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Abstract. The infrared spectra of synthetic corundum («-Al,O3) samples either doped directly with divalent
cations (Mg2+) or containing divalent cations formed by reduction of trivalent cations in Hy gas (Co?*, Ni2t)
may display broad OH stretching bands at ~ 3000 cm™! due to the structural incorporation of trace amounts of
hydrogen. Experimental spectra recorded from some natural sapphires display a similar absorption band asso-
ciated with a dominant absorption at 3161 cm™!, and some beryllium-diffused corundum crystals show a band
at 3060cm~!. All of these also display smaller and generally narrower bands between 1900 and 2700 cm™!,
whose natures are poorly defined. In this work, the atomic-scale structure, relative stability and infrared spectro-
scopic properties of a series of OH defects in corundum («¢-Al,O3) are theoretically investigated at the density-
functional-theory level. The investigated defects consist of interstitial HT ions forming OH groups and compen-
sating for the charge imbalance related to the presence of divalent cations (Be?t, Mg+, Cr?t, Mn?*, Fe?t,
Co?*, Ni?*) substituted for A>T at nearby octahedral sites. Bands occurring at ~ 3000 cm™! in experimental
spectra are assigned to the OH stretching modes of some of these defects, with bands observed around 1900 and
2700 cm™! being assigned to overtones of corresponding OH bending modes. The results also support the assign-
ment of the so-called “3161 cm ™! series”, observed in experimental spectra of some rubies and yellow sapphires,
to structural OH groups in association with Fe?T ions, rather than Si**, as has been previously proposed. These
inferences are also supported by analysis of correlations between band areas in experimental infrared spectra
extracted from a database of corundum gemstones. A qualitative explanation relating the anomalous intensity
and the polarisation properties of the OH bending overtone bands to the electrical anharmonicity of OH groups
involved in medium-strength H bonds is proposed.

1 Introduction

The infrared spectra of synthetic or natural corundum (o-
Al,O3) samples display a significant variability in the OH
stretching region which relates to their growth conditions,
trace element contents and thermal history. While some spec-
tra recorded from natural samples suggest the presence of
hydrous solid inclusions, such as kaolinite or diaspore, OH
stretching bands related to trace concentrations of OH groups
incorporated at structural crystal sites are also observed (e.g.

Beran and Rossman, 2006). These OH groups result from
the bonding of H' ions to oxygen anions, ensuring an elec-
trostatic charge compensation for AI3* vacancies or for AT
substitution by lower-valency cations.

The presence of OH groups associated with Al vacan-
cies (Moon and Phillips, 1991, 1994; Balan, 2020) leads to
well-resolved bands between 3150 and 3400 cm ™!, most fre-
quently at 3309, 3232 and 3185cm™!, with a polarisation
almost parallel to the (001) plane. These bands correspond
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to the so-called “3309 cm™! series” (e.g. Soonthorntantikul
et al., 2019) and can be observed in synthetic samples (e.g.
Eigenmann and Giinthard, 1971; Volynets et al., 1972; Be-
ran, 1991; Ramirez et al., 2004) or natural samples (e.g. Be-
ran and Rossman, 2006; Soonthorntantikul et al., 2019).

Turning to the presence of OH groups associated with
divalent cations, spectra of synthetic samples doped with
Co** or Ni** and then reduced to Co®* and Ni**, respec-
tively, through annealing in a Hy atmosphere at > 800 °C
display relatively broad OH stretching bands extending from
~ 2700 to ~ 3300 cm™! (Miiller and Giinthard, 1966; Eigen-
mann and Giinthard, 1971; Blum et al., 1973). These spec-
tra also display several narrower bands between 1900 and
2700 cm™! (e.g. Miiller and Giinthard, 1966). Similar in-
frared spectra are recorded from synthetic corundum sam-
ples doped with Mg with a main broad band at ~ 3000 cm™!
and weaker and narrower bands at 2030, 2140, 2254, 2416,
2462 and 2628 cm™! (Fukatsu et al., 2003). The main broad
band has a dominant polarisation in the direction perpendic-
ular to the (001) plane (Volynets et al., 1972; Ramirez et al.,
1997; Fukatsu et al., 2003) and most of the low-wavenumber
bands have similar pleochroism (Fukatsu et al., 2003). Spec-
tra very close to those of the synthetic Mg-bearing samples
are observed in some natural untreated sapphires and in some
“Punsiri” heat-treated sapphires (Bonnet and Fritsch, 2012;
Sangsawong et al., 2016; Hummel, 2019). The spectra of Be-
diffused corundum samples can also display a broad band
at 3060cm~! as well as a band at 2490 cm~! (Balmer and
Krzemnicki, 2015; Jollands and Balan, 2022).

The nature of the bands observed between 1900 and
2700 cm~! in corundum samples containing divalent cations
is undefined. Some of these bands are often weak and
may overlap with those associated with CO; (2250 to
2400 cm™!), which are ubiquitous in routine infrared spec-
troscopy analyses. There is therefore a possibility that their
presence may be underreported in the literature. High-
temperature diffusion experiments suggest that they are re-
lated to hydrogen-bearing species (e.g. Miiller and Giinthard,
1966). The low natural abundance of deuterium (D), as well
as results from deuterium diffusion experiments (e.g. Miiller
and Giinthard, 1966; Fukatsu et al., 2003), rules out an as-
signment of these low-frequency bands to OD stretching vi-
brations. Although their frequency could match the funda-
mental frequency of relatively covalent X-H bonds, such
as Be—H, as proposed by Jollands and Balan (2022) for
Be-diffused samples, their occurrence in high-temperature
synthetic samples with controlled chemical composition,
as well as their presence in natural samples with highly
variable compositions, challenges this hypothesis. Alterna-
tively, these bands could correspond to overtones of lower-
frequency vibrational modes. Unfortunately, the correspond-
ing fundamental modes cannot be observed in routine gem-
stone analysis because of the strong absorption of corundum
below 2000 cm™!, generally leading to the saturation of spec-
tra. In addition, the overtone transitions are forbidden in the
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harmonic approximation and their intensities can be several
orders of magnitude weaker than those of their fundamen-
tal counterparts. For this reason, overtones of OH bending
modes of hydrous defects are usually not expected to be ob-
served in standard infrared spectroscopic analysis.

Additionally, the experimental infrared spectra of some
natural corundum display a dominant band at 3161-
3164 cm™!, a broad feature at ~ 3075 cm™!, and two narrow
bands at 3242 and 3355cm™! (Smith and Van der Bogert,
2006; Schwarz et al., 2008; Choudhary and Vijay, 2018;
Hummel 2019). Low-frequency bands have also been re-
ported at 2420 and 2460 cm~!. As the 3161 cm™! band dis-
appears for samples heated above 900 °C in air, presumably
associated with out-diffusion of hydrogen (Atikarnsakul and
Emmett, 2021), its presence may be indicative of unheated
sapphires (Choudhary and Vijay, 2018). Its nature is however
unclear. It has been related to the presence of Si** in corun-
dum samples (Volynets et al., 1972), to the association of hy-
drogen with Mg cations (Smith and Van der Bogert, 2006),
and to inclusion of other phases such as goethite or epidote
(Balmer et al., 2006). Choudhary and Vijay (2018) related
this band to the narrow band observed at 3163 cm™! in ex-
perimental spectra recorded from synthetic Verneuil samples,
but in this case, the low-frequency bands are lacking.

