Eur. J. Mineral., 32, 505-520, 2020
https://doi.org/10.5194/ejm-32-505-2020

© Author(s) 2020. This work is distributed under
the Creative Commons Attribution 4.0 License.

European Journal of »
Mineralogy Y

Low-temperature infrared spectrum and atomic-scale
structure of hydrous defects in diopside

Etienne Balan', Lorenzo Paulatto', Jia Liu*>3, and Jannick Ingrin>->

ISorbonne Université, CNRS, MNHN, Institut de Minéralogie, de Physique des Matériaux et de Cosmochimie
(IMPMC), 4 place Jussieu, 75252 Paris CEDEX 05, France
2Univ. Lille, CNRS, INRAE, ENSCL, UMR 8207 — UMET — Unité Matériaux et Transformations,
59000 Lille, France
3School of Earth Sciences, Zhejiang University, Hangzhou, 310027, China

Correspondence: Etienne Balan (etienne.balan @sorbonne-universite.fr)

Received: 24 May 2020 — Revised: 18 September 2020 — Accepted: 29 September 2020 — Published: 14 October 2020

Abstract. Hydrous defects in diopside (CaMgSi,O¢) play an important role in the water budget of the Earth’s
mantle. Related OH-stretching modes lead to a variety of infrared absorption bands observed in natural or ex-
perimental samples. In the present study, we report new low-temperature infrared spectra of reference natural
diopside samples in the OH-stretching range. In parallel, the structure and vibrational properties of a series of
OH-bearing defects in diopside are theoretically determined at the density functional theory level. The infrared
spectra make it possible to resolve additional bands in the region above 3600 cm™! and reveal that their anhar-
monic behavior differs from that of the bands at lower frequency. A comparison of theoretical results with ex-
perimental data makes it possible to propose atomic-scale geometries corresponding to observed OH-stretching
bands. It confirms that the bands observed at 3620-3651 cm™! are related to M3+ ions substituted for Si in
tetrahedral sites, while the 3420 cm~! band is associated with the Na™t for Ca®t substitution. In both cases,
H™ incorporation compensates the charge deficit due to the heterovalent substitution. The other major mecha-
nism of water incorporation in diopside relates to the charge compensation of cationic vacancies, among which
Ca vacancies play a central role. The 3357 cm™! band corresponds to doubly protonated Ca vacancies in pure
diopside. In experimental diopside-bearing trivalent cations, the bands at 3432-3460 cm™~! correspond to singly
protonated Ca vacancies with a nearby octahedral M>* ion, while the 3310cm™" band likely involves a more
remote charge compensation by M3 ions. More complex defects associating Ca vacancies with tetrahedral M3
and octahedral Ti** ions are proposed for the bands observed between 3500 and 3600 cm™! in natural diopside.
The Fe?* for Mg?* and Fe?* for Ca’T substitutions are also found to affect nearby OH-bearing defects, causing
a shift and broadening of OH stretching bands in chemically more complex diopside samples.

1 Introduction

Diopside is considered a major host of “water” in the upper
mantle (e.g., Demouchy and Bolfan-Casanova, 2016) con-
tributing to the Earth global budget of water. As in other nom-
inally anhydrous minerals, water occurs as hydroxyl groups
associated with cationic vacancies or chemical impurities,
ensuring the electric neutrality of the defective crystal (e.g.,
Keppler and Smyth, 2006; Skogby, 2006). The occurrence of
OH groups at low concentration in natural and experimen-
tal samples of diopside is attested by their characteristic OH

stretching bands in Fourier-transform infrared (FTIR) spec-
tra. Various bands differing in position and pleochroism have
been identified and categorized. In pure diopside, the spec-
tra display a prominent band observed at 3357 cm ™! and as-
cribed to divalent cation vacancies compensated by two pro-
tons (Stalder and Ludwig, 2007; Sundvall et al., 2009; Pur-
win et al., 2009). At variance, natural samples, as well as ex-
perimental samples doped with chemical impurities, display
a larger variety of signals. The spectra of diopside, contain-
ing trivalent cations and synthesized at 20 kbar under silica
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saturation, display two additional bands, one at 3310 cm™!
and the other one observed between 3432 and 3462 cm ™! de-
pending on the nature of the trivalent impurity (Stalder and
Ludwig, 2007). Band absorbances generally follow the or-
der E//y > E//B=E//a, where «, § and y correspond
to the principal axes of the optic indicatrix and E denotes
the polarization of the infrared beam. Under the same condi-
tions, sodium-bearing samples display a band at 3428 cm™!
with the absorbance order E//B = E//a > E//y (Purwin
et al., 2009). Al-bearing synthetic samples can also display
an absorption band at 3650 cm™!, as well as a doublet at
~ 3450 and ~ 3500 cm~!, depending on the synthesis con-
ditions (Gavrilenko et al., 2010). Absorption bands above
3600cm™! have been reported in experimental Fe-bearing
samples (Skogby, 1994) and natural samples (Ingrin et al.,
1989; Johnson et al., 2002; Andrut et al., 2007). Their ab-
sorbance follows the order E//B > E//a > E//y, and they
are usually ascribed to the coupled incorporation of triva-
lent cations and protons at the tetrahedral Si site (e.g., Beran,
1976; Skogby et al., 1990; Johnson et al., 2002; Bromiley et
al., 2004; Gavrilenko et al., 2010). In natural samples, the ori-
gin of several bands observed between 3500 and 3600 cm™!
is still debated (e.g., Yang et al., 2019; Azevedo-Vannson et
al., 2020). These bands are prominent in uncommon spectra
of upper-mantle xenoliths (Denis et al., 2015; Patké et al.,
2019; Azevedo-Vannson et al., 2020).

In the present study, we report new low-temperature in-
frared spectra of natural diopside samples previously investi-
gated by Ingrin et al. (1989), Andrut et al. (2007), and Yang et
al. (2019). In parallel, we use a quantum-mechanical model-
ing approach to investigate the structure and infrared spectro-
scopic properties of a series of OH-bearing defects in diop-
side. This approach has been previously used to interpret the
infrared spectrum of OH defects in important silicate-group
minerals (e.g., Wright, 2006; Balan et al., 2011, 2013, 2017,
Blanchard et al., 2009, 2017; Ingrin et al., 2014; Jollands et
al., 2020). Combining experimental observations and theo-
retical results provides important constraints to help unravel
the atomic-scale structure of OH defects in diopside.

