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Abstract: Coesite, a high-pressure SiO2 polymorph, has drawn extensive interest from the
mineralogical community for a long time. In this study, we synthesized hydrous coesite samples
with different B and Al concentrations at 5 and 7.5 GPa (1273 K). The B concentration could be
more than 400 B/106Si with about 300 ppmw H2O, while the Al content can be as much as 1200 to
1300 Al/106Si with CH2O restrained to be less than 10 ppmw. Hence, B-substitution may prefer the
mechanism of Si4+ = B3+ + H+, whereas Al-substitution could be dominated by 2Si4+ = 2Al3+ + OV.
The doped B3+ and Al3+ cations may be concentrated in the Si1 and Si2 tetrahedra, respectively,
and make noticeable changes in the Si–O4 and Si–O5 bond lengths. In-situ high-temperature Raman
and Fourier Transformation Infrared (FTIR) spectra were collected at ambient pressure. The single
crystals of coesite were observed to be stable up to 1500 K. The isobaric Grüneisen parameters (γiP) of
the external modes (<350 cm−1) are systematically smaller in the Al-doped samples, as compared
with those for the Al-free ones, while most of the OH-stretching bands shift to higher frequencies in
the high temperature range up to ~1100 K

Keywords: coesite; high-temperature Raman; FTIR spectrum; single crystal structure; isobaric
Grüneisen parameters; OH-stretching modes

1. Introduction

Coesite, a high-pressure polymorph of SiO2, was firstly synthesized at 3.5 GPa (773–1073 K) in
1953 [1], and subsequently discovered in many locations, such as in the shocked sandstone ejecta
samples from craters [2,3] as well as in eclogite [4–6]. Coesite is a very important index silica mineral for
ultrahigh-pressure metamorphism [7,8], which provides key clue for the continental dynamics such as
lithospheric subduction, exhumation, and reentry in extreme depths of more than 100 km. Furthermore,
the physical and chemical properties of coesite at high-pressure and high-temperature conditions
also attract a lot of interest from the community of mineral physics, like thermo-elasticity [9–12],
phase transitions [13–15], and vibrational spectra under high-pressure (P) and high-temperature (T)
conditions [16–20].

Water (OH−) incorporation into coesite has a significant impact on the stability of coesite at
high-P/T conditions [21,22], which is important for exploring preservation of coesite in the deep mantle.
There could be up to 200–300 ppm ppmw H2O in synthetic coesite samples [19,23–26] resulted from
hydro-garnet substitution (Si4+ + 4O2− = V + 4OH−) as well as electrostatically coupled substitution
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with M3+ incorporation (Si4+ = M3+ + H+; M = B, Al), although natural coesite has been found to be
nearly dry so far [27,28].

In this study, we synthesized hydrous coesite samples with various compositions (Si-pure, B-doped,
Al-doped, as well as B plus Al-doped), and explored the effects of B and Al on the hydration mechanism
and internal structure of coesite. Taking advantage of in-situ high-temperature Raman and FTIR
vibrational spectra, we have also studied thermal response of lattice vibration with the contributions
from the trace elements of H, Al, and B, which may provide important constraints on thermodynamic
properties of coesite (such as heat capacities and entropy) under deep mantle conditions.

2. Materials and Methods

2.1. Sample Synthesis and Characterization

A total of five coesite samples were synthesized at the P-T conditions of 5 and 7.5 GPa and
1273 K with heating durations of 9–12 hours (Table 1), using welded Pt capsules in sintered MgO
octahedron assemblies in the 1000-ton multi-anvil press at China University of Geosciences (Wuhan).
The corner truncation of the 25.4-mm tungsten carbide cubes was 12 mm for synthetic experiments
at 5 GPa and 8 mm for the runs conducted at 7.5 GPa, respectively. Temperature was monitored
with a W5Re95–W2Re74 (C-type) thermocouple, and a graphite furnace was used in our experiments.
Analytical reagent SiO2, Al(OH)3, B(OH)3 (purity of >99.99%) were adopted as the starting materials
to synthesize hydrous coesite samples with different compositions: Si-pure (Run 503), B-doped (R663),
Al-doped (R749), and B,Al-doped (R694 and R712). Excess liquid water (1 µL) was added in each
capsule to guarantee the water fugacity. Single crystals up to 300 µm were recovered from these
synthetic experiments, while no other crystallized phases were detected (by Raman spectra) in the
run products.

In-situ analyses of the trace elements of B and Al in these synthetic coesite samples were conducted
on an Agilent 7900 inductively coupled plasma mass spectrometry (ICP-MS) (Agilent Technology,
Tokyo, Japan) combined with a Yb femtosecond laser ablation (fs-LA) system (GeoLas 2005, Lambda
Physik, Göttingen, Germany), without applying an internal standard [29]. The ICP-MS works at a
power of 1350 W with a plasma and an auxiliary gas flow rate of 15.0 and 1.0 L/min, respectively;
while the fs-LA system (λ = 257 nm) is operated at a repetition rate of 8 Hz and a pulse length of 300 fs.
The spot size is 24 µm with an energy density of 2.8 J/cm2, and a mixture of He and Ar is used as the
carrier gas. The element contents of B and Al were calibrated against multiple-reference materials
(BCR-2G, BIR-1G, and BHVO-2G) using the 100% oxide normalization method [30] with the detection
limits of 0.1 ppmw for B and 0.8 ppmw for Al, and the determined average B and Al concentrations
in these reference materials show relative deviations of −5 to about −10% from the recommended
values [31]. The derived B and Al concentrations are listed in Table 1.

