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ABSTRACT: We synthesized three carbonates, Cr,[CO,];, Cr,[C,04][CO;],, &——mﬂvw
and Cr,[CO;][0],, containing Cr** by laser heating of chromium oxides in Yo |

CO, at pressures between 45 and 55 GPa. All phases were characterized by ¢ ¢,
single-crystal X-ray diffraction and Raman spectroscopy, while density
functional theory calculations complemented the experimental results. The
structure of Cr,[CO5];5-P6;/m contains coplanar groups, and a 4f Wyckoff site
is half occupied by Cr*. Cr,[C,05][CO;],-C2/c is characterized by coplanar
[CO,J*~ and pyro{C,0s]*™ anions and is isostructural to AL[C,05][CO,],. It
was obtained only after prolonged laser heating. The oxycarbonate Cr,[CO;]-
[O],-Pbcn was synthesized at the highest pressure (S5 GPa) studied here. In
this structure, half of the oxygen atoms coordinate one carbon and two Cr
atoms, while the other half coordinate three chromium atoms. The oxidation
state of chromium in the carbonates is +3, independent of the oxidation state
(+3 or +4) of chromium in the oxide starting material. We observed the transformation of Cr,05-R3¢ to Cr,O;-Pbcn above 45(2)
GPa after laser heating.

=
Cr,0,/CrO#CO, Cr,[CO,][O],-Pbcn
N

e

Cr,05-Pbcn

B INTRODUCTION prepared by precipitation, but the structural characterization of
the product phase was rather inadequate.'

Following the established workflow for the synthesis of new
carbonates by reacting oxides with CO, in a laser-heated
diamond anvil cell (DAC), LH-DAC, two chromium oxides
Cr**0,, and Cr3*0; with different valences'”"* were employed
in the synthesis, thus offering the opportunity to also study the
influence of the valence state of the starting material.

The synthesis of anhydrous carbonates by reactions of oxides
with CO, has been pioneered about 50 years ago and led to
the successful synthesis of numerous divalent 3d-transition
metal carbonates, such as MnCO;, FeCO;, CoCOj;, NiCO;,
and CuCO3.1’2 However, at that time, it was not possible to
carry out in situ diffraction studies at high pressures, and
hence, only carbonates which could be quenched to ambient
conditions could be studied.

More recently, studies examining the products of reactions B METHOD

between oxides and carbonates with CO, induced by laser High-Pressure Synthesis Experiments. Boehler—Almax
heating at high pressures after temperature qu.enchmg have design'* DACs equipped with 300 pm culets were used to
Fevealecll numerous  new 6compounds 1nclud1ng ) the ﬁrSt generate high pressures. Rhenium gaskets were preindented to
inorganic pyrocarbonates.” ” We have shown that it is possible a thickness of 40—50 Lm and laser drilled to form sample
to obtain anhydrous carbonates with trivalent cations at chambers with diameters of 100—120 pm. CrO, (99.9%)
Eoﬁérét? I;:r;;s;res Zn(}: hféeocaet??i/neg ’;}Le strulcturehof powder purchased from Aladdin (CAS No. 12018-01-8) and

2 313" and e, 3lz=tar/n. e only other Cr,0; (99.9%) powder purchased from Sigma-Aldrich (CAS

chemically simple carbonates, ie., carbonates with one type No. 1308-38-9) were placed into the sample chambers of
of cation, with trivalent cations are the sp3-hybridized

carbonates Fe3*C;0,, and Fe3*Fe3*C,0,;, which, however,
can only be obtained by laser heating at high pressures above
70 GPa.”'° Furthermore, we have also obtained mixed

ocarbonate such as AL[C,0:][CO;],-C2/c by reactin
Egdes with CO,” 2[C205][CO,]-C2/c by & Received: November 22, 2024
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different DACs, respectively. CO, dry ice was then cryogeni-
cally loaded into the gasket hole under an inert argon
atmosphere to minimize contamination with H,O during the

It is now an open question whether further chemically
simple anhydrous carbonates with trivalent cations can be
obtained. Here, we demonstrate that this is indeed the case by
the synthesis of Cr’*-containing carbonates. Nanosized
trivalent chromium carbonate was claimed to have been

