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Vorwort

Die nachfolgende Dissertation wurde an der Goethe-Universitdt Frankfurt am
Institut fiir Geowissenschaften (FB 11) in der Arbeitsgruppe Kristallographie
und Mineralogie (AG Winkler) verfasst. Die Betreuung der hier durchgefiihr-
ten Arbeiten erfolgte hauptsachlich durch Prof. B. Winkler in Zusammenarbeit
mit Dr. L. Bayarjargal, PD Dr. E. Haussiihl und PD Dr. V. Vinograd. Bei dem
vorliegenden Manuskript handelt es sich um eine kumulative bzw. publikati-
onsbasierte Dissertation, welche die Forschungsergebnisse verschiedener bereits
veroffentlichter wissenschaftlicher Fachartikel zusammenfasst.

Die Arbeit beschreibt verschiedene Synthesen und Untersuchungen an Car-
bonaten und teilt sich im Wesentlichen in zwei Abschnitte. Zum einen wurden
Experimente mit Carbonaten bei Extrembedingungen bzw. unter hohen Driicken
und hohen Temperaturen durchgefiihrt, wie sie auch im Inneren der Erde zu
finden sind. Im zweiten Teil wurden Carbonate bei Raumbedingungen syntheti-
siert und der Einbau von Seltenerdelementen untersucht. Grundsétzlich werden
jedoch in beiden Teilen dieser Arbeit die Strukturen und Eigenschaften verschie-
dener Carbonate und eine mogliche Kationensubstitution bzw. die Synthese
isostruktureller Verbindungen erforscht.

Bei dem Titelbild dieser Dissertation handelt es sich um eine schematische
Darstellung einer Diamantstempelzelle, wie sie fiir die hier durchgefiihrten Hoch-
druckexperimente verwendet wurde. Zusétzlich sind Ausschnitte verschiedener
Kristallstrukturen gezeigt. Im Rahmen unserer Forschung wurden diese zum
einen als Startmaterialien verwendet oder nach den Synthesen bei hohen Driicken
erhalten: SrO, CO, (Trockeneis), Ca[COjs], Sr[CO,], Sr[C,0O5] und Ba[CZO5].[ -1
Alle Abbildungen in dieser Dissertation sind in englischer Sprache verfasst, um
auch nicht deutschsprachigen Leser*innen deren Verstdndnis zu ermoglichen.
Zusétzlich konnen die Abbildungen so auch fiir Publikationen und Vortrage

verwendet werden.
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Kapitel 1

Einleitung und Motivation

1.1 Kohlenstoff in Carbonaten

In der nachfolgenden Dissertation werden die Struktur und die Eigenschaften
von Carbonat-Verbindungen bei Raumbedingungen, wie sie an der Erdoberflache
herrschen, genauso wie unter den Extrembedingungen des Erdinneren unter-
sucht. Dabei wird ein besonderes Augenmerk auf die Kationensubstitution bzw.
die Synthese isostruktureller Verbindungen mit unterschiedlichen Kationen ge-
legt. Zundchst sollte daher diskutiert werden, warum Forschung an Carbonaten

fiir uns von Interesse ist.

carbon (Gt)|(a) (b)
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Abbildung 1: (a) Kohlenstoffkreislauf der Erde, wobei typische Reservoir-Grofien einge-
tragen sind (modifiziert nach Lee et al.[’l). (b) Bekannte Spezies aus Kohlenstoff und
Sauerstoff, welche bei den Druck- und Temperaturbedingungen in den verschiedenen
Reservoirs der Erde existieren kénnen. ]

Carbonate spielen eine fundamentale Rolle fiir den Kohlenstoffkreislauf der
Erde, da Kohlenstoff sowohl in der Biosphire, der Hydrosphére, in Boden als
auch in der kontinentalen bzw. der ozeanischen Kruste hauptsédchlich in Form
von Carbonaten vorkommt. """ Vernachlassigt man den Erdkern, befindet sich
Kohlenstoff zum aller groften Teil (> 99%) in Kruste und Mantel der Erde.l/'']
Abbildung 1 (a) zeigt einen schematischen Ausschnitt des Kohlenstoffkreislaufs
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der Erde. Es sind typische Angaben fiir den Kohlenstoffgehalt einiger Reservoirs
eingetragen, wobei zwischen allen Reservoirs ein reger Austausch von Material
stattfindet.

