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Integral molar absorptivities of OH in muscovite at 20 to 650 °C by in-situ  
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abSTracT

The change with temperature of IR absorption bands in OH in muscovite was studied using 
unpolarized in-situ high-temperature infrared microspectroscopy. The molar absorption coefficient 
ε at 3628 cm–1 for OH in muscovite at room temperature (20 °C) has been determined to be 127 ± 6 
L/mol·cm. Using the orientation factor γ = 0.47 for the angle between OH vector and c* axis (75 ± 5°), 
the true molar absorption coefficient ε at 3628 cm–1 is determined to be 270 ± 10 L/mol·cm at 20 °C. 
Integral molar absorptivities are also determined from 20 to 650 °C showing no weight loss. The value 
decreases from 7060 ± 190 L/mol·cm2 at 20 °C to 5190 ± 270 L/mol·cm2 at 650 °C (26% decrease). 
OH orientation of muscovite sample measured by polarized IR microspectroscopy at 20 °C showed 
that the angle between the projection of OH vector to (001) plane (the OH′ vector) and b axis is 30.5° 
at 20 °C and did not change greatly at higher temperatures until 650 °C. The tilting of OH dipoles 
toward the c* axis from 75° to about 43° while keeping the same angles along b axis would explain 
the observed decrease in integral molar absorptivities at higher temperatures, but further studies are 
needed to clarify the OH behavior at high temperatures. 

Keywords: Muscovite, OH, in-situ high-temperature IR microspectroscopy, integral molar ab-
sorptivity, OH orientation

inTroducTion

Water in minerals and melts is an essential factor for the 
dynamics of Earth and planetary materials (Aines and Rossman 
1984). The concentrations of OH and H2O in hydrous minerals 
and melts are often determined by IR spectroscopy at room 
temperature from intensities of the absorption bands of water 
species using the molar absorptivities [e.g., for silicate melts, 
Stolper (1982); Dobson et al. (1989); Ihinger et al. (1994); Dixon 
et al. (1995); Yamashita et al. (1999); Ohlhorst et al. (2001); 
Okumura et al. (2003)].

Since molar absorptivity data for OH in minerals are limited 
for certain minerals, several empirical relationships have been 
proposed for evaluating linear and integral molar absorptivities 
for OH in minerals where experimental data are missing (Pater-
son 1982; Libowitzky and Rossman 1997; Libowitzky and Beran 
2004). However, direct determination of linear and integral molar 
absorptivities for OH in various minerals is preferable.

High-temperature IR studies have also been conducted using 
a heating stage, diamond cell, and sapphire cell under IR micro-
scopes (e.g., Keppler and Bagdassarov 1993; Nowak and Behrens 
1995, 2001; Shen and Keppler 1995; Withers et al. 1999). The 
in-situ IR technique directly measures the concentrations of OH 
and H2O at high temperatures, but often lacks calibration data 
for high-temperature molar absorptivity. Only a few studies 
(Yamagishi et al. 1997; Sowerby and Keppler 1999; Withers et 
al. 1999; Nowak and Behrens 2001; Okumura and Nakashima 
2005) have evaluated high-temperature molar absorptivities of 
OH and H2O in minerals and glasses. However, more data on 
representative hydrous minerals are needed.

Despite being a very common hydrous mineral with only a 
simple OH species, only one study (Scholze 1960) at room tem-
perature and no studies at high temperatures have evaluated the 
molar absorptivity in muscovite. Therefore, molar absorptivities 
for OH in muscovite were determined in this study by unpolar-
ized IR microspectroscopy both at room temperature (20 °C) and 
at high temperatures up to 650 °C. Unpolarized IR microspec-
troscopy was used to apply the obtained molar absorptivities to 
muscovite in natural rock systems with random mica orientations. 
Moreover, orientation of OH in muscovite from 20 to 650 °C 
was also studied by polarized IR microspectroscopy.

STarTing maTerialS

Sample characterization
The starting material used in this study is muscovite-2M1 

from Ishikawa, Fukushima, Japan. The chemical composition 
of the sample was analyzed with a JEOL-JXA-8800M electron 
microprobe using a defocused beam (10 µm in diameter), 15 kV 
accelerating voltage, and 12 nA beam current. The analytical 
results are listed in Table 1. Minor elements such as F and Li 
were below the detection limit of the EMPA analysis and have 
not been determined.

