (OH) on the
physical properties of minerals, it is an important
experimental theme to observe directly the behavior of
protons in hydrous silicate minerals and nominally an-
hydrous minerals under high temperature (HT) and high
pressure (HP). Infrared (IR) spectroscopy is a proper
method to detect OH in minerals. The HT diamond-
anvil cell (HTDAC) is a widely used apparatus to study
the physicochemical state of minerals under HT and HP.
In this study, a newly constructed HTDAC was applied
to IR microspectroscopy, and IR absorption spectra of
brucite (Mg(OH),) were measured under HT and HP.
Recently, an IR synchrotron radiation (IRSR)
beamline named BL43IR was constructed at synchrotron
radiation facility SPring-8, Hyogo, Japan. IRSR as an IR
light source has the advantages of a higher brilliance than
conventional IR light source and a wide range of wave-
number from visible to far IR regions. Four experimental
stations (Infrared Microspectroscopy, Surface Science,
Absorption and Reflection Spectroscopy, and Magneto-
optical Spectroscopy) are working for multiuses of IRSR



at BL43IR (Kimura H. et al. 2001). At the IR micro-
spectroscopy station, an IR microscope was newly
constructed for various micromeasurements of IR spec-
tra on a region as small as 10 um (Kimura S. et al. 2001).
Figure 1 shows intensity mapping of IRSR and con-
ventional IR sources between 1000 and 9000 cm™" at the
sample stage of the IR microscope of BL43IR (Mats-
unami et al. 2001). The IRSR is 100 times more brilliant
than the conventional IR source, and is focused as a spot
of FWHM 10 pum at the sample stage of the IR micro-
scope. Although the usual measured spot with conven-
tional micro-FTIR is about 100 pm ¢, micro-IR
measurements at the 10 pum ¢ area without aperture can
usually be performed by the IR microscope of BL43IR.
The IRSR is very useful for micromeasurements with
space resolution 10 pm. The IR microscope of BL43IR
has the advantage of a long working space, as large as
100 mm between Schwartzschild-type mirrors of x8 and
NA (numerical aperture) 0.5, to capacitate voluminous
apparatus such as a HTDAC, a LTDAC, a cryostat, and
a mapping stage of 1-um steps. The IR microscope can
also perform in situ measurements of ruby fluorescence
to determine pressure for DAC studies. As a small
sample of 10 um order is required to be confined in a
gasket hole of 100 um ¢ for HTDAC experiments, this
system is useful for experimentally difficult measure-
ments, such as HTDAC study.

The crystal structure of brucite is the Cdl, (P3ml)
structure with MgOyg octahedral layers (brucite layer)
stacked along the ¢ axis and the OH dipole oriented
parallel to the ¢ axis on a three-fold axis (Bragg and
Claringbull 1965). The hydrogen bond between a
hydroxyl on a brucite layer (donors OH) and an
oxygen on the next layer (acceptors O’) is very weak,
as evidenced by the (001) perfect cleavage. Whereas
portlandite Ca(OH),, which is isomorphous with
brucite, undergoes pressure-induced amorphization
above 10 GPa (Meade et al. 1992), brucite does not
transfer to an amorphous state on compression (Duffy
et al. 1995a). Brucite is widely studied as a prototype
of hydrous magnesium silicates, because Mg(OH), is
located at the middle point between MgO and H,O in

Fig. 1 Intensity mapping of
IRSR and conventional IR
(globar) sources between 1000
and 9000 cm™" by scanning

