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The kieserite-type ferrous sulfate FeSO4-H,0 has been studied up to pressures of 9.2 GPa by means of X-ray
diffraction, Fourier-transform infrared spectroscopy and Raman spectroscopy. The monoclinic phase undergoes a
ferroelastic pressure-induced phase transitions at P.=6.154(1) GPa with the thermodynamic character being
second order. The structure solution of the high-pressure polymorph revealed a purely displacive transition with
the SO4 and FeOg units remaining unchanged in their topology. Birch-Murnaghan equations of state were fitted to
the unit-cell volume data thus yielding Vy = 365.23(30) 1083, Ko =45.2(2) GPa, K' = 6.7(1) for the C2/c phase and

Vo =369.86(46) A%, Ky = 38.5(6) GPa for the high-pressure P1 polymorph with K’ fixed to 5.4 as derived from
normalized pressure-strain analysis. The analyses of the high-pressure spectra and the structure refinements
reveal changes in the hydrogen-bonding system to be the responsible driving mechanism for the phase transition.

1. Introduction

Ferrous sulfate denotes a range of salts with the stoichiometric for-
mula FeSO4-xH20, representing compounds in various hydration states
from anhydrous to fully hydrated heptahydrate (0 <x < 7). Although
magnesium [1-5] and nickel [6] sulfates in higher hydration states have
been identified, substitution with other divalent metals [7,8] and iron(II)
in particular [9] appears to be rather limited. All ferrous iron sulfates
dissolve in water giving the paramagnetic octahedral [Fe(H20)6]2+
hexaaquacomplex, of which the formation opens up a wide range of in-
dustrial applications. They encompass the use as a reducing agent, as a
colorant (including e.g. the production of iron gall ink in ancient times)
or uses in medicine against iron-deficiency anemia [10] or in horticulture
to treat iron chlorosis [11]. Natural occurrences of hydrated ferrous
sulfates are often bound to oxidation zones of sulfidic ore deposits, tail-
ings, waste piles and associated acid mine drainage [12,13]. Hydrated
sulfates including solid solutions of ferrous sulfates have been considered
as potentially important constituents on the surface of Mars [14].
Moreover, sulfate minerals in x =6, 7, 11 hydration states are proposed
to be the dominant non-icy mineral phases on the surface of the outer
three Galilean moons [15-17]. Incongruent melting has been observed
for numerous hydrated sulfate minerals under pressure [3,4,18,19] and
temperature [20-23] conditions relevant to the interior of giant icy sat-
ellites directing interest towards the high-pressure behaviour
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low-hydrated sulfate minerals such as monohydrates.

The crystalline monohydrate FeSO4-H,0, known as the mineral szo-
molnokite, was found to be isostructural to monoclinic MgSO4-H>0
(kieserite), of which the structure was determined by Leonhard & Weiss
[24] in space-group C2/c. The kieserite structure type (Fig. 1) consists of
corner sharing [MO4(H20)]6' units, running parallel to the crystallo-
graphic c-axis and thus forming continuous chains//[001]. These chains
share common oxygen atoms with the tetrahedral sulfate groups, thus
providing the linkage to a three-dimensional heterodesmic framework.
The structural topology shows distinct relations to those of titanite,
amblygonite, caminite, lazulithe and lipscombite as discussed by Baur
[26], Hawthorne et al. [27] and Zemann [28].

Investigations on series of synthetic representatives of kieserite-type
sulfates [25] but also selenate analogues [29] revealed C2/c-en-
dmembers for Mg, Fe, Ni, Co, Zn and Mn. The existence of continuous
solid solutions was so far shown for the binary Mg-Co [30] and Mg-Fe
systems [31], in both cases showing Vegard-type behaviour along the
respective series. In the context of former systematic crystallochemical
studies, CdSO4-H,0, known as the mineral voudourisite [32,33], was
found to crystallize in P2;/n space-group symmetry [34], which can be
attributed to a size mismatch of the Cd*" cations located on the octa-
hedral site. On the other hand, the lattice distortion and the associated
deviation from aristotype C2/c symmetry in CuSO4-H20 (triclinic space
group P1) was explained by cooperative polyhedral distortion around the
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Fig. 1. (a) Projection of the kieserite-type C2/c structure of FeSO4-H,O along
[001] and (b) details of the schematic hydrogen-bonding system with respect to
the local twofold symmetry (FeOg octahedra: orange; SO, tetrahedra: turquoise;
hydrogen atoms: red). Dashed lines represent short H---O2 contacts, dotted lines
denote the H---O1 distance. Blue arrows indicate the axes of the rotational diads.
Structure represented at ambient conditions as described by Wildner and Giester
[25]. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

Cu®" cations due to the Jahn-Teller effects [35-37].

At ambient conditions hydrogen bonds exhibit linear geometry with
two Ow---O2 bonds following the local two-fold symmetry of the water
molecule [25,27,35]. Ow---O1 distances in kieserite-type compounds
exceed the barely defined upper limit of hydrogen bonding [38]. But
evidently at higher pressures the hydrogen bonding system reveals an
increasing tendency towards bifurcation as the structure approaches a
denser atomic configuration. The hydrogen-bonding system and in
particular the role of acceptor atoms with respect to the existing local
symmetry must be considered as the key to the structural stability of the
aristotype C2/c structure. The existence of non-C2/c representatives is a
clear indication of possible transformations into other polymorphs, in
particular as the hydrogen-bonding network is different for these ex-
amples. Nevertheless, investigations of FeSO4-Ho0 at low-temperature
conditions down to 113K by single crystal X-ray diffraction [31] and to
even 7 K by Raman spectroscopy [39] did not provide any evidence for a
structural phase transition. Considerations on the extent of structural
changes imposed by variations of external conditions prompted us to
consider investigations under high-pressure conditions, as any lattice
change is expected to be much stronger as compared to that one origi-
nating from temperature variations.

For the present study we selected the ferrous endmember represen-
tative to be most suitable, because the critical cation size for Fet
(r:0.781°\) is intermediate between the smallest (0.69 [o\, Ni?") and
largest (0.83 A, Mn?") values (ionic radii after [40]) within the series of
various C2/c-representatives out of the MSO4-H20 phases. The objective
of this work was therefore to investigate the structural evolution of
synthetic FeSO4-H20 single crystals and their behaviour under hydro-
static pressure conditions. Using the diamond-anvil cell techniques,
in-situ high-pressure investigations were carried out by means of X-ray
diffraction and vibrational spectroscopy in order to record the structural
evolution under pressure and track possible structural transitions.