The water content of the powdered sample was determined 
by thermal analysis. Thermogravimetry (TG) was carried out 
using a SII TG/DTA 6000 instrument from 23 to 1100 °C with 
a heating rate of 10 °C/min (Fig. 1). The TG curve in Figure 1 
shows a weight loss of about 2% up to about 200 °C, which may 
be attributed to adsorbed water (Guggenheim et al. 1987). The 
weight loss in the range from 200 to 950 °C is 4.46 ± 0.24 wt%. 
Thus, the water content of muscovite was determined to be 4.46 * E-mail: satoru@ess.sci.osaka-u.ac.jp 
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Table 1. Chemical composition of 
the muscovite sample de-
termined by EMPA

Oxide wt%
SiO2   46.43 
TiO2   0.03 
Al2O3  35.48 
Cr2O3  0.01 
FeO    2.78 
MnO    0.02 
MgO    0.15 
NiO    0.01 
CaO    0.00 
Na2O   0.78 
K2O    10.04 
 Total   95.73

± 0.24 wt%, which is consistent with the total weight percent of 
95.73 wt% obtained by the EPMA analysis (Table 1). Based on 
the chemical compositions in Table 1 and the TG derived water 
content, the chemical formula of this sample can be expressed 
as: (K0.85Na0.10)(Al1.87Fe0.16Mg0.02)(Si3.09Al0.91)O10(OH)2.

The obtained chemical and mineralogical compositions are 
very close to ideal compositions of muscovite (Bailey 1984).

Sample preparation
Thin flakes of the muscovite sample were separated from the 

aggregate with tweezers by using perfect cleavage (001) planes. 
These muscovite flakes were cut with a hole puncher into circular 
plates of about 3 mm in diameter. 

The thicknesses of the samples were measured with a laser 
scanning confocal microscope (LSCM) (KEYENCE, Color Laser 
3D Profile Microscope VK-8500 and VK-8510) (Okumura et al. 
2003). The LSCM measurements were carried out at the same 
positions analyzed by FTIR microspectroscopy. The refractive 
index of muscovite (1.60: Klein and Hurlbut 1993) was used to 
determine the sample thickness based on the LSCM data.

experimenTal meThodS

Unpolarized IR microspectroscopy 
Infrared (IR) spectra of muscovite plates were measured at every 20 °C step 

between 20 and 1000 °C, using a heating stage (Linkam TS1500) under an FTIR 
microscope (Jasco IRT30+FTIR620: MCT detector, ceramic IR source, and KBr 
beam splitter) (e.g., Okumura and Nakashima 2005). The temperature of the 
heating stage was elevated at a rate of 10 °C/min. All the spectra with a spectral 
resolution of 4 cm–1 were obtained by accumulating 50 scans using an aperture 
size of 100 × 100 µm.

Unpolarized IR transmission spectra of a sapphire plate were first acquired 
between 20 and 1000 °C upon heating and then down to 20 °C upon cooling at 
every 20 °C to be used as background spectra at each temperature. A muscovite plate 
was put on the sapphire plate in the heating stage and unpolarized IR transmission 
spectra were recorded at every 20 °C between 20 and 1000 °C and then down to 20 
°C. These unpolarized transmission sample spectra were divided by the respective 
background sapphire plate spectra at each temperature to obtain background cor-
rected unpolarized absorption spectra of muscovite at each temperature. In a similar 
way, spectra at 50 °C steps were measured between 20 and 650 °C. 

Polarized IR microspectroscopy
Polarized infrared (IR) spectra of muscovite plates were measured by add-

ing a gold wire grid polarizer in the IR microscope (IRT30). IR light transmitted 
through a sample passes the IR polarizer placed before the MCT detector. Polarized 
spectra were measured by rotating the IR polarizer from 0 to 170° in 10° steps 
at temperatures of 20, 100, 300, 500, and 650 °C. All the spectra with a spectral 
resolution of 4 cm–1 were obtained by accumulating 50 scans using an aperture 
size of 100 × 100 µm.