2 Methods
2.1 Low-temperature infrared spectroscopy

The samples are well-characterized gem-quality diopside
crystals from Austria and Russia previously investigated
by Ingrin et al. (1989), Andrut et al. (2007), and Yang et
al. (2019). Their composition is close to the endmember
composition: Cag 97Cro.01Mg( 97Fe0.04Al0.01511.990¢ and
Cag.99Mng 01 Mg g4Feo.06Alo.01511.9906 for the Russian and
Austrian samples, respectively. For the Russian sample, in-
frared transmission spectra have been recorded at a 2 cm™!
resolution with 128 scans accumulated per spectrum us-
ing a cryogenic cell cooled with a liquid helium sys-
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tem and a Brucker FTS-IFS 66v spectrometer from Insti-
tut d’ Astrophysique Spatiale (IAS), Orsay, France. For this
analysis, unpolarized measurements were performed on two
pieces of the same slice of the Russian diopside. One piece
was heated in air at 1000 °C for 320 h in order to remove all
hydrogen present in the sample and was used to build refer-
ence spectra collected at the different temperatures. The re-
ported spectra were then collected on the second untreated
piece using the reference spectrum for background correc-
tion. For the Austrian sample, the spectra have been recorded
at a resolution of 2cm™! with 150 scans accumulated per
spectrum using a Perkin Elmer GX2000 spectrometer. The
temperature was monitored using a Linkam FTIR600 stage
cooled with liquid nitrogen with ZnSe windows dedicated to
infrared measurements, and the background was measured
for each temperature through the cooling stage (Ingrin et al.,
2013). A polynomial baseline was subtracted from the spec-
trum.

2.2 Theoretical modeling of OH defects

The properties of OH defects have been theoretically investi-
gated within the density functional theory (DFT) framework
using the PWscf code of the Quantum ESPRESSO package
(Giannozzi et al., 2009; http://www.quantum-espresso.org,
last access: 1 October 2020). The modeling scheme used the
generalized gradient approximation (GGA) to the exchange-
correlation functional as proposed by Perdew, Burke and
Ernzerhof (PBE functional; Perdew et al., 1996), and peri-
odic boundary conditions. The ionic cores were described
using optimized norm-conserving Vanderbilt (ONCV) pseu-
dopotentials (Hamann, 2013; Schlipf and Gygi, 2015) with a
80 Ry cutoff on the electronic wave functions, as in Balan et
al. (2019) and Jollands et al. (2020). Structural properties of
OH-bearing defects were determined using 1 x 1 x 2 diopside
supercells (80 atoms) containing up to four hydrogen atoms.
Brillouin zone sampling for the electronic integration was
restricted to the I' point. Unit-cell parameters of pure diop-
side (monoclinic, S.G. C2/c) were optimized at zero pressure
(a=9.88A, b=9.02A, c =5.33A, B =106.5°) and were
used without further relaxation to produce the OH-bearing
supercells. As usually observed in DFT modeling of silicates
performed at the GGA level, the theoretical cell lengths are
overestimated with respect to those determined experimen-
tally (¢ =9.745A, b =8.899 A, ¢ =5.251 A, B = 105.63°;
Cameron et al., 1973). For all systems, the relaxation of
atomic internal coordinates was performed until the residual
forces were less than 10~ Rya.u."!. For models contain-
ing isolated paramagnetic cations (Ti**, Cr’t, Fe3t, Fe?t),
spin-polarized calculations have been performed imposing
the high-spin state of the ion to the supercell.

The vibrational modes, the Born effective charge tensors
and the electronic dielectric tensor were calculated at the
Brillouin zone center (I point) using the linear response the-
ory (Baroni et al., 2001) as implemented in the PHonon code
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(Giannozzi et al., 2009; http://www.quantum-espresso.org;
last access: 1 October 2020). The high-frequency OH stretch-
ing modes that are decoupled from the other vibrational
modes occurring at a significantly lower frequency can be
accurately calculated by only considering the displacement
of the oxygen and hydrogen atoms involved in OH groups
(Balan et al., 2008). The complex low-frequency dielec-
tric permittivity tensor has been calculated for each defect
by adding only the ionic contributions related to the OH-
stretching modes to the electronic permittivity tensor and us-
ing an arbitrary damping parameter of 4 cm™!, accounting
for the width of absorption bands (Balan et al., 2008). For
a symmetry lower than orthorhombic, the orientation of the
principal axes of the dielectric tensor of the pristine or defec-
tive crystal is not fully constrained by the crystal symmetry.
The principal axes of the index and absorption tensors may
thus differ, which complicates the straightforward computa-
tion of the infrared absorption spectrum (e.g., Sambridge et
al., 2008). To circumvent this difficulty, the anisotropy of the
electronic contribution to the dielectric tensor was neglected
as this anisotropy marginally affects the value of the absorp-
tion coefficient. Infrared absorption coefficients were then
computed for polarizations parallel to the axes of an orthogo-
nal frame (v, u8, and uy ) chosen such that it approximately
coincides with the experimentally determined principal axes
of diopside optic indicatrix (e.g., Hess, 1949). The uf orien-
tation is parallel to the crystal b axis, and uy forms an angle
of 40° with the ¢ axis and u« an angle of 23.5° with the a
axis. In the following, uc, uf and uy refer to the theoretical
axes, while «, 8 and y refer to the experimental geometry.

3 Results
3.1 Low-temperature infrared spectra of diopside

The infrared spectra of reference diopside samples (Fig. 1)
display a series of well-resolved OH-stretching bands char-
acteristic of OH defects in diopside (e.g., Ingrin et al., 1989;
Andrut et al., 2003, 2007; Yang et al., 2019). An asymmet-
ric band at 3646-3650 cm ™! with a shoulder at ~ 3611 cm™!
is observed at near-ambient temperature in both samples.
Two bands at 3528 and 3550 cm™! significantly contribute
to the spectrum of the Russian sample, while their relative
intensity is weaker in the Austrian sample. In contrast, the
Austrian sample displays two additional bands at 3466 and
3358 cm™!. The low-temperature spectra reveal that the be-
havior of bands above 3600 cm™! differs from that of the
bands observed at lower frequency, although a narrowing
is observed for all the bands. Moderate shifts are observed
for the bands toward 3358 (—3cm™!), 3466 (< lem™),
3528 (< 1ecm~ 1y and 3550 cm™! (+7 cm™1). In contrast, the
band at 3646-3650 cm™! shifts to 3663 cm™!, i.e., by +13—
17cm™!, corresponding to a slope of ~ 0.07 cm™! K~!. The
shoulder at ~ 3611 cm™! leads to a well-resolved band at
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Figure 1. Infrared absorption spectra of Russian and Austrian diop-
side samples recorded at near-ambient and low temperatures. Note
the significant positive shift and narrowing of the bands observed at
frequencies above 3600 em~ !

