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1. Methods

1.1. Sample material

We used hydrothermal a synthesis to obtain Ba[COj3]
single crystals, derived from an approach established
for other carbonates.! The crystals were grown using
barium chloride dihydrate (BaCl, - 2H,O) and ammonium
bicarbonate (NH,HCO3) as starting materials according
to the reaction:

BaCl; - 2H20+2NH4HC03 —

BaCOj3 | +2NH4Cl + CO, 1 +3H,0 @
First, 1.5 mmol of analytical grade BaCl, - 2H,0 (99.99%
purity, Merck, Darmstadt, Germany) was dissolved in
12.5 ml bidistilled water under magnetic stirring at ambi-
ent temperature. In addition, 1 mmol of ammonium bi-
carbonate, NH,HCO; (99.99% purity, Merck, Darmstadt,
Germany) was dissolved separately in 25 ml bidistilled
water. Afterwards, the resulting solutions were mixed
under magnetic stirring at room temperature and the
resulting suspension transferred into a 60 ml Teflon cup.
The Teflon cup was filled up to 50% of its volume. It
was placed in a stainless steel autoclave and heated up
to 503(1) K in two hours. The temperature was kept for
24 h. Afterwards, the oven was cooled down in two steps:
First from 503(1) K to 453(1) K in 48 h and secondly from
453(1) K to 300(1) K in 24 h. The precipitate was obtained
by vacuum filtration, washed with distilled water, and
dried in an oven at 333(1) K. We obtained colorless crys-
tals with a variety of crystal habits with edge lengths up
to of 200 pm.
We used the CO, gas for the gas-jet (Nippon gases,
purity > 99.995%) and the argon purge gas (Nippon
gases, purity > 99.999%) as purchased.

1.2. High-pressure experiments

The high-pressure experiments were carried out us-
ing Boehler-Almax type diamond anvil cells (DACs)
with 300 pm culet size and diamonds with 70° open-
ing angle on both sides.? We used Re-gaskets which
were pre-indented to a thickness of ~ 45 pm. Gasket-
holes with ~ 100 um diameter were drilled by a custom-
built laser setup. A Ba[COj] crystal with dimensions of
~ 70 x 30 x 20 um? and a ruby chip for pressure deter-
mination were placed in the gasket hole on the bottom
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diamond (Fig. S 1 a). In addition, we added a piece
of pure Re-metal (= 10 pm) on the bottom diamond
for the alignment of the X-ray beam (Fig. S 1 a). The
pressure was determined by measuring the shift of the
ruby fluorescence and we assume an error of 6% due to
non-hydrostatic conditions.® We expect that the pressure
conditions in the DAC before laser-heating are very likely
non-hydrostatic as CO,-III may sustain pressure gradients
up to 0.2 GPa pm~! at high pressures without heating.*

Figure S 1: (a) Ba[COj] crystal, ruby chip and Re-metal piece
in the gasket hole, placed on the bottom diamond before the
cryogenic CO,-loading. (b) The Ba[COj3] + CO, (+ H,O) mix-
ture after laser heating at 40(3) GPa up to temperatures of
~ 2000(300) K.

Afterwards, CO, dry-ice was directly condensed into
the gasket hole using a custom-built cryogenic loading
system (see Spahr et al.®) derived from an earlier con-
cept.® The DAC was opened and placed on a liquid ni-
trogen cooled Cu-holder. It was cooled down to ~ 100 K.
Ar (10 1 min~') was used as a purge-gas to avoid the pre-
cipitation of H,O ice. We assume that small amounts of
H,0 were inadvertently co-condensed from the residual
moisture in the CO,- or Ar-gas. We used a small nozzle to
align a CO, gas jet with 51 min~! directly on the gap be-
tween upper diamond and the gasket. The precipitation
of the CO, in the gasket hole was monitored by an optical
microscope and a camera. After a sufficient amount of
CO, was gathered in the gasket hole, the DAC was tightly
closed. Finally, the DAC was compressed to the target
pressure without intermediate heating and heated up to
maximum temperatures of ~ 2000(300) K of 40(3) GPa
(Fig. S1b).