Polarized IR transmission spectra of a sapphire plate at 20 °C were first acquired 
at between 0 and 180° in 10° steps to be used as background spectra at each step. In 
a similar way, polarized IR transmission spectra of a sapphire plate at 100, 300, 500, 
and 650 °C were acquired at every 10° rotation between 0 and 180° as background 
spectra at each rotation and temperature step. A muscovite plate was put on the 
sapphire plate in the heating stage and polarized IR transmission spectra at 20 °C 
were recorded every 10° between 0 and 180°. Then, the sample was heated to 100 
°C and polarized IR transmission spectra at 100 °C were recorded at every 10° 
between 0 and 180°. In a similar way, polarized IR transmission spectra at 300, 
500, and 650 °C were recorded at every 10° between 0 and 180°. These polarized 
transmission spectra of the sample were divided by the background sapphire plate 
spectra at each temperature and rotational step to obtain background corrected 
polarized absorption spectra of muscovite. 

reSulTS

Determination of molar absorptivity at 20 °C
The molar absorptivity of OH in muscovite at room tem-

perature (20 °C) has been determined by unpolarized IR mi-
crospectroscopy. Typical unpolarized IR spectra of muscovite 
at room temperature (20 °C) obtained in this study are shown 
in Figure 2a. The absorption band around 3628 cm–1 is assigned 
to stretching vibration of OH (e.g., Gaines and Vedder 1964; 
Rossman 1984; Aines and Rossman 1985). The OH absorption 
band of muscovite appears to be consisting of three peaks at 
3622, 3628, and 3650 cm–1, respectively (Fig. 2a), and they 
will be discussed later. IR spectra of the same muscovite flakes 
were also measured in the simple parallel IR light in the FTIR 
without using the IR microscope. The obtained OH absorption 
band shape and intensity were identical to that obtained by using 
the IR microscope (Fig. 2a).

We determine the molar absorptivity ε of OH in muscovite 
using the Lambert-Beer law:

Abs = ε·d·C (1)

where Abs is the absorbance of OH in muscovite; ε is the molar 
absorptivity (L/mol·cm); d is the thickness of muscovite (cm); 
and C is the molar concentration of OH in muscovite (mol/L).

The peak heights at 3628 cm–1 (Abs in Eq. 1) were determined 
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Figure 1. Thermogravimetry (TG) curves for the muscovite sample 
at a heating rate of 10 °C/min obtained by a SII TG/DTA 6000 instrument. 
(a) TG (weight loss) curve, (b) differential TG curve (DTG).
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using straight baselines in the 3700 to 3540 cm–1 range (Fig. 2a) 
for varying muscovite plate thickness. The 3628 cm–1 absorbance 
shows a linear relation with the muscovite thickness (Fig. 2b). 
The regression line of these data gives a gradient of 1.78 (±0.09) 
× 103 (cm–1) corresponding to ε·C in the Equation 1. 

To determine the molar concentration C of OH in muscovite, 
thermogravimetry (TG) measurements of the powdered musco-
vite sample were done. Muscovite dehydration reaction involves 
the formation of one water molecule from two hydroxyl groups 
(Mazzucato et al. 1999):

KAl2(Si3Al)O10(OH)2 → H2O + KAl2(Si3Al)O11. (2)

If the above weight loss in the range 200–950 °C of 4.46 ± 
0.24 wt% (Fig. 1a) is due to water molecules lost by the reac-
tion 2, then MH2O/Mmus = 0.0446, where MH2O and Mmus are the 
molecular weights of H2O and muscovite, respectively. By using 
MH2O = 18.02 g/mol, Mmus is calculated to be 404.04 g/mol.

The molar volume of muscovite can be calculated by dividing 
the molecular weight of muscovite (404.04 g/mol) by its density 
ρmus = 2830 g/L (Robie et al. 1967) yielding 0.1428 L/mol. Since 
two moles of OH are included in one mole of muscovite, the 
molar concentration of OH in muscovite is obtained to be C = 
2/0.1428 = 14.0 ± 0.75 mol/L.