Because the Al concentration in R749 is as high as about 400 ppmw as indicated by fs-LA–ICP-MS,
we further checked the Al composition by a JEOL JXA-8100 electron probe micro analyzer (EPMA)
(JEOL Ltd., Akishima, Japan), which is equipped with four wavelength-dispersive spectrometers
(WDS). The EPMA system is operated at an accelerating voltage of 15 kV and a beam current of 5 nA,
while the spot size is reduced to 10 nm to minimize the fluctuations of X-ray intensity as well as sample
damage [32]. The certified mineral standards of pyrope garnet (for Al) and olivine (for Si) were adopted
for quantification using ZAF wavelength-dispersive corrections. Totally, twelve points were selected
for measurements on the sample of R749, and the derived Al2O3 content is 0.0742 ± 0.0096 wt.% with a
detection limit of 100 ppmw (corresponding to 393 ± 51 ppmw for the Al element), which is consistent
with the result from fs-LA–ICP-MS within the experimental uncertainties.
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Table 1. Starting composition and synthetic condition for each run. The B and Al element concentrations are mainly measured by femtosecond laser ablation
(fs-LA)–ICP-MS, while the H contents are estimated by FTIR.

Run No. Starting Materials
(wt.%)

Pressure
(GPa)

Temperature
(K)

Time
(h)

B
(ppmw) B/106Si

Al
(ppmw) Al/106Si

H2O
(ppmw) H/106Si

R503: SiO2 + 1 µL H2O 7.5 1273 12 — — — — 32.3 ± 14.2 215 ± 95
R663: SiO2 (96) + H3BO3 (4) + 1 µL H2O 5 1273 10 74.6 ± 3.5 445 ± 21 — — 51.0 ± 19.8 340 ± 132
R694: SiO2 (94) + H3BO3 (3) + Al(OH)3 (3) + 1 µL H2O 5 1273 10 73.4 ± 9.0 437 ± 54 115.6 ± 52.0 343 ± 154 22.8 ± 11.7 152 ± 78
R712: SiO2 (94) + H3BO3 (3) + Al(OH)3 (3) + 1 µL H2O 7.5 1273 9 39.7 ± 8.2 237 ± 49 139.8 ± 31.7 415 ± 94 24.1 ± 10.9 161 ± 73

R749: SiO2 (96) + Al(OH)3 (4) + 1 µL H2O 5 1273 9 — — 445.8 ± 86.5 a

392.7 ± 50.8 b
1323 ± 257 a

1166 ± 151 b 7.2 ± 2.9 48 ± 19

a: measured by ICP-MS; b: determined by an electron probe micro analyzer (EPMA).
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2.2. Single-Crystal X-ray Diffraction (XRD)

A single grain (with a diameter of 100–120 µm) from each synthetic sample was selected for
XRD at ambient conditions. The unit-cell parameters (Table 2) were refined on a Rigako XtalAB mini
diffractometer (Rigaku, Akishima, Japan) with a 600-W rotating Mo-anode X-ray source, which is
operated at 50 kV and 20 mA. A Saturn 724 HG CCD detector (with a resolution of 1024 × 1024) was
mounted on this diffractometer. The average wavelength of Mo Kα1–Kα2 was calibrated to 0.71073 Å,
and intensity data were collected in the 2θ scanning range of up to 52◦. The refinements of atomic
positions (Table 3) and anisotropic displacement parameters (Table S1) were conducted using the
software package of CrysAlisPro/Olex2 [33]. The data collection parameters are also listed in Table 2,
including the numbers of the measured equivalent and unique reflections, as well as the model fit
values for Goof, R1, and Rint. For all these synthetic single crystals, the Goof parameters remain below
1.1, while the R1 and Rint values are lower than 2.9% and 1.5%, respectively. The Si4+ [34] and O2− [35]
ionic scattering factors were adopted, and the Si1 and Si2 occupancies were fixed at 1 (full) during the
structural refinement procedures.

Table 2. Intensity data collection and unit-cell parameters for the synthetic coesite samples.