2. Materials and methods
2.1. Synthesis of sample crystals

Single crystals of FeSO4-H20 were synthesized in Teflon-lined stain-
less steel hydrothermal autoclaves with an inner volume of ~55cm®
using the approach of Talla and Wildner [31]. The vessels were filled
with ~6 g FeSO4-7H20 (Alfa Aesar). Problems regarding the oxidation
from Fe?" to Fe>' in the hydrothermal solution leading to the formation
of rhomboclase and other mixed Fe?*/Fe3" sulfates required redox
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buffering. Both attempts, either using a foil of metallic iron (dimensions
3 x 10 x 1 mm) together with 25 cm® pure HySO4 (w = 0.73), or the use
of a mixture of 5mlH,SO3 (w=0.06) along with 20 cm? HyS04
(w=0.73) as solvent agent turned out to be successful routes for the
synthesis of FeSO4-H50 as the single product. All chemicals specified
above were of analytical purity. The filled vessels were heated for 24 h to
210°C and cooled down at a controlled rate of —3 °C/h down to room
temperature. The solid products were washed with distilled H,O and
98% ethanol and finally dried at 65 °C. The phase type and purity were
identified by Raman spectroscopy. Since the crystals were too large to be
used for the pressure cell, they were gently crushed between two object
slides. Due to the excellent cleavage parallel to (113) and (111),
wafer-shaped crystal fragments were obtained, as morphologically pre-
determined by the cleavage directions.

2.2. High-pressure sample environment

Crystal fragments were loaded into ETH-type diamond-anvil cells
(DAC) [41] equipped with either standard brilliant-cut diamond anvils or
Boehler-Almax type anvils [42], each with a culet face of 600 pm in
diameter. Type Ila anvils were used for infrared spectroscopy, while for
all other techniques (XRD, Raman spectroscopy) type I diamonds were
used. Stainless steel gaskets were pre-indented to ~100pum and a
~250 pm diameter borehole was drilled by spark erosion in the center of
the indentation. A water-free 4:1 methanol-ethanol mixture served as
pressure-transmitting medium for XRD investigations, while in-situ
vibrational spectroscopy was carried out on samples pressurized in
cryogenically loaded argon. Both 4:1 methanol-ethanol [43,44] as well as
argon [43,45] provide quasi-hydrostatic pressure distribution up to
approximately 10 GPa and hence well above the maximum pressure
reached in the experiments. Pressures were determined using the con-
ventional quartz and ruby standards, following the calibration of Scheidl
et al. [46] and Jacobson et al. [47], respectively. The estimated standard
deviations (ESDs) of the P values obtained by the internal P standard
quartz were determined by the ESDs of the measured P-dependent
unit-cell volume. The ESDs of the P obtained from the R;-line shift of the
ruby luminescence spectra were estimated to be £0.05 GPa after aver-
aging repeated measurements.

2.3. Raman spectroscopy

Raman spectroscopy was performed in order to complement FTIR
data as the far-infrared region is inaccessible at our FTIR spectrometer
imposed by the existing experimental setup (i.e., Globar and mercury-
cadmium-telluride detector). Spectra were collected by means of a
confocal Horiba Jobin Yvon LabRAM-HR 800 spectrometer using a red
He-Ne laser source emitting light with a wavelength of 632.8 nm and an
Olympus BX41 microscope. An Olympus LMPIanFL N 50x objective with a
long working distance of 10.6 mm enables to focus the laser beam onto
the sample crystal inside the pressure chamber. All in-situ measure-
ments in DACs were carried out using type I anvils in brilliant cuts
mounted on Be seats. A diffraction grating with 1800 lines per mm was
used for all measurements. High-pressure spectra were acquired using
the LabSpec 6 software (HORIBA Scientific) in the spectral range from
100 to 600 cm ™! Raman shift with an exposure time of 60 s. The spectral
resolution is 0.3 cm ™! and the recorded spectra were averaged over 15
individual scans to reduce background noise. Background subtraction
and the determination of the band position were achieved using the
program Peakfit v.4 (Jandel Scientific). The recorded spectra were fitted
with the Gauss-Lorentz-area method. Initial estimates of the number of
bands and their distribution in the Raman spectra were based on Chio
et al. [39].

2.4. FTIR spectroscopy

High-pressure IR absorption spectra were acquired from a Bruker
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Hyperion 1000 microscope attached to a Bruker Tensor 27 FTIR spec-
trometer in the spectral range from 7000 cm™! to 400 cm™'. The Hy-
perion 1000 microscope is equipped with a liquid nitrogen cooled
mercury-cadmium-telluride detector and a Globar light source. The
spectral resolution is 4 cm™! and the spectra were recorded in a time
frame of 15s and averaged over 120 individual scans. The absorption
spectra were deconvoluted into single absorption bands with a Voigt-
shaped function using the Peakfit v.4 (Jandel Scientific) software.
High-pressure spectra were recorded with using type Ila anvils in
Boehler-Almax geometry.

2.5. Structure determination

Three individual loadings were carried out for high-pressure intensity
data collection with crystal sizes 80 x 170 x 40 ym® (loading #1),
85 x 70 x 50 pm3 (loading #2), 75 x 175 x 50 pm3 (loading #3). The
determination of orientation matrices and all intensity data collections
were performed on a Stoe StadiVari X-ray diffractometer using a DECTRIS
Pilatus 300K detector with a 450 pm silicon layer and an air-cooled
Incoatec IS molybdenum micro-focus tube source (50 kV voltage and
1 mA current flow). A total of 3860 frames with angular steps of 0.5° in @
rotational mode with the y circle fixed to a value ranging from 0° to 90°
were collected in 51 runs for each measurement. Data were collected on
both sides of the DAC as achieved by a 180° rotation of the ¢ circle after
each run. Exposure time was 100s per frame for the measurement at
9.2 GPa and 60s for each of the other measurements. Intensities were
integrated using the X-area 1.72 (STOE & Cie GmbH) software. Integrated
intensities were corrected for absorption due to the sample and DAC
components by using the ABSORB code [48]. Indexing of reconstructed
reciprocal space yielded monoclinic lattice metrics for the measurements
at 2.0, 5.1, and 5.5 GPa, while at 7.3, 8.2 and 9.2 GPa triclinic metrics
were found. The structure for the triclinic form was obtained by trans-
forming the positions described in C2/c setting to the corresponding

Table 1
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reduced cell. All refinements were carried out using scattering curves for
neutral atoms and isotropic displacement parameters for all atoms using
ShelXle [49], which is a graphical user interface from the SHELX software
[50]. Detailed information about the individual instrumental setup and
data acquisition can be found in Table 1, the refined positional param-
eters and displacement parameters are listed in Table 2, and the resulting
interatomic distances are given in Table 3.

2.6. High-precision lattice parameters

The lattice parameters were measured on a Stoe AED II diffractometer
using a Eulerian-cradle geometry and a scintillation counter. The in-
strument is controlled by the SINGLE software [52].
Non-monochromatized Mo radiation (50 kV tube voltage, 30 mA current
flow) was used as X-ray source. For each hydrostatic pressure point at
least 10 reflections were measured in the 8-position centring mode [53]
to refine the unit-cell volume of the quartz reference, which was used as a
pressure standard. The corresponding pressure was calculated applying a
4th-order Birch-Murnaghan equation of state [54] using the empirical
parameters determined by Scheidl et al. [46]. At least 12 reflections were
measured for the sample crystal at each pressure point. Lattice parame-
ters were refined in a first step without any symmetry constraints in order
to prove possible deviations in metrics, and were finally constrained to
monoclinic symmetry, if appropriate. The resulting metric parameters
are listed in Table 4. The equations of state (EoS) were fitted by applying
weighted least-square techniques following the Birch-Murnaghan (BM)
formalism using the software EoSFit7 [52]. Normalized pressure-strain
analysis were carried out in order to determine the relevant order of
truncation of the BM EoS. The obtained EoS parameters are given in
Table 5.