Approaches based on the density-functional theory (DFT)
can be used to establish theoretical relations between the ob-
served infrared spectroscopic signals and atomic-scale mod-
els of hydrous defects in minerals (e.g. Jollands et al., 2020,
for quartz; Balan, 2020, and Jollands and Balan, 2022, for
corundum). Here, the atomic-scale structures of defective
corundum models associating H atoms with substituted di-
valent cations are theoretically determined and their calcu-
lated spectroscopic properties are compared to available ex-
perimental spectra recorded from both synthetic and natu-
ral corundum. These investigations are completed by a sta-
tistical analysis of spectra extracted from a database of in-
frared spectra recorded from corundum gemstones. By cou-
pling theoretical and experimental data, the results support
the assignment of the low-frequency bands to overtones of
OH bending modes and provide interpretations for major
bands observed in the spectra of synthetic or natural corun-
dum samples containing divalent cations.

2  Methods
2.1 Theoretical modelling

The properties of OH defects in corundum were theoreti-
cally investigated using the same approach and numerical
parameters as in Balan et al. (2020) and Jollands and Balan
(2022). Briefly, the defect modelling was performed within
the DFT framework using the generalised gradient approx-
imation (GGA) to the exchange—correlation functional as
proposed by Perdew, Burke and Ernzerhof (PBE functional;
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Perdew et al., 1996). The modelling scheme used periodic
boundary conditions and a plane-wave basis set as imple-
mented in the PWscf code of the Quantum Espresso package
(Giannozzi et al., 2009; http://www.quantum-espresso.org,
last access: 6 October 2023). Ionic cores were described us-
ing optimised norm-conserving Vanderbilt (SG15 ONCV)
pseudopotentials (Hamann, 2013; Schlipf and Gygi, 2015)
with a plane-wave energy cutoff of 80 Ry.

Structural properties of OH-bearing defects were deter-
mined using 2 x 2 x 1 corundum supercells (120 atoms) with
Brillouin zone sampling restricted to the I point. The re-
laxation of atomic internal coordinates was performed until
the residual forces were < 10™* Ry au™'. Unit-cell parame-
ters of pure corundum optimised at zero pressure (a =b =
4.80 A, c=13.08 A) were used without further relaxation to
produce the OH-bearing supercells. For models with para-
magnetic cations, spin-polarised calculations have been per-
formed, imposing the spin state of isolated ions onto the
supercell and assuming a high-spin state for Cr’>*, Mn’*,
Fe?* and Co?* cations. The vibrational modes at the Bril-
louin zone centre (I" point), the Born effective charge ten-
sors and the electronic dielectric tensor were then calculated
using the linear response theory (Baroni et al., 2001) as im-
plemented in the PHonon code (Giannozzi et al., 2009; http:
/lwww.quantum-espresso.org, last access: 6 October 2023).
As the OH bending modes are also relevant for the present
study, the partial Hessian technique, which provides accurate
results for the OH stretching mode, was not used and full dy-
namical matrices (leading to 363 modes for each H-bearing
model) were calculated.

The angle between the mode-effective charge vector and
the [001] direction (Ogpectro, Table 1) is the quantity which
can be experimentally determined from the variation in the
IR absorption intensity as a function the IR light polarisa-
tion (e.g. Libowitzky and Beran, 2006). The mode-effective
charge vector is proportional to the polarisation induced by
the atomic displacements in the related vibrational mode and
is defined by (Gonze and Lee, 1997)

ZZ;aﬂ Un(tB)
7t =P ,
’ Xﬂ:Um(Tﬂ)*Um(T,B)

where Z;"aﬂ is the Born effective charge tensor which de-
scribes the polarisation induced in the Cartesian direction
a by the displacement of atom 7 in the Cartesian direc-
tion B and Up (tB) is the displacement coordinate along
B of atom 7 of mode m. Uy, () is normalised such that
S M Uy (t8)* Uy (tB) = 8ym, where M is the mass of
™8

atom t and §,,, =1 if m =n and §,,, = 0 otherwise. Due
to the potential anisotropy of the Born effective charge ten-
sors, the Ogpectro angle can differ from the Ogyerch angle de-
fined between the stretching direction of the OH group and
the [001] direction (Table 1).
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2.2 Infrared spectroscopy

To complement the DFT modelling, Fourier-transform in-
frared (FTIR) spectra were manually selected from a large
database of unpolarised experimental spectra of faceted gem-
stones recorded at laboratories of the Gemological Insti-
tute of America (GIA). In general, these are recorded using
Thermo iS50 spectrometers equipped with MCT detectors,
using an instrumental resolution of 2cm~! and > 32 scans.
Three types of spectrum were extracted. The first set com-
prised 250 spectra of natural samples showing a clear band
at 3161 cm~!, without any broad band at around 3000 cm™!
or bands from the “3309 cm™~! series”, which is usually char-
acterised by a main band centred at 3309 cm™!. The sec-
ond set is a compilation of spectra showing a double peak
at 3015 and 2970 cm™!, recorded from synthetic corundum
crystals with relatively high Ni concentrations (> 7 wt ppm).
Such crystals are rarely submitted for examination, and trace
element data are generally unnecessary to confirm their syn-
thetic nature. As a result, only 14 such spectra were avail-
able. The third set corresponds to spectra showing the broad
band observed in Mg-doped synthetic crystals, with a doublet
at 3207 and 2991 cm~!, with broad tails on this main band
often extending to > 3300 and < 2800cm~!. Such spectra
can be observed in synthetic corundum, as well as natural
and Punsiri-treated crystals. All spectra were then baseline-
corrected using a concave-rubber-band method and then fit-
ted with Gaussian peak-shape functions, with a different se-
ries of functions used for the three types of spectrum. The
integrated areas of the bands were compiled for each spec-
trum. No thickness correction was made; therefore all inte-
grated absorbance is arbitrary. The aim of this exercise is to
determine which bands show correlations with one another,
which is useful for supporting or refuting assignation of dif-
ferent bands to the same defect, or at least the same class of
defect. Unfortunately, it was not possible to identify experi-
mental FTIR spectra of hydrous defects in corundum related
to Mn* or Cr?* in the GIA database or in the literature.

Finally, transmission FTIR spectra were recorded from a
3.3 mm thick slab of a natural yellow sapphire (YS-1) from
Sri Lanka showing the 3161 cm™! band, for which polarisa-
tion information was lacking. The spectra were obtained for
polarisation directions roughly parallel or perpendicular to
the [001] direction with an instrumental resolution of 4 cm™~!,
using a Nicolet 6700 FTIR spectrometer and Continuym mi-
croscope, set with an EverGlo source, KBr beam splitter and
MCT detector.

Eur. J. Mineral., 35, 873-890, 2023
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Table 1. Theoretical structural and harmonic vibrational properties of models associating one interstitial HT with substitutions at nearby
octahedral sites. Each substituted model displays four configurations. The table columns are as follows. “Model” gives the substituting
cation name and specifies the configuration. Sites 1 to 4 describe site occupancy in the related configuration, as shown in Fig. 1. “Rel.
energy” is the energy of each configuration defined relative to the most stable configuration with the same stoichiometry. “d(OH)” is the O-H
distance. “woy” is the wavenumber of the OH stretching vibration. “®ggrecn” and “Ogpectro”” are the angles of the stretching displacement
direction and of the induced polarisation vector, respectively, with respect to the [001] direction. “Kj,¢” is the absorption coefficient for the

configuration. “5pg” and “yoy’ are the wavenumbers of the § and y bending modes, respectively.