3623 cm~! at low temperature (+8 cm™!), and an additional
component is revealed at 3655 cm™~! in the Austrian sample.
In the Russian sample, this additional component is not re-
solved but explains the asymmetry of the 3663 cm~! band.
Note that the different recording temperature of the Russian
(54 K) and Austrian (79 K) samples should not affect the rel-

ative position of the bands by more than 2 cm™!.

3.2 Theoretical models of OH defects

The structure of diopside (Fig. 2a) displays single chains of
SiO4 tetrahedra (T sites) parallel to the ¢ axis. The Mg?"
cations sit in chains of edge-sharing octahedra (M1 sites) be-
tween the apices of the tetrahedra. The 8-fold coordinated
Ca®* cations occupy larger M2 sites forming chains between
the bases of the tetrahedra. Both M1 and M2 sites are located
on a 2-fold symmetry axis parallel to the [010] direction.
Three nonequivalent oxygen atoms occur in the structure.
The O1 oxygen corresponds to the apex of silicate tetrahedra
and is connected to two M1 cations and one T cation. The
02 oxygen is linked to one T, one M1 and one M2 cation
resulting in some degree of underbonding. In contrast, the
03 oxygen bridges two T cations and is slightly overbonded
due to the proximity of the M2 cation. Starting configura-
tions of neutral OH-bearing defects related to cation vacan-
cies or chemical impurities have thus been constructed based
on an educated guess assuming that protons are preferentially
located in the proximity of the most severely underbonded
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Figure 2. (a) Structure of diopside viewed along the [001] direction.
(b) Structure of the (4H+)§i defect in diopside viewed along the
[001] direction (model 1, Table 1). (¢) Structure of the (2H+)1\X/l2 de-
fect in diopside viewed along the [010] direction (model 2, Table 1).
Note the two O2-H groups lying in the (001) plane. (d) Structure
of the (2H+)ICIl defect in diopside viewed along the [100] direc-
tion (model 4, Table 1). Atom colors — Si: blue; oxygen: red; Mg:
orange; Ca: greyish blue; H: light pink.

oxygens. The theoretical properties of OH groups in relaxed
models are summarized in Tables 1 and 2.

3.2.1 OH-bearing defects driven by vacant or
substituted tetrahedral sites

The charge compensation requirements related to the re-
moval of a Si** cation from a T site can be ensured by the
addition of four protons forming four hydroxyl groups asso-
ciated with the vacant T site. In the relaxed configuration of
the (4H+)SXi defect (model 1, Table 1, Fig. 2b), one of the OH
group points out of the T site leading to a relatively short O—
H distance and a high OH stretching frequency (3720 cm™1).
The three other OH groups form H bonds along the edges of
the T site and lead to three vibrational modes between 3300
and 3500cm~! involving the coupled motion of H atoms.
The intensity of the bands at lower frequency is significantly
stronger than that of the 3720 cm™! band (Fig. Al).

Another more complex mechanism ensuring the charge
compensation of an Si vacancy can involve two pro-
tons and a nearby Ti*t for Mgt substitution, leading
to a [(2H+)Si(Ti4+)1v11]X stoichiometry. Among the po-
tential configurations (Appendix B), the most stable one
(model 19, Table 1) leads to stretching frequencies of 3352
and 3494cm~! with dominant polarization along uy and
(ua > up), respectively.
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Tetrahedral sites in diopside are also commonly occupied
by trivalent cations such as A’ and Fe3t. The M3+ for Si**
substitution requires the addition of one proton to ensure the
charge compensation, the underbonded O2 atom appearing
to be the most favorable site for the proton location. A previ-
ous modeling of this defect using empirical potentials also
proposed the O2 atom as the most favorable docking site
for the proton in this coupled substitution scheme (Gatze-
meier and Wright, 2006). The O2-H group in the relaxed
(Al3"’,H"’)SXi model (model 5, Table 1) forms a weak H bond
with an O3 atom and displays a relatively short O2—-H length
(0.969 A), leading to a stretching band at 3688 cm~!. The
band is strongly pleochroic with a very weak contribution for
polarization parallel to uy. The incorporation of a Fe3* ion
instead of AI’* leads to a very similar geometry and almost
identical vibrational properties (model 6, Table 1).

Additional models displaying trivalent cations in tetra-
hedral sites have been obtained by substituting the neigh-
boring Ca’* ion with a smaller Mg>* or Fe?™ ion
— [(APT HD)si(Mg?Mma]*, [(APT HD)si(Fe?pa]*. The
occurrence of Fe?t ion in the M2 site of diopside has been
reported by, for example, Andrut et al. (2003). Although the
orientation of the O2—H group is similar to that observed in
the (Al3+,H+)SXi model, the modification of the loocal envi-
ronment increases the O2-H distance by ~ 0.002 A and de-
creases the OH stretching frequency by 20 to 33 cm™! (mod-
els 25 and 26, Table 2). In contrast, the Fe?>* for Mg+ substi-
tution in the neighboring M1 site increases the OH stretching
frequency by 20 cm~! (model 24, Table 2).

3.2.2 OH-bearing defects driven by vacancies or
impurities in the M2 site

The charge compensation related to the removal of a Ca’*
cation from the M2 site can be ensured by the addition of
two protons, preferentially on the two severely underbonded
02 oxygens. Locating the two hydrogen atoms on O1 atoms
leads to a less stable configuration (by 75kJ mol~!), which
does not confirm the preferred protonation of Ol atoms
in M2 vacancies previously suggested by Gatzemeier and
Wright (2006). After relaxation, the two symmetric O2-H
groups of the (2H“‘)§,12 model are nearly parallel to the ¢
axis with a slight canting in the (100) plane (Fig. 2¢). They
share relatively long H bonds (2.14 A) with the O1 atoms.
Two stretching modes are observed at 3410 and 3413 cm™!,
with polarizations parallel and perpendicular to the b axis,
respectively (model 2, Table 1).

Sodium incorporation in the M2 site of diopside is com-
mon and mostly due to the coupled Na't for Ca®* and AI**
for Mg?* substitutions (jadeite-type substitution). However,
the charge compensation of the Nat for Ca®* substitution
can also be ensured by the addition of a proton near the M2
site. In this case, and consistent with the findings of Gatze-
meier and Wright (2006), the underbonded O2 atom was
considered the favored site for the proton location. After re-
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Table 2. Theoretical properties of selected defects with nearby isovalent substitutions (structure files are provided in the Supplement).