Crystal data of FeSO4-H50, details of the XRD intensity data collection and data processing, and summary of the structure refinements based on the in-situ high-pressure

single-crystal XRD measurements.

P [GPa] 2.0 5.1 5.5 7.3 8.2 9.2

Loading #1 #3 #2 #1 #3 #1

Space group C2/c C2/c C2/c P1 P1 P1

a [10\] 7.0445(6) 7.0150(7) 6.9998(5) 5.0048(6) 4.9768(15) 4.9593(11)

b [A] 7.4366(7) 7.3476(5) 7.3191 (6) 5.0825(13) 5.0898(17) 5.0726(12)

c[A] 7.6178(7) 7.4661(6) 7.4448(7) 7.3530(29) 7.3316 (16) 7.2889(22)

o [°] 90 90 90 109.462(23) 109.739(19) 109.496(19)

B[] 118.748(6) 119.086(6) 119.086(6) 109.941(23) 110.025(18) 110.104(23)

v [°] 920 90 90 92.442(16) 92.245(26) 92.333(19)

V [A%] 349.89(6) 336.30(5) 333.3(5) 163.18(7) 161.64(8) 159.80(9)

Z 4 4 4 4 4 4

Data collection

# measured reflections 3748 3534 3710 3645 3135 3492

Rejected 192 154 197 3 72 11

Unique reflections 303 289 292 311 278 293

Max. 2 0 [°] 73.09 73.52 72.22 72.84 73.66 74.04

Range of hkl -11=<h=<7 —-6=<h=<8 -11=<h=<11 -8=<h=<38, —4=<h=<6, -7=<h=<7
—-8=<k=<8 -7 =<k=<10 -9=<k=<6 —5=<k=<7 -6=<k=<4, —5=<k=<7
-9=<1=<10 —-12=<1=<12 -8=<1=<7 -5=<1=<5 -10=<1=<10 -3=<1=<3

Rine 0.0485 0.0310 0.0340 0.0681 0.1230 0.0605

Structure refinement

rl (|[Fo| >4 0)* 0.0441 0.0355 0.0390 0.0477 0.0736 0.0379

wR2" 0.118 0.0914 0.0969 0.1149 0.2072 0.0967

GooF* 1.122 1.061 1.114 1.076 1.043 1.075

Parameters refined 15 15 15 28 28 28

n = number of reflections, p = number of parameters refined.

® Rl = 3 ||Fo| — |Fe||/ 3 |Fol

P wRiw(F3 — F2)°] /w|(F3)|}2)

< GooF[w(F2 — F2)%)/(n—p)}

/2
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Table 2

Positional parameters and isotropic displacement parameters of the atom sites in
the (a) monoclinic and (b) triclinic FeSO4-H,0 polymorph at 2.0, 5.1, 5.5 and 7.3,
8.2, 9.2 GPa. The atom sites correspond to: (a) Fe at 4b 1 (0,%,0), S and Ow at 4e
0.2. (0,y,%), O1 and 02 at to 8f 1 (x,y,z) in C2/c (unique axis b); (b) FeA at 1a 1
(0,0,0), FeB at 1b 1 (0,0,'%), all other atoms at 2i 1 (x,y,z) in P1.

b

P [GPa] 7.3 8.2 9.2
FeA Uiso 0.0088(5) 0.0148(9) 0.0094(4)
FeB Uiso 0.0100(5) 0.0149(8) 0.0088(4)
S X 0.3534(6) 0.3540(14) 0.3522((3)
y 0.6430(5) 0.6417(15) 0.6401(4)
z 0.7527(10) 0.7531(3) 0.7532(8)
Uiso 0.0080(5) 0.0121(9) 0.0070(4)
01A X 0.6306(17) 0.6453(40) 0.6297(11)
y 0.7135(16) 0.7226(42) 0.7175(13)
z 0.9237(28) 0.9288(11) 0.9361(23)
Uiso 0.0155(14) 0.0222(20) 0.01311(12)
02A X 0.1156(15) 0.1139(42) 0.1072(10)
y 0.6550(14) 0.6484(44) 0.6500(11)
z 0.8325(25) 0.8282(11) 0.8283(23)
Uiso 0.0081(13) 0.0188(19) 0.0115(12)
01B X 0.682(16) 0.6901(39) 0.6792(10)
y 0.6427(14) 0.6509(40) 0.6476(11)
z 0.4006(26) 0.4010(11) 0.3971(22)
Uiso 0.0090(13) 0.0226(21) 0.0108(11)
02B X 0.3380(16) 0.3436(40) 0.3367(10)
y 0.8535(15) 0.8520(42) 0.8422(12)
z 0.6522(25) 0.6565(10) 0.6503(23)
Uiso 0.0120(14) 0.023(21) 0.0114(12)
ow X 0.8471(15) 0.8430(38) 0.8475(10)
y 0.1502(15) 0.1511(42) 0.1500(12)
z 0.7478(26) 0.7497(9) 0.7510(2)
Uiso 0.0100(13) 0.0148(18) 0.0101(11)
a
P [GPa] 2.0 5.1 5.5
Fe Uiso 0.0098(4) 0.0086(3) 0.0083(3)
S y 0.1498(3) 0.1460(2) 0.1455(2)
Uiso 0.0081(5) 0.0072(4) 0.0062(3)
o1 X 0.1689(6) 0.1681(7) 0.1684(5)
y 0.0369(7) 0.0329(5) 0.0323(5)
z 0.4034(7) 0.4090(5) 0.4115(7)
Uiso 0.0148(8) 0.0144(7) 0.0121(7)
02 X 0.0984(6) 0.1033(7) 0.1037(5)
y 0.2657(6) 0.2646(4) 0.2637(5)
z 0.1581(7) 0.1609(5) 0.1610(6)
Uiso 0.0128(9) 0.0119(7) 0.0109(7)
ow y 0.6480(9) 0.6500(6) 0.6500(7)
Uio 0.0132(11) 0.0102(8) 0.0110(9)
3. Results

3.1. High-pressure vibrational spectroscopy

Raman spectra under hydrostatic pressure conditions using Ar as the
pressure-transmitting medium were recorded in a sequence of 13 pres-
sure points between 10~* and 9.19 GPa in pressure steps between 0.33
and 1.57 GPa. A focus on the internal modes in the wavenumber range
between 100 and 600 cm™! shift (Fig. 2a) revealed the most prominent
bands as described by Chio et al. [39], i.e. the lattice modes at 116, 218,
272, 423, and 495 cm ! (at ambient pressure). The four strongest peaks
could be assigned following Chio et al. [39] to either translational modes
(218 and 272 cm™!) related to the one octahedrally coordinated Fe po-
sition and the H»O ligand, and to the V; mode of the SO4 group (423 and
495 cm™Y). The high-pressure spectra reveal the typical redshift with

243

Journal of Solid State Chemistry 277 (2019) 240-252

AV/AP values between 1.29(5) and 8.3(3) cm™ 'GPa™! (Fig. 2b). None of
the recorded modes reveals, apart from the positional shift, any evidence
for changes such as splitting or an emerging shoulder, which would be
indicative for additional independent crystallographic sites as originating
from lowering the symmetry, the occurrence of a superstructure or the
modulation of the lattice.