2 pm ¢ pinhole at 1 pm steps

at the sample stage of the IR
microscope at BL43IR of SPring-
8. The vertical axis of the con-
ventional IR source is enlarged 25
times. (Matsunami et al. 2001)
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the MgO-SiO,—H,O system and is an end member of
the binary system Mg(OH),~Mg,SiO,4, where dense
hydrous magnesium silicates Phase A and humite
minerals are plotted. An X-ray study clearly showed no
phase transition involving the Mg-O substructure
under high pressure (Duffy et al. 1995a). Nagai et al.
(2000) studied the compression mechanism of brucite
by X-ray powder diffraction. Neutron diffraction
studies of Mg(OD), (Parise et al. 1994) and Mg(OH),
(Catti et al. 1995) indicated a possibility of disordered
hydrogen bond between OH on a brucite layer and an
oxygen (O’) on the next layer. Duffy et al. (1995b)
suggested a pressure-induced phase transition in brucite
by observing several new Raman spectroscopic peaks,
but the structural change is unknown. Kruger et al.
(1989) observed a pressure-induced IR absorption peak
at 3650 cm™! and assigned it to a hot band from the
first excited state to the overtone. Although some
possibilities of structural changes of OH in brucite had
been proposed, a clear view of any phase transition was
not clear. Shinoda and Aikawa (1998) also observed a
pressure-induced absorption peak at 3650 cm™' with
DAC and polarized IR spectroscopy, and assigned it to
a new OH dipole formed by proton transfer between
donor OH and nearest-neighbor acceptor O’ under
pressure. Figure 2 shows a schematic figure of a new
proton site of brucite under pressure as proposed by
Shinoda and Aikawa (1998). The original OH dipole is
represented by O-H, and the pressure-induced one is
O’—H’. The original OH dipole is normal to the brucite
layer and the proton is coordinated to three nearest-
neighbor oxygens. The pressure-induced O’H’ dipole is
inclined to the ¢ axis and coordinated to one oxygen
which originally formed the donors’ OH. Since the
O’—-H’ dipole is randomly formed between donor OH
and the three nearest-neighbor acceptor O’, the distri-
bution of O’—H’ dipoles is trigonally disordered over a
crystal. In this study, IR absorption spectra of brucite
were measured under various P-T conditions with
HTDAC and IRSR. The possibility of a high-pressure
phase transition of brucite and its stable region are
discussed.
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RS —
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Fig. 2a, b Schematic crystal structure of brucite. Hydroxyls and Mg
atoms are represented as open and filled circles. a A (001) view of
brucite layer, where upper and lower hydroxyls are thick and thin
lines, respectively. b A (110) horizontal view of layers. The original
OH dipole is vertical to a brucite layer, and represented as O-H
dipole. The O’-H’ dipole indicates a pressure-induced OH dipole in
brucite. (Shinoda and Aikawa 1998)

Experimental

Figure 3 schematically shows the lever-type and externally heating
HTDAC under the IR microscope of BL43IR. The HTDAC is
settled on a pulse stage of 1 um steps. The ruby fluorescence
technique was used for measuring pressure at elevated temperature
(Piermarini et al. 1975; Ragan et al. 1992). A thermocouple located
by the diamond was used for measuring temperature. A la-type
diamond of 2.2 mm height and 0.5 mm ¢ culet was used. Fluoro-
carbon fluid (Fluorinert, 3M Company) was used as pressure me-
dium. Rhenium foil of 250 pm thickness preindented and drilled
into 200 um ¢ with a YAG 1064-nm laser was used as a gasket. IR
spectra were measured at 20 pm diameter with an LN, cooled InSb
detector and Bruker FTIR IFS 120 HR with a KBr beam splitter
under the condition of 4 cm™" resolution and 512 scans. A natural
clear single crystal of brucite from Zimbabwe and a reagent grade
Mg(OH), powder sample were prepared for HTDAC study. A
(001) oriented platelet of brucite of 50 pm square was made by the
perfect cleavage of the natural sample. Powdered natural brucite
and reagent Mg(OH), samples were mixed with KBr powder, and
KBr pellets with 10 wt% Mg(OH), were formed. Reference spectra
were measured at the empty place in the gasket. Two series of
experiments using the (001) platelet sample were carried out. P-T
conditions of the experiments using the (001) platelet sample are
shown in Fig. 4, where circles and squares show measured points of
IR spectra and arrows indicate the P-T path of experiments. The
sample was pressurized by the lever at 25 °C, and no further
pressure was applied by the lever during heating of the sample.
Because of thermal expansion of pressure medium, internal pres-
sure increased by heating without further pressuring.