R503 R663 R694 R712 R749

a (Å) 7.1458 (5) 7.1332 (9) 7.1355 (5) 7.1426 (13) 7.1437(7)
b (Å) 12.3922 (10) 12.3886 (5) 12.3678 (5) 12.3698 (8) 12.3964 (6)
c (Å) 7.1778 (8) 7.1828 (16) 7.1763 (8) 7.1788 (16) 7.1858 (12)
β (◦) 120.293 (11) 120.31 (2) 120.358 (10) 120.37 (2) 120.292 (15)

V (Å3) 548.82 (10) 548.01 (18) 546.47 (9) 547.24 (19) 549.46 (13)
No. total refl. 1028 777 2117 911 1346

No. unique total 366 436 523 467 487
No. unique I > 4σ 348 427 511 446 461

Goof 1.084 1.059 1.021 1.051 1.041
R1 for all (%) 2.45 2.89 2.91 2.67 2.83

R1 for I > 4σ (%) 2.33 2.84 2.86 2.57 2.72
Rint (%) 1.33 0.62 1.04 1.23 1.47

The unit-cell angles: α = γ = 90◦.

2.3. Vibrational Spectra at Room and High Temperatures

Single grains of a diameter less than 150 µm were chosen for in-situ high-temperature Raman
measurement, using a Horiba LabRAM HR Evolution system (HORIBA JobinYvon S.A.S., Paris, France)
with a Ar+ laser excitation source (λ = 532 nm) and a micro-confocal spectrometer. Each crystal piece
was loaded on a sapphire plate in a Linkam TS 1500 heating stage (Linkam Scientific Instruments
Ltd., Tadworth, Surrey, UK). High temperatures were generated by a resistance heater from 300
K up to 1500 K, with an increment of 50 K and a heating rate of 20 K/min. To further test the
temperature dependence of these lattice vibrational modes, we also chose another grain from R503
for low-temperature Raman measurement. The sample piece was loaded on a sapphire window
in a Linkam THMS 600 heating/cooling stage, and low temperatures were cooled down to 80 K by
liquid nitrogen with a cooling rate of 15 K/min. The temperatures were automatically controlled
with uncertainties less than 5 K. Each target temperature was maintained at least 5 minutes before
measurement to guarantee thermal equilibrium.

To analyze the water contents in these synthetic coesite samples, 7–9 cleaned crystal pieces (in
a diameter of 100–160 µm) were selected from each sample source for Mid-FTIR measurement at
ambient condition. All these crystals were double-side polished to a thickness of 60–80 µm before
measurements, and the water contents for each of these coesite samples are estimated as an average
of these measured pieces in the following discussion. The IR spectra were collected using a Nicolet
iS50 FTIR instrument (Thermofisher, Madison, WI, USA) coupled with a Continum microscope, a KBr
beam-splitter, and a MCT-A detector cooled by liquid N2. For in-situ high-T FTIR measurement, four
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polished sample pieces (R503, R663, R694 and R749) was selected and loaded at the sapphire window of
a custom HS1300G-MK2000 external heating stage (INSTC, Boulder, CO, USA). The FTIR spectra were
obtained in the wavelength range above 3200 cm−1, with a resolution of 4 cm−1 and an accumulation
of 256 scans. Temperatures were measured from room temperature to about 1200 K with an interval
of 50 K and a heating rate of 15 K/min. Background was also obtained after the measurement on the
sample for each step.

Table 3. Refined atomic position coordinates.

R503 R663 R694 R712 R749

Si1
x 0.14027 (12) 0.14048 (13) 0.14044 (9) 0.14049 (11) 0.14050 (11)
y 0.10826 (6) 0.10833 (5) 0.10835 (4) 0.10832 (5) 0.10829 (5)
z 0.07226 (10) 0.07240 (15) 0.07242 (9) 0.07232 (11) 0.07242 (11)

Si2
x 0.50653 (12) 0.50655 (13) 0.50668 (9) 0.50682 (11) 0.50675 (11)
y 0.15808 (6) 0.15794 (5) 0.15796 (8) 0.15798 (5) 0.15795 (5)
z 0.54061 (10) 0.54028 (15) 0.54069 (8) 0.54073 (11) 0.54079 (10)

O2
x 0.5 0.5 0.5 0.5 0.5
y 0.1162 (2) 0.1164 (2) 0.1164 (15) 0.1163 (2) 0.11656 (17)
z 0.75 0.75 0.75 0.75 0.75

O3
x 0.7340 (3) 0.7333 (3) 0.7336 (2) 0.7334 (3) 0.7335 (3)
y 0.12289 (16) 0.12287 (15) 0.12290 (12) 0.12284 (15) 0.12280 (13)
z 0.5603 (3) 0.5593 (4) 0.5594 (3) 0.5594 (3) 0.5595 (3)

O4
x 0.3115 (3) 0.3103 (4) 0.3109 (2) 0.3112 (3) 0.3107 (3)
y 0.10385 (17) 0.10397 (15) 0.10386 (11) 0.10372 (15) 0.10377 (12)
z 0.3282 (3) 0.3278 (4) 0.3278 (2) 0.3282 (3) 0.3276 (3)

O5
x 0.0172 (3) 0.0168 (3) 0.0174 (2) 0.0175 (3) 0.0175 (3)
y 0.21182 (17) 0.21177 (15) 0.21174 (11) 0.21173 (15) 0.21168 (13)
z 0.4784 (3) 0.4787 (4) 0.4786 (2) 0.4786 (3) 0.4786 (3)

The O1 site is at the inversion center with x = y = z = 0.