In Abbildung 1 (a) ist deutlich zu erkennen, dass der Anteil des Kohlenstoffs
in der Erdatmosphédre (590 Gt) gegeniiber dem Anteil des oberen (< 3.7 X
108 Gt) bzw. unteren Erdmantels (< 1.0 x 10° Gt) oder auch der Erdkruste
verschwindend gering ist.’l Auch der Kohlenstoffanteil in den Ozeanen (<
3.8 x 10* Gt) ist im Verhaltnis zur festen Erde klein. Im Gegensatz zu Erdkruste
und Erdmantel kommt der Kohlenstoff in der Erdatmosphire grofsteilig in
Form von gasformigem, molekularem CO, mit einem ansteigenden Anteil von
~ 400 ppm vor.['”]

Typische Spezies aus Kohlenstoff und Sauerstoff, wie sie bei den moglichen
Druck- und Temperaturbedingungen in den verschiedenen Reservoirs der Erde
auftreten konnen, sind in Abbildung 1 (b) zu sehen. Im Vergleich zur Erdat-
mosphare liegt der Kohlenstoff in der Erdkruste und dem oberen Teil des
Erdmantels grofiteilig in Form so genannter , konventioneller” Carbonate mit
M[CO;] oder M1M2[COs], Zusammensetzung vor. Die Ca[COjz]-Polymorphe
(siehe Abbildung 2 a) Calcit (R3¢, Nr. 167) und Aragonit (Pmcn, Nr. 62) machen
dabei zusammen mit Dolomit (CaMg[COz],) mehr als 90% der Carbonate in der
Erdkruste aus.[']

Bei ,konventionellen” Carbonaten handelt es sich chemisch gesehen um die
anorganischen Salze der Kohlensdure (H,CO;), welche Metallkationen (M")
verschiedener Grolen beherbergen konnen.!'*] Im Gegensatz zum molekularen
CO, der Erdatmosphdre besitzen diese Carbonate als charakteristische Bau-
einheit eine trigonal-planar aufgebaute [CO5]*-Gruppe (Abbildung 1 b) mit
C-sp? Hybridorbitalen zwischen dem zentralen Kohlenstoffatom und den drei
umgebenden Sauerstoffatomen.!'”] Aufgrund ihrer Haufigkeit und ihrer geo-
wissenschaftlichen Relevanz sind Carbonate bereits seit vielen Jahrzehnten ein
wichtiges Forschungsgebiet. So wurde z. B. die Kristallstruktur von Aragonit vor
bereits fast 100 Jahren durch Bragg!’! beschrieben.

Betrachtet man die Gruppe der Carbonate mit M?>*[CO;] Zusammensetzung,
dann ist eine Vielzahl von Verbindungen mit unterschiedlichen divalenten Katio-
nen (M?**) bekannt (Abbildung 2 b). In Abhdngigkeit des Kationenradius kristal-
lisieren die Carbonate typischerweise in zwei unterschiedlichen Strukturtypen,
wobei die Metallkationen entweder durch 6 Sauerstoffatome (Calcit-Struktur)
oder 9 Sauerstoffatome (Aragonit-Struktur) koordiniert sind.l"*] Der Ionenra-
dius von Ca%* von 1.00 A (KZ = 6) bzw. von 1.18 A (KZ = 9) kann dabei als
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Grenzfall zwischen dem Calcit- und Aragonit-Strukturtyp angesehen werden.!'‘]
Carbonate deren Kationen einen Ionenradius < 1.00 A (KZ = 6) wie Mg?* oder
Fe2t besitzen, kristallisieren dabei in Calcit-Struktur, wobei der Einbau grofSerer
Kationen wie Sr** oder Ba?t zum Aragonit-Strukturtyp fithrt.l'”] Innerhalb
der isostrukturellen Carbonate ist Kationensubstitution und auch Mischkristall-
bildung moglich. In aragonitischem Ca,Sr;_,[COz3] ist z. B. eine vollstandige
Mischkristallbildung zwischen den beiden Endgliedern (x = 0 — 1) moglich. ']

(a)

(b)
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Abbildung 2: (a) Kristallstrukturen von Calcit (links, KZ = 6) und Aragonit (rechts,
KZ = 9) bei Raumbedingungen mit Koordinationspolyeder des Ca-Atoms in grau.['"*']
(b) Elementarzellenvolumen pro Kohlenstoffatom in Abhéngigkeit des Kationenradius
(nach Shannon!'°l) fiir Carbonate mit M?*[CO;] Zusammensetzung in Calcit- (R3c,
Nr. 167) oder Aragonit-Strukturtyp (Pmcn, Nr. 62).117/1°=1]
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1.2 Carbonate unter Extrembedingungen