Model Rel. energy? do_H ®OH Shiftd
(kJmol™1) A) (em™1) (em™1)

20 [H )Mo Fe? )y 1% _asym® 0 0.989,0.984 3329,3424  —81,+14
21 [HD)wmo FeH)p 1% _sym® 2.0 0.987,0.987 3385,3388  —25,—22
22 [@H )My (Fe?F)p 1> - 1.005,0.998 2989,3121  —138,—6
23 [QHM)Mmp (TitH)gi]* - 1.000,0.985 3098,3421 —312, +11
24 (AP H)gi(Fe T )p 1% - 0.967 3708 +20
25 [(ABPF H)g(Fe M ppl® - 0.971 3655 -33
26 [(APT HT)siMgZHnal* - 0.970 3668 -20
27 [(IHDpm AR Fe2 M1 1 114 0.978 3561 +10
28 [(IHMpp (ABDNFEe2 12 0 0.980 3523 +17
29 [(IHDwm AP DM (Ti* g% 1 1820 0.979 3559 +8
30 [(IHD)zo ARy (TitH)gi1* 2 8.7° 0.981 3517 +11

4 The relative energy is defined with respect to the most stable configuration of the model with the same stoichiometry. b Reference is

model 17. € In the asymmetric configuration, the 2-fold site symmetry is broken, while it is preserved in the symmetric configuration. d The
shift is calculated with respect to the related model without isovalent substitution (Table 1). For models displaying two close frequencies, the
frequency of the (u,u) polarization has been considered.

Figure 3. (a) Structure of (A13"',H"')SXi defect in diopside viewed
along the [001] direction (model 5, Table 1). (b) Structure of the
(Na™ HT){, defect in diopside viewed along the [001] direction
(model 7, Table 1). (¢) Structure of the [(IHT )y (ADp1%_1 de-
fect in diopside viewed along the [010] direction (model 8, Ta-
ble 1). (d) Structure of the [(1HT )2 (Al)pg 1% _2 defect in diopside
viewed along the [010] direction (model 9, Table 1). Atom colors
are the same as in Fig. 2.

laxation (Fig. 3b), the corresponding model leads to a band
at 3481 cm™! with the following pleochroism: E//uc >
E//uB ~ E//uy (model 7, Table 1).

To complete the picture, a series of M2 vacancy models in
which the charge compensation is only partially ensured by
one H have been considered. In this case, several mecha-
nisms can balance the remaining charge of the defect.

Eur. J. Mineral., 32, 505-520, 2020

Trivalent cations are commonly incorporated in the
smaller octahedral M1 sites of diopside. The corresponding
charge excess can contribute to the compensation of neigh-
boring M2 vacancies. Models of M2 vacancies displaying a
single OH group and associated with trivalent cations (AI’*,
Fe3 T, cr’t and Ti3+) in M1 sites have thus been consid-
ered (models 8-15, Table 1). Two cationic configurations
occur depending on the relative position of the vacant M2
and substituted M1 sites. Not considering the proton loca-
tion, the 2-fold symmetry of the M2 site is broken in con-
figuration 1 (Fig. 3c), while it is preserved in configuration
2 (Fig. 3d). In the Al substituted models, configuration 2 is
more stable than configuration 1 by ~ 9kJImol~! (models 9
and 8, Table 1). Compared with configuration 1, configura-
tion 2 displays a longer O2-H bond and a 45cm™! lower
stretching frequency. For a given configuration, the replace-
ment of AIPT by Fe3 ™, Cr3t or Ti**t cations decreases the
02-H frequency by ~ 40 cm™'. The vibrational and spectro-
scopic properties of the Cr>*- and Ti**-bearing models are
almost identical.

The charge neutrality of an M2 vacancy only displaying
one H* can also be ensured by an electrostatic countercharge
homogeneously distributed over the volume of the super-
cell. This procedure is expected to mimic a more remote
charge compensation mechanism, weakly affecting the lo-
cal geometry of the defect. In the relaxed (1H+)’Ca model,
the orientation of the remaining O2-H group is similar to
that observed for the (2H“')I\X/12 configuration, but the O2-H
bond is slightly longer, decreasing its stretching frequency to
3357 cm~! (model 3, Table 1).

More complex configurations modifying the local envi-
ronment of M2 vacancies displaying two OH groups have
also been investigated. The Tschermak substitution involves
the coupled substitution of two AI’T for one Si** and one
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Figure 4. (a,b) Structure of [(2HT)yp(Ti*H)u(ABPH)gi1%_a
defect in diopside viewed along the [001] (a) and [010]
(b) directions (model 17, Table 1). (¢, d) Structure of
[CH )2 (Ti* D) (AR g 1% _b defect in diopside viewed along
the [001] (¢) and [010] (d) directions (model 18, Table 1). Atom
colors are the same as in Fig. 2.

Mg?* ion, thus ensuring electrostatic neutrality. It is a com-
mon feature of Al-bearing pyroxenes (e.g., Deer et al., 1978).
In this case, a relatively large number of cationic configura-
tions can occur, depending on the relative locations of the
vacant M2, tetrahedral Al and octahedral Al sites. Five M2
vacancy models with a Tschermak-type environment have
been tested. In all the models, the 2-fold symmetry is broken
leading to two OH groups with distinct spectroscopic prop-
erties. In the most stable configuration (model 16, Table 1),
the length (0.984 A) and stretching frequency (3414 cm™")
of the OH group located between the two Al sites are similar
to those determined for the (2H+)f\<,12 model. In contrast, the
O-H distance of the other group decreases to 0.977 A, and
its frequency increases to 3576 cm™!. The other four mod-
els also displayed a splitting of the two OH stretching fre-
quencies with one occurring in the 3425-3356.cm™' range
and the other increasing to the 3510-3580 cm™! range. Sim-
ilar to the Tschermak-type configurations, a series of M2 va-
cancy models displaying a tetrahedral At associated with
a Ti*T ion in a neighboring M1 site were investigated. In this
case, only one OH group ensures a local electrostatic neutral-
ity of the defect (Fig. 4). The two most stable configurations
only differ by 7.5kJ mol~! (models 17 and 18, Table 1). The
O-H distances are still close to 0.977 A leading to stretch-
ing frequencies of 3575 and 3590 cm~!. Chemically equiv-
alent models with inverted cationic configurations (mod-
els 29 and 30, Table 2), i.e., tetrahedral Ti**t and octahedral
AP, are not energetically favored and display stretching fre-
quencies close to their counterparts with full Si occupancy
— [(IH)Ma(AP )i 11 and [(1HF)m2(AP v 1%_2 (Ta-
ble 1).
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Finally, models displaying a Fe>* for Mg?" substitution in
the vicinity of Ca vacancies have been examined (models 20
and 21, Table 2). In the [(2H )Mo (Fe? )y 1 model with
asymmetric cationic configuration, the stretching frequency
of the OH group in the coordination sphere of the Fe>* cation
increases by 14 cm™!, while the other decreases by 81 cm™!.
In the symmetric configuration, the two OH frequencies de-
crease by 22-25cm™!. In this case, none of the OH groups
are directly bonded to Fe**.