1.3. Laser heating

Double-sided laser-heating was performed with a
custom-built laser setup using a Coherent Diamond K-
250 pulsed CO; laser (A = 10600 nm).” The laser power
was adjusted to achieve a coupling of the laser to the
sample from both sides (1-3 W) and the focusing on the
sample results in a heating area of ~ 30 x 50 pm?. The
highest temperature achieved during the laser heating
was Tmax =~ 2000(300) K. The temperatures were deter-
mined by the two-color pyrometer method, employing
Planck and Wien fits.® The heating time was ~ 60 min-
utes. It is well established that laser-heating in DACs
always suffers from large temperature gradients and the
actual temperature is strongly dependent on the coupling
of the laser with the sample, especially at lower tem-
peratures. We estimate an uncertainty of at least 15%
of the nominal temperature in the laser-heated region
depending on the focus of the laser beam, based on typi-
cal 2D temperature-gradient determination experiments
performed in DACs.”

1.4. Single crystal synchrotron X-ray diffraction

Single crystal synchrotron X-ray diffraction was carried
out at PETRA III (DESY) in Hamburg, Germany, at the
extreme conditions beamline P02.2.19 The beam size on
the sample was 2.0 (H) x 2.0 (V) pm? (FWHM), focused
by Kirkpatrick Baez mirrors. The diffraction data were
collected using a Perkin Elmer XRD1621 detector, a wave-
length of 0.2899 A (42.7 kéV) and a detector to sample
distance of 396 mm, calibrated using the powder diffrac-
tion of a CeO, standard and the software DIOPTAS. ! We
rotated the DAC by £34° around the axis perpendicular
to the beam while collecting frames in 0.5° steps with 4 s
acquisition time per frame. The diffractometer/detector
geometry was calibrated using diffraction data collected
from a single crystal of enstatite in a DAC.

Before the single crystal data collection, the synchrotron
X-ray beam was centered on the small Re-piece to ensure
a very good adjustment of the rotation axis. We collected
X-ray powder diffraction on regularly spaced grid points
using the pm-sized X-ray beam, to locate a suitable re-
gion for subsequent single crystal X-ray diffraction experi-
ments. After the data collection of the single crystal X-ray
diffraction experiments, the reflections were indexed and
integrated employing CrysAlisTRO (version 43.67a).12 We
used the Domain Auto Finder program (DAFi) to find
possible single crystal domains for the subsequent data
reduction.'® The structure solution and refinement were
performed using the software package OLEX2 employ-
ing SHELXT for the crystal structure determination and
SHELXL for the refinement. 14-16

1.5. 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.!”1?
“On the fly” norm-conserving or ultrasoft pseudopoten-
tials generated using the descriptors in the CASTEP data

base were employed in conjunction with plane waves
up to a kinetic energy cutoff of 1020 eV or 630 eV, for
norm-conserving and ultrasoft pseudopotentials, respec-
tively. The accuracy of the pseudopotentials is well estab-
lished.?’ A Monkhorst-Pack grid was used for Brillouin
zone integrations.?! We used a distance between grid
points of <0.023 A1 Convergence criteria for geometry
optimization included an energy change of <5 x 10~°
eV atom ™! between steps, a maximal force of <0.008 eV
A~1 and a maximal component of the stress tensor <0.02
GPa. Phonon frequencies were obtained from density
functional perturbation theory (DFPT) calculations.????
Raman intensities were computed using DFPT with the
“2n+1” theorem approach.?* A correction scheme for van
der Waals (v.d.W.) interactions was applied for the calcula-
tions used to quantify the compression behaviour. We em-
ployed the correction scheme developed by Tkatchenko
and Scheffler.?
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2. Results

21 Structure OfBH[H4C4OI0][H3C40]0][H2CO3][HCOSJ
The analyisis of our experimental diffraction data
shows that several phases are present after the laser-
heating and that the measured crystal was part of a multi-
grain reaction product. We solved the crystal structure
of Ba[H4C4010][H3C4010] [HZCOS] [HCO3] in the triclinic
space group P1 (No. 1) with Z =1 and a R-value of 6%.
Table S 1 lists the crystallographic parameters from the
single crystal structure solution valid for 40(3) GPa in
comparison to v.d.W. corrected DFT calculations. The
unit cell parameters of the experimental and theoretical
structural model match within the expected errors.

Table S 1: Structural parameters of the mixed sp?/sp3 barium
hydrogencarbonate Ba[H,C,O1(][H3C40,0][H,CO3][HCO;] at
40(3) GPa from single crystal structure solution (ambient tem-
perature) in triclinic space group P1 in comparison to theoretical
data derived from DFT calculations (athermal limit).