By using this molar concentration of OH (C = 14.0 ± 0.75 
mol/L) and the gradient ε·C = 1.78 (±0.09) × 103 (cm–1) in Figure 
2b, the molar absorption coefficient ε at 3628 cm–1 is determined 
to be 127 ± 6 L/mol·cm. Scholze (1960) reported this value at 

3610 cm–1 to be 170 L/mol·cm, but without details for its deter-
mination. Our present value is smaller than this reported value 
(~75%), but provides the modern unpolarized determination 
associated with experimental details.

Paterson (1982) proposed an orientation factor γ for OH in 
hydrous minerals for correcting the IR absorption intensity of 
OH bands in unpolarized IR spectra. This factor is based on the 
assumption that the absorption intensity of stretching vibrations 
of the hydrous group is proportional to the component of the 
electric vector parallel to the OH dipole. If we take the orienta-
tion factor γ to be 1/2 sin2α, with α as the angle between OH 
vector and c* axis of 75° for ideal muscovite, the orientation 
factor γ becomes 0.47 in our case. By using the orientation fac-
tor γ = 0.47, the true molar absorption coefficient at 3628 cm–1 
ε becomes 270 ± 10 L/mol·cm.

Step heating of muscovite from 20 to 1000 °C
Changes of unpolarized IR spectra of OH in muscovite 

as a function of temperature are shown in Figure 3a. The OH 
absorption band of muscovite appears to be consisting of three 
components at around 3622, 3628, and 3650 cm–1. We have tried 
to simulate the OH band by two to four Gaussian components 
using a curve fitting program. Although the main band shape 
can be simulated by these Gaussian simulations, the shoulder 
at 3650 cm–1 could not be simulated. Therefore, detailed band 
decompositions have not been performed. Langer et al. (1981) 
reported OH bands for a synthetic muscovite KAl2(AlSi3O10)
(OH)2 located at 3629 cm–1 with two shoulders at 3659 and 

Figure 2. (a) Unpolarized 
IR absorption bands for 
OH in the muscovite flake 
(thickness; 7.8  µm). The 
spectrum measured with 
Cassegrainian optics under an 
IR microscope (solid curve) 
shows a band shape of OH 
in muscovite identical to the 
spectrum measured with a 
parallel IR beam in an FTIR 
without microscopic optics 
(dashed curve). The baseline 
from 3700 to 3540 cm–1 for 
determining absorbance 
(peak height) at 3628 cm–1 is 
also shown. (b) Unpolarized 
absorbance (peak height) at 
3628 cm–1 as a function of 
the thickness of muscovite 
flakes. (c) Unpolarized integral 
absorbance (band area) at 
3628 cm–1 as a function of the 
sample thickness.
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3644 cm–1 together with some lower wavenumber components. 
They interpreted these bands to originate from different H bond 
interactions in various local Al/Si distributions. These bands are 
roughly in agreement with the 3622, 3628, and 3650 cm–1 bands 
observed in the present study. 

Changes in peak positions and peak heights of the main peak 
at 3628 cm–1 and two shoulders around 3650 and 3622 cm–1 with 
temperature are presented in Figures 3b and 3c, respectively. The 
peak positions at 3628 and 3650 cm–1 showed only slight shifts 
within 2 cm–1 to the lower wavenumber up to 650 °C, while the 
shoulder around 3622 cm–1 shifted about 8 cm–1 to the lower 
wavenumber until 650 °C (Fig. 3b). 

A temperature-induced peak shift of OH in mica has been 
reported in some studies (Gaines and Vedder 1964; Aines and 
Rossman 1985; Libowitzky et al. 1997; Mookherjee et al. 2001), 
and some of them were tentatively explained by the change in 
librational amplitude of hydroxyl group with temperature [Libow-
itzky et al. (1997) for hemimorphite; Mookherjee et al. (2001) for 
phengite]. Alternatively, Guggenheim et al. (1987) explained this 
lowering of OH band frequency by the approaching of octahedral 
Al toward OH resulting in the weakening of O-H bond. 