3.2.3 OH-bearing defects driven by vacancies in the
M1 site

The underbonding of oxygen atoms resulting from the re-
moval of the central cation from an octahedral M1 site is sig-
nificantly stronger for the two O2 atoms than for the other
four O1 atoms. The relaxed (2H+)§,Il model (model 4, Ta-
ble 1) displays two symmetric O2—-H groups parallel to the
(100) plane and forming hydrogen bonds with neighboring
O1 atoms. This model leads to two stretching modes at 3122
and 3127 cm™! with polarizations parallel and perpendicular
to the b axis, respectively. As for the vacant M2 site, addi-
tional models of M1 vacancies involving nearby cationic sub-
stitutions have also been explored. They will not be discussed
in further detail here because their low stretching frequencies
(< 3200cm™ 1) do not seem to correspond to any experimen-
tal observation on diopside. For example, the Fe>* for Mg?*
substitution in the neighboring M1 site leads to frequencies
of 3121 and 2989 cm™! (model 22, Table 2).

4 Discussion: interpretation of experimental
observations

4.1 General properties of OH-bearing defects in
diopside

The observed correlations between the geometry, the stretch-
ing frequency and the infrared absorption coefficient of OH
groups in diopside (Figs. 5 and 6) are consistent with pre-
vious studies performed at the same theoretical level (e.g.,
Balan et al., 2008, 2011) except for a frequency shift of
~+50cm~! due to the use of different pseudopotentials.
It is expected that the theoretical stretching frequencies ob-
tained in the present study overestimate the frequencies ex-
perimentally observed at ambient temperature by typically
10to 50cm™!, as observed in quartz (Jollands et al., 2020). A
stronger overestimation, amounting to 125 cm~!, has, how-
ever, been recently observed for OH defects in corundum
(Balan, 2020). We will see in the following that the theo-
retical frequencies of OH defects in diopside are systemati-
cally upshifted by ~ 50 cm~! compared to their experimental
counterparts (Fig. 7).

The relation between the stretching frequency and the in-
frared absorption coefficient of OH groups challenges the
use of a single absorption coefficient value for water quan-
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Figure 5. Theoretical OH-stretching frequency (wieo) as a func-
tion of the O-H distance (dpogy). The dotted line corresponds to a
quadratic fit of the data serving as a guide for the eye.
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Figure 6. Theoretical integrated absorption coefficient (Kj,¢) of OH
stretching mode as a function of frequency (wop). Models display-
ing multiple bands (models 1, 16 and 19, Table 1) or a frequency
significantly lower than those experimentally observed (model 4,
Table 1) have not been included in the figure.

tification in pyroxenes and supports the use of wavelength-
dependent calibrations. Furthermore, the observed scatter-
ing of the data indicates that defects with relatively close
stretching frequencies can display significantly different ab-
sorption coefficients. For example, the (Na™ H*){, and
[(IH )Mo (Fe3 )M 1% _1 models (models 7 and 10, Table 1)
are observed at 3481 and 3512 cm™! and display absorption
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Figure 7. Theoretical stretching frequency of OH groups as a func-
tion of experimental frequency for the series of relevant models. The
labels refer to the models of Table 1. The 1 : 1 correlation has been
obtained only using models (5), (7) and (2) (full circles). Alignment
of the other models (open squares) in this correlation supports the
proposed interpretations (see text).

coefficients of 125000 and 100000cm~2L (mol H,O)~!,
respectively. On the experimental side, significant differ-
ences of absorption coefficients have been reported for om-
phacite and augite by Katayama et al. (2006) and Bell et
al. (1995) (83400 vs. 38300 cm~2 L (mol H,0)~!, respec-
tively) despite a moderate variation in average stretching fre-
quencies (3475 vs. 3540 cm™!, respectively). Accordingly,
the present results suggest that improvements in water quan-
tification would require a proper identification of the defects
related to the observed bands and the establishment of proper
site-specific OH absorption coefficients, as previously done,
for example, for olivine (Kovics et al., 2010).

4.2 OH defects in pure diopside

Experimental spectra of OH-bearing synthetic diopside have
been reported by Stalder and Ludwig (2007) and Sundvall et
al. (2009). Under saturated silica conditions, the spectrum is
dominated by a band at 3355 cm ™! with absorbances follow-
ing the order E//y > E//a =~ E//B. The properties of the
observed band are thus consistent with those computed for
the (2H+)f\<,[2 model at 3410 and 3413cm™! (model 2, Ta-
ble 1). Interestingly, the theoretical results indicate that the
band observed for the E//B polarization should be shifted
by a few wavenumbers toward the high frequencies with re-
spect to the bands observed for polarizations in the perpen-
dicular plane. Although this minor shift can go unnoticed in
experimental spectra recorded with a 4 cm™! resolution, this
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theoretical prediction could be tested in future experimental
works.

A weak and broad band without clearly defined pleochro-
ism can also occur at 3230 cm™! in the experimental spectra
of pure diopside (Sundbvall et al., 2009). However, it does not
match any of the presently investigated models. In particular,
it does not correspond to the properties of the (2H™)g;, de-
fects which should occur at significantly lower frequencies.
It can also be noticed that lower frequencies are correlated to
stronger absorption coefficients. Accordingly, it is unlikely
that hydrous vacancies in the M1 site occur in significant
proportions in pure diopside without being noticed. This ob-
servation is consistent with the previous conclusions made
for enstatite that hydrous M vacancies are preferentially as-
sociated with the M2 site (Stalder et al., 2012; Balan et al.,
2012).