Results and discussion

Figure 5a shows IR absorption spectra of (001) platelet
single crystal of brucite from 0.1 MPa, 25°C to

=
=1

Fig. 3 A schematic figure of a lever-type and externally heating HT
DAC of BL43IR of Spring-8. Piston and cylinder parts are conically
cut at an angle of 60°, which is consistent with angle of NA of
Schwartzschild mirrors of the IR microscope. The top and bottom of
the piston and cylinder parts are thermally insulated by zirconia
ceramics. An electric resistance heater surrounds the cylinder part and
a thermocouple is placed in contact with diamonds. The heater and
the thermocouple are joined to a PID-type controller and electric
source

8.2 GPa, 220 °C. An absorption peak of the original OH
dipole is observed at 3700 cm™' under 0.1 MPa, 25 °C.
A pressure-induced absorption peak (PI peak) appeared
at 3650 cm™! over 3 GPa at 25 °C. Two peaks around
4000 and 3300 cm™! can be assigned to enhanced over-
tone or combination band due to the Mg—O bond, which
is characteristic of single crystal because the two peaks
are not observed in powdered sample. The sample was
pressurized up to 3.6 GPa and heated. Absorbance of
the PI peak increased on compression and decreased on
heating. The peak position of the PI peak shifted to a
lower wavenumber on compression. On heating, the PI
peak continued to be observed at 7.7 GPa, 160 °C, and
disappeared at 8.2 GPa, 200 °C. After cooling, internal
pressure remained at 7.9 GPa and the intense PI peak
appeared again. Figure 5b shows IR absorption spectra
up to 16.5 GPa, 360 °C. In the higher-pressure region,
the PI peak was observed to the higher temperatures.
The PI peak can be observed under 320 °C, 16.3 GPa,
and disappeared at 340 °C, 16.0 GPa. After cooling,
pressure remained at 17.6 GPa and the intense PI peak
appeared again (17.6 GPa, 23 °C). After depressurizing,
the PI peak disappeared and the original peak still
remained. These observations indicate that the onset of
the PI peak is a reversible and unquenchable pheno-
menon. As proposed by Shinoda and Aikawa (1998), we



20

two proton state

—_
[

PressuLe (GPa)
=}

o one proton state
05— 100150 200 250 300 350
Temperature (°C)

~400

Fig. 4 Measured points of IR absorption spectra in this study. Circles
and squares represent two series of HT and HP experiments with (001)
platelet single crystals of brucite. Two thin lines and arrows represent
the P-T paths of IR spectra in Fig. 5a, b. The points where the PI
peak was observed are represented by filled symbols and open symbols
are no PI peak. A thick line indicates a boundary between an open and
a filled mark. This indicates a phase boundary of brucite between two-
proton and one-proton states