Nevertheless, in the low-frequency regime, i.e. below 350 cm ! shift,
the spectra at pressures > ~6.15GPa show at least three weak new
modes located at 128, 189 and 332 cm! (as determined in the spectrum
at 9.19 GPa). These faint spectral features are the only trackable changes
within the experimental range of investigations. The rather unexciting
spectral changes suggest that both the topological arrangement and the
short-range order remain more or less unchanged under steadily
increasing hydrostatic loads up to the hydrostatic limit at around
9-10 GPa.

The series of in total 10 infrared spectra recorded between 10~* and
8.54 GPa provide at a first glance a similar view. The spectra (Fig. 3) are
characterized by the V; and V3 modes of the SO4 tetrahedra within the
1000-1200 cm ™ range, and the ¥, V» and 73 modes of the H,0 molecules
at 1400-1800 cm™! and 3200-3500 cm™!. The main spectral features
remain apparently unchanged. At a closer look the band position of the
mode as obtained from spectral deconvolution of the 3200-3500 cm ™!
absorption feature into four individual absorption bands, it is obvious
that the linear trend of positional shift changes again at pressures beyond
~6.0 GPa (Fig. 4). Together with the findings from Raman spectroscopy,
it confirms subtle changes at a critical pressure lying between 5.9 and
6.5 GPa. These changes obviously are related to changes of interatomic
distances between donor and acceptor oxygen atoms within the
hydrogen bonding system.

3.2. Structural crystallography at high-pressures

Three individual loadings with 4:1 methanol-ethanol fluid as a pres-
sure transmitting medium and Boehler-Almax type diamonds were car-
ried out to collect diffraction images at six pressures (i.e. 2.0, 5.1, 5.5,
7.3, 8.2 and 9.2 GPa). Sample single crystals were 80 x 170 x 40 pm>
(loading #1), 85x 70 x 50 pm3 (loading #2), 75 x 175 x50 pm3
(loading #3) in size. Data processing of the recorded intensities at
pressures <5.50 GPa clearly verified the lattice settings in the reported
C2/c space-group symmetry and any unconstrained refinement of base
vectors confirmed the monoclinic metrics within the 1c criterion of the
obtained uncertainties. This is in contrast to the lattice metrics observed
for the data sets >7.30 GPa, which clearly suggest triclinic lattice sym-
metry. The inspection of the reconstructed reciprocal lattice moreover
suggests symmetry breaking due to the violation of serial and zonal
extinction as typical for c- and n-glide planes and 2;-screw axis in P1.
Hence, the setting for the triclinic primitive unit-cell corresponds to the
reduced cell in the monoclinic C-lattice as depicted in Fig. 5, with a
simple relationship between the unit-cell volumes as of Viiclinic = %
Vimonoclinic- The reconstructed reciprocal space has also been scanned for
the occurrence of any superstructure reflections, satellite reflections, and
diffuse scattering, which all can ultimately be ruled out to occur in any of
the collected intensity data sets.

Final refinements of the crystal structures were carried out based on
models with atomic positions provided by Bechtold and Wildner [30] for
C2/c setting. Since the hydrogen atom positions were not determined in
any of the herein reported high-pressure crystal structures the O3 oxygen
[25,27,30] was named O,y instead in order to unambiguously denote the
donor oxygen of the hydrogen bond. The structural model reported by
Giester [35] for CuSO4-Ho0 in P1 served as basis for the structure
determination of the high-pressure polymorph, but was transformed to a
cell setting where Ctriclinic = Cmonoclinic according to the transformation
matrix (—1/0/0//0/-1/0//1/1/1) to allow a better comparison of the
low-pressure and high-pressure polymorphs. The C2/c - P1 transition
results in a splitting of structural sites, i.e. FeA and FeB and twice as many
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Table 3
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Selected interatomic distances (A) and bond angles (°) in FeSO4-H,0 calculated from the positional parameters as given in Table 2.The A, parameter describes the
octahedral distortion as defined by Brown and Shannon [51]. Note that for C2/c symmetry (i.e. for P < 5.5 GPa) the atoms labeled A and B are identical and do not

require differentiation.

P (GPa) 107* 2.0 5.1 5.5 7.3 8.2 9.2
interatomic distances (A)

FeA-O1A (2x) 2.103(1) 2.099(4) 2.099(4) 2.095(3) 2.091(7) 2.015(26) 2.097(9)
FeA-O2A (2x) 2.050(1) 2.041(5) 2.028(3) 2.027(4) 2.015(5) 2.039(8) 2.013(7)
FeA-Ow (2x) 2.228(1) 2.200(3) 2.168(2) 2.161(3) 2.152(20) 2.142(13) 2.114(16)
<FeAl®l0> 2.127 2.113 2.098 2.094 2.086 2.065 2.075
Aoct(FeAOg) 1.23 0.97 0.74 0.68 0.94 0.71 0.45
FeB-O1B (2x) =FeA-O1A —=FeA-O1A —=FeA-O1A =FeA-O1A 2.095(7) 2.052(25) 2.084(7)
FeB-02B (2x) —FeA-02A —FeA-02A —FeA-02A —FeA-02A 2.010(14) 2.037(6) 2.016(9)
FeB-Ow (2x) = FeA-Ow =FeA-Ow =FeA-Ow =TFeA-Ow 2.136(13) 2.152(11) 2.137(14)
<FeB!®.0> = <FeAl®l0> = <FeAl®.0> = <FeAl®.0> = <FeAl®l0> 2.080 2.080 2.079
Aoct(FeBOg) = Aoct(FeAOg) = Aoct(FeAOg) = Aoct(FeAOg) = Ape(FeAOg) 0.45 0.61 0.59
S-01A 1.462(1) 1.466(5) 1.459(4) 1.464(4) 1.450(15) 1.499(14) 1.473(10)
S-01B =S-01A =S-01A =S-01A =S-01A 1.466(6) 1.487(15) 1.467(6)
S-02A 1.491(1) 1.477(4) 1.482(3) 1.477(4) 1.491(10) 1.474(24) 1.491(13)
S-02B =S-02A =S-02A =S-02A =S-02A 1.480(19) 1.463(23) 1.449(17)
<S-0> 1.477 1.472 1.471 1.471 1.472 1.489 1.470
Ow--01A 3.240(3) 3.134(7) 3.058(5) 3.047(6) 3.130(13) 3.114(27) 3.152(10)
Ow--01B = Ow--01A =Ow--01A = Ow--01A =Ow--01A 2.906(12) 2.868(27) 2.839(8)
Ow--02A 2.756(2) 2.712(4) 2.664(5) 2.653(4) 2.618(12) 2.602(28) 2.587(10)
Ow---02B =0w--02A =Ow--02A =Ow--02A = Ow--02A 2.646(13) 2.606(27) 2.651(9)
bond angles (°)