Hydrogarnet-type defects corresponding to four hydroxyl
groups located at a tetrahedral site have been reported and
modeled in a number of orthosilicates such as garnet (e.g.,
Nobes et al., 2000, Geiger and Rossman, 2018), zircon (Nas-
dala et al., 2001., Balan et al., 2013) and forsterite (Lemaire
et al., 2004; Berry et al., 2005; Balan et al., 2011, 2017).
Based on the properties of the computed (4H+)§<i model
(model 1, Table 1), this type of defect should lead to a
weak band at high frequency (> 3670 cm™') and a series of
more intense bands in the 3300-3400 cm™! range. Accord-
ing to the current experimental spectra, it seems unlikely that
hydrogarnet-type defects occur at significant concentration
levels in pure diopside.

4.3 OH defects in Na-bearing synthetic diopside

Experimental spectra of Na-doped diopside have been stud-
ied by Purwin et al. (2009). Compared with those of pure
diopside, they display a major band at 3428 cm™! with ab-
sorbances following the order E//a > E//B > E//y. The
properties of this band are consistent with those deter-
mined for the band at 3481 cm™! of the (Nat,H*);, model
(model 7, Table 1), although the theoretical model leads to a
slightly different pleochroism (/e > I8 = I'y). It can be no-
ticed that the relative intensity of the /o and /y components
in the (a, c¢) plane depends on the angles between the optic
and crystal axes, a parameter which is affected by the chem-
ical variability of pyroxenes and can differ from one sample
to the other (e.g., Hess, 1949). The present theoretical model
supports the hydrogen incorporation mechanism proposed by
Purwin et al. (2009).

4.4 OH defects associated with trivalent cations

Trivalent cations in diopside can occur in tetrahedral or oc-
tahedral M1 sites. Incorporation in the M1 sites is gener-
ally favored by high silica activity. In addition, strong crystal
field stabilization precludes the occurrence of Cr’* ions in
tetrahedral sites. Accordingly, the main bands observed in
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the spectra reported by Stalder and Ludwig (2007) should
reflect the preferential incorporation of trivalent cations in
M1 sites. The position of the band observed at 3462, 3443
and 3432 cm™! depends on the nature of the trivalent cation:
Al3+, Fe3* and Cr3+, respectively. Its absorbance follows
the order E//y > E//B = E//a, similar to that observed
for the band related to the doubly protonated M2 vacan-
cies. According to the present results, the bands between
3462 and 3432cm™! can be assigned to an M2 vacancy
displaying one OH group and a nearby trivalent cation oc-
cupying an M1 site in the less symmetric configuration
([(TH M2 (M3 H)v 1% _2; models 9, 11 and 13, Table 1).
For APt and Cr3t, the relative shift of the theoretical fre-
quencies (35 cm™ 1) is consistent with the difference exper-
imentally observed (3462 —3432=30cm™!). The agree-
ment is less good for the Fe3*-bearing model, for which
the other cationic configuration is also found to be more
stable by 9kJmol~! and the experimentally observed band
is at a frequency 10cm™' higher than that observed for
Cr**. This lower agreement can most likely be ascribed to
a lower performance of standard DFT calculations treating
the Fe’T-bearing systems. Beside the signals related to the
(2H)}, and [(IHM)Ma(M3 )M 1¢ defects, the spectra re-
ported by Stalder and Ludwig (2007) in the presence of triva-
lent cations systematically display a band at 3310 cm™! with
the same pleochroism. However, this band does not depend
on the nature of the trivalent cation. The best match with a
theoretical model is observed for the (1H)y,, model (model 3,
Table 1), which involves a homogeneous charge compensa-
tion. Accordingly, this band could be related to isolated OH
groups associated with M2 vacancies and involving a more
remote compensation for the remaining electrostatic charge
by the trivalent cations in octahedral sites.

At variance with those of Stalder and Ludwig (2007),
the infrared spectra of AlI>*-bearing diopside reported by,
for example, Gavrilenko et al. (2010), display a band at
3650 cm™!. This band also commonly occurs in natural diop-
side samples (e.g., Andrut et al., 2007; Johnson et al., 2002)
and in one sample of Purwin et al. (2009) containing Fe3+.
Its absorbance follows the order E//B > E//a> E//y.
These observations are consistent with the properties deter-
mined for the (Al3+,H+)SXi model but also with those of the
(Fe”,H"’)SXi defect; the frequency shift between Al- and Fe-
bearing defects is only 3cm™! (models 5 and 6, Table 1).
This confirms the interpretation previously proposed by Be-
ran (1976) and Bromiley et al. (2004). A band with similar
properties is observed at 3620 cm™! in Fe-bearing diopside
(Skogby, 1994) and can also be ascribed to the (Fe,H")g
defect geometry. Compared with the observations of Purwin
et al. (2009), the significantly lower (30 cm™!) frequency of
the band observed by Skogby (1994) may be explained by
the fact that the Fe-bearing diopsides of Skogby (1994) also
contain a fraction of Fe?" ions in sites near the defect af-
fecting the vibrational frequencies. For example, the pres-
ence of an Fe?' ion in the nearby M2 site decreases the
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Figure 8. Band assignment in the low-temperature infrared spectra
of Russian and Austrian diopside samples.

frequency of the (Al?’J“,HJ“)SXi defect by 33 cm™! (model 25,
Table 2), and a similar frequency lowering can be expected
for the (Fe>*,H")g defect even though a satisfactory the-
oretical modeling of systems containing magnetically cou-
pled Fe ions could not be obtained. In contrast, an Fe>* ion
in the nearby M1 site should increase the vibrational fre-
quency by 20cm™! (model 24, Table 2). Based on these el-
ements, the bands observed at 3663 and 3623 cm™! in the
low-temperature infrared spectrum of the Austrian and Rus-
sian samples (Fig. 8) could be related to (M”,H*);‘i de-
fects with Ca®* (normal occupancy) and Fe?* ions in the
nearby M2 site, respectively; the substitution in the M2 site
explains the shift of 40cm™! between the two bands. The
theoretical shift between the (Al3"’,H"’)SXi or (Fe>™ H")g de-
fects is very small (3cm™!) and consistent with presence of a
component at 3655 cm~!, which is only resolved in the low-
temperature Austrian spectrum. Although uncertainties re-
lated to the modeling approach make it difficult to more pre-
cisely assign the two bands, the correlation observed between
the Al content and the 3645 cm™! band (at ambient tempera-
ture) in a zoned diopside crystal from Austria (Andrut et al.,
2003) suggests that the major component at 3663 cm™~! in the
low-temperature spectra is related to the (Al3+,H+)§<i defect,
while the minor component at 3655 cm™! would correspond
to the (Fe¥™H")g; defect. Consistent with the proposed in-
terpretation of the 3623 cm™! band, Andrut et al. (2003) also
observed a significant partitioning of Fe?>" in the M2 site in
the OH-rich region of the same zoned crystal.