Die Subduktion von ozeanischer Lithosphére in den Erdmantel stellt einen wichti-
gen Teil des globalen Kohlenstoffkreislaufs dar. Dabei gelangen , konventionelle”
Carbonate wie Ca[CO;] oder CaMg[COs], und somit auch grofie Mengen an
Kohlenstoff in den Erdmantel.[”””*l Aus diesem Grund ist das Verstédndnis des
Verhaltens von Carbonaten unter den extremen Bedingungen innerhalb der Erde
relevant fiir das Verstdndnis des globalen Kohlenstoffkreislaufs. Der erste Teil
dieser Arbeit beschiftigt sich daher mit Carbonaten unter den extremen Druck-
und Temperaturbedingungen wie sie innerhalb des Erdmantels herrschen.

In fritheren Studien konnte bereits gezeigt werden, dass die [CO;]*-Gruppen
,Jkonventioneller” Carbonate wie Ca[CO;], CaMg[CO3],, Mg[COj3] oder Fe[CO;]
auch tiber Phasentransformationen hinweg bis hin zu sehr hohen Driicken
(~ 70 GPa) und hohen Temperaturen (~ 2000 K) stabil sein konnen und als
starre Baueinheit unter diesen Bedingungen erhalten bleiben.”*~"1 Aufer einer
beginnenden Dimerisierung in Na,Ca,[COs]; bei hohen Driicken wurde bisher
keinerlei Polymerisation von [CO;]*-Gruppen durch die Verkniipfung iiber ein
geteiltes Sauerstoffatom beobachtet.[”’l Daher koénnen die Strukturen bekannter
sp?-Carbonate iiber einen weiten Druck- und Temperaturbereich im Wesentlichen
durch die Stapelung von [CO5]*-Gruppen beschrieben werden.”*~"’]

Setzt man , konventionelle” Carbonate extrem hohen Driicken (p > 70 GPa)
und hohen Temperaturen (T > 1500 K) aus, kann es zur Bildung so genannter sp>-
Carbonate als Polymorphe dieser Carbonate kommen.[”**"**=* sp3-Carbonate
besitzen als zentrale Baueinheit [CO4]4_—Tetraeder (Abbildung 1 b). Dabei bildet
das Kohlenstoffatom C-sp®> Hybridorbitale zu den vier umgebenden Sauerstoffa-
tomen aus. In dieser Familie von Carbonaten wurde eine erhebliche strukturelle
Vielfalt beobachtet, da eine Polymerisation der [CO4]4_—Tetraeder uber deren
Ecken moglich ist. Bisher konnten die Strukturen von sp3-Carbonaten mit isolier-
ten [CO,]*-Tetraedern oder mit Gruppen, Ringen, Ketten bzw. Pyramiden aus
[CO4]4_—Tetraedern bestimmt werden. [?%727=*11

Abgesehen von den experimentell bestimmten sp3-Carbonaten bei hohen
Driicken und hohen Temperaturen wurden mit Hilfe von Rechnungen, basierend
auf Dichtefunktionaltheorie (DFT), theoretische Vorhersagen in Systemen mit
verschiedenen chemischen Zusammensetzungen (M?*O - CO,) gemacht.[**=*]
Dabei wurden neue und moglicherweise stabile sp3-Carbonate mit [CO4]4'-
Tetraedern bei tieferen Driicken (p > 5 GPa) und mit M%Jr [COy] bzw. M§+ [CO4]O
Zusammensetzung fiir verschiedene Kationen (M2+ = Mg, Ca, Sr, Ba) vorher-
gesagt. Exemplarisch sind Ergebnisse dieser DFT-Rechnungen im System CaO -
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CO, in Abbildung 3 (a) gezeigt. Abgesehen von den Endgliedern des Systems
CaO bzw. CO, und Aragonit (Ca[COz3]), konnten basierend auf den Rechnungen
z.B. die beiden sp3-Carbonate Ca,[CO,] und Cas[CO5]O bei 25 GPa stabil sein.[*’]
Diese DFT-basierten Vorhersagen im System CaO — CO, motivierten damit die
ersten Experimente unserer Arbeitsgruppe durch J. Kénig und L. Bayarjargal fiir
Reaktionen in einer laser-geheizten Diamantstempelzelle (LH-DAC) in diesem
System.[*]

-0.36

-0.72

-1.08

0.00

-0.36

-0.72

-1.08

Energy of formation (eV/f.u.)