Model Sitel Site2 Site3  Site4 Rel. energy d(OH) ®OH  Ostretch  Ospectro Kint SoH 2XxdoH YOH 2XYOoH

(KImol™1) A) (em™ ©) ) Cmol~lem™2) (@em™ (em™ ) (@Em™) (em™DH
H); Al Al Al Al - 10073 2995 37 36 188 000 1277 2554 956 1912
(Be)a-OHi,  Be?T Al Al Al - 0.9988 3096 33 36 261000 1257 2514 1020 2040
Mg_1 Mgzt Al Al Al 0 1.0063 2990 34 38 225000 1331 2663 1005 2010
Mg_2 Al Mg2t Al Al 13 1.0034 3039 35 33 192000 1302 2605 893 1786
Mg_3 Al Al MgZt Al 17 0.9952 3216 46 40 111000 1201 2401 896 1793
Mg_4 Al Al Al Mgt 3 0.9961 3196 36 34 131000 1209 2419 876 1753
Cr_1 c2t Al Al Al 8 1.0013 3060 30 35 135000 1171 2342 948 1897
Cr2 Al o2t Al Al 30 1.0051 2969 37 36 220000 1321 2643 904 1807
Cr3 Al Al crt Al 17 1.0048 2957 64 75 137000 1165 2331 886 1771
Cr 4 Al Al Al cr2t 0 1.0012 3109 37 31 95000 1122 2243 901 1803
Mn_l Mn2t Al Al Al 0 0.9993 3101 32 37 162000 1236 2472 969 1939
Mn_2 Al MnZt Al Al 27 1.0082 2931 35 37 236000 1314 2628 918 1837
Mn_3 Al Al Mn?t Al 43 0.9958 3197 50 41 76000 1139 2278 879 1759
Mn_4 Al Al Al Mn2t 309914 3295 35 26 91000 1152 2304 833 1667
Fe_1 Fe2t Al Al Al 0 1.0047 3020 34 36 153000 1210 2420 944 1888
Fe_2 Al Fe2t Al Al 18 1.0048 3002 34 36 195000 1311 2621 903 1805
Fe_3 Al Al Fe2t Al 12 10111 2920 54 86 79000 1090 2181 883 1766
Fe_4 Al Al Al Fe?t 5 0.9942 3231 36 33 119000 1176 2352 847 1695
Co_l Co*t Al Al Al 0 1.0035 3034 33 37 160000 1238 2475 958 1917
Co_2 Al Co?t Al Al 19 1.0044 3011 34 36 143 000 1303 2606 895 1790
Co_3 Al Al Co?t Al 14 0.9979 3171 55 65 55000 1050 2100 862 1724
Co_4 Al Al Al Co?t 7 09951 3217 36 32 125000 1191 2381 852 1703
Ni_l NiZt Al Al Al 0 1.0065 2997 33 37 152000 1219 2438 969 1939
Ni_2 Al NiZt Al Al 9 1.0031 3043 34 38 174000 1300 2601 896 1793
Ni_3 Al Al Ni2t Al 0 0.9947 3239 52 46 66000 1034 2067 871 1743
Ni_4 Al Al Al NiZ+ 7 0.9991 3140 36 34 153000 1211 2423 886 1772

3 Results and discussion
3.1 General properties of interstitial H* in corundum

Hydrous defects comprising a cationic substitution, such as
Mg?*t for AT, associated with an interstitial H (Fig. 1),
are closely related to the (H™); model previously investi-
gated by Zhang et al. (2014), T-Thienprasert et al. (2017)
and Balan (2020). In this positively charged model, the OH
group resulting from the bonding of the H atom to an oxy-
gen atom of the corundum structure is coordinated to four
Al atoms. The theoretical model of Balan (2020) displays
an OH bond length of 1.0073 A and an OH stretching fre-
quency of 2994cm~!. Two OH bending modes, denoted &
and y, are predicted at 1277 and 956 cm™!, respectively (Ta-
ble 1; eigendisplacements are reported as electronic files in
the Supplement). These bending modes correspond to a hy-
drogen displacement dominantly parallel (6 mode) or per-
pendicular (y mode) to the [001] direction. Note that OH vi-
brational modes of crystals involving a displacement of the H
atom in a direction perpendicular to the OH bond are referred
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to as libration modes in basic hydroxides, such as LiOH or
NaOH, and as bending modes in systems with more cova-
lent bonds, such as Al hydroxides (Ryskin, 1974). Bending
modes usually correspond to higher vibrational frequencies
than libration modes. For the three vibrational modes, the
norm of the H-atom displacement vector accounts for more
than 99 % of the norm of the full atomic displacement vec-
tors. Therefore, the vibrational properties of the OH groups
can be qualitatively discussed by considering only the hydro-
gen displacement (whilst the other atoms interacting with the
hydrogen must be considered for a quantitative treatment).
The H atom also contributes to lower-frequency modes due
to the coupling of its displacements with the corundum vibra-
tional modes involving the Al and O atoms. For most of these
modes, the H displacement is not dominant and accounts
for less than 50 % of the norm of the full atomic displace-
ment vectors. One theoretical mode at 764 cm™! displays a
more significant contribution of the hydrogen displacement
(63 %), with a displacement pattern similar to that of the

https://doi.org/10.5194/ejm-35-873-2023



M. C. Jollands et al.: Vibrational properties of OH groups in corundum 877

Configuration 1

Configuration 2

Configuration 3 Configuration 4

Figure 1. Configurations of interstitial HT associated with a diva-
lent cation in corundum. The configurations differ by the occupancy
of one of the four octahedral sites (deep blue) surrounding the OH
group. The OH group forms a medium-strength H bond (dotted yel-
low line) with an oxygen anion of the structurally vacant octahedral
site. Red sphere: oxygen atom; light-pink sphere: hydrogen atom;
green sphere: aluminium.

y bending mode (theoretical eigendisplacements and anima-
tion files are provided in the Supplement).

For one cationic substitution, four non-equivalent defect
configurations display a M>*—OH bond (Table 1). They dif-
fer by the respective position of the OH group and substituted
Al site (Fig. 1). All of the configurations are electrostatically
neutral. In configurations 1 and 4, the H atom is bonded to
an oxygen atom of the small oxygen triangle shared by the
substituted octahedral site and the neighbouring Al-occupied
site. The two configurations differ by the orientation of the
OH bond, which points along the edge of the substituted site
in configuration 1 and in the opposite direction in configura-
tion 4. In configurations 2 and 3, the hydrogen atom is con-
nected to the large basal oxygen triangle between the substi-
tuted site and the neighbouring structurally vacant octahedral
site. The OH bond is in a lateral position with respect to the
face of the substituted site in configuration 3 and points in
the opposite direction in configuration 2 (Fig. 1). The relative
energy of the configurations (Table 1) suggests that H being
bonded to an oxygen of the small triangle (configurations 1
and 4) is favoured relative to bonding on the large oxygen
triangle (configurations 2 and 3), except in the Ni-bearing
configurations, which display a smaller variation range in
their total energy. The conversion between configurations 1
and 2 corresponds to a HT exchange between two oxygen
anions belonging to the same structurally vacant octahedral
site. This suggests that this conversion is very easy, which
implies that the less stable configuration 2 is not expected to
occur at significant concentrations at room temperature.