consider that the onset of the PI peak indicates the
formation of a new OH dipole in brucite under pressure
and that this high-pressure phase transition involves a
new proton site. No phase transition involving the
Mg-O substructure is assumed here as indicated by
Duffy et al. (1995a). The formation process of the new
OH dipole can be proton transfer between brucite layers.
At ambient pressure, there is no interaction between OH
in a brucite layer and O’ of the next layer. By com-
pression, the OO’ distance is shortened, and the energy
levels of two neighboring OH groups overlap (Freund
1967; Martens and Freund 1976). The activation energy
of proton transfer to the adjacent oxygen is lowered
by shortening O-O” distance and proton transfer is
enhanced, and the resultant O’H’ dipole is formed.
(Fig. 2). The O’H’ dipole must be inclined to the ¢ axis
from the pleochroism of polarized IR absorbance (Shi-
noda and Aikawa 1998). Under the higher temperature,
the proportion of a vibrational state in the first excited
state must be increased. If the PI peak is a hot band due
to a transition from the first excited state to the over-
tone, as proposed by Kruger et al. (1989), absorption of
the PI peak would be increased by heating. However,
absorption of the PI peak decreases under higher tem-
perature. This implies that the PI peak is not a hot
band but a newly formed OH dipole under pressure.
According to neutron diffraction studies of Mg(OD),
(Parise et al. 1994) and Mg(OH), (Catti et al. 1995), H/D
undergoes disorder transition between OD/OH and one
of the three neighboring O’. D/H disorder means that a
proton on the threefold axis at ambient pressure
approaches one of the three neighboring O’ under
compression; as a result, protons randomly occupy three
off-axis H or D sites. This is based on gradual widening
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Fig. Sa, b IR absorption spectra of (001) platelet single crystal of
natural brucite from Zimbabwe up to 8.2 GPa 220 °C (a), and
16.5 GPa 360 °C (b). An absorption peak at 3700 cm™' is due to the
original OH-stretching motion and the PI peak appears in the lower
wavenumber side of the original. The sample was heated until the PI
peak disappears. Over 16 GPa 300 °C, the PI peak become weak, but
a broad band between 3300 and 3600 cm™' grows

of the OHO’ angle observed by the neutron diffraction
studies. Our results also suggest inclined and randomly
trifurcated O’H dipoles under compression, and
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furthermore, we suggest a clear view of transition that
the O’H dipole is not gradually formed by shortening of
the OHO’ distance, but is discretely formed by the
proton’s occupancy of a new site. In Fig. 4, filled circles
and squares show the presence of the PI peak, and open
ones show no PI peak. Therefore, the boundary between
the open and filled marks in Fig. 4 can be a phase
boundary of brucite. The state of the two protons is
stable in the high-pressure region.

The original OH dipoles in brucite are oriented par-
allel to the ¢ axis. When absorption spectra of the (001)
plate of brucite are measured, the original OH dipoles in
brucite are normal to the electric vector of IR light
(ELc). This condition results in inactive IR absorption
for the original OH dipoles of brucite. Thus, absorption
of the original peak is only weakly observed in Fig. 5.
On the other hand, absorption of the PI peak was con-
firmed to be maximized under Elc by polarized IR
study with DAC (Shinoda and Aikawa 1998), so ab-
sorption of the PI peak is intensely observed in Fig. 5.
The (001) single-crystal platelet is the most sensitive
sample to confirm the presence or absence of the PI
peak. Because of the orientation relation of original and
PI peaks against IR absorption, the relative intensity of
the two peaks in Fig. 5 does not indicate the actual
proportion of the proton’s occupancy of original and PI
sites. The actual proportion of the PI peak to the orig-
inal peak can be estimated by the powdered samples.
Figure 6 shows IR absorption spectra of fragments of
KBr pellet of natural (Fig. 6A) and reagent (Fig. 6B)
powdered Mg(OH),. As shown by peak height in Fig. 6,
the ratio of the original and the PI OH is about 2:1 at
9.1 GPa and 30 °C. The proportion of the PI peak in-
creases under the higher pressure region.

Figure 7 shows the wavenumber shift of original
(open) and PI (filled) peaks against pressure at 25, 100,
200, and 300 °C. The original peak shows weak negative
dependence of —0.25 cm™' GPa™'. The PI peak shows an
intense negative dependence of —5.1 cm™' GPa™'. In
general, the wavenumber of the OH-stretching absorp-
tion is an index of the strength of hydrogen bond or
O-H--O’ distance. The wavenumber shifts to lower fre-
quency by enhanced hydrogen bond or shortened
O-H--O’ distance (Nakamoto et al. 1955). The negative
dependences of original and PI peaks must result from
enhanced hydrogen bonding caused by shortening
O-H-O’ distance under compression. However, weak
and intense negative dependence of wavenumber posi-
tion cannot be simply explained by enhanced hydrogen
bond. Nakamoto et al. (1955) classified the hydrogen
bond into three types, that is, straight, bent, and bifur-
cated hydrogen bonds. They also indicated that the bent
hydrogen bond shows a higher wavenumber shift than
the straight one. On the other hand, the bifurcated one
has a lower shift than the straight one. So, the bent-type
hydrogen bond generally shows a much higher wave-
number shift than the bifurcated type. We propose that
the PI O’H’ dipole is formed by proton transfer along the
H-O’ direction, as shown in Fig. 2. According to this
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Fig. 6A, B IR absorption spectra of powdered Mg(OH), pellet
[10 wt% Mg(OH), and KBr] of Zimbabwe (A) and reagent (B).
Compared with the spectrum of the (001) single crystal under similar
conditions (Fig. 5a 7.9 GPa 30 °C), the PI peak of powdered sample
is not so intense as the spectra of the (001) single crystal. Since
powdered samples are randomly oriented crystal, the relative intensity
of original and PI peaks represents the proportion of protons on
original and new proton sites