0.00

-0.26

-0.52

-0.78

: T T
00 02 04 06 08 10
CO,/(Ca0+CO,)

Abbildung 3: (a) ,Convex hulls” fiir das System CaO — CO, zwischen 0 GPa und 50 GPa,
blaue Quadrate zeigen stabile und rote Quadrate metastabile Kristallstrukturen.[*’]
(b) Kristallstruktur von Ca,[CO,] gtiltig fiir 20(1) GPa und Raumtemperatur nach der
Synthese aus einer CaO/Ca[CO;] Mischung bei ~ 20 GPa und ~ 2000 K in einer LH-
DAC.!"! Koordinationspolyeder der C-Atome sind in grau dargestellt.

Mit ihren Experimenten konnten sie kurze Zeit spéter zeigen, dass sich das
sp>-Carbonat Ca,[CO,] bei ~ 20 GPa und ~ 2000 K in einer LH-DAC iiber eine
Reaktion zwischen dem Alkalimetalloxid CaO und einem Ca[COj;] Einkristall
synthetisieren lasst.[*’l Abbildung 3 (b) zeigt die Kristallstruktur von Ca,[CO,]
bei 20(1) GPa und Raumtemperatur nach der Synthese in einer LH-DAC. Die
Kristallstruktur wurde aus Synchrotroneinkristalldaten verfeinert. Die isolierten

[CO4]4_-Tetraeder sind deutlich zu erkennen.
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Die Moglichkeit neue sp3-Carbonate bei sehr viel geringeren Driicken (<
70 GPa) zu synthetisieren, erdffnete ein neues Feld der Carbonat-Forschung.
Niedrigere Driicke (10-50 GPa) sind experimentell mit Hilfe von Diamantstem-
pelzellen viel einfacher zugédnglich. Somit legte die Synthese von Ca,[CO,4] den
Grundstein fiir die im Rahmen dieser Arbeit durchgefiihrten Hochdruckexperi-
mente an Carbonaten. Die Synthese der zu Ca,[CO,] isostrukturellen Verbindung
Sr,[COy] bei ~ 90 GPa und ~ 2500 K zeigte, dass Kationensubstitution grundsatz-
lich auch in sp3-Carbonaten moglich ist.[*'l Daher war eine grundlegende Frage
dieser Arbeit: ,Lassen sich Verbindungen wie Sr,[CO,] ebenfalls bei vergleichsweise
niedrigen Driicken in einer LH-DAC synthetisieren und konnen experimentell weitere
isostrukturelle sp>-Carbonate bei vergleichbaren Bedingungen synthetisiert werden?”

In den Rechnungen im System CaO - CO, wurden metastabile Kristallstruktu-
ren mit Cay[CO,4] und Caz[CO4]O Zusammensetzung bei Raumdruck gefunden
(Abbildung 3 a).[*’l Hingegen zeigten die experimentellen Daten von Ca,[CO,],
dass diese Phase wéahrend der Dekompression nur bis ~ 4 GPa beobachtet
und nicht zu Raumbedingungen abgeschreckt werden konnte.[*’] Insgesamt
konnte noch kein Carbonat mit sp>-hybridisiertem Kohlenstoff zu Raumbedin-
gungen abgeschreckt werden. Falls isostrukturelle Verbindungen mit grofSeren
und gleich koordinierten Kationen wie z. B. Sr>™ oder Ba?* synthetisiert werden
konnen, sollte der Transformationsdruck der jeweiligen Struktur entsprechend
der ,Druck-Homologen-Regel” mit steigendem Kationenradius sinken.[*’] Die-
ses Verhalten ist auch an den sinkenden Phasentransformationsdriicken mit
steigendem Kationenradius fiir Carbonate mit M?>"[CO;] Zusammensetzung
zwischen Aragonit- und post-Aragonit-Strukturtyp zu beobachten.[*’l Somit
miisste bei Strukturen mit grofieren Kationen die Wahrscheinlichkeit steigen,
diese zu Raumbedingungen abschrecken zu kénnen. Die zweite Frage die im
Rahmen dieser Arbeit beantwortet werden sollte war: , Lassen sich Carbonate mit
sp>-hybridisiertem Kohlenstoff moglicherweise zu Raumbedingungen abschrecken?”