The orientation and length of the OH groups in the whole
series of models are generally close to those determined for
the (H*); model, with theoretical bond lengths between 0.99
and 1.015 A. Variations in the OH bond length are correlated

https://doi.org/10.5194/ejm-35-873-2023

Table 2. Vibrational modes of the (H1); and Mg, Fe, Co and Ni
models at frequencies above 700 em~! and displaying a coupled
contribution of the hydrogen atom accounting for more than 60 %
of the norm of the atomic displacement vector. Some of these modes
are expected to lead to the second overtone bands observed between
2100 and 2400 cm ™! in the corresponding spectra.

Model  Frequency Hydrogen
(cm™ 1 )  contribution (%)

HT); 764 63
Mg 2 763 71
Mg 3 760 71
Mg_4 755 71
Fe_2 763 65
Fe 3 760 78
Fe_4 798 62
740 62

707 66

Co_2 762 67
Co_3 798 61
756 79

Co_4 751 63
707 62

Ni_2 761 67
Ni_3 756 77
Ni_4 756 73

to variations in the OH stretching frequency (Fig. 2a), as pre-
viously observed (e.g. Jollands et al., 2020; Balan, 2020).
Most of the theoretical OH stretching frequencies range be-
tween 2900 and 3200 cm™', corresponding to the range ex-
pected for OH groups involved in medium-strength H bonds
(Nibbering et al., 2007). The theoretical bending frequencies
occur between 1000 and 1400 cm™"! (8 mode) and between
800 and 1100cm™! (y mode). They broadly decrease as a
function of the stretching frequencies of OH groups (Fig. 2b).
Interestingly, some of the configurations also display theoret-
ical vibrational modes at lower frequency involving a signif-
icant contribution (up to 79 %) of the hydrogen displacement
coupled to a vibrational mode of the corundum host, similar
to that observed in the (H'); model (Table 2). It is notewor-
thy that this type of mode does not appear in all the con-
figurations and should be highly sensitive to the respective
vibrational properties of the molecular impurity and of the
crystal host.

The theoretical absorption coefficient of the stretching
modes (Fig. 2c, Table 1) roughly decreases as a function of
the stretching frequency, which is consistent with the general
properties of OH groups in minerals and crystalline solids, as
determined from experimentation (Libowitzky and Rossman,
1997) or theory (Balan et al., 2008). This variation in the the-
oretical absorption coefficient is related to the variation in
the magnitude of the Born effective charge tensor of hydro-

Eur. J. Mineral., 35, 873-890, 2023
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Figure 2. Theoretical vibrational properties of the hydrous defects in corundum (Table 1). (a) Relation between the OH stretching frequency
and the OH bond length. (b) Frequency of the OH bending modes (filled circles: § modes; open squares: y modes) reported as a function of the
corresponding stretching mode. (¢) Theoretical infrared absorption coefficient of the OH stretching mode as a function of the corresponding
theoretical frequency. The straight line (LR 1997) corresponds to the Libowitzky and Rossman (1997) experimental calibration (K, = 246.6
(3753-voR)), where Kj, is the absorption coefficient of the OH stretching band in units of cm™2 per mol H,O L~ ! and voq the observed
stretching frequency in reciprocal centimetres (cm™1). (@) Comparison of the theoretical polarisation angle inferred from the spectroscopic
properties of the models to that corresponding to the stretching coordinates.

gen along the H-displacement direction, which increases as
a function of the H-bond strength (Balan et al., 2008). One
of the configurations (Fe_3 configuration, Table 1) however
combines a relatively low theoretical absorption coefficient
and low theoretical stretching frequency (Fig. 2c). In this
configuration, the substituting Fe>* cation occupies a lateral
position with respect to the OH group (Fig. 1).

For most of the models, the theoretical infrared absorp-
tion related to stretching modes is stronger for an incident-
light polarisation parallel to the [001] direction (Fig. 2d). The
Ogpectro angle ranges between 25 and 50°, with some config-
urations exhibiting a more significant canting with respect to
the [001] direction. Due to the low symmetry of the local en-
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vironment of the OH group (Fig. 1) and related anisotropy of
the Born effective charge tensor, the ®gpecro angle can differ
from the Ogerch angle. For most of the models, the difference
is small, not exceeding 10°(Fig. 2d). The Fe_3 configuration
is anomalous, with a Ogpectro angle of 86°, corresponding to a
polarisation almost perpendicular to the [001] direction, and
a Ogyrerch angle indicating a canting of only 54°. This dis-
crepancy can be traced back to a relatively large off-diagonal
ZI"_‘L 2y element (0.45 electron charge) which counterbalances
the contribution of the diagonal Zj; - (0.74 electron charge)
element to the polarisation change induced by the longitu-
dinal displacement of the hydrogen. As the Born effective
charges are dynamical charges accounting for the changes in

https://doi.org/10.5194/ejm-35-873-2023
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Figure 3. Theoretical vs. experimental vibrational frequencies of
water (circles), diaspore (squares), and OH-bearing Al vacancies
associated with Ti in corundum from Balan (2020) (triangles).

the electronic structure related to atomic displacements (e.g.
Ghosez et al., 1998), the anomalous behaviour observed in
the Fe_3 configuration suggests a significant electronic in-
teraction between the nearby Fe>* cation and the hydrogen
atom.

3.2 Discrepancies between theoretical and
experimental frequencies: calculated properties of
benchmark systems

Theoretical and experimental frequencies are not expected
to match perfectly due to the many approximations used in
the theoretical modelling. These discrepancies can be as-
sessed using two “benchmark” systems — water and diaspore
(AIOOH), which suggest that the theoretical frequencies are
affected in a systematic manner (Fig. 3).

For the isolated water molecule, the theoretical harmonic
OH stretching frequencies are a few dozens of wavenumbers
higher than their experimental counterparts (Table S1 in the
Supplement). This confirms the approximate cancellation of
errors arising from the use of the PBE exchange—correlation
functional and the neglect of anharmonicity (Balan et al.,
2007). Compared with the stretching modes, the theoretical
frequency of the H,O bending mode is closer to its experi-
mental counterpart (Table S1). Calculations performed on di-
aspore (AIOOH), which displays medium-strength hydrogen
bonds, lead to an OH stretching frequency at ~ 2920 cm™!
and OH bending frequencies between 960 and 1153 cm™!
(Table S2). The experimental OH stretching band is signifi-
cantly broadened (> 200cm™') by anharmonic interactions
even in highly ordered samples, whilst the bending bands
are less affected (Delattre et al., 2012). A rough compar-
ison indicates that the theoretical frequencies overestimate
those of experimental bands by less than 60cm~!. The di-
aspore spectrum also displays several bands between 1980
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Table 3. Theoretical and experimental OD stretching frequencies.
Experimental frequencies were assessed from Miiller and Giinthard
(1966) for Co and Ni and from Ramirez et al. (1997) for the Mg-
doped sample.