© 2025 The Authors. Published by : .
American Chemical Society https://doi.org/10.1021/acs.inorgchem.4c05003

v ACS PUb| ications 4996 Inorg. Chem. 2025, 64, 4996—5003


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yu+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lkhamsuren+Bayarjargal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maxim+Bykov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elena+Bykova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dominik+Spahr"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Konstantin+Glazyrin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Victor+Milman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Victor+Milman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bjoern+Winkler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.inorgchem.4c05003&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c05003?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c05003?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c05003?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c05003?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c05003?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/inocaj/64/10?ref=pdf
https://pubs.acs.org/toc/inocaj/64/10?ref=pdf
https://pubs.acs.org/toc/inocaj/64/10?ref=pdf
https://pubs.acs.org/toc/inocaj/64/10?ref=pdf
pubs.acs.org/IC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.inorgchem.4c05003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/IC?ref=pdf
https://pubs.acs.org/IC?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Inorganic Chemistry

pubs.acs.org/IC

(a) before laser heating

(b) after 20 seconds of laser heating

0'minutes of laser heating |
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Figure 1. Selected 2D diffraction images of (a) CrO, and CO, before laser heating, (b) after 20 s of laser heating, and (c) after 10 min of laser
heating at 45(2) GPa. (a) Powder rings due to CrO, and CO,—1II are labeled with Laue indices in red and black, respectively, and were collected
before laser heating. (b) Appearance of diffraction spots marked by blue squares indicates the occurrence of a reaction. Red squares mark diffraction
spots of CrO,. The hkl indices belonging to CO,—III are shown in black, while those assigned to CO,—V are shown in white. (c) Purple squares
indicate diffraction spots collected on Cr,[C,0;][CO;]-C2/c, and numbers designate hkl-indices of CO,—V (white).

process.3”15 In our experiments, CO, served not only as a
pressure-transmitting medium but also as a chemical reactant
with chromium oxides at high pressures and high temperatures.
The edge of the diamond Raman band measured at the center
of diamond culet was used to estimate the pressure before laser
heating.'® After stepwise compression to targeted pressures,
the samples were heated from both sides using a near-infrared
(NIR) fiber laser (A = 1064 nm) at DESY or CO, laser
(coherent Diamond K-250, A = 10.6 Pm) in our laboratory in
Frankfurt (Germany).'” After a brief laser heating, the sample
was quenched to an ambient temperature. The pressure was
remeasured after laser heating by determinin% the character-
istic frequency of the V;-vibration of CO,—V."® The accuracy
of the pressure determination given in this work is estimated to
be = 7%. Raman spectra and X-ray diffraction data were
collected before and after laser heating.

High-Pressure Raman Experiments. Raman spectra
were collected after laser heating in the DAC with an
Alpha300 R Raman Imaging Microscope from Oxford
Instruments WITec."” This system was equipped with a 532
nm excitation laser, a thermoelectrically cooled CCD detector,
an Olympus SLMPL 50X objective, and 600/1800/2400
grooves/mm BLZ gratings. Here, we mainly choose the 600/
1800 grooves/mm gratings to acquire the Raman frames from
a large area by measuring spectra on a 100 X 100 pm? with 2
Mm step.

High-Pressure XRD Experiments. X-ray diffraction
experiments were performed at the extreme conditions
beamline P02.2 at PETRA III (DESY, Hamburg, Ger-
many).”’”** Radiation with a wavelength of 0.29 A and a
beam size of =2 X 2 U m was used for X-ray diffraction
measurements. The mixture of chromium oxides and CO, at
high pressures before laser heating was characterized by
powder X-ray diffraction measurements performed by using a
PerkinElmer XRD 1621 detector. The sample-to-detector
geometry was calibrated with a CeO, standard powder, and
the powder pattern was integrated using Dioptas.”” The
powder XRD pattern was indexed and analyzed employing
GSASIL*