Durch die Reaktionen zwischen einem , konventionellen” Carbonat-Kristall
und dem zugehorigen Alkalimetalloxid lassen sich jedoch nur Verbindungen syn-
thetisieren, deren chemische Zusammensetzung zwischen M?*tO und M2+[CO3]
im ,,convex hull” Diagramm liegen. Jedoch wurden fiir hohere Driicke (> 30 GPa)
auch stabile Carbonate mit htherem CO,/M?*O Verhiltnis, wie CaC,Os bei
50 GPa, vorhergesagt (Abbildung 3 a).l*”*’l Daher sollten im Rahmen dieser
Arbeit auch Reaktionen zwischen Carbonaten und CO, in der LH-DAC durch-
gefiihrt werden um die Frage zu beantworten: ,Konnen durch Reaktionen in einer
LH-DAC auch neue, CO,-reiche Carbonate synthetisiert werden?”
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1.3 Einbau von Seltenerdelementen in Carbonaten

Der zweite Teil dieser Arbeit beschiftigt sich ebenfalls mit Carbonaten, jedoch
wird hier der Einbau von Seltenerdelementen in , konventionelle” Carbonate
bei Raumbedingungen untersucht. Da Experimente mit radioaktiven Elementen
technisch sehr komplex bzw. gefdhrlich sind, wurden hier Experimente mit
Seltenerdelementen als Stellvertreter fiir Elemente der Actinoide (Z = 89-103)
durchgefiihrt. Als Seltenerdelemente bezeichnet man Sc (Z = 21) bzw. Y (Z =
39) und die Lanthanoide (Z = 57-71).1*”] Auf der Suche nach einem maoglichen
Endlager fiir Atommiill, ist das Verstdndnis des Verhaltens der radioaktiven
Actinoide unabdingbar. Ein schematischer Querschnitt durch ein mogliches
Endlager in Tonschichten ist in Abbildung 4 gezeigt.["']

Emplacement tunnel SF/HLW Emplacement tunnel ILW

Abbildung 4: Schematischer Querschnitt durch ein mogliches Endlager fiir radioaktives
Material in tiefen geologischen Formationen wie der ,Opalinus Clay” (Schweiz).!""]

In einem Atommiill-Endlager gibt es verschiedene Moglichkeiten fiir einen
Kontakt zwischen Carbonaten und Elementen der Actinoide. Zum einen bevor-
zugen verschiedene Lander ein Endlager in tiefen geologischen Formationen
wie Tonschichten.[”'] Manche dieser Formationen wie z.B. die ,,Boom Clay”
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kénnen bis zu 5% Carbonate enthalten.!””] Kommt es nun zu einem Austritt
von radioaktivem Material aus einem Lagerbehilter, konnte eine Interaktion
mit den umgebenden Tonschichten und somit auch den Carbonaten stattfinden.
Zum anderen wird in Endlagern Beton bzw. Spritzbeton als Barriere zwischen
den Lagerbehéltern und dem umgebenden Gestein eingesetzt (Abbildung 4).1""]
Uber geologische Zeit-Skalen hinweg kann sich dieser Beton zersetzen. Durch
die Reaktion von gasférmigem oder gelostem CO, mit dem bereits hydratisier-
tem Calciumoxid bzw. Branntkalk (Ca(OH),) im Beton kommt es zur Bildung
von Ca[CO;3] (CO, 4 Ca(OH), +— Ca[COs] + HZO).[ I Nach seiner Zersetzung
kann der Beton somit ebenfalls eine Quelle fiir Ca[CO;] darstellen.

1 96
o voll > 37Rb
Q@ '\,ﬁ. 14 ™S '{’?.)/%
| ~107""s SR ¥

(@) » o » e iy

L 4 Ny ‘
TN
235 U 236m U {17
92 92 Cs

i ~3min ~30a 9
U ) s ®

ﬂié_// ~ I 7
iBa \A” 137‘» \A@ %e
56 1375? Ba % 55CS -1
(stable) Ay

Abbildung 5: (a) Neutroneninduzierte Kernspaltung von *3U zu '22Cs und 35Rb. (b)

B~-Zerfall von '3Cs zu stabilem '2/Ba (modifiziert nach Demtroder[**] und Volkmer[**1).