Model wWOD @wOD
theoretical ~ experimental

(cm™ 1) (cm™1)

Mg_1 2181 2228
Mg 2 2215 -
Mg 3 2340 -
Mg_4 2325 2228
Co_1 2212 2246
Co_2 2195 -
Co_3 2305 2288
Co_4 2339 2318
Ni_1 2185 2221
Ni_2 2218 -
Ni_3 2355 2305
Ni_4 2285 2221

and 2340cm~! whose frequencies are about twice that of
the fundamental bending bands and which have been inter-
preted as two-phonon excitations involving the OH bending
modes (Stegmann et al., 1973; Kohler et al., 1997; Delattre
et al., 2012). Although not fully explained, their anomalous
intensity is likely related to a stronger anharmonic charac-
ter stemming from the significant hydrogen bonding in di-
aspore (Kohler et al., 1997). Notably, the experimental fre-
quencies of these bands are within 50 cm ™! of those obtained
by multiplying the fundamental theoretical frequency of the
IR-active OH bending modes by 2 (Table S2, Fig. 3). Previ-
ous investigations of OH defects into corundum (Fig. 3) and
quartz have shown similar agreement between theoretical
and experimental frequencies, where theoretical OH stretch-
ing frequencies were found to overestimate their experimen-
tal counterparts by ~ 10 to ~ 130cm™! (e.g. Jollands et al.,
2020; Balan, 2020).

3.3 Assignment of vibrational bands associated with
divalent cations

The room temperature spectra of synthetic sapphire contain-
ing Mg?*, Ni** and Co?* ions, along with hydrogen, dis-
play a broad band at ~3000cm™! and a series of well-
defined bands at lower frequency (Miiller and Giinthard,
1966; Volynets et al., 1972; Ramirez et al., 1997; Fukatsu
et al., 2003).

When attempting to assign such bands to a given defect,
it is important to note that, in cases of significant hydrogen
bonding, the OH stretching bands are frequently affected by
interactions with lower-frequency modes. This leads to their
broadening and modification of their shapes (e.g. Nibbering
et al., 2007). For this reason, it is not straightforward to as-
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sign the OH stretching bands to specific configurations of OH
groups. In comparison, the narrower OD bands can be more
easily related to specific models (Table 3), which then helps
to guide assignment of OH bands.

Another challenge is that the composition of synthetic
samples is not fully documented. This is problematic as
hydrous defects can be associated with chemical impu-
rities at very low concentration levels. For example, the
Verneuil samples investigated by Beran (1991) and the Fe-
doped sample of Eigenmann and Giinthard (1971) display
the “3309 cm~! series” of bands related to the occurrence
of OH groups associated with Al vacancies and charge-
compensating Ti** cations (Moon and Phillips, 1991, 1994;
Balan 2020). This may explain why the spectrum of the
Fe-doped sample investigated by Eigenmann and Giinthard
(1971) significantly differs from that of the Co- and Ni-doped
samples, whilst those of the Fe-doped, Fe : Ti-doped and Ti-
doped samples are similar.

However, despite these issues, attempts are made to assign
the experimentally observed bands to specific defect config-
urations, using evidence from both DFT modelling and anal-
yses of correlations in band areas between multiple experi-
mental spectra.

3.3.1 Cobalt

The room temperature spectrum of Co-doped synthetic sap-
phire (Fig. 4a) displays a broad band at ~3029cm™!, as
well as narrower and weaker bands at 2530, 2425, 2375 and
1990 cm~! (Miiller and Giinthard, 1966). Here and in the
following, wavenumbers have been determined from digi-
tised spectra; therefore peak positions may be inaccurate.
At 77K, the band at 3029 cm™! splits into three narrower
components at 3061, 3014 and 2955 cm~! and a narrower
band is observed at 2717 cm™!. An additional broad band
at 3225cm™! in the 77K spectrum is likely related to ice
in the low-temperature cell (Fig. 4a). The OD bands are
observed at ~ 2318, ~ 2288 and ~ 2246cm~!. Assuming
that the ratio of the OH to OD frequencies is 1.35, which
is based on the value reported for an Mg-doped sample
by Ramirez et al. (1997), these bands would correspond to
OH stretching frequencies at 3129, 3089 and 3032 cm™!, re-
spectively. Based on their relative frequencies, the three OD
bands can be ascribed to the Co_4, Co_3 and Co_1 config-
urations, respectively (Table 3, Fig. 4b). The corresponding
bands are not resolved in the broad OH stretching band cen-
tred at 3029 cm™!, although the band appears to be asym-
metric, suggesting that it may be composed of multiple in-
dividual bands, with a major component at 3029 cm™~!. The
3029 cm™! experimental frequency is close to that theoreti-
cally inferred for the Co_1 configuration. This suggests that
this configuration is dominant, which is consistent with the
relative stability of the Co-bearing configurations (Table 1).
Regarding the lower-frequency bands, the experimental 2425
and 2375cm~! bands approximately match the theoretical
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harmonic frequencies of the first overtone of the § bend-
ing modes of the more stable Co_1 and Co_4 configurations
(Table 1), whilst the experimental 1990 cm~! band (Fig. 4a)
could be related to the overtone of the § bending mode of the
Co_3 configuration (Fig. 4b). This interpretation is consistent
with the occurrence of the three configurations inferred from
the analysis of the OD bands. Using the same interpretative
framework, the 2955, 2717 and 2533 cm~! bands, present
in the Miiller and Giinthard (1966) 77 K spectrum (Fig. 4a),
could correspond to the second overtones of the Co_1 4,
Co_3 y and Co_4 y bending modes, respectively, enhanced
by their interaction with the fundamental OH stretching ex-
citation.

3.3.2 Nickel

The main band at ~3000cm™" is split in the room tem-
perature spectrum of Ni-doped corundum (Fig. 5a), with
two maxima experimentally observed at ~ 3015 and ~
2970 cm~! (Miiller and Giinthard, 1966). This doublet is also
observed in the 14 spectra from high-Ni synthetic sapphires
recorded at the GIA (Fig. 5b), which show maxima posi-
tions from 3012 to 3016 cm™! and from 2966 to 2972, re-
spectively. Additional contributions are resolved at 2927 and
2851cm~!at 77K.

Two OD bands (Fig. 5a) are observed at ~ 2305 and
~2221cm™!, which would correspond to OH stretch-
ing frequencies of 3112 and 2998 cm™!, respectively. The
2998 cm~! frequency falls between the two experimental
bands at ~ 2970 and ~ 3015 cm™~!. Comparing experimental
and theoretical frequencies (Table 1), these two OH stretch-
ing bands can be ascribed to the Ni_1 configuration and the
slightly less stable Ni_4 configuration, respectively, whilst
the corresponding OD bands are not resolved in the experi-
mental peak at 2221 cm™! (Table 3). The peak inferred from
the OD band at 3112 cm™! is not resolved in the OH stretch-
ing spectrum but could contribute to the high-frequency tail
of the broad OH stretching band. Considering its higher fre-
quency, an inferred 3112 cm™! band would correspond to the
Ni_3 configuration (Fig. 5d).