3. Results and Discussion

3.1. Hydration and B/Al Concentrations

The representative FTIR spectra for these synthetic coesite samples at ambient condition are shown
in Figure 1. Four OH-stretching bands of v1 (3572 cm−1), v2a,b (3522 cm−1), v3 (3458 cm−1), and v4

(3300 cm−1) are detected for all these synthetic samples, which are independent of presence of B or Al.
The mode v6 (3500 cm−1) is clearly observed with most absorbance for the B-doped samples (R663,
R694, R712), as compared to the B-free samples (R503 and R749), which is caused by B-substitution in
coesite (Si4+ = B3+ + H+) [25]. It should be noted that the B concentrations in this study are much higher
than those synthesized in Koch-Müller et al. [25] (BR01-03), and the v6 absorbance is consequently
significantly stronger than that for v2a,b.

The total H2O content in coesite (CH2O, wt%) can be calculated on the basis of Lambert–Beer
law [24]:

CH2O =
1.8×Ai
ρ× εi × d

, (1)

where ρ is density (2.93 g/cm3), d is the thickness of sample (cm−1), while εi is the integrated molar
absorption coefficient for H2O, which was calibrated to be 190000 ± 30000 L·mol−1

·cm−2 for coesite [24].
The integrated absorbance Ai in the wavenumber range from v1 to v2 is expressed as

Ai =

∫ v2

v1

log
( I0

I

)
· dv (2)
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where I0 and I are the intensities of incoming and transmitted radiation, respectively. For each coesite
sample, several unoriented crystal pieces were selected and polished for FTIR measurement at room
temperature, and similar Iv3/Iv1 and Iv2/Iv1 intensity ratios are observed among these FTIR spectra.
The averaged hydration concentrations are listed in Table 1 with statistical uncertainties.
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Figure 1. Representative FTIR spectra obtained at ambient conditions with the OH-stretching
bands noted.

The hydration concentrations in these synthetic samples show a general trend:
R663 (B-doped) > R503 (B,Al-free) > R694/R712 (B,Al-doped) > R749 (Al-doped). This observation
can be satisfactorily interpreted as results of different incorporation mechanisms between B and Al in
coesite. The predominant B-substitution mechanism in coesite should be an electrostatically coupled
substitution Si4+ = B3+ + H+ [25], which could increase hydration solubility, as compared with the
Si-pure sample R503. In contrast, most of Al cations were incorporated into the internal structure
of coesite by causing oxygen vacancies (2Si4+ = 2Al3+ + OV), which is similar to the Al-substitution
mechanism in stishovite [36,37]. Such Al-corporation may have an effect of reducing water solubility
in coesite, according to the estimated water content in the sample R749. In the case of R749, the atomic
concentration ratio of Al:H reaches more than 24:1, while in the B,Al-doped samples (R694 and
R712), the sums of B and Al atomic concentrations are still four or five times of that for hydrogen.
In addition, we also tried to collect Raman spectra on these samples in the similar frequency range of
3200–3700 cm−1, but no OH-stretching modes were detected due to the low water concentrations (no
more than 60 ppmw).

The magnitudes of the B/106Si and Al/106Si concentrations in this study are about one order of
magnitude higher than those (BR01, BR02, BR03, and BRcal2) from Koch-Müller et al. [25], whereas the
magnitudes of the measured water contents from both studies are in the same range (H/106Si in a few
hundred atomic ppm). The synthetic conditions (including pressure, temperature, heating duration,
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as well as excessive B and Al in the starting materials) are similar or comparable for both studies, while
the main difference is that the Ni:NiO buffer was adopted in Koch-Müller et al. [25] to control water
(oxygen) fugacity. However, it should be also noted that Deon et al. [26] also synthesized a coesite
sample with 1600 atomic ppm B (B/106Si) and 900 atomic ppm H (H/106Si), both of which are even
higher than those in our sample R663, at a P-T condition of 9.1 GPa and 1673 K.

Hence, the B and Al solubilities in coesite at high P-T conditions still need to be carefully examined,
and the effect of oxygen fugacity should also be taken into consideration. What is more important,
Koch-Müller et al. [25] measured B and Al concentrations by ion microprobe [38], whereas we used
fs-LA–ICP-MS in this study, as well as EPMA to cross check the Al content in the sample R749. Hence,
discrepancies between different analytical methods in different laboratories should also be considered.

3.2. Crystal Structures

The space group of coesite is C2/c, and SiO4 tetrahedra form an infinite three-dimensional
framework of a (b-unique) monoclinic structure (Figure 2). There are a total of two Si sites (Si1
and Si2) and five O sites (special O1 and O2 sites, as well as general O3, O4, and O5 ones) in the
lattice. The refined crystal structures in this study are consistent with the previous studies [10,39–43].
The measured unit-cell volumes of the B-doped (R663), B,Al-doped (R694 and R712), and Al-doped
(R749) samples differ −0.15%, −0.3 to about −0.4%, and +0.1%, away from that for the Si-pure one
(R503), respectively, while such differences are significantly larger than the experimental uncertainty
from single-crystal XRD. Hence, even a few hundred ppm concentrations of B and Al trace elements
could have noticeable impact on the volume of coesite, and a similar phenomenon was also noted by
Koch-Müller et al. [25].