The peak height at 3650 cm–1 decreased quasi-linearly with 
temperature over the entire temperature range (20 to 950 °C) (Fig. 
3c). Those at 3628 and 3622 cm–1 showed also a similar linear 
trend between 200 and 650 °C. Above 650 °C a much more rapid 
decrease was observed. Three OH band components showed a 
similar behavior of peak height decrease in the 200–650 °C range, 
which resulted in the quasi-linear decrease in the integral molar 
absorptivity of OH in muscovite up to 650 °C, discussed later. 
The rapid decrease of peak heights at 3628 and 3622 cm–1 above 
650 °C should be related to muscovite dehydration (Tokiwai 
and Nakashima 2009). The different behavior of the 3650 cm–1 
peak above 650 °C can be due to its more independent isolated 
nature in the muscovite structure. The constant peak height of 
3622 cm–1 component up to 200 °C might be originated from its 
strongly H-bonded nature. 

Changes in the total band area around 3628 cm–1 from 20 to 
1000 °C are shown in Figure 4a. The band areas were determined 
using straight baselines in the 3700 to 3540 cm–1 range (Fig. 
2a). The band area decreased quasi-linearly from 20 to 650 °C 
and then rapidly approaching zero around 950 °C (Fig. 4a). The 
OH band around 3628 cm–1 could be recovered to the initial 

Figure 3. (a) Changes in unpolarized absorption bands around 3628 cm–1 due to OH in muscovite as a function of the temperature from 20 to 
1000 °C. (b) Peak positions of 3650, 3628, and 3622 cm–1 peaks from 20 to 1000 °C. (c) Peak heights of 3650, 3628, and 3622 cm–1 peaks from 
20 to 1000 °C. 
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value upon cooling from 650 to 20 °C. TG of a muscovite flake 
sample showed no weight loss under 650 °C (Gridi-Bennadji 
and Blanchart 2007). Therefore, temperature-induced changes in 
band area of OH in muscovite under 650 °C are due to changes in 
its physicochemical states without dehydration. Figure 4b shows 
the normalized band area from 20 to 650 °C. These data are 
average values for four samples. The OH band area decreased to 
82% of the room-temperature value at 590 °C (Fig. 4b), and this 
is in agreement with the 84% decrease at the same temperature 
reported by Aines and Rossman (1985).

Determination of integral molar absorptivities of OH in 
muscovite at 20–650 °C

The average values of the 3628 cm–1 band areas for four mus-
covite samples, normalized to their initial values at 20 °C show 
a quasi-linear decrease from 20 to 650 °C, where the decrease 
attained about 26% (Fig. 4b).

The integral molar absorptivity ε∼ can be defined as:

I = ε∼·d·C  (3)

where I is the integral absorbance (cm–1); ε∼ is the integral molar 
absorptivity (L/mol·cm2); d is the thickness of muscovite (cm); 
and C is the molar concentration of OH in muscovite (mol/L). 

The integral molar absorptivity ε∼ at 20 °C can be calculated 
from the band area vs. sample thickness relationship in Figure 
2c. The gradient of the fitted line gives the values of ε∼·C = 9.88 
(±0.26) × 104 cm–2. By using the molar concentration of OH (C 
= 14.0 ± 0.75 mol/L), the integral molar absorption coefficient 
ε∼ of the 3628 cm–1 band at 20 °C is determined to be 7060 ± 
190 L/mol·cm2. 

For the determination of high-temperature integral molar 
absorptivities ε∼, the changes in d and C with temperature should 
be considered. The increase in the molar volume of muscovite 
is estimated to be less than 1% based on the expansivity data 
until 650 °C reported by Mazzucato et al. (1999). Therefore, the 
sample thickness does not change significantly at higher tem-

peratures. The band area around 3628 cm–1 recovered mostly to 
their initial value upon cooling from 650 to 20 °C indicating no 
significant water loss during the high-temperature IR measure-
ments. Thus, the thickness d and molar concentration C can be 
considered to be unchanged for higher temperatures. 

The changes with temperature in the integral absorbance 
(band area) observed in Figure 4b can therefore be directly at-
tributed to temperature-induced changes of the integral molar 
absorptivity ε∼. By applying the integral molar absorptivity ε∼ at 
20 °C (7060 ± 190 L/mol·cm2) to the results in Figure 4b, the ε∼ 
value decreases from 7060 ± 190 L/mol·cm2 at 20 °C to 5190 ± 
270 L/mol·cm2 at 650 °C (26% decrease). By using the orienta-
tion factor γ = 0.47, the true integral absorption coefficient is 
15 020 ± 400 L/mol·cm2 at 20 °C. 