FeA-Ow-FeB 121.42(7) 119.985(2) 118.878(2) 118.930(2) 118.04(71) 117.27(30) 118.02(49)
FeA-O1A-S 136.75(11) 133.92(31) 131.25(25) 130.44(26) 131.20(75) 131.05(72) 126.60(50)
FeA-O2A-S 133.57(9) 132.41(32) 130.97(19) 130.70(23) 128.22(60) 126.49(75) 126.56(48)
FeB-O1B-S — FeA-O1A-S —FeA-O1A-S — FeA-O1A-S —FeA-O1A-S 129.784(72) 131.72(72) 128.80(51)
FeB-02B-S =TFeA-02A-S = FeA-02A-S —=FeA-02A-S =FeA-02A-S 131.30(75) 130.51(70) 132.05(54)
01A-Ow-O1B 80.00(5) 78.46(12) 77.08(12) 76.99(12) 78.92(49) 80.20(43) 80.41(35)
02A-Ow-02B 46.19(4) 45.85(12) 45.88(8) 45.90(10) 46.17(31) 45.52(55) 45.85(23)
01A-Ow-02B 67.31(4) 66.36(12) 65.06(10) 64.89(11) 63.86(45) 63.05(48) 63.01(29)
01B-Ow-02A =01A-Ow-02B = 01A-Ow-02B =01A-Ow-O2B =01A-Ow-02B 64.86(42) 64.38(47) 64.87(32)

independent oxygen sites (O1A, O1B, O2A, O2B). An overview of the in
total 6 refined high-pressure structures is given in Table 2. Rjy values
vary from 0.031 to 0.123 providing evidence for the correct Laue sym-
metry and a sufficient data quality on merging symmetry equivalents.
R1,ps values lie within the range 0.036 and 0.076, the goodness of fit
ranges from 1.043 to 1.122. Due to the low symmetry and having only
one single-crystal orientation within the DAC, all refinements were car-
ried out with only isotropic displacement parameters.

The variation of interatomic distances with pressure (Table 3) reveals
no significant changes for the Fe-O and S-O bond distances, even across
the supposed critical point related to the observable symmetry change.
The FeOg octahedra (a unique one in C2/c, two independent in PT) show
an unspectacular quasi linear decrease of their values with pressure. It is
noteworthy that the longer Fe-Ow distances are subject to greater
compressibility, and thus the polyhedral distortion decreases with pres-
sure and the FeOg octahedra become slightly more regular. The values for
Ayt (ranging from 0.97 to 0.45) are for any of the structures reported
here significantly smaller than the polyhedral distortion of the equivalent
sites in CuSO4-H20 (Aoce = 11.11 and 8.16) [35]. A comparable picture of
the stereochemical changes can be found for the SO4 tetrahedral units,
with continuous marginal decrease in S-O bond distances.

While the individual FeOg and especially SO4 building units appear to
be rather rigid and do not provide any evidence of a significant change
associated with the supposed structural transformation, the disappear-
ance of individual symmetry elements enables new freedom of tiltings for
the interpolyhedral connections within the given framework topology.
The changes of bond angles at bridging oxygen atoms undergo small
changes, with a general trend towards slightly smaller angles (cf.
Table 3). The Fe-Ow-Fe angle, which is the angle within the corner
sharing [FeO4(H20)]6' octahedral chains across the bridging Ow atom, is
reduced from ~121.4° to ~118.0° due to the subtle tilting of the cross-
linking SO4 units as getting rid of their former twofold axis. The Fe-O-S
angles, which are measuring between ~136.8° and ~133.6°, get simul-
taneously reduced to values ranging between ~126.6° and ~132.1°.

They reflect the trend to compact the FeOg—-SO4-framework by folding on
the bridging oxygen atoms.

As a significant consequence of the tilting and associated rotation of
the SO4 groups, the O---O contacts that are available for the hydrogen-
bonding system are also being changed (Fig. 6). While the symmetry-
equivalent distances between the short Ow---O1 and the long Ow---02
distances were the same due to the symmetry constraints in C2/c, the
change to a triclinic lattice metrics leads to a significant diversification of
the previously equal distances, with unmistakable differences for O1A
versus O1B and O2A versus O2B (Fig. 7). As expected, the long (Ow---O1)
and the short (Ow---0O2) distances behave differently. A very clear
diversification can be observed for the weak Ow---Ol contacts
(measuring 3.24Aat 1 bar), which get reduced to 2 x ~3.05 A as
determined at 5.5 GPa just before the phase transition occurs. Beyond the
critical pressure of the phase transformation, the distance to O1A in-
creases again significantly while the distance to O1B is reduced to 2.91 A.
An approximately comparable disproportionation into one longer and
one shorter distance — although to a lower extent — can also be observed
for the short Ow---O2 contacts with slightly longer distances to O2B and
shorter to O2A (see Fig. 7). The observed changes of the relevant dis-
tances in the hydrogen-bonding system suggest the formation of a
bifurcated Ow-H::01B/0O2B hydrogen bridge on one side, in return O2A
being the unique acceptor for the other Ow-H---O2B bridge involving the
second hydrogen atom of the H,O molecule.

3.3. Compressibility and elastic properties

Precise unit-cell parameters were determined from XRD Bragg peaks
under hydrostatic conditions within the pressure range 10~ to 8.4 GPa
(Table 4). For comparability between monoclinic and triclinic lattices,
the metric parameters for the monoclinic C2/c polymorph are provided
in the setting of the reduced cell, which corresponds to the base vectors of
the triclinic setting (cf. Fig. 5). The analysis of the 15 individual data
points, as derived from subsequent compression of a single crystal and
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Table 4

Unit-cell parameters of the symmetry unconstrained reduced cell (a, b, c, @, §, 7, V) and the symmetry-constrained values an,, by, and f, for FeSO4-H>0 as derived from least-squares refinement of the monoclinic C2/c cell.
Note that the value for cy, is equivalent to c in the reduced cell; the volume Vp,, = 2 x Vyeq (The suffix “m” and “red” denote the setting of the monoclinic C2/c cell and the reduced cell which coincides with the triclinic PT cell