Single Crystal DFT
Crystal data
Crystal system Triclinic
Space group P1
Chemical formula BaC;(OyHig
M, 683.52
a (A) 6.346(2) 6.4017
b (A) 6.377(2) 6.3755
c (A) 8.191(2) 8.2238
a (°) 89.77(2) 89.23
B (°) 89.66(2) 90.24
v (°) 60.72(4) 60.20
V (A% 289.1(2) 291.21
z 1 1
Data collection -
Fooo 334 -
6 range (°) 1.80-17.53 -
measured reflections 4537 -
independent reflections 1097 -
reflections I > 20 (1) 886 -
Rint 0.021 -
Refinement -
R[F > 20(F)], wR(F) 0.060, 0.151 -
No. of reflections 1097 -
No. of parameters 161 -
No. of restr.amts 384 )
and constraints
APmax, DPmin (€ A73) 0.80, -0.66 -

A refinement of the site occupancies of the two barium
positions resulted in occupancy values very close to 2/3
and 1/3. Therefore, for the further refinements the oc-
cupancy parameters of the barium positions were fixed.
All non-hydrogen atoms were refined anisotropically. In
order to account for the pseudo-hexagonal symmetry and
to improve the data/parameter ratio, the thermal dis-
placement parameters of the carbon and oxygen atoms,
which would be identical in P3 space group symmetry,

were constrained to be equal. All hydrogen atoms were
refined isotropically and the hydrogen positions were
refined with a “riding model” and Ujs, (H) = 1.5Uj0(O).
The O-H bonds were allowed to rotate and the initial
hydrogen positions were taken from the DFT-calculations.
In addition, soft constraints for the C-O bond distances
(with a tolerance of 0.05-0.1 A) have been introduced, to
constrain the distances which would be identical in P3
space group symmetry. Furthermore, the structure was
refined as a 4-component inversion twin to account for
the hexagonal pseudo-symmetry.

Due to the pseudo-symmetry the PLATON /checkCIF
program suggests P3 as a new space group with a 100%
fit of 3-fold axis by testing the triclinic structural model.
Nevertheless, our DFT calculations failed to converge
to a reasonable structural model in higher space group
symmetries than P1. This is a result of the symmetry
constraints for the hydrogen positions in higher space
group symmetries. A comparison between the experi-
mental structural model and the one derived from the
DFT calculations (“option 1”) is shown in Figure S 2.

(b)

C)

Figure S 2: (a) Experimental structural model from single crystal
structure solution at 40(3) GPa and (b) DFT-calculated (“option
1”) structural model of Ba[H,C4O;,][H3C401(][H,CO3][HCO;]
at 40 GPa viewed along the a-axes (top) and along the c-axes
(bottom). Partially filled spheres indicate partial site occupan-
cies of barium. CCDC: 2332909 (exp.) and 2332910 (DFT).

Figure S 3 shows a 2 x 2 x 2 super cell of the crys-
tal structure of Ba[H4C4010] [H3C4010][H2CO3][HCO3] at
40 GPa derived from DFT-based geometry optimizations.
In order to mimic the Ba-disorder, one Ba atom was
placed on the “option 2” position, while all others were
located on the “option 1” position.
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Figure S 3: 2 x 2 x 2 super cell of the crystal structure of
Ba[H,C4010][H3C4010][H,CO3][HCO;3] from DFT calculations
at 40 GPa, showing the layers of [H,C4O1(]-/[H3C401(] -groups
and [H,COj3]-/[HCO;] -groups (CCDC: 2332911).

Table S 2 lists the interatomic distances and angles be-
tween the barium atom and the oxygen/hydrogen atoms
in the structural model derived from the DFT calculations
(“option 1”) at 40 GPa. The Ba—O distances range from
245 A to 2.78 A. The O-H bond distances are ~ 1 A,
while the shortest Ba—H contact is 2.45 A.

Table S 2: Interatomic distances and angles between the bar-
ium atom and the oxygen/hydrogen atoms in the structure
of Ba[H,C401,l[H3C4040][H,CO3][HCO;] at 40 GPa in triclinic
space group P1 from DFT calculations (athermal limit).

atom1l atom2 dj, (A) atom3 dys A) 0123 (°)
Ba O10A 2.781 HI10A 0.997 124.6
Ba O8A 2.715 HSA 1.010 66.1
Ba O9A 2.635 H9A 0.992 103.6
Ba O9B 2.590 H9B 1.012 78.1
Ba O10B 2.568 H10B 1.004 107.3
Ba O52A 2.566 H53B 1.025 106.8
Ba O51A 2.563 H51A 1.006 111.5
Ba O51B 2.563 H51B 1.013 72.1
Ba O53B 2.584 - - -