At high pressure, microscale-sized single crystals were
grown, and SCXRD measurements on the laser-heated sample
were collected. The instrumental parameters were calibrated
with an ortho-enstatite crystal ((Mg; o3, Fegs) (S0 Algos)Og-
Pbca, a = 8.8117(2) A, b = 5.18320(10) A, and ¢ = 18.2391(3)
A). The laser-heated DACs were rotated up to £30° around
the axis perpendicular to the beam, and all frames were
collected in 0.5° step scans with Ss acquisition time per frame.
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For the analysis of the single-crystal diffraction data (indexing,
data integration, frame scaling, and absorption correction), we
used the CrysAlisPro software package in conjunction with the
DAFi package.”® Absorption correction was performed using
spherical harmonics implemented in the SCALE3 ABSPACK
scaling al§orithm. Using the Olex2 crystallography software
package,”® the structures were solved with the ShelXT
structure solution program”’ and refined with the ShelXL.”"
Density Functional Theory-Based Calculations. First-
principles calculations were carried out within the framework
of density functional theory (DFT), employing the Perdew—
Burke—Ernzerhof (PBE) exchange—correlation functional and
the plane wave/pseudopotential approach implemented in the
CASTEP simulation package.””*' “On the fly” norm-
conserving or ultrasoft pseudopotentials generated using the
descriptors in the CASTEP database were employed in
conjunction with plane waves up to a kinetic energy cutoff
of 1020 or 630 eV, for norm-conserving and ultrasoft
pseudopotentials, respectively. The accuracy of the pseudopo-
tentials is well established.”* A Monkhorst—Pack grid was used
for Brillouin zone integrations.”” We used a distance between
grid points of <0.023 21/A. Convergence criteria for geometry
optimization included an energy change of <5 X 107 eV
atom ™! between steps, a maximal force of <0.008 eV A7l anda
maximal component of the stress tensor of <0.02 GPa. Spin-
polarized calculations were carried out both with and without a
local Coulomb correction (+U). The CASTEP implementa-
tion of DFT + U is based on a simplified, rotationally invariant
approach.’**> The only external parameter required for this
approach is the effective value of the on-site Coulomb
parameter, U, for each affected orbital. Here, the effective
value for the d-orbitals of Cr was set to 2.5 eV. Phonon
frequencies were obtained from density functional perturbation
theory (DFPT) calculations.>®*” Raman intensities were
computed using DFPT with the “2n + 1” theorem approach.*

B RESULTS

Laser Heating of CrO, in CO,. Before laser heating, the
1D integrated pattern could be indexed with the structure
models (Figure S1) and 2D image (Figure la) of CrO,-
Pnnm'”> and CO,-Cmca (CO,—111).”” The lattice parameters of
CrO, at 45(2) GPa are a = 4.035(3) A, b = 4.473(9) A, and ¢
= 2.782(4) A. At the same pressure for CO,—III, we obtained
a=4029(1) A, b = 4144(3) A, and ¢ = 5.854(3) A. These
values are consistent with those reported previously.'”*’

https://doi.org/10.1021/acs.inorgchem.4c05003
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Figure 2. (a) Crystal structures of Cr,[CO5];3-P65/m at 45(2) GPa viewed along the [110] direction, showing the planar arrangement of the
[CO3]2_ groups. (b) Octahedra and their neighbored [CO3]2_ groups. The Cr2 positions are only half-occupied.

During laser heating of CrO, in CO, to a temperature of
about 2000 K at 45(2) GPa, the opaque CrO, powder started
to couple with the laser and react with CO, surrounding it.
The formation of two new phases led to new reflections,
marked by blue and purple squares in Figure 1b,c. CO,—III
transformed into CO,—V.>**!

The analysis of the single-crystal X-ray diffraction data
showed that one of the new phases in Figure 1b is Cr,[CO;];-
P65/m, which has Z = 2 formula units in the unit cell (Figures
2a and S2 and Table S1). The lattice parameters of Cr,[CO;];-
P6y/m at 45(2) GPa are a = b = 4.375(4) A and ¢
13.021(10) A. Cr,[CO5]; contains parallel [CO,]*~ layers. The
C—O bond lengths are 1.25(7) and 1.26(10) A. Cr atoms
occupying the 2b Wyckoff position (Table S2), labeled as Crl,
are coordinated by six oxygen atoms at a distance of 1.91(9) A
(Figure 2b) and form an undistorted octahedron. The Cr
atoms on the 4f Wyckoft position are labeled as Cr2. The
distances between Cr2—O1 and Cr2—02 are 1.96(3) and
1.85(5) A, resulting in a distorted octahedron (Figure 2b). The
octahedron around a Cr2 atom shares a face with its
neighboring Cr2 octahedron (Figure 2b). The distance
between the two nearest Cr2 atoms is 1.90(6) A (Figure
2a). Although very short Cr—Cr bonds of 1.8028(9) A have
been reported,”” an alternative is a structural model where the
Cr2 sites are partially occupied with a site occupied factor of
0.5. Such a model results in a significant improvement in the R,
value during the refinement from 14.3% down to 6.35%. The
chemical composition of this positionally disordered phase is
Cr,[CO,];, consistent with Cr** carbonate.