model, the O~H'-O" geometry is a bent-type hydrogen
bond. On the other hand, the geometry of the original
OH is trifurcated type, because the original OH dipole
remains on the threefold axis and H is coordinated to
three nearest-neighbor O’. Since the wavenumber shift of
the bent hydrogen bond is generally expected to be higher
than that of the bifurcated hydrogen bond, the PI OH
dipole of the bent hydrogen bond should show a higher
wavenumber shift than the original OH with a trifurcated
hydrogen-bond type. The two different peak shifts of the
original and the PI peak in Fig. 7 can be qualitatively
explained by the general relation of wavenumber shift
and classification of hydrogen bond. Thus, these results
also support the formation of a new proton site under
pressure.

The PI peak becomes weak in the high-pressure and
high-temperature region, but a broad absorption band
between 3300 and 3600 cm™" grows, as is clearly seen in
the spectrum at 16.5 GPa, 360 °C in Fig. 5b. Since Fei
and Mao (1993) indicated that Mg(OH), is stable as the
brucite phase at 16.5 GPa, 360 °C in the MgO-H,0O
system, the broad band must not indicate the formation
of H,O molecules accompanied by the decomposition of
brucite. Since brucite does not undergo pressure-induced
amorphization as portlandite Ca(OH), does, the broad
band must not indicate the amorphous state of
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Fig. 7 The wavenumber position of the original (open) and the PI
(filled) peaks against pressure (@ RT: m 100 °C; A 200 °C; 4 300 °C).
Pressure dependence of the original peak at RT is —0.25 cm™ GPa™!
and the Pl is —5.1 cm™' GPa™'. The peak position depends mainly on
pressure and slightly on temperature

Mg(OH), as the IR absorption spectra of portlandite
does (Shinoda et al. 2000). Although the Mg—O-related
peak at 3300 cm™' slightly broadens in the high-
temperature region in Fig. 5b, the contributing area of
this band to the broad band between 3300 and
3600 cm™! is small. Therefore, it can be assumed that the
broad band indicates a proton state which does not
occupy a specific crystallographic site under HT and HP.
This means that OH dipoles occupy various sites, which
cause sequential absorption wavenumber. Thus, the
broad absorption band may suggest that free protons
occur in brucite and that brucite may transform into a
proton-conductive state under HT and HP. The transfer
process of proton, which is limited to proton transfer at
low temperature, may proceed to thermally activated
transfer of protons at HT and HP.

Concluding remarks

Brucite undergoes a high-pressure phase transition from
one-proton to two-proton states under high pressure, as
shown by the onset of PI peak. Brucite has a new proton
site in the high-pressure phase. The region of the high-
pressure phase was determined by the presence and
absence of the PI peak under various P-T conditions.
Two different pressure dependences of wavenumber shift
of original and PI peaks result from the hydrogen bond
of trifurcated and bent types, respectively. These support
the model of the new proton site under high pressure. A
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broad absorption band between 3300 and 3600 cm™' in
IR absorption spectra of brucite may suggest the
possibility of proton conduction of brucite under high
temperature and high pressure.
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