Crystals 2019, 9, x FOR PEER REVIEW 8 of 20 

 

 

Figure 2. Crystal structure of coesite sketched on the basis of the structure refinement for the sample 
R503 in this study. The smaller (at centers of tetrahedra) and larger balls represent Si and O atoms, 
respectively. 

To further investigate any B and Al effects on the internal structure of coesite, we conducted 
structure refinements on these five synthetic samples. The calculated bond lengths and angles are 
listed in Table 4, using the software package XTALDRAW [44]. As compared with the Si-pure sample 
(R503), the B-doped (R663) and B,Al-doped (R694 and R712) ones exhibit significantly shorter Si1–O4 
and Si1–O5 bond lengths, while the Al-doped one (R749) shows noticeably longer Si2–O4 and Si2–
O5 bond lengths, which are generally consistent with the order of cation sizes of B3+ < Si4+ < Al3+. The 
Si2–O3 bond length for R503 is longer than those for other samples. In addition, there are no 
significant differences for the O–Si–O bond angles among these samples. Hence, we proposed that 
the B3+ cations may concentrate in the smaller Si1 tetrahedra, while the Al3+ cations would prefer the 
larger Si2 tetrahedra. The B,Al-coupled substitution seems to collapse the lattice structure even more, 
as compared with the case with only B substitution in coesite.  

Table 4. Bond lengths (Å), bond angles (°), and polyhedral volumes (Å3). 

 R503 R663 R694 R712 R749 
Si1–O1 1.5966 (8) 1.5968 (7) 1.5949 (5) 1.5953 (7) 1.5980 (6) 
Si1–O3 1.6134 (16) 1.6130 (20) 1.6105 (15) 1.6120 (20) 1.6134 (17) 
Si1–O4 1.6146 (19) 1.6090 (30) 1.6088 (16) 1.6120 (20) 1.6106 (19) 
Si1–O5 1.6230 (20) 1.6184 (19) 1.6191(14) 1.6205 (19) 1.6229 (16) 

<Si1–O>  1.6119 (22) 1.6093 (19) 1.6083 (13) 1.6100 (16) 1.6112 (16) 

Figure 2. Crystal structure of coesite sketched on the basis of the structure refinement for the
sample R503 in this study. The smaller (at centers of tetrahedra) and larger balls represent Si and O
atoms, respectively.



Crystals 2019, 9, 642 8 of 18

To further investigate any B and Al effects on the internal structure of coesite, we conducted
structure refinements on these five synthetic samples. The calculated bond lengths and angles are
listed in Table 4, using the software package XTALDRAW [44]. As compared with the Si-pure sample
(R503), the B-doped (R663) and B,Al-doped (R694 and R712) ones exhibit significantly shorter Si1–O4
and Si1–O5 bond lengths, while the Al-doped one (R749) shows noticeably longer Si2–O4 and Si2–O5
bond lengths, which are generally consistent with the order of cation sizes of B3+ < Si4+ < Al3+.
The Si2–O3 bond length for R503 is longer than those for other samples. In addition, there are no
significant differences for the O–Si–O bond angles among these samples. Hence, we proposed that
the B3+ cations may concentrate in the smaller Si1 tetrahedra, while the Al3+ cations would prefer the
larger Si2 tetrahedra. The B,Al-coupled substitution seems to collapse the lattice structure even more,
as compared with the case with only B substitution in coesite.

Table 4. Bond lengths (Å), bond angles (◦), and polyhedral volumes (Å3).

R503 R663 R694 R712 R749

Si1–O1 1.5966 (8) 1.5968 (7) 1.5949 (5) 1.5953 (7) 1.5980 (6)
Si1–O3 1.6134 (16) 1.6130 (20) 1.6105 (15) 1.6120 (20) 1.6134 (17)
Si1–O4 1.6146 (19) 1.6090 (30) 1.6088 (16) 1.6120 (20) 1.6106 (19)
Si1–O5 1.6230 (20) 1.6184 (19) 1.6191(14) 1.6205 (19) 1.6229 (16)
<Si1–O> 1.6119 (22) 1.6093 (19) 1.6083 (13) 1.6100 (16) 1.6112 (16)
Poly. Vol. 2.1485 (25) 2.1382 (30) 2.1344 (24) 2.1415 (21) 2.1457 (20)