The Raman spectra of CrO, and CO, before and after laser
heating are presented in Figure 3. We could observe only a
broad C—O stretching band at around 1150 cm™' from the
Raman spectrum of Cr,[CO;];-P6;/m (Figure 3c).

After prolonged heating (10 min) on CrO, at a different
sample position in CO, at 45(2) GPa, the second phase
Cr,[C,05][CO;], was synthesized. It was identified by the
appearance of additional bands in the Raman spectrum in the
frequency ranges of 200—600, 800—1200, and 1500—1700
cm™!, as shown in Figure 3d. Single-crystal X-ray diffraction
data were collected on a temperature-quenched sample (Figure
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Figure 3. Raman spectra measured before (a) and after (b—d) laser
heating at 45(2) GPa at different locations in the sample chamber
show the simultaneous presence of CO,—V, Cr,[CO;];-P6;/m and
Cr,[C,0;][CO;],-C2/c. (a) Experimental Raman spectrum of CrO,
and calculated Raman of CO,~IIL (b) Raman spectra of CO,—V by
experiments (black) and theory (gray). (c) Raman spectra of
Cr,[CO4]5-P6;/m by experiments (blue) and Cr,[CO,]5-P6; by
DFT (gray). (d) Raman spectra of Cr,[C,0,][CO;],-C2/c by
experiments (purple) and Cr,[C,0;][CO;],-Cc by DFT (gray).

1c), and the chemical formula was derived from the structure
solution (Figure 4 and Table S3). Cr,[C,0:][CO;],-C2/c
contains both conventional trigonal [CO3]2_- and pyrocar-
bonate [Czos]z_- anions and is isostructural to the recently
reported AL[C,05][CO;],.” At 45(2) GPa, the lattice
parameters of Cr,[C,05][CO;],-C2/c are a = 11.381(4), b =
4.296(10), and ¢ = 10.870(9) A, B = 106.9(9)°, respectively
(Table $3). The [CO,]*"- and pyrocarbonate [C,05]*"-groups

are aligned forming parallel planes (Figure 4a,c). The CrOg-
octahedra form chains along the b axis by sharing oxygen

https://doi.org/10.1021/acs.inorgchem.4c05003
Inorg. Chem. 2025, 64, 4996—5003
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Figure 4. (a) Crystal structure of Cr,[C,05][CO;],-C2/c at 45(2) GPa view along the b axis, displaying coplanar trigonal [CO3]27- and
pyrocarbonate [C205]2_— anions. (b) CrOg octahedral chain by sharing corners along the b axis. (c) CrOg4 connected with [CZOS]Z_ and [CO,)*~

groups viewed along the [101] direction.

atoms (Figure 4b). The average Cr—O bond length is

1.89(2) A (Figure 4d). The C—O distances in trigonal
[CO,]* vary from 1.24 to 1.29 A, whereas in [C,O]*", they
range from 1.22 to 1.34 A.

Laser Heating of Cr,O3 in CO,. To better understand the
role of the Cr-oxidation state during the synthesis of chromium
carbonates, we also performed experiments by laser heating
Cr,0; in CO,, thus changing the oxidation state of the Cr
cation from +4 to +3.

On laser-heated Cr,O; in CO, at 55(2) GPa, we observed
the appearance of new sharp spots in the diffraction pattern.
Single-crystal X-ray diffraction data were collected on a
temperature-quenched sample. Reflections of one of the
phases at 50(2) GPa could be indexed using an orthorhombic
unit cell (space group Pben) with a = 11.195(1), b = 4.410(1),
and ¢ = 4.945(7) A (Figure S). A structure solution identified
this phase as a further novel chromium oxycarbonate with
composition Cr,[CO;][O],, which also contains [CO3]2_
layers in angle planes (Figure Sa) The C—O bonds are
about 1.26—1.27 A length. The oxygen atoms in this phase are

Figure 5. (a) Crystal structure of Cr,[CO5][O],-Pbcn at 55(2) GPa,
displaying the [CO3]2_ groups in gray triangles and OCrj; triangles in
red in the unit cell. (b) CrO; octahedra form in chains by sharing
corners along the ¢ axis.
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3-fold coordinated, half of them connected with three Cr
atoms and half of them connected with two Cr atoms and one
carbon atom (Figure Sa). CrO4-octahedra are distorted and are
connected with each other by sharing corners forming infinite
chains along the ¢ axis (Figure Sb), and the same in the b axis
direction. The structural details together with the DFT
calculations are summarized in Table S4.