Considering the lower-frequency region, Miiller and Giin-
thard (1966) presented a spectrum showing bands at 2444,
2388, 2259 and 2006 cm™! (Fig. 5a). The 14 spectra from
the GIA database show bands at 2010, 2131, 2260, 2392,
2402 (weak), 2450, 2471 and 2743 cm™! (the frequencies
are those determined from the spectrum reported in Fig. 5b).
As the positions of the Miiller and Giinthard (1966) bands
were extracted from a spectrum digitised from a scanned
document, it is likely that their 2444, 2388, 2259 and
2006 cm~! bands correspond to the bands at 2450, 2392,
2260 and 2010cm™~! in the GIA spectrum (Fig. 5b). The
latter positions are assumed to be correct herein. From the
14 GIA spectra, Pearson’s correlation coefficients (p) be-
tween the area of the main band comprising the ~ 2970
and ~ 3015 cm™" doublet and the low-frequency bands are
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Co_4 and Co_3 stretching frequencies have been inferred from the position of OD bands. OH stretch: OH stretching frequency; OD stretch:
OD stretching frequency; overt. §: first overtone of § bending modes (Table 1).

as follows: 2010cm™!, p=0.97; 2131 cm™ !, p=0.71;
2260cm™!, p=0.96; 2392cm™!, p=0.79; 2402cm™!,
p=0.59; 2450cm™!, p =0.93; 2471cm™!, p = 0.86; and
2743cm™!, p =0.96. The strong correlations between the
main band and the 2010, 2260 and 2450 cm™~! bands are con-
sistent with these bands being present in the Miiller and Giin-
thard (1966) 300 K spectrum, although the 2392 cm~! band,
observed in the latter, shows a relatively weak correlation
(Fig. 5c). It is possible that the poorer correlation is due to
the proximity of this band to the signal associated with at-
mospheric CO; in routine FTIR measurements, which com-
plicates baseline subtraction.

The two narrow bands at 2450 and 2010 cm™~!, which are
both present in the Miiller and Giinthard (1966) spectrum
(Fig. 5a) and show strong correlations with the main band
in the spectra from the GIA database, can be assigned to
the first overtone of the § bending modes of the Ni_1- and
Ni_3-bearing models, respectively (Fig. 5d). The theoretical
position of the first overtone of Ni_4 is 2423 cm™~!, which
would be consistent with the 2392 cm™! experimental band,
although the correlation is less strong than for the 2450 and
2010cm™! bands.

The assignment of the 2260, 2471 or 2743 cm™" exper-
imental bands is not straightforward. Their strong correla-
tions suggest that they are related to defects associating Ni
and H atoms and rule out a potential assignment to another
impurity. In addition, their systematic occurrence and limited
number suggest that they are related to some of the four neu-
tral configurations investigated (Table 1) as the location of
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the H atom on other oxygen anions would lead to significant
overbonding. Therefore, and as for the Co-doped samples,
these bands most likely correspond to higher-order overtones
of vibrational modes involving the hydrogen atom. In partic-
ular, the experimental 2260 cm~! band is consistent with the
frequency of the second overtone of the theoretical mode at
756cm™! (second overtone at 2268 cm™ 1), which occurs in
both the Ni_3 and the Ni_4 configurations and displays an
unexpectedly large hydrogen contribution in its atomic dis-
placement vectors (Table 2). The properties of such a spe-
cific mode depend on the respective properties of the crystal
host and molecular impurity. Although no clear explanation
for its absence in the spectrum of the Co-doped sample of
Miiller and Giinthard (1966) can be proposed, it is not un-
likely that the difference between the Ni and Co spectra is
related to small variations in vibrational properties that are
not perfectly reproduced in the theoretical models.

3.3.3 Magnesium

Similar to, but offset from, the Ni-doped sample, a broad
band centred at ~ 3000cm™!, with maxima at 3027 and
2991 cm™!, is observed in the infrared spectrum of the Mg-
doped sample investigated by Fukatsu et al. (2003) with an
additional weaker band at 3232cm™! (Fig. 6a). The main
band is stronger when the electric field is parallel to the [001]
direction (Volynets et al., 1972; Fukatsu et al., 2003). An OD
band at ~ 2228 cm~! with a width of 56 cm™! was reported
by Ramirez et al. (1997). Its frequency and width are con-
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sistent with the two OH stretching bands experimentally ob-
served at 3027 and 2991 cm™! by Fukatsu et al. (2003). Fol-
lowing the assignments proposed for the Ni- and Co-doped
samples, these two OH stretching bands can be assigned to
the two most stable configurations, Mg_4 and Mg_1 (Ta-
ble 1).

The lower-frequency bands in the hydrogenated Mg-
doped sample are reported at 2030, 2140, 2254, 2416 and
2462cm™!, and a broader one is reported at 2628 cm™!
(Fukatsu et al., 2003). The GIA spectra show the same bands,
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as well as small bands at 2482 and 2567 cm ™!, the former be-
ing a shoulder on the stronger 2462 cm™! band (Fig. 6a). The
experimental bands at 2028, 2254, 2416 and 2628 cm~! are
well correlated to the main band at ~ 3000 cm ™! (Fig. 6b).
Considering that the Mg_1 model has the greatest sta-
bility and based on its frequency, the experimental band
at 2628cm~! is ascribed to the § OH bending overtone
of the Mg_1 configuration (Table 1, Fig. 6¢). Its broaden-
ing suggests a more significant coupling of the fundamental
OH stretching transitions with the bending overtones when
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both frequencies begin to overlap. The experimental band at
2028 cm™! matches the overtone of the y OH bending mode
of the Mg_1 configuration (Table 1), whilst the 2416 cm™!
band would correspond to the overtone of the § OH bend-
ing mode of the Mg_4 configuration. As with the Ni-doped
corundum, the band at 2254 cm™! is likely related to the sec-
ond overtone of the coupled mode with significant hydrogen
contribution calculated at 755 cm™! for the Mg_4 configura-
tion (Table 2).

3.3.4 Beryllium: a reappraisal

Experimental spectra of sapphires treated by Be diffusion
sometimes display a broad band at ~ 3060 cm ™! with a dom-
inant polarisation parallel to the [001] direction. This band
is usually associated with a band at 2490 cm~!, which has
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similar pleochroism and is most likely also related to a Be-
bearing defect (Fig. 7a). Theoretical modelling of Be incor-
poration in corundum provided strong support for the assign-
ment of the 3060 cm™" band to the OH stretching mode of
an electrostatically neutral defect in which the Be occupies
the basal plane of an Al vacant site and an OH group, re-
lated to the coupled incorporation of hydrogen, forming a
H bond along the edge of the vacant site ((Be)a1—OHj,) (Jol-
lands and Balan, 2022). The formation of short Be—O bonds
and location of the Be atom on the basal plane of the Al site,
which is also consistent with the theoretical findings of Fu-
tazuka et al. (2020), lead to a different local configuration
of the hydrous defect compared to that observed for the in-
corporation of the other divalent cations. The various con-
figurations of this defect have been theoretically investigated
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in Jollands and Balan (2022), and only the most stable one
is considered here. Based on a comparison with other X-H
vibrational frequencies and on the theoretical properties of
a Be—H model, the band at 2490 cm™! was ascribed to the
formation of Be-H groups (Jollands and Balan, 2022). Al-
though the high-temperature Be treatment of corundum may
be done in reduced conditions, which would also lead to the
formation of Ti** ions in Fe—Ti sapphire (Rossi et al., 2022),
the systematic presence of this band in samples presumably
treated under different conditions was unclear. Considering
the presence of absorption bands in the same frequency range
as that associated with other divalent cations that are unlikely
to form strong X—H bonds, the present theoretical results sup-
port the alternative assignment of the 2490 cm™! band to a
bending overtone of the (Be)41—OHj, configuration. This has
a theoretical harmonic frequency of 2514 cm™!, very close
to its experimental counterpart (Fig. 7b). Simply, contrary to
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the findings of Jollands and Balan (2022), Be-H bonds are
not necessary to explain the 2490 cm~! band. In this case,
the lack of perfect correlation between the intensities of the
main OH stretching band and 2490 cm™~! band could be re-
lated to the presence of other divalent cations in the sam-
ples belonging to the large database investigated by Jollands
and Balan (2022), forming defects contributing to the broad
band at 3000 cm™!. Finally, the overtone of the other bend-
ing mode (y) of the (Be)a1—OHj, model is predicted to occur
at 2040cm™! (Table 1). A careful examination of the exper-
imental spectra of Be-diffused samples revealed a weak fea-
ture at 1949 cm™1, which is broadly correlated to the main
band at 3060 cm ™! (Fig. 7c) and occurs in an admissible fre-
quency range (Fig. 7b). It is therefore most likely that this
weak band, easily missed and previously not reported, cor-
respond to the other bending overtone of the (Be)a—OHjy
configuration. Its presence confirms the theoretical predic-
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tion and further supports the assignment of the FTIR spec-
troscopic features observed between 1900 and 2700 cm ™! in
corundum to overtones of OH bending modes.