Si2–O2 1.6130 (12) 1.6147 (12) 1.6109 (7) 1.6121 (11) 1.6121 (9)
Si2–O3 1.6194 (18) 1.6125 (19) 1.6150 (14) 1.6150 (20) 1.6160 (16)
Si2–O4 1.6050 (20) 1.6060 (30) 1.6049 (15) 1.6046 (19) 1.6111 (18)
Si2–O5 1.6200 (20) 1.6213 (19) 1.6191 (14) 1.6194 (19) 1.6283 (17)
<Si2–O> 1.6144 (23) 1.6136 (22) 1.6125 (14) 1.6128 (12) 1.6169 (6)
Poly. Vol. 2.1579 (24) 2.1563 (30) 2.1515 (18) 2.1522 (22) 2.1645 (20)

O1–Si1–O3 110.37 (9) 110.28 (9) 110.35 (6) 110.41 (8) 110.32 (7)
O1–Si1–O4 109.41 (8) 109.34 (8) 109.33 (5) 109.28 (8) 109.32 (6)
O1–Si1–O5 109.94 (8) 110.03 (16) 109.83 (6) 109.75 (8) 109.80 (7)
O4–Si1–O3 110.26 (11) 110.51 (12) 110.34 (9) 110.30 (11) 110.39 (10)
O4–Si1–O5 108.86 (10) 108.81 (12) 108.91 (8) 108.92 (10) 108.92 (9)
O3–Si1–O5 107.97 (10) 107.84 (11) 108.05 (7) 108.14 (10) 108.05 (9)
O2–Si2–O4 109.30 (11) 109.41 (10) 109.37 (7) 109.30 (10) 109.48 (8)
O2–Si2–O5 110.35 (11) 110.22 (12) 110.21 (8) 110.22 (12) 110.17 (10)
O3–Si2–O2 109.42 (8) 109.56 (10) 109.75 (7) 109.75 (9) 109.55 (8)
O3–Si2–O4 108.80 (10) 108.93 (12) 108.71 (8) 108.69 (11) 108.72 (10)
O3–Si2–O5 109.47 (10) 109.35 (10) 109.45 (7) 109.54 (10) 109.55 (8)
O5–Si2–O4 109.45 (11) 109.35 (11) 109.25 (7) 109.31 (10) 109.23 (9)

3.3. Lattice Vibrations and Grüneisen Parameters γiP

The Raman spectra measured at ambient condition (in the frequency range up to 1200 cm−1)
are shown in Figure 3 for these synthetic samples. The fitted peak positions are listed in Table S2,
and the vibrational bands at 521 cm−1 are always detected with most intensity. The Raman spectra are
essentially the same among these coesite samples, while the most noticeable difference is that for the
Al-doped samples (R694, R712, and R749). The intensities of the Raman modes at 151 and 178 cm−1 are
relatively stronger and even comparable to the one at 119 cm−1, as compared with those for the Al-free
samples (R503 and R663). There are a total of 33 Raman-active modes (16 Ag(R) + 17 Bg(R)) as well as
36 IR-active modes (18 Au(IR) + 18 Bu(IR)) predicted for coesite [16,17], while fewer peaks are detected
in this Raman measurement.
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Figure 3. Raman spectra obtained at ambient condition for these synthetic coesite samples.

Next, we carried out in-situ high-temperature Raman experiments on the Si-pure (R503), B-doped
(R663), Al-doped (R749), and B,Al-doped (R712) samples, as well as low-temperature measurement on
R503. The representative Raman spectra for R503 at various temperatures are shown in Figure 4A as an
example, while the high-T spectra for other coesite samples are deposited in the supplementary Figure
S1 (See Supplementary Materials). The R503 sample was heated up to the temperature of 1500 K, and
no phase transition was detected throughout the heating procedure. Although the signals got weaker
and the background radiation became stronger especially at high temperatures above 1300 K, most of
the Raman peaks could still be distinguished and fitted at the high temperatures. Another spectrum
was recorded when the temperature was quenched to room temperature, and no clear shifts were
observed among these Raman bands compared with those before heating (Figure 4B). Meanwhile,
Bourova et al. [11] superheated a coesite sample to the temperature of 1776 K (at ambient pressure),
which was 900 K higher than the predicted metastable melting point [45], and the coesite sample
remained stable without any significant phase transition, melting, or amorphization. On the other
hand, Liu et al. [19] reported amorphization of a hydrous coesite sample at a relatively low temperature
of 1473 K. (See Supplementary Materials).
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Figure 4. (A) Selected Raman spectra for the sample of R503 at various temperatures; (B) comparison
of the Raman spectra taken before and after heating.

Variation of these Raman-active modes for R503 is plotted as a function of temperature in
Figure 5A–C, and the data points at low temperatures are in consistence with those at high temperatures
(Figures S2–S4 for R663, R712, and R749, individually). All these bands systematically shift to a lower
frequency at elevated temperature, and linear regression was fitted to each mode with the negative
slopes (δνi/δT) (at P = 0 GPa) (Table S2). The values of (δνi/δT)P are typically in the range of −0.01
to about −0.03 (cm−1

·K−1) for the modes below 350 cm−1 or above 700 cm−1, while −0.002 to about
−0.007 (cm−1

·K−1) for the ones in the range from 350 to 700 cm−1. Our result is essentially in agreement
with the previous high-temperature Raman studies on SiO2-pure coesite [17,46].
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Figure 5. Variation of the frequencies for the Raman-active modes (R503) with temperature, in the
frequency ranges of (A) 0–400 cm−1, (B) 400–800 cm−1, and (C) 800–1200 cm−1. Linear regression is
fitted for each dataset.