The changes in the Raman spectrum of the mixture of Cr,O;
and CO, due to laser heating at 55(2) GPa are presented in
Figure 6. New Raman bands due to Cr,[CO;][O], appear
from 160 to 1180 cm ™" (Figure 6b).

d) 50(2) GPa after

/coz-vj‘ Cr,CO,l;-P6,/m

LH

c) 50(2) GPa afte

s

.Cr203-Pbcn
5) 50(2) GPa aterLH

Cr,[CO3][0],-Pben + Cr,05-Pben A

*

3) 55(2) GPa betofe LH

Intensity (a. u.)

: Cr,0,-R3c
LA coylil_|
0 200 400 600 800 1000 1200

Raman shift (cm)'1

Figure 6. Raman spectra of Cr,0; and CO, measured before (a) and
after (b—d) laser heating. The dashed lines mark the positions
assigned to CO,—V after laser heating. (a) Raman spectra of Cr,O-
R3¢ and CO,—III before laser heating at 55(2) GPa. (b) Raman
spectra of Cr,[CO;][O],-Pben and Cr,O5-Phen after laser heating at
50(2) GPa. The arrows are marked to the Raman frequencies of
Cr,[CO;][O],-Pben. (c) Raman spectrum in green represents the
mixture of Cr,03-Pben and Cr,O;-R3¢ collected in the experiments.
(d) Raman spectrum of Cr,[CO;];-P65/m phase.

DFT Calculations. The DFT + U full geometry
optimizations gave structures in good agreement with the
experimental findings. The partially disordered structure of
Cr,[CO;];5-P6;/m was approximated by an ordered structure
with the space group symmetry P6;. The computed lattice
parameters agreed with the experimental values within 1—
2.5%, which is typical for calculations such as those carried out
here. The enthalpy difference between a ferromagnetic and an
antiferromagnetic spin arrangement was too small (0.01 eV per

https://doi.org/10.1021/acs.inorgchem.4c05003
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unit cell) to draw a conclusion regarding the preferred spin
arrangement. Similarly, for Cr,[C,04][CO;],-C2/c and
Cr,[CO;][O],-Pben, the computed lattice parameters also
agreed with the experimental values at 45 GPa to within 1.2%.

Cry0;. In the experiments where we heated Cr,Os, we
observed an additional phase transition. Cr,O;-R3c has
characteristic Raman bands at 300 ¢cm™! (Eg) and 690 cm™
(Alg) (Figure 6a). The appearance of new bands at 265, 360,
and 412 cm™' in the Raman spectra after laser heating
indicated the occurrence of an additional phase (Figures 6¢
and S3). The high quality of the SCXRD data allowed for the
unambiguous identification of this phase as Cr,O3-Pbcn. The
structure of Cr,O;-Pbcn contains significantly distorted
polyhedra, and the octahedra form a 3D network by sharing
corners, edges, and faces (Figure 7). The refinement details at

Figure 7. Crystal structure of Cr,O5-Pben after laser heating at S0(2)
GPa, showing that the octahedra of the CrOg units in a unit cell are
connected by sharing corners, edges, and faces.

50(2) GPa are summarized in Table S5, where they are
compared to the results of the DFT calculations. The good
agreement between the two data sets supports the result of the
structure solution and refinement (Table S8).

Heating on Decompression. In the temperature-
quenched sample at S0(2) GPa, we observed, in addition to
Cr,[CO;][O],-Pbcn and Cr,04-Pben, also Cr,[CO;]5-P65/m
(Figure 6d), which we had synthesized earlier from CrO, and
CO, at 45(2) GPa. We decompressed this sample from 50(2)
to 45(2) GPa and laser heated again. Upon laser heating at
45(2) GPa, Cr,[CO,][O],-Pbcn disappeared, Cr,[ CO;]4-P6,/

m remained in the sample, and after prolonged heating,
Cr,[C,0;][CO;],-C2/c formed. The changes in this sample
were characterized by Raman map, as it is shown in Figure 8.