respectively).
Vor, [A%] P [GPa] Grea [A] brea [A] Crea=Cm [Al  Grea [] frea [] Yrea [°] Visu [A%] ap [A] by [A] am [°] B ] 7m [°]
112.968(3) 0.00010(1) 5.1772(2) 5.1770(2) 7.7786(5) 109.140(4) 109.130(4) 93.673(3) 182.613(15) 7.0823(2) 7.5525(2) 90 118.631(3) 90
110.058(27) 1.052(11) 5.1502(3) 5.1489(4) 7.6973(6) 109.258(7) 109.253(5) 93.320(7) 178.706(20) 7.0689(3) 7.4906(5) 90 118.731(3) 90
107.535(10) 2.137(5) 5.1266(5) 5.1257(2) 7.6250(4) 109.375(4) 109.379(6) 93.045(5) 175.283(19) 7.0538(4) 7.4389(5) 90 118.827(2) 90
106.853(18) 2.460(9) 5.1183(3) 5.1200(4) 7.6030(5) 109.401(6) 109.389(5) 93.000(6) 174.278(20) 7.0474(3) 7.4269(6) 90 118.848(2) 90
104.938(11) 3.441(6) 5.1001(6) 5.1003(3) 7.5481(5) 109.496(5) 109.477(7) 92.804(8) 171.637(22) 7.0341(4) 7.3877(7) 90 118.934(3) 9
103.397(16) 4.314(10) 5.0860(6) 5.0854(4) 7.5043(11) 109.563(7) 109.554(9) 92.697(8) 169.553(31) 7.0212(3) 7.3594(6) 90 119.017(3) 9
102.393(16) 4.925(10) 5.0757(9) 5.0764(2) 7.4730(7) 109.614(5) 109.608(10) 92.609(8) 168.116(33) 7.0137(6) 7.3407(7) 90 119.070(4) 90
101.702(6) 5.366(5) 5.0696(3) 5.0707(4) 7.4505(6) 109.618(6) 109.646(5) 92.583(6) 167.189(20) 7.0070(3) 7.3292(5) 90 119.105(3) 90
100.824(7) 5.951(5) 5.0623(4) 5.0608(4) 7.4244(6) 109.679(7) 109.667(6) 92.520(7) 165.974(22) 6.9993(2) 7.3137(5) 90 119.150(3) 9
100.529(6) 6.154(3) 5.0573(3) 5.0593(5) 7.4161(7) 109.684(7) 109.707(6) 92.491(6) 165.538(22) 6.9963(5) 7.3073(6) 90.010(7) 119.165(5) 90.023(7)
100.307(6) 6.309(4) 5.0419(4) 5.0700(5) 7.4079(7) 109.794(8) 109.596(7) 92.476(8) 165.207(23) 6.9940(7) 7.3030(7) 90.054(7) 119.159(7) 90.319(8)
99.685(14) 6.753(10) 5.0213(7) 5.0778(5) 7.3867(7) 109.573(7) 109.957(9) 92.385(11) 164.193(31) 6.9910(8) 7.2883(11) 90.100(10) 119.240(7) 90.642(11)
98.942(6) 7.303(4) 5.0033(3) 5.0825(6) 7.3615(9) 109.515(8) 110.029(6) 92.406(6) 163.168(26) 6.9807(6) 7.2801(6) 90.124(8) 119.255(6) 90.900(7)
98.457(13) 7.699(5) 4.9915(3) 5.0833(5) 7.3440(7) 109.508(6) 110.083(6) 92.377(7) 162.377(22) 6.9749(6) 7.2704(6) 90.130(7) 119.282(6) 91.045(7)
97.543(9) 8.398(8) 4.9719(3) 5.0838(5) 7.3138(7) 109.505(7) 110.148(6) 92.339(7) 161.037(23) 6.9644(6) 7.2545(6) 90.119(7) 119.316(6) 91.276(7)
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Fig. 3. Series of infrared spectra of FeSO4-H20 hydrostatically compressed in Ar
in the range 10~* to 8.54 GPa. The band assignment of bands follows [39].

phase. It should be noted that fixing K’ to a value without a given esti-
mated standard deviation results in underestimation of the standard
deviation for the free parameters Vp and K. Using the 7 data points at >
5.95 GPa, the refinements of EoS parameters with K’ being constrained to
5.4 yields Ky =45.1 + 0.6 GPa and V= 367.0 + 0.4 thus revealing that
Ko remains apparently unchanged, while K’ gets significantly reduced.
This is further supported by the evolution of normalized pressure as a
function of Eulerian finite strain, clearly demonstrating a change in the
compression mechanism after the critical pressure of transformation for
the volume data accounting for significant deviations dK/dP of the HPP
relative to the low-pressure polymorph (Fig. 9a). Similar behaviour was
observed for the c-lattice parameter (Figs. 8f and 9b). While the volume
(Fig. 8a) and c-axis (Fig. 8d) evolution provide only subtle indication of a
phase transformation, the variations of the a;eq and byq lattice parame-
ters of the reduced unit-cell, which lie in the a-b-plane of the monoclinic
cell-setting, clearly show the changes related to the lattice metrics
(Fig. 8b-e).

Axial compressibility of the monoclinic lattice vectors ap, bn, and ¢,
reveal strong compressional anisotropy with 29% higher compressibility
of the [001] direction relative to the [100] direction. The variation of the
monoclinic lattice parameters with pressure is almost continuous as re-
flected by merely subtle changes of the EoS parameters as determined for
both the LPP and the HPP. The orientation and magnitude of the prin-
cipal axis of the strain ellipsoid were calculated using the Win_Strain
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Fig. 4. The evolution of the band positions of the ¥;(OH) band in IR spectra of
FeSO4-H,0, corresponding to the values obtained after peak fitting using un-
constrained Voigt-shaped functions for spectral deconvolution with four band
components. Vertical error bars indicate the individual positional uncertainties.
The errors for P (=~0.05 GPa) are smaller than the symbol size. The plot indicates
a distinct discontinuity across a critical pressure between 5.88 and 6.54 GPa.

software [55]. The strain ellipsoid is constrained due to monoclinic
symmetry of the LPP with the eigenvalue e; (= —0.03211 + 0.00008)
being//[010], and e; and eg lying within the (010) plane. The angle
between the crystallographic c-axis and e; (= —0.05206 + 0.00009) and
e3 (= —0.01104 + 0.00005) principal strain axis directions is around 20°
and 110°, respectively. The principal strain axis reveal a pronounced
anisotropic elastic behaviour with relative values e;: ep: e3=4.7 : 2.9: 1
as determined from lattice changes between 1bar and 5.9 GPa, thus
confirming the direction close to the c-axis to be the most compressible
and the direction approximating the a-axis to be the stiffest lattice di-
rection. In the HPP symmetry breaking shear strain components ej, and
eo1 arise. The monoclinic to triclinic phase transition is dominated by the
e12 component, which is attributed to large deviations of the angle y from
90° beyond P.. ey3 is about one order of magnitude smaller than e;s,
which is in excellent agreement which subtle deviations from 90° for the
am compared to rather large deviations for y,, (Fig. 10a). A positive e3
eigenvalue (= 0.00275 + 0.00015) with ap, £ 128.1 by, £ 46.3 ¢y 2 81.2
as determined between 6.15 and 6.3 GPa reflects the discontinuous
behaviour of the beq (=[110],,) axis displaying negative compressibility
beyond P. (Fig. 8c). Contrary to this behaviour the e
(—0.00367 + 0.00016 with ay, £ 59.1 by, £ 44.1 ¢y, £ 81.2) component is
the direction of maximum compressibility as reflected in the strong
decrease of the a;eq (=[110]y,) axis (Fig. 8b).