The isobaric mode Grüneisen parameter (γiP) is defined as

γiP = −
1

α · vi
·

(
∂vi
∂T

)
P

, (3)

where α is the averaged volumetric thermal expansion coefficient (α = 8.4 × 10−6 K−1 for coesite [11]).
The calculated γiP parameters are shown in Figure 6A for the samples of R503, R663, R712, and R749.
The Raman-active modes above 400 cm−1 are mostly associated with the internal bending and
stretching vibrations of SiO4 tetrahedra linked in a three-dimensional framework for coesite [17,19,47].
The corresponding γiP parameters (1.4–3.2) are systematically larger than those internal modes (0–1.4)
for isolated SiO4 units as in forsterite (Mg-pure olivine) [48,49] and pyrope garnet [50], as well as
a one-dimensional Si2O6 chain as in enstatite (MgSiO3-orthorpyroxene) [51], which are the most
abundant minerals in the upper mantle above 410-km seismic discontinuity. Although the magnitudes
of the (δνi/δT)P slopes are similar among these studies, the thermal expansion coefficient for coesite [11]
is much smaller as compared with these silicate minerals [52–54]. On the other hand, for the bands
below 350 cm−1, which are typically attributed to the external vibrations of SiO4 tetrahedra in coesite,
the values of γiP Grüneisen parameters are distributed in a much wider value range from −5 to 20.

Next, the differences of the γiP parameters among the samples of R663, R712, R749, and R503
(reference) are plotted in Figure 6B. The most significant difference is that in the frequency range below
350 cm−1, the γiP parameters for the Al-doped samples (R712 and R749) are systematically lower than
those for the Al-free ones (R503 and R663), while no such differences are observed above 400 cm−1.
When the Al3+ cations take the place of Si4+ in the tetrahedra, the thermal response of the enlarged
tetrahedra units could get hindered to some extent at high temperature, while the smaller B3+ cations
do not show such an effect on the external vibrations of the tetrahedra units in coesite.
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3.4. OH-Stretching Modes at High Temperature

The selected high-temperature FTIR spectra for R503 are shown in Figure 7A in the temperature
range up to 1150 K (Figure S5 for other coesite samples). The IR signal became weaker and broader at a
higher temperature, which might be caused by rapid proton hopping between adjacent O atoms [55,56],
as well as a black body radiation effect. Above 700 K, the broadened OH-stretching modes of v1,
v2a,b, and v3 (in the frequency range of 3450–3600 cm−1) merge to be a broad hump and could not
be distinguished from each other. The weak and discrete v4 band (around 3300 cm−1) vanishes very
quickly and cannot be detected above 500 K. Another FTIR spectrum was collected when quenched
to room temperature, and all these four OH-stretching bands could be clearly identified at the same
positions as before heating (Figure 7B). The integrated absorbance for all these OH modes is about
80% of that before heating, and then 20% of the OH groups in the sample could be dehydrated during
the heating procedure up to 1150 K. On the other hand, 30–40% dehydration was also observed for
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other samples at temperatures of up to 1000–1100 K, by comparing the integrated IR absorbance of
the OH-stretching modes before and after heating. Meanwhile, Liu et al. [19] also conducted high-T
FTIR measurement on hydrous coesite, and they observed noticeable dehydration above 870 K as well
as completed dehydration at the temperature of 1473 K. In addition, we also conducted reflectance
FTIR measurements [56,57] on these coesite samples. Nevertheless, due to the low water contents,
the signals are significantly weaker as compared with those collected in the transmission method at
ambient condition, and the OH bands could not be observed in the reflectance IR spectra above 500 K.
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Figure 7. (A) Representative spectra for the sample of R503 at elevated temperatures; (B) comparison
of the OH-stretching bands measured before and after heating.

Variations of the OH bands with temperature are plotted in Figure 8A–D for samples R503, R663,
R694, and R749. Throughout the high-T measurments, the modes of v2a,b, v3, as well as v6 (for B-doped
samples of R663 and R712) were observed to show a ‘blue-shift’ with a slope (δνi/δT)P of +0.01 to about
+0.20 cm−1

·K−1, whereas a slight ‘red shift’ is detected for the v1 mode (at a high frequency of around
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3600 cm−1) with a temperature derivative of –0.08 to about –0.20 cm−1
·K−1. Above 600–700 K, these

OH vibrations cannot be distinguished from each other, and the broad hump is observed to gradually
move to a higher frequency at a higher temperature, with a temperature dependence of +0.05 to about
+0.09 cm−1

·K−1. In addition, the v4 mode also shows a ‘blue shift’ with temperature increasing to below
500 K.Crystals 2019, 9, x FOR PEER REVIEW 16 of 20 
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Figure 8. The frequencies of the OH-stretching modes as a function of temperature for the samples of
(A) R503, (B) R663, (C) R694, and (D) R749. Linear regression lines are fitted (Table S3), and the vertical
error bars represent the full-width of half maximum for each OH-stretching mode.