Paterson (1982) determined this value to be 23 400 L/mol·cm2 
at 20 °C using the data of Scholze (1960) (11 000 L/mol·cm2) 
with the orientation factor γ = 0.47. Based on the polarized IR 
measurements of Rouxhet et al. (1970), the value ranges from 
21 000 to 23 000 L/mol·cm2 (Beran 2002). Therefore, the present 
value of the integral molar absorptivity ε∼  of OH in muscovite 
by unpolarized measurements is much smaller from the reported 
values (65–70%). Origins of this difference in the integral molar 
absorptivity from the reported values are not known. 

diScuSSion

Absorption probability
IR absorption intensity is related to absorption probability 

per unit time (e.g., Strickler and Berg 1962). Therefore, the 
observed OH band area decrease with temperature in muscovite 
can be originated from the decrease in the probability of the 
transition from the ground state to the excited state leading to IR 
absorption, since the population of each state will change with 
temperature. Boltzmann factor determines the relative prob-
ability Pi of a state i in a multi-state system in thermodynamic 
equilibrium at temperature T. The relative probability Pi of a 
state i can be defined as:

Figure 4. (a) Changes with temperature from 20 to 1000 °C in the unpolarized integral absorbance (band area) around 3628 cm–1 due to OH 
in muscovite. (b) The unpolarized 3628 cm–1 band area from 20 to 650 °C without dehydration normalized to that at 20 °C.
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where kB is the Boltzmann constant (J/K): Ei is the energy of 
state i (K).

The Boltzmann factor at 3620 cm–1 is determined to be 2.88 
× 10–8 and 1.18 × 10–3 at 20 and 650 °C, respectively. Although 
the probability of the excited state can increase greatly at higher 
temperatures, these values are both very small close to zero and 
not enough to explain the above decrease with temperature of 
the integral molar absorptivity. 

The change of OH orientation
OH in muscovite at room temperature is in Al-centered octa-

hedral layer and the position of H has been studied by IR spec-
troscopy (Tsuboi 1949; Serratosa and Bradley 1958; Vedder and 
McDonald 1963; Rothbauer 1971), neutron diffraction (Rothbauer 
1971; Catti et al. 1989), and energy calculation (Abbott 1994; 
Liang and Hawthorne 1998). Table 2 summarizes angles between 
OH dipole and crystallographic axes reported in the literature 
(Fig. 5b). Table 2 shows that the angle between OH′ [OH′ is the 
projection of OH to (001) plane] and b-axis is about 30° and the 
angle between OH and c*-axis is 75 ± 5°. However, OH orienta-
tion of muscovite at high temperatures is not known.

Therefore, we have conducted polarized infrared microspec-
troscopy of muscovite flakes at high temperatures. We adopted 
in this study a configuration that IR light emitted from FTIR 
spectrometer passes through an IR polarizer after transmitting 
a sample, which was also used by Shinoda and Aikawa (1993) 
and Libowitzky and Rossman (1996).

A sharp absorption peak at 3628 cm–1 due to stretching vibra-
tion of OH (e.g., Gaines and Vedder 1964; Rossman 1984; Aines 
and Rossman 1985) is observed in the polarized IR absorption 
spectra of muscovite at room temperature (20 °C) (Fig. 5a). 
Polarized IR absorption spectra were measured by changing the 
angle between the electric vector of IR light and the principal 
direction of a muscovite flake by 10° steps by rotating the IR 
polarizer placed before the detector. The peak heights at 3628 
cm–1 of polarized spectra at each degree were normalized to that 
of the unpolarized spectra at 20 °C. The obtained peak heights 
(absorbances) of OH in muscovite were plotted against the angle 
from the b axis of a sample flake (Fig. 5c). The peak height shows 
maxima around 0 and 180° and minima around 90 and 270°.