Compared to highly hydrated sulfate minerals (i.e., MgSO4-11H50:
Ko=19.9(4), K’ =9(1) [4]; MgS04-9H20: Ky =19.5(3), K' = 3.8(4) [3],
MgSO47H,0:  Ko=21.5(1), K =54 [18,56], pB-MgSO45H,0:
Ko=31.4(4), K =5.4(1) [19], NaSO4-10H20: Kp=19.6(1), K’ =5.8(5)
[571) FeSO4-H0 reveals a remarkable stiffness, which is attributed to the
rigid tetrahedral-octahedral framework of the kieserite structure type in
contrast to topologies consisting of isolated polyhedra or dimers (e.g. in
B-MgS04-5H,0) linked by intramolecular hydrogen bonds. Low hydrated
sulfate minerals with a higher degree of polyhedral polymerization (i.e.,
bloedite (NagMg(S04)2-4H0): Ky = 39.9(6) GPa, K’ = 4 [58,59], kainite
(KMgS04Cl-3H20), Kp=32.2(5), K =3.8(1) [60], gypsum
(CaS04-2H50): Kp=44(3) GPa, K' =3.3(3)) are better suited for a
comparison of the structural evolution under high-pressure conditions.
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Ci=Cred

Cred=Cn=T.78

Fig. 5. Relationship between the monoclinic C-centred unit cell (solid lines;
a,=7.09 ;\, b, ="7.55 A, cm=7.78 A, Pm =118.6°) and the reduced cell (dashed
lines), whose base vectors correspond to the setting of the triclinic P lattice
(@rea=brea=5.18A, Creg=7.78A, Greg=Prea=109.1°, yeq=93.7°) for FeS-
04-H,0 at ambient conditions (Talla and Wildner, in prep). Note that the di-
rection of the c-axis is equivalent in both settings.

Both bloedite and kainite did not reveal any evidence for a structural
phase transition up to 11.2 and 14 GPa, respectively, whereas gypsum
transforms at ~4 GPa [61,62]. Gypsum, shows the maximum compress-
ibility perpendicular to the water molecule interlayer, i.e. along [010]
direction. The bloedite structure is built up from rigid [Mg(H20)4SO4)2]2'
units, which are connected through soft Na-O bonds and hydrogen
bridges. In kainite the presence of relatively stiff magnesia octahedra in
the interlayer prevents this direction to be the most compressible. In
contrast to this sheet like structures, FeSO4-HyO forms a
three-dimensional framework, thus a comparison with the above
mentioned compounds is only possible to a limited extent. All these
compounds have in common that the compression behaviour seems to be
mainly controlled by the linkage and degree of polymerization of rigid
divalent cation polyhedra and sulfate tetrahedra and relatively soft
intramolecular hydrogen bonds thus accounting for the increasing stiff-
ness of hydrated sulfate minerals as hydration stage decreases and the
degree of polymerization increases.

3.4. Nature of phase transition

At a certain point at about 6 GPa, the lattice angles indicate a devi-
ation from the monoclinic symmetry, corresponding to an increasingly
pronounced triclinic distortion. This is manifested through the evolution
of the two angles areq and freq (Fig. 10b), which are equivalent within
their uncertainties up to the critical pressure, whereas one value signif-
icantly increases while the other significantly decreases above P.. This
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A & Dk
Cm:Ged
Ow - 0O1B Ow - O1A:
2.839(8) A 3.152(10) A
Ow - OZBO: Ow - O2A:
2.651(9) A 2.587(10) A

Fig. 6. Comparison of the hydrogen-bonding scheme in FeSO4-H,0 at (a) 2.05,
(b) 5.50, and (c) 9.2 GPa. While the each two Ow-H---O1 and Ow-H---O2 dis-
tances are equivalent in the C2/c low-P polymorph as determined by the point
symmetry of the Ow sites (Fig. 6a + b.), the equivalent donor-acceptor dis-
tances in the high-pressure structure take different values (Fig. 6¢.). Hydrogen
bonds with Ow-H---0 >3 A are represented by puncted lines, shorter ones by
dashed lines.

can also be demonstrated for the angles in the monoclinic setting, where
both ay, and yy, (which are 90° within their uncertainty) reveal values
being significantly different from 90° as it would be required for a
monoclinic setting (Fig. 10a). These changes in the lattice metrics clearly
indicate, that at the critical transition point the crystal structure un-
dergoes a monoclinic-to-triclinic transition from geometrical point of
view, which in turn supports the findings from reflection conditions
suggesting a C2/c-to-P1 transformation. The phase transition can be
classified as being proper ferroelastic, featuring analogies to various
similar transitions such as the reversible transition from rutile-type GeOo
to the CaCly-structure [63] and isostructural compounds (e.g. SiOj:
[64-67]). Similar appearance of a reversible transition has been reported
for the scheelite-to-fergusonite transformation in orthotungstates and
orthomolybdates, being a second-order ferroelastic one as manifested by
the arising spontaneous strain [68,69].

An order-parameter analysis was carried out in order to classify the
structural phase transition as identified within the scope of the mea-
surement of precise lattice parameter. The variation of both the a and the b
lattice parameter with pressure were chosen as order parameters. The
experimentally determined values for Ky and K’ of the monoclinic low-
pressure polymorph (LPP) were used to calculate the corresponding lat-
tice parameter as determined through the BM EoS for the pressure points
higher than the critical pressure of transformation. The differences be-
tween the observed and calculated values A,.. where determined through
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Fig. 7. Evolution of the various Ow---O1 and Ow---O2 donor-acceptor distances
with pressure as relevant for the hydrogen-bonding system in the two poly-
morphs of FeSO4-H,0.

Aobs-acale and bgps-bealc for the respective lattice direction and plotted as
shown in Fig. 11. As the Ay (= apbs-acale OF bobs-Dealc) follows the power
law Ay o |P-P|? with p being the critical exponent, fitting to the data
points beyond P ~ 6.1 GPa yields the parameters for the critical transition
pressure P. and the critical exponent p, the latter one being very charac-
teristic for the nature of the transition (i.e. if the character of the structural
phase transition is first order, second order or a tricritical one). Both data
sets (Fig. 11) yield independently a value for P, of 6.154 + 0.001 GPa with
f being 0.52 4+ 0.01 and 0.53 + 0.01, respectively. The value for the crit-
ical exponent being ~0.50 confirms the nature of the transition to be
second-order in character, as also suggested by the apparent lack of a
distinct volume discontinuity. Calculating the values of the unit-cell vol-
umes from the EoSs with the parameters as determined from the fits, the
volumes at P = 6.15 corresponds to 331.08 and 331.09 A3, which can be
considered as identical with respect to mean experimental uncertainty
(~0.024 AS) in the volume determination in this study here.