The OH-stretching modes observed in this study (in the frequency range above 3300 cm−1 with
O...O distance of >2.74 cm−1) should be attributed to protonation outside SiO4 tetrahedra with the
OH bonds pointing away from the centers of the tetrahedra [24–26]. The oxygen anion, that belong
to different SiO4 tetrahedra, may try to get away from each other during the thermal expansion and
relaxation procedure at high temperature (i.e., the O...O distance between tetrahedra becomes larger).
Consequently, we observe a ‘blue shift’ for most of the OH-stretching bands in the high-temperature
FTIR measurements. On the other hand, Koch-Müller et al. [25] reported that some other OH-stretching
modes (v7, v8, v9, and v10 in the wavenumber range of 3370–3470 cm−1) shift to higher frequencies at a
high pressure of up to 10 GPa.
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4. Conclusions

(1) We synthesized several hydrous coesite samples with different B and Al compositions at pressures
of about 5–7.5 GPa (1273 K) in the multi-anvil press. The concentrations of the B/Al trace
elements were measured by fs-LA–ICP-MS, while H2O contents were estimated by FTIR. The B
concentrations are more than 400 atomic ppm (B/106Si) with ~350 ppmw H2O, while the Al3+

contents are about 1100–1300 atomic ppm, which were cross checked by both ICP-MS and
EPMA. Al-substitution significantly reduces the hydrogen concentration in coesite. Hence,
the mechanism controlled by oxygen vacancies (2Si4+ = 2Al3+ + OV) may be dominant for the Al
incorporation, which is similar to that in aluminous stishovite, while the B incorporation may
prefer the electrostatically coupled substitution (Si4+ = B3+ + H+);

(2) The doped B3+ and Al3+ cations would prefer the Si1 and Si2 tetrahedra, respectively, and the
single-crystal structure refinements reveal that B3+ significantly shortens the Si1–O4 and Si1–O5
bond lengths, whereas Al3+ noticeably elongates the Si2–O4 and Si2–O5 distances;

(3) In-situ high-temperature Raman spectra were collected on these synthetic samples of up to 1500 K
(at ambient condition), and no amorphization of phase transition was observed throughout the
heating procedures. The derived isobaric mode Grüneisen parameters (γiP) for the external
vibrations of SiO4 units (below 350 cm−1) are significantly reduced for the Al-doped samples,
as compared with the Al-free ones. Hence, the relaxation of the SiO4 units might be hindered
to some extent due to the enlarged tetrahedra units by Al-substitution. On the other hand,
the γiP parameters for the internal bending and stretching modes of SiO4 tetrahedra in coesite
(above 400 cm−1) are significantly larger than those of most silicate minerals, due to the abnormally
small thermal expansion coefficient for coesite;

(4) The OH-stretching modes v1, v2a,b, v3, and v4 are observed for all these hydrous samples with the
various compositions, and another strong band v6 is also observed for the B-doped ones. Most of
these OH vibrational modes shift to higher frequencies at elevated temperatures (except the weak
v1 mode around 3600 cm−1), implying that the O...O distances between different SiO4 gets longer
during the thermal relaxation of the lattice framework at a high temperature. On the other hand,
about 20–40% dehydration of OH groups were observed for these hydrous coesite samples at
high temperatures above 1000 K at ambient pressure.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/9/12/642/s1,
Figure S1. Selected high-temperature Raman spectra as well as the pattern taken when quenched to room
temperature for the samples of (A) R663, (B) R712 and (C) R749. Figure S2. The frequencies for the Raman-active
modes as a function of temperature for the sample of R712: (A) 0–400 cm−1, (B) 400–800 cm−1 and (C) 800–1200 cm−1.
Linear regression is fitted for each dataset. Figure S3. The frequencies for the Raman-active modes as a function of
temperature for the sample of R663: (A) 0–400 cm−1, (B) 400–800 cm−1 and (C) 800–1200 cm−1. Linear regression
is fitted for each dataset. Figure S4. The frequencies for the Raman-active modes as a function of temperature for
the sample of R749: (A) 0–400 cm−1, (B) 400–800 cm−1 and (C) 800–1200 cm−1. Linear regression is fitted for each
dataset. Figure S5. Representative FTIR spectra obtained at high temperatures as well as when quenched to room
temperature for the samples of (A) R663, (B) R694 and (C) R749. Table S1. Anisotropic displacement parameters
(Å2) for the synthetic coesite samples in this study. Table S2. The frequencies of the Raman-active modes at
ambient condition, as well as the temperature dependence and γiP parameters. Table S3. The frequencies of the OH
bands by FTIR measurement at ambient temperature if not noted, as well as their temperature dependence. The cif
files are for the single-crystal structure refinements for the five coesite samples (R503, R663, R694, R712 and R749).
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