Finally, a sample (Al-Dig7¢) investigated by Gavrilenko et
al. (2010) displays a doublet at ~ 3450 and ~ 3500 cm ™!, the
two components having the same pleochroic properties. As
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discussed above, the band at 3450 cm™! likely corresponds
to the [(1HD)z2(APT)M11%_2 model (model 9, Table 1).
Considering that the other [(1HM)yo(AIPT )N 1%_1 model
(model 8, Table 1), with a less symmetric cationic config-
uration, leads to a stretching frequency 45cm™! higher, it
is reasonable to ascribe the second component experimen-
tally observed at 3500 cm™! by Gavrilenko et al. (2010) to
this other configuration despite its slightly higher energy
(~9kImol™h).

Further constraints can be found by reporting theoreti-
cal frequencies as a function of experimental frequencies
(Fig. 7). For OH groups not involved in strong H bonds, it
is meaningful to assume that the discrepancy between the-
oretical and experimental frequencies can be roughly de-
scribed by a constant shift corresponding to a 1:1 corre-
lation slope. The frequency shift determined using only the
(2H),s (Al3+,H+)§<i and (Na™ H")Jj, models (models 2,
5 and 7, Table 1), for which the clearest agreement between
theory and experiment is observed, is ~49cm™! (Fig. 7).
Thus, the alignment of the other more complex defects on the
same trend further supports the interpretations given above.

It is also noteworthy that the bands associated with triva-
lent cations in tetrahedral sites display a different behavior
as a function of temperature compared with those involving
fully or partially protonated M2 vacancies. The significant
narrowing and positive shift observed at low temperature for
the bands above 3600cm~! (Fig. 1) are similar to the an-
harmonic behavior observed for two OH-stretching bands
in the infrared spectrum of forsterite (Ingrin et al., 2013,
2014; Balan et al., 2017). These two bands correspond to
OH groups pointing out of a tetrahedral site and not signif-
icantly engaged in H bonds, one in the (4H“')§<i defect of
forsterite (Balan et al., 2011) and the other in a more com-
plex (B>, HT)g; defect (Ingrin et al., 2014). In the present
case, the OH group also points out of a tetrahedral site and
the O(H)...O distance involving the OH group associated
with trivalent cations is 3.38 A, close to the upper limit ob-
served between weakly H-bonded and nonbonded OH en-
tities (Libowitzky 1999; Libowitzky and Beran, 2006). By
analogy with forsterite (Balan et al., 2017), the anharmonic-
ity of some of the OH bands observed in the infrared spec-
tra of diopside is thus likely related to the specificities of
the atomic-scale environment of the related OH groups. Ac-
cordingly, the temperature-induced modifications of infrared
spectra could help identify different local environments of
OH groups in chemically more complex pyroxene samples.

4.5 OH defects related to bands between 3500 and
3600 cm~! in natural diopside

Beside the bands observed in experimental samples, natural
diopside frequently displays spectra with a series of bands
between 3500 and 3600cm™!: one or two bands observed
between 3520 and 3550 cm™! (Skogby et al., 1990; Skogby,
2006; Shuai and Yang, 2017; Patké et al., 2019) and a band
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at ~ 3520 cm™!, which is frequently associated with a band
at a higher frequency around 3600 cm™! (Patkd et al., 2019;
Azevedo-Vannson et al., 2020). It is difficult to propose an
explanation for these bands solely based on the investigated
series of relatively simple chemical models involving diva-
lent or trivalent cations being substituted for Ca>*, Mg?* or
Si** ions. The occurrence of AI** in octahedral site hardly
produces bands at high enough frequencies, whereas the fre-
quency decrease (33 cm™ 1) of the (Al3+,H+)SXi model re-
lated, for example, to the presence of a Mg?* or Fe?* ion in
the nearby M2 site is too weak. Thus, chemically more com-
plex models should be considered. The first series of models
involved an M2 vacancy associated with a local Tschermak-
type environment with a pair of AT ions distributed over a
tetrahedral and an M1 octahedral site. These models revealed
that, although the stretching of the OH group linked to the Al
atoms was observed at a frequency close to or lower than
those of the (2H+)1\>j[2 defect, the other group, pointing in the
direction of the Al-bearing sites, displayed a frequency in-
crease consistent with the occurrence of bands in the 3500-
3600cm™! frequency range. However, the paired nature of
the OH groups associated with this model was not consistent
with the observation that some spectra dominated by bands
between 3500 and 3600cm~! do not display bands in the
3350-3400cm~! range (e.g., Yang et al., 2019). These ob-
servations thus suggest that these bands could be related to
a similar environment but with a single OH group occur-
ring in the vacant Ca site. In this case, the defect neutral-
ity could be locally ensured by the presence of a tetravalent
cation in the octahedral site, most likely Ti**. Depending
on the investigated samples, Ti*t appears to be distributed
between tetrahedral and octahedral sites in Al-bearing diop-
side (Quartieri et al., 1993). As a matter of fact, the corre-
sponding most stable models lead to stretching frequencies
69 to 90cm™! higher than those theoretically determined
for the [(1H+)M2(Al3+)M1 1*_2 model (3506 cm™"). Consid-
ering that the experimental frequency associated with the
[(1H+)M2(Al3+)M1]X_2 model is observed at 3462cm™!,
experimental bands associated with the Ti-bearing models
are expected to occur between 3531 and 3550 cm~!, thus
matching some of the frequencies frequently observed in nat-
ural samples (models 17 and 18, Table 1). Although the pro-
posed environment is chemically complex and may seem to
be unlikely at first sight, it is noteworthy that the main bands
observed in natural olivine from xenolith samples are related
to a complex hydrous defect involving an Si vacancy partially
charge compensated by a Ti** ion substituted for Mgt in
the M1 site (Walker et al., 2007; Balan et al., 2011). In the
case of olivine, this configuration is allowed by the edge-
sharing between the M1 octahedral and the tetrahedral site.
Ti-associated defects have also been reported in metamor-
phic garnets (Reynes et al., 2020). In this case, the electro-
static neutrality of the Si vacancy is ensured by two protons
located in the tetrahedral site and two Ti*+ for M3+ substitu-
tions in neighboring sites. In the case of diopside, the T site
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only shares a corner with the M1 site, which is occupied by
an M%* cation. This geometry precludes an efficient charge
compensation of the vacant T site by a single Ti** substi-
tution in the octahedral site, as in the [(2H)gi(Ti* )y
model, and would favor an association of Ti**t ions with
Ca vacancies. Observations of the corresponding spectra in
xenolith samples having experienced dehydration processes
(Patk¢ et al., 2019) or carbonatitic metasomatism (Azevedo-
Vanson et al., 2020) suggest that these Ti-associated centers
could have a greater stability than chemically more simple
defects.