4. Discussion

The investigations clearly reveal the existence of a structural transi-
tion, which is second-order from thermodynamical point of view, proper
ferroelastic, and displacive in nature as manifested by the in-situ struc-
ture investigations. Considering the pure framework composed of octa-
hedral and tetrahedral units around the Fe and S atoms, the framework
topology remains unchanged with respect to local coordination within
the building units. This is also proven to the extent that the main bands in
the vibrational spectra remain virtually unchanged over the critical
pressure within the experimentally accessible pressure range. There is no
change of the number of modes, which are assigned to the tetrahedral
SO4 group, nor any splitting or any indication for a shoulder. This can be
attributed to the fact that in both polymorphic forms the atoms occupy
only a single crystallographic site and the geometry of the SO4 group
remains almost unaffected. The only discernible changes in the lattice-
related regions of the spectra are found in those lattice modes attribut-
able to octahedral vibrations. This can be explained that the weak new
bands occurring in the Raman spectra beyond 6.15 GPa are a conse-
quence, that the Fe atoms in the octahedra in the high-pressure form are
distributed on two very similar but crystallographically independent
sites.
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As the dominating framework of the structure and its topology are
virtually unchanged, one can easily understand the lack of any volume
discontinuity and hence, why the transition definitely is not first order in
nature. The fact that the compressibility of the two phases is very similar
also shows that the structural differences between the two forms are not
very large. Also, that in consequence the pressure dependencies of
spectral band positions before or after P, are extremely similar, there is
an indication that the principal compression mechanisms are indepen-
dent of the polymorphic form and their differences in symmetry. The
accurate determination of the lattice constants with appropriate preci-
sion clearly proves the changes in the lattice metrics when the critical
pressure value of 6.15 GPa is exceeded. The measurements clearly show a
deviation from the monoclinic symmetry that can be assigned to the low-
pressure polymorph. In addition, the structural investigations confirm
the symmetry change from C2/c to P1 space-group symmetry on the basis
of the measured diffraction intensities and the observed reflection
conditions.

Comparing the results of the individual techniques used for the in-situ
investigations here in this study, it is evident that the biggest change
concerns the hydrogen-bond system originating from the molecular
water. Regarding to the significant changes related to the band position
of the ¥ O-H stretching band, it is evident that donor-acceptor distances
and their evolution with pressure significantly change across the transi-
tion pressure. Following the empirical trend line as given by Libowitzky
[70], the linear frequency shift towards lower frequencies at higher
pressures corresponds to the expectation as the O---O contacts of
hydrogen bonds decrease as the structure gets compressed. This is also
confirmed by the structure investigations showing that the respective
Ow---01 and Ow---O2 distances get reduced from 3.24 to 3.05 A and from
2.76 to 2.65 A as determined close to the critical pressure at 5.5 GPa. At
the transition pressure, the frequencies determined for the V;(OH) band
components are shifted towards higher wavenumbers, which corre-
sponds to an increase of the respective O---O distance. The results of the
structure investigations show that each of the O---O distances splits into
two independent ones, with apparently very significant differences for
the length of the hydrogen bridges (e.g. Ow---O1 splitting into values of
3.15A and 2.84 A for Ow---O1A and Ow---O1B). In particular the role of
the O1 acceptor atoms is remarkable, as the positional shifts cause O1B to
take an enhanced role as acceptor, while O1A loses its equivalent role. In
this context, a clear asymmetry in the binding system can be seen with
the formation of a bifurcated Ow::02B/O1B bridge on the one hand, and
with the formation of a conventional bridging bond with O2A as a sin-
gular acceptor on the other hand (see Fig. 6).

According to Brown [71] repulsion arises for oxygen acceptor to
donor distances below 2.7 A. Nazzareni et al. [62] observed for gypsum
that the repulsion becomes so strong and that the compression mecha-
nism changes, giving rise to a structural phase transition. Approaching
the phase transition the Ow-O2 distance decreases reaching a value as
low as 2.651(4) A at 5.50 GPa in FeS0O4-H0. The splitting of the O2 and
01 in the C2/c structure into each two position in P1 (i.e. O1A, O1B,
0O2A, and O2B) allows the independent rotation of the FeAOg octahedra
relative to the FeBOg octahedra. In order to keep a better balance on the
bond strengths for the Ow atoms, the possibility for independent atomic
shifts decoupled from symmetry constraints allow the relative com-
pressibilities to get adopted. Hence the stronger compression of
Ow---O1B is compensated by keeping the distance Ow---O1A long, and
simultaneously significantly shortening Ow---O2A opposes a relatively
small change of Ow---O2B.

The changes in the role of the O1 and O2 oxygen atoms is related to
small cooperative tiltings of the SO4 tetrahedra and, in consequence, of
the two individual adjacent FeOg octehadra. Due to the fact that the
sulfate group is no more located on a diad, the tetrahedra have the
freedom to be tilted off the former two-fold axis. Since the four O---O
contacts, which are crucial for hydrogen bonding, orient each more or
less within the a-b plane, it is not surprising that the strongest effects in
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the lattice distortion affect the related lattice directions. This coincides
with the evolution of the ayeq and b.eq directions of the reduced cell and
the shortening of a,eq (Fig. 8b) and the elongation of byeq (Fig. 8c) relative
to the extrapolated vector lengths in the monoclinic phase directly
matches the shortening of Ow---O1B while keeping Ow---O1A inactive in
the role as an acceptor oxygen. The monoclinic-to-triclinic distortion of
the lattice within this preferred plane direction apparently originate from
the relative positional shifts of O1A and O1B atoms. The c-axis direction,
which corresponds to the direction of corner sharing [FeO4(HzO)]6'
chains, provides evidence for a subtle, about 5 fold smaller compared to
the areq and byeq direction, change when crossing the critical transition
point as confirmed by evolution of normalized pressure as a function of
finite Eulerian strain (Fig. 9b).
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5. Conclusions

We conclude that the high-pressure polymorph of ferrous sulfate
monohydrate is unlikely to exist in the interior of giant Jovian icy sat-
ellites, since the maximum pressure to which hydrated sulfate minerals
are exposed inside the icy mantles of these bodies do not exceed 5 GPa
[18]. However, we do not suspect pure endmember FeSO4-H50 to occur
in the icy mantle rather than Mg-dominated solid solutions between
MSO4-Hy0 with M = Mg, Fe, Ni, Mn as interfered from chemical analysis
of sulfate minerals in primitive chondrites [72]. Meusburger et al. [73]
and Ende et al. [74] reported analogous C2/c to P1 phase transition for
MgSO4-H0 at a critical pressure of transformation of 2.7 GPa. Given the
large difference in the transition pressures we suggest that incorporation
of even small amounts of Fe into the kieserite-type structure could
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significantly shift the transformation pressure towards higher pressures
and hence extend the stability field of monoclinic kieserite in the interior
of giant icy satellites. Moreover, our results are of great interest from a
crystallochemical point of view since the unit-cell volume, lattice pa-
rameters and bonding lengths for MgSO4-H50 deviate significantly from
isostructural transition metal compounds [25,30]. Deviation of the Mg
end-member within this series of isostructural phases is not restricted to
kieserite-type compounds but has been observed for numerous series of

Pressure [GPa]

hydrated sulfates (i.e., the bloedite-type: NagM(I1)SO4)2-4H20 [75] and
Tutton’s salts: KoM(II)(SO4)2-6H,0 [76]) and is also known for the
selenate analogous series of the kieserite-type M(I)SeO4-H20 [29]. The
kieserite-type series appears to be a suitable testbed to study the influ-
ence of the aberrant behaviour of the magnesium end-member on
comparative high-pressure structure-property relations.
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