B DISCUSSION

We have shown that at moderately high pressures, Cr*'-
containing carbonates can be formed. These are the first single-
crystal structure refinement of Cr-carbonates, whose existence
further extends the chemical diversity of the family of
anhydrous chemically simple carbonates. For the conditions
employed here, the valence state of Cr in the starting material
seems to be irrelevant (Table S7), as in all cases, the resulting
carbonate contained Cr’*.

The ionic radii of Fe3*, Cr**, and AI** in 6-fold coordination
are 0.645 A, 0.615 A, and 0.535 A, respectively.43 Hence, the
radii of Cr*" and AP’* differ by = 15%, which is often taken as a
limit up to which substitution and solid solution formation is
facile. However, Fe,[CO;];-P2,/n, Cr,[CO;];-P6;/m, and
AL [CO;]5-Fdd2 all crystallize in different structure types. In
contrast, AL,[C,0,][CO;], and Cr,[C,0,][CO;], are iso-
structural in C2/c space group symmetry. The volume of
Cr,[C,04][COs], is 508.62(2) A’ and hence larger than that
of AL[C,0,][CO;],, which is 477.8 A3 at almost the same
pressure, consistent with the larger ionic radius of Cr** relative
to AP'. The geometric parameters of the two phases
generated* are shown in Table S6. The p—V equations of
states of the carbonates synthesized in this work are shown in
Figure 9.

There has been a long discussion about whether there is an
orthorhombic phase of Cr,O; above 30 GPa.'***™* In our
DFT calculations of the enthalpy difference between Cr,O3-
Pbcn and Cr,O5-R3¢, the high-pressure orthorhombic poly-
morph becomes more stable above 15 GPa (Figure S4). This is
in agreement with earlier and similar DFT-based studies.””°
However, in these calculations, the temperature is neglected.
Without laser heating, Cr,03-R3¢ can be cold-compressed up
to 70 GPa.">" In the current study, the formation of Cr,O5-
Pbcn was observed at just two p, T-points at 45 and S0 GPa,
and hence the stability field cannot be inferred, but we provide
the first experimental structure of the Pbcn phase (Figure 7 and
Figure SS).

The transition pressure from corundum Al,O;-R3c to Al,O;-
Pben occurs at =80—100 GPa upon heating.”' > The same
transition for Fe,0;-R3¢ to Fe,0;-Pbcn takes place at
significantly lower pressure of =40 GPa.>* As Fe®* and Cr**
have a similar electronic configuration and size, it is reasonable

Figure 8. (a) Microimage of Cr,0; and CO, in a DAC. The white solid square indicates the first heated and mapping area at 45(2) GPa displayed
in (b). (b) Combination of Raman and sample image layers after first laser heating ( 10s) at 45(2) GPa. The white square marked the second
heated and mapping area displayed in (c). The phases are labeled with Cr,O;-Pbcn in green and Cr,[CO5]5-P6;/m in blue, which are featured by a
frequency of 408 and 1150 + 10 cm™, respectively. (c) Combination of Raman and sample image layers after second laser heating ( 20 min) at
45(2) GPa. The phase Cr,[C,05][CO;],-C2/c marked in purple is featured by a frequency of 1045 + 10 cm ™.
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Figure 9. Equation of the state of the carbonates at high pressures by
DFT™* shown together with experimental data.

to ensure that the transition for Cr,05-R3c also takes place at
around 40 GPa, which is consistent with our observations
(Table S9).

Bl CONCLUSIONS

This study demonstrates the successful high-pressure synthesis
of three novel chromium(III)-containing carbonates
Cr,[COs]; Cry[C,04][CO;], and Cr[CO;][0], and a
high-pressure polymorph Cr,O;-Pbcn. Using state-of-the-art
single-crystal diffraction at high pressures, we clarified that
both sp® and pyrocarbonates containing trivalent Cr ions can
be obtained by inducing reactions in DACs by laser heating.
The oxidation state of chromium in the carbonates is +3,
independent of the oxidation state (+3 or +4) of chromium in
the oxide starting material. We also observed the trans-
formation of Cr,0;-R3c to Cr,O;-Pbcn above 45(2) GPa after
laser heating. In the current study, we did not explore if the
samples are quenchable to ambient conditions and their
stability. This is planned for a future study.
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