Finally, the band just below 3520 cm~! observed in some
mantle diopsides by Patké et al. (2019) and Azevedo-
Vannson et al. (2020) could be explained by a defect of
the type [(IHD)vo(APH)vi(Fe?H)nv 1% 1, assuming that
configuration 1 of the defect becomes energetically com-
petitive compared to configuration 2 (models 27 and 28,
Table 2). Above, we proposed model 1 of the [(1IH")p2
(A13+)M1]X defect (model 8, Table 1) to explain the band
at 3500 cm™! observed in one of the synthetic Fe-free sam-
ples of Gavrilenko et al. (2010). Here again, it seems that
configuration 1 remains competitive compared to configura-
tion 2 when Mg”* is replaced by Fe?T in the M1 site near
the defect. The co-occurrence of a band above 3450 cm™!
that could be attributed to configuration 2 in the same sam-
ple confirms that both configurations could occur at the same
time. The fundamental role of Fe>* in explaining the shift
toward the high frequencies observed in natural diopsides is
also supported by the occurrence of these two bands in the
Fe-rich samples synthesized in Skogby (1994; sample Di5).

5 Conclusions

A comparison of theoretical properties of OH-bearing de-
fects in diopside with experimental data has confirmed pre-
viously proposed interpretations, providing a detailed pic-
ture of the defect geometry for the bands at 3647-3620 cm™!
(associated with tetrahedral M1 jons) the bands at 3460—
3432cm™! (associated with octahedral M®* ions and singly
protonated Ca vacancies), the 3420 cm~! band (associated
with the Na™ for Ca>* substitution), and the 3350 cm—! band
(associated with doubly protonated Ca vacancies). A more
tentative interpretation has been proposed for the 3300 cm™!
band which is also likely associated with singly protonated
Ca vacancies. For the bands between 3500 and 3600cm ™!,
frequently observed in natural diopside, more complex de-
fects need to be considered. Defects involving singly proto-
nated Ca vacancies associated with tetrahedral M3* and oc-
tahedral Ti** ions, as well as frequency shifts due to the sub-
stitution of Fe>* for Mg”* ions in the vicinity of the above-
mentioned defects, can be proposed. In addition, the chemi-
cal complexity of diopside, involving, for example, the com-
mon Fe?t for Mg2* or Nat for Ca’T substitutions, may not
only shift but also broaden the bands.
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Here, it can be noted that the assignment of the major
bands observed on well-characterized pure or chemically
doped synthetic samples appears to be quite robust in terms
of frequency and polarization properties. This supports the
strategy used to build the defect models, which is based on
simple crystal-chemical considerations. However, it is not
possible to fully rule out that other missing configurations or
defects occur in natural samples. In this respect, the interplay
between the occurrence of partial solid solutions, the pres-
ence of trace elements and the incorporation of OH groups
cannot be tackled using only quantum-mechanical models
which are intrinsically size-limited. In the same line, it could
be hazardous to directly extrapolate the present results to
pyroxenes with more complex chemical compositions, such
as augite (Skogby, 2006) or omphacite (Koch-Miiller et al.,
2004; Katayama et al., 2006). These systems would deserve
additional experimental and theoretical work, among which
are low-temperature infrared spectroscopic measurements on
experimental samples and advanced theoretical modelings
enabling a more efficient sampling of the configurational
space in large systems.
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Appendix A Table B1. Properties of [(2H1)g; (Ti*T )y 1% defects.
Configuration Rel. energy don WOH
! 8 (kI mol—1) A) (em™h
(a2}
< § 02,03_b,B 19.8 0.976,0.987 3542, 3363
o L « 02,03_a,B 43.5 0.966, 0.987 3726, 3341
S “ 02,03_b,C 35.9 0.979,0.997 3498, 3181
u 02,03_a, C 34.0 0.967,0.995 3735, 3188
¢ 01,03_a, A 0.0 0.980, 0.985 3494, 3352
0O1,03_b, A 19.9 0.997,0.998 3221, 3110
8 03_a,03_b, A Not stable - -
g 03_a,03_b,B 19.8 0.976,0.987 3533, 3361
e 03_a,03_b,C 358 0.979,0.997 3492,3178
< |
B
<
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<
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Figure A1l. Theoretical infrared spectrum of the (4H)SXi defect. = “
2 | i
) e
Appendix B: Properties of [(2H)gi(Ti**)p1]1* defects Yo
Here we investigate the various possible configurations of i
diopside defects with the [(2H+)31(Ti4+)M 11 stoichiome-
try, i.e., doubly protonated vacancies with nearby Ti** for u

Mgt substitutions. The tetrahedral coordination of the Si
atom corresponds to one Ol, one O2 and two O3 atoms.
Experimental Si—O distances are 1.609 (Si-O1), 1.585 (Si— wavenumber (cm’1)
02), and 1.665 and 1.687 A for 03_a and O3_b, respec-
tively (Cameron et al., 1973). Accordingly, the doubly proto-
nated vacancy can display two among four, i.e., six, different
schemes of proton fixation. In addition, the O1 and O2 atoms
are coordinated to two and one Mg atoms, respectively. The
03 atom is not coordinated to Mg. In the following, the Mg
atom linked to O2 is labeled A, while the Mg atoms at a
distance of 2.061 and 2.137 A of the O1 atom are labeled B
and C, respectively. Assuming that O atoms cannot be simul-
taneously coordinated by an H* and a Ti** ion, nine con-
figurations of the defect can potentially occur, among which
one (O1, 03_a, A) is significantly more stable than the others
(Table B1). Note that the “O3_a, O3_b, A” configuration was
not found to be stable, and the H atom migrates from O3_b
to Ol leading to the “O1, O3_a, A” geometry.

T T 1
3800 3600 3400 3200

Figure B1l. Theoretical infrared spectrum of the
[(2H1)gi (Ti*T )1 1% defect (configuration O1, O3_a, A).
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Code and data availability. Structure drawings have been pro-
duced with the Vesta software (Momma and Izumi, 2011). PWscf
and PHonon codes (Giannozzi et al., 2009) are available at http:
/Iwww.quantum-espresso.org/ (last access: 1 October 2020). Model
structures are provided as Supplement files in “.vesta” and “.cif”
formats.
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