3.3.5 The “3161 cm~!” band

The infrared spectrum of the natural yellow sapphire (YS-1)
sample (Fig. 8a) is similar to those reported by, for example,
Smith and Van der Bogert (2006) and Choudhary and Vijay
(2018). It displays three well-defined bands at 3163 cm™!
(herein referred to as the 3161 cm™! band for consistency
with the literature), 3242 and 3355 cm~!, with the former
superimposed on a broader shoulder centred at around 3070—
3100cm™~!. A small band at 3302 cm™! is also present in the
spectra from the GIA database. This type of spectrum may
be encountered in Fe-rich and Ti-poor natural sapphires and
some rubies. In terms of crystals analysed at laboratories of
the GIA, the most common main hue for corundum contain-
ing this band is yellow, with red, pink, orange and blue hues
comprising the remainder (Fig. 8a). The main bands have a
stronger intensity when the incident-light polarisation is per-
pendicular to the (001) plane (Fig. 8a). This suggests that the
related OH groups are not associated with the basal plane
of Al vacancies (Balan, 2020) but that they more likely cor-
respond to interstitial H™ compensating for the electrostatic
charge imbalance caused by substitution of divalent or mono-
valent cations for trivalent aluminium. A low-frequency band
is consistently observed at 2420 cm™!. Analysis of correla-
tions from 250 spectra from the GIA database shows a very
strong positive correlation between the areas of the 3161
and 2420 cm~! bands (p = 0.99). Two other low-frequency
bands are consistently observed at 2459 and 2480 cm—!, al-
beit with poorer correlations with the 3161 cm™! band (p =
0.93 and 0.77, respectively). The area of the 2459 cm™! band
shows the strongest correlations with the ~ 3100 (p = 0.95),
3242 (p = 0.96) and 3355cm™! (p = 0.95) bands.

The correlation between the areas of the 3161 and
2420 cm™! bands suggests that they are related to the same
OH configuration (Fig. 8b). As the samples displaying
the “3161 series” can be iron-rich and titanium-poor (e.g.
Schwarz et al., 2008), it may be reasonable to assign the
main bands to OH groups in association with Fe?* ions.
Among the potential configurations, the Fe_4 configuration
has theoretical OH stretching and bending overtone frequen-
cies of 3231 and 2352cm™!, respectively, which are in the
admissible range with respect to the experimental 3161 and
2420cm™~! frequencies (Fig. 8c). The Fe_1 configuration,
which is moderately more stable (by 3kJmol~!) than the
Fe_4 configuration, could then lead to an OH stretching band
contributing to the broad signal at ~3100cm~! and to the
OH bending overtone at 2459 cm~! (Fig. 8a).

The experimental bands at 3242, 3355 and 3302 cm™! can-
not be assigned to specific defects, although all are corre-
lated with the 3161 cm™! band (p =0.96, 0.90 and 0.85, re-
spectively). The relatively poor correlation between 3161 and
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3302cm~! bands is likely due to the very low absorbance
of the latter, as well as its location on the shoulder of the
3161 cm™! band. Together, these observations suggest that
these bands are related to similar defects, meaning defects
with the same stoichiometry (Fe>t*OH). They could result
from the anharmonic interaction of the OH stretching mode
with higher-order overtones (Fermi resonances) or with low-
frequency excitations (combination bands).

The area of the experimental band at 2480 cm™! does not
correlate well with any other bands, suggesting that it might
not be genetically related to the 3161 cm™! band, i.e. does not
have Fe?>T OH stoichiometry, despite generally being present
in the spectra containing the “3161 cm™! series”.

Significant spectral changes are reported in heating experi-
ments of samples corresponding to the “3161 cm ™! series™: a
sample heated in oxidising atmosphere at 900 °C for 6 h dis-
plays a spectrum of the Punsiri type, whilst a flat spectrum is
observed on same sample heated at 1550 °C for 6 h (Atikarn-
sakul and Emmett, 2021). Based on the assignment of the
“3161 cm™! series” to an Fe>*—OH defect, these changes
could be interpreted as follows. Heating at 900 °C at ambi-
ent pressure leads to oxidation of Fe2* to Fe3™ ions, which
mobilises the H that is associated with Fe>*. Some HT
may diffuse out of the crystal, and some could combine with
Mg?* ions at trace concentration level. This forms an Mg>t—
OH defect, leading to a Punsiri-type spectrum similar to that
observed in Mg-doped samples. Further heating of the sam-
ple at 1550 °C then leads to full dehydration, associated with
formation of the associated Mg+ —hole pairs, explaining the
enhancement of the yellow colour.

3.4 Qualitative properties of OH bending overtones in
H-bonded systems

The assignment of the low-frequency bands to overtones
of bending modes requires further explanations for two ob-
servations: (i) the intensity of the low-frequency bands is
anomalously high for overtone bands compared with that of
the fundamental OH stretching bands observed in the same
spectra; (ii) the polarisation of the overtone bands is similar
to that of the fundamental stretching bands (Fukatsu et al.,
2003; Jollands and Balan, 2022). Assuming that the proposed
assignments are correct, both peculiarities are likely related
to the significant H bonding of the interstitial H atoms. Al-
though infrequent, strong two-phonon bands related to the
bending modes have been observed in diaspore (AIOOH)
and groutite (MnOOH), which are hydrous minerals with
medium-strength H bonds (Stegmann et al., 1973; Kohler et
al., 1997; Delattre et al., 2012). Abnormally strong bending
overtones have also been reported in H-bonded molecular
systems, such as chloroform (CHCI3) and cesium bihalide
salts (Thompson and Pimentel, 1960; Nibler and Pimentel,
1967). Even though they did not propose an interpretation
for the low-frequency bands, it is noteworthy that Miiller and
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Figure 8. (a) Spectrum of natural yellow sapphire (YS-1) from Sri Lanka for a beam polarisation approximatively parallel (thin line) or
perpendicular (thick line) to the [001] direction. The asterisks denote artefactual bands related to atmospheric CO,. The inset is a simple
colour pie chart showing the distribution of hues, describing crystals with the “3161 cm™!” band from the GIA database (~ 15 000 samples).
A majority are in the yellow—orange-red—pink range, and only a minority are blue. (b) Correlations of the area of selected bands with that
of the 3161 cm~! band. (c) Comparison of theoretical with experimental frequencies assuming that the observed bands are related to FeZt

cations.