Ba 08B 2.542 - - -

Ba O53A 2.527 - - -

Ba O53B 2.452 - - -

Table S 3 lists the nearest Ba—H contacts in the DFT-
based structural model. The closest contact between a
barium and a hydrogen atom is ~ 2.483 A for the “op-
tion 1”7 model calculated at 40 GPa. We are aware that
some short Ba—H contacts are present in the experimental
structural model such as Bal-H10A (= 1.91 A), Bal-H9B

(~ 1.75 A) or Ba2-H51B (= 2.09 A), which are not present
in the DFT-calculated structural data. We would like to
stress here, that due to the presence of the heavy barium
atoms the experimentally determined hydrogen positions
are somewhat uncertain, which causes some close Ba-H-O
contacts the experimental structural model. In contrast, it
is generally accepted that DFT calculations provide accu-
rate hydrogen positions.?” This is in agreement with the
nearest Ba—H contacts in the calculated model (Table S 3),
where no contacts < 2.4 A are present.

Table S 3: Nearest Ba—H contacts in the DFT-based structural
model of Ba[H4C4010][H3C4010][H2CO3][HCO3] at 40 GPa in
triclinic space group P1 (athermal limit).

atom1 atom2 dj, A)
Ba2 H8A 2.483
Ba2 H9B 2.580
Ba2 H52B 3.023
Ba2 H53B 3.025
Ba2 H9A 3.026
Ba2 H51A  3.077
Ba2 H51A  3.328
Ba2 H8B 3.338
Ba2 H53B 3.353
Ba2 H10A  3.446

2.2. Calculutions on BH[H4C4OI0][H3C4010][H2C03][HCO3]

We used the p, V-data from the v.d.W. corrected DFT-
calculations to obtain the theoretical bulk modulus
of Ba[H,C40;0][H3C40;0][H,CO5][HCO;]. A 3"-order
Birch-Murnaghan equation of states (EoS) was fitted to
unit cell volume between 0 GPa and 40 GPa using the
software EOSFit7-GUI (Fig. S 4).28-30 The experimentally
obtained unit cell volume from the single crystal structure
refinements at 40(3) GPa is shown for comparison and
matches the theoretical data.

500
Ba[H,C401gl[M3C4010lHaCOSIHCO,] (DFT) o
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Figure S 4: Birch-Murnaghan EOS fitted to the unit cell volume
Of Ba[H4C4010][H3C4010][H2CO3][HCO3] between 0 GPa and
40 GPa obtained by DFT-based calculations in comparison to
the experimental data at 40(3) GPa.
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The theoretical bulk modulus is very low and shows
a large pressure dependence (Ky = 14(2) GPa with
K, = 82(8)). Ky is significantly smaller than the cor-
responding values for other sp3-carbonates containing
[C4010]4_—groups as building block such as CaC,05-142
(Ko = 93.4(3) GPa with K, = 4.83(2)), which was ob-
tained at similar conditions.3! A high Ky-value has also be
observed for other layered compounds such as graphite
(Ko = 33.8(3) GPa with K}, = 8.9(1)) which also shows a
very anisotropic compression behavior along two differ-
ent directions. 32
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Figure S 5: Relative change of the x/xg ratio of the a-, b- and
c-axes in Ba[H,C40;][H3C401(][H,CO3][HCO;] between 0 GPa
and 40 GPa obtained by DFT-based calculations.

From the v.d.W. corrected DFT-calculations we derived
a very anisotropic compression behavior of the crystal
structure (Fig. S 5). We found that the structure is highly
compressible along the c-axis (= 25% between 040 GPa).
This is caused by the reduction of the space between the
alternating layers of the [H,C,O1¢]-/[H3C4O1] -groups
and [H,CO;]-/[HCO3]-groups. In contrast, within the
layers the compressibility is significantly lower in the
same pressure range (=~ 5% along the b-axis).
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Figure S 6: DFT calculated Raman spectrum with v.d.W-
correction of Ba[H,C,01o][H3C4O01(][H,CO3][HCO3] at 40 GPa.

We used the v.d.W. corrected DFT-calculations to ob-
tain the lattice dynamics at the I'-point. Figure S 6
shows the theoretical Raman spectrum (“option 1”) of
Ba[H4C4010] [H3C40101[H2CO3] [HCO3] at 40 GPa.
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