Figure 5b shows OH orientation projected on the a-b plane, 
proposed by Vedder and McDonald (1963). In this study, accord-
ing to Paterson (1982), maximum (1.38) and minimum (0.48) 
data in Figure 5c correspond to the value of acos2β and asin2β, 
where a is the cell constant and β (30.5°) is the angle between 
the OH′ vector (OH′ is the projection of OH to a-b plane, Fig. 
5b) and b axis. This value is in good agreement with the reported 
values for β = 30° (Rothbauer 1971); 32° (Vedder and McDonald 
1963) (Table 2) for muscovite.

High-temperature polarized IR absorption spectra of musco-
vite were measured by changing the angle between the electric 
vector of IR light and the principal direction of a muscovite 
flake (b axis) as explained in the experimental section. The peak 
heights at 3628, 3650, and 3622 cm–1 at higher temperatures all 
show a maximum around 0° and a minimum around 90° as for 
that at 3628 cm–1 at 20 °C (Fig. 5c). Changes with the polariza-
tion angle in the integral absorbance (band area) are similar 
showing maximum absorption around 0°–10° and a minimum 
around 90–100° (Fig. 5d). The integral absorbance decreased 
to about 73% around 0–10° and to about 77% around 90–100° 
at 650 °C (Fig. 5d). The angles between the OH′ vector and b 
axis can be calculated from the band area data to be 30.8° at 20 
°C and 31.0° at 650 °C, respectively, and they are considered to 
remain unchanged for high temperatures.

OH dipoles in muscovite are considered to have angles of 
about 32–30° with respect to the b axis and 75° to the c* axis and 
Vedder and McDonald (1963) proposed that two OH dipoles are 
symmetrically inclined by keeping these angles (Fig. 5b). The 
projections of these two OH dipoles to the a-b plane are two 
OH′ vectors in Figure 5b. Based on this model, the polarization 
angles close to 0° to the b axis for OH in muscovite at 20 to 650 
°C can be explained by keeping a symmetrical OH orientation 
along the b axis for these temperatures. 

If the angles of OH dipoles to the c* axis, which was initially 
75°, are also changed by tilting of OHs, their projection to the 
a-b plane would also change. For instance, the change from 75 
to 43° to the c*axis would result in the reduction of the OH′ 
length of about 25%. This would explain the observed 26% 
decrease of the integral molar absorptivity ε∼ from 20 to 650 °C 
for OH in muscovite.

Mookherjee et al. (2001) reported the change with tem-
perature in the OH orientation for phengite, which has a similar 
structure like muscovite, measured by in-situ neutron diffrac-
tion. The value of ω, the angle between the O-H vector and 
the normal to the (001) plane, decreased from about 25° at 100 
°C to 7° at 650 °C, while the O-H bond length decreased from 
about 1.04 Å at 100 °C to 0.98 Å at 650 °C (Mookherjee et al. 
2001). Both changes with temperature in the angles and bond 
lengths of OH would cause the increase with temperature of the 
integral molar absorptivity, which is opposite to our experimental 
observation. However, their IR results showed also the OH peak 
shift from 3602 to 3594 cm–1 (at 440 °C) indicating the OH bond 
length increase, in contradiction to the above neutron diffraction 
data (Mookherjee et al. 2001). The presence of more Mg in the 
phengite structure might also cause differences of OH behavior 
at high temperatures from those for muscovite.

Although some disagreement exists among reported data, 
the observed decrease with temperature in the integral molar 

Table 2. Reported angles between OH and crystallographic axes for 
OH in muscovite in the literature

The angle The angle Measuring methods Reference
between between  
OH’† and OH and  
b axis c* axis‡  
– 81(?) IR with polarized light Tsuboi (1949)
32 74 IR with polarized light Vedder and McDonald (1963)
– 82.8 – Güven (1971)
30 78 Neutron diffraction Rothbauer (1971)
– 74 IR Rothbauer (1971)
– 78 Energy calculation Soboleva and Mineeva (1981)
– 78 Electron diffraction Tsipursky and Drits (1977)
– 85 ± 1 Powder neutron diffraction Catti et al. (1994)
† OH′ is the projection of OH. 
‡ c* axis is perpendicular to both a and b axes.
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absorptivity of OH in muscovite can have a possibility of 
originating from the tilting of OH dipoles toward c* axis at 
higher temperatures. Further studies are needed to clarify high-
temperature behavior of OH in muscovite. 
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