Giinthard (1966) stated that the OH---O environment in re-
duced sapphire is analogous to the bihalide system (FHF)™.
Following Thompson and Pimentel (1960) and Nibler and
Pimentel (1967), an anomalous intensity of the OH bending
overtone can be qualitatively discussed using a local molec-
ular picture. This is consistent with the isolated character of
the hydroxylated defects investigated in this present study.
The transition intensity depends on the specific expression
of the dipole moment function, as well as on the shape of
the potential, which determines the vibrational wave func-
tions (e.g. Thompson and Pimentel, 1960). Assuming that
only the ground state is significantly populated at room tem-
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perature, the transition from the n =0 to n = 1 state corre-
sponds to a fundamental transition, whilst overtones corre-
spond to transitions from n =0 to n > 1 states. Only tran-
sitions with An = %1 are allowed in the harmonic approxi-
mation, whereas overtones can arise from the nonlinearity of
the dipole moment function (electrical anharmonicity) and
from the anharmonicity of the potential (mechanical anhar-
monicity). Although a full treatment of the overtone absorp-
tion intensities is beyond the objectives of the present study,
a conceptual understanding of the H-bonded system can be
obtained using a simple molecular model with two vibra-
tional degrees of freedom (Thompson and Pimentel, 1960).
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Table 4. Proposed assignments of infrared absorption bands in the spectra of corundum containing divalent cations. ME: multiple excitation
(anharmonic resonance or combination band involving the strong OH stretching excitation); HOCM: higher-order overtone of coupled mode
(see text). § and y correspond to the first overtone of corresponding bending modes; ? corresponds to an undefined interpretation.

Sample Experimental Theoretical Interpretation Experimental Theoretical Interpretation
frequency frequency frequency frequency
(cnf1 ) (cmf1 ) (crnfl ) (crnfl )
Ni-doped 3013 3140 Ni_4 2450 2438 Ni_1(8)
2970 2997 Ni_l 2392 2423  Ni_4 (§)
2260 2268 HOCM
2010 1939  Ni_3(8)
Co-doped 3029 3034 Co_1 2530 - 7
2425 2475  Co_1 (8)
2375 2381 Co_4 ()
1990 1917  Co_3 (§)
Mg-doped 3225 - 7 2628 2663 Mg_1(5)
3030 3196 Mg 4 2465 2401 Mg_3(5)
2993 2990 Mg_1 2416 2419 Mg_4 (%)
2254 2265 HOCM
2137 - 7
2028 2010 Mg_1(y)
“3161 series” 3355 - ME? 2480 - 7
3242 - ME? 2459 2420 Fe_1(8)
3163 3231 Fe 4 2420 2352 Fe_4 (§)
3075 3020 Fe_1
Be-diffused 3060 3096  (Be)a—OHj, 2490 2514 (Be)a1—OHjn(8)
1949 2040  (Be)a1—OHjn ()

Figure 9. Simple molecular model with Cp, symmetry of a H-
bonded OH group. A qualitative discussion of the OH vibrational
properties can be restricted to the displacement of the H atom in the
z (longitudinal) and x (transverse) directions, corresponding to the
stretching and bending vibrations, respectively.

This model with Cp, (mm?2) symmetry displays an OH group
oriented along the z axis sharing a H bond with a facing O
atom (Fig. 9). The OH stretching mode mostly corresponds
to a small longitudinal displacement (dz) of the H atom from
its equilibrium position along the z direction, whilst the in-
plane bending mode corresponds to its transverse displace-
ment (dx). In such a model, the intensity and polarisation
properties of the first bending overtone are determined by
the longitudinal component of the dipole moment function,
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whilst the fundamental bending transition depends on the
transverse component (Thompson and Pimentel, 1960). This
property is also apparent from a group theoretical analysis.
The stretching and bending modes belong to the A; and
B representations of the Cyy point group, respectively. The
B x B; = Aj symmetry of the first overtone is thus the same
as that of the fundamental stretching mode, corresponding
to the z polarisation, and differs from that of the fundamen-
tal bending transition. Furthermore, Thompson and Pimentel
(1960) show that when the dipole moment function only de-
pends on the distance between the hydrogen atom and the
facing atom, the intensity of the fundamental stretching and
bending overtone bands depends on the same charge mobil-
ity term, a term which is significantly enhanced by the for-
mation of hydrogen bonds (e.g. Libowitzky and Rossman,
1997; Balan et al., 2008). Accordingly, it is suggested that the
anomalously strong intensity of the bending overtone bands
in the spectra of corundum-bearing divalent cations arises
from the more significant H-bonding of OH groups com-
pared with that of OH groups associated with Al vacancies
and leading to the “3309 cm~! series”. In addition, a dom-
inance of the longitudinal component of the dipole moment
function in the intensity of overtone bands would also explain
why their polarisation is similar to those determined for the
fundamental OH stretching bands (Fukatsu et al., 2003; Jol-
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Figure 10. Summary of the assignment of the main FTIR bands
of corundum-bearing divalent cations. The spectra are room tem-
perature spectra of YS-1 sample, Ni- and Co-doped samples (MG-
1966) from Miiller and Giinthard (1966), and Mg-doped sample (F-
2003) from Fukatsu et al. (2003). HOCM: higher-order overtone
of coupled mode (see text); ME: multiple excitation (anharmonic
resonance or combination band involving the strong OH stretching
excitation). The asterisks denote artefactual bands related to atmo-
spheric CO».

lands and Balan, 2022). Note however that the OH defects
in corundum display a lower symmetry (Fig. 1). In this case,
transverse terms in the dipole moment function, as well as
the anharmonicity of the potential, can affect the overtone
intensity, which complicates the picture.

It is likely that the proposed mechanism also contributes
to the enhancement of the two-phonon OH bending bands
in the spectra of diaspore and groutite (Kohler et al., 1997).
This mechanism differs from the enhancement of overtones
by Fermi resonances, i.e. the anharmonic interaction be-
tween a fundamental transition and an overtone of a lower-
frequency mode when both occur at a similar frequency. An
anharmonic interaction between the bending overtone and
the fundamental OH stretching excitations is however sug-
gested by the broadening of the overtone bands observed
above 2500 cm™!.

Eur. J. Mineral., 35, 873-890, 2023

4 Conclusions

In this study, hydrous defects in corundum associated with
divalent cations have been investigated by theoretical mod-
elling and experimentation in order to discuss the origin of
bands frequently observed between 2000 and 3500cm™! in
the FTIR spectra of natural, treated and synthetic corundum
(Table 4). The series of bands observed below 2700 cm™! in
the spectra of samples containing Be, Mg, Co or Ni most
likely correspond to overtone bands of OH bending modes.
These overtone bands are likely enhanced by the electrical
anharmonicity of the OH group involved in medium-strength
hydrogen bonding. Most of these bands are significantly nar-
rower than the corresponding OH stretching bands. They
could therefore be efficiently used to identify specific con-
figurations of hydrous defects in natural and synthetic corun-
dum samples when OH stretching bands are broad and over-
lapping. This could be useful for gemological applications.
More generally, the analytical importance of narrower bend-
ing infrared bands for the study of hydrogen-bonded sys-
tems has been pointed out by Novak (1974). In addition, the
comparison of theoretical and experimental frequencies sup-
ports the assignment of the main bands observed in corun-
dum samples containing divalent cations to specific defect
configurations (Table 4, Fig. 10). The results support the as-
signment of the 3161 cm™! band frequently observed in natu-
ral sapphire samples to structural OH groups associated with
Fe’* ions.
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