Bei den Carbonaten in den geologischen Barrieren und bei jenen welche
nach Zersetzung des Betons entstehen, handelt es sich typischerweise um
Ca[CO;].%>°l Es gibt jedoch radiogene Quellen fiir das Vorkommen von Ba-
rium durch den radioaktiven Abfall in den Endlagern.!”"l Kernspaltung in
Atomkraftwerken fiihrt unter anderem zur neutroneninduzierten Spaltung ver-

schiedener Uran-Isotope. In Abbildung 5 (a) ist eine mogliche Spaltreaktion von
235U durch ein langsames bzw. thermisches Neutron gezeigt. Durch die Reaktion
U +on — U — 15

Bildung von radioaktivem '2/Cs mit einer Halbwertszeit von ~ 30 Jahren.[*"]

Cs + 59Rb + 3 {n kommt es in diesem Beispiel zur
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Im weiteren Verlauf zerféllt dieses dann tiber f~-Zerfall und der Abgabe eines
Elektrons (1§ng — 1§ZBa + _(1)e) zu dem stabilen Barium-Isotop 1?2
Abgabe von -Strahlung (Abbildung 5 b). Das radioaktive Isotop '32Cs zahlt zu

den wichtigsten bzw. gesundheitsschddlichsten Spaltprodukten von Uran und

Ba unter der

wurde unter anderem in enormen Mengen wihrend den Nuklearkatastrophen in
den Kernkraftwerken Tschernobyl (85 PBq) oder Fukushima Daiichi (15-20 PBq)
freigesetzt.l”’ Dabei kann '¥Cs auch iiber verschiedene Zerfallsreihen wie z. B.
tiber den B -Zerfall 125Te —— 1%1 + _(1)e — 1%ZXe + _(1)e — %ng + _(1)e gebildet
werden.[”’]

Durch Leckage eines Lagerbehdlters in einem Endlager kann somit ein stabiles
Barium-Isotop als Zerfallsprodukt in Kontakt mit den Carbonaten des Umge-
bungsgesteins oder des zersetzten Betons kommen. Dadurch kénnten sich aus
Ca[COj3] und Barium moglicherweise Ba/Ca-Carbonate bilden, welche nun auch
Elemente der Actinoide einbauen konnten. Im zweiten Teil dieser Arbeit sollte
daher die Frage beantwortet werden: ,Lassen sich Seltenerdelemente bzw. Lantha-
noide als Stellvertreter fiir Actinoide in Phasen des , konventionellen” Doppelcarbonats
BaCa[CO;], einbauen?”

In vorangegangenen Experimenten im System Ba[COj] — Ca[CO;3] konnte
gezeigt werden, dass Mischkristalle (Ca;_,Bay[CO3]) mit unterschiedlichen
Kationen-Verhiltnissen moglich sind.["**'l Da es trotz der sehr unterschied-
lichen Ionenradien von Ca?t mit r = 1.18 A bzw. Ba?T mit r = 1.47 A (KZ = 9)
zu signifikanter Mischkristallbildung kommt, ldsst auf eine hohe chemische
Variabilitdt des Ba[CO;] — Ca[COjz] Systems schlieBen.!"®! Dieses Verhalten legt
die Vermutung nahe, dass sich dieses System auch fiir den Einbau unterschied-
lich grofier Seltenerdelemente bzw. Actinoide eignen konnte, welche in hohen
Konzentrationen im Atommiill auftreten. Hier wére somit Kationensubstitution
der Ba/Ca-Atome durch diese Elemente moglich. Im Gegensatz dazu sind die
Anteile von Seltenerdelementen in nattirlich vorkommenden , konventionellen”
Carbonaten wie z. B Calcit mit < 0.1 mol% sehr gering.[*’l Bezogen auf die Immo-
bilisierung des radioaktiven Kohlenstoffisotops *C wurde das Doppelcarbonat
BaCa[CO;3], bereits untersucht. [©707]
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2.1 Carbonate unter Extrembedingungen

2.1.1 Tetrahedrally Coordinated sp*>-Hybridized Carbon in
Sr,CO, Orthocarbonate at Ambient Conditions

Autoren

Dominik Spahr, Jannes Binck, Lkhamsuren Bayarjargal, Rita Luchitskaia, Wolf-
gang Morgenroth, Davide Comboni, Victor Milman und Bjorn Winkler

Abstract

,We have synthesized the orthocarbonate Sr,[CO,l, in which carbon is tetrahedrally
coordinated by four oxygen atoms, at moderately high pressures [20(1) GPa] and high
temperatures (~ 3500 K) in a diamond anvil cell by reacting a Sr[CO3] single crystal with
SrO powder. We show by synchrotron powder X-ray diffraction, Raman spectroscopy,
and density functional thoery calculations that this phase, and hence sp3-hybridized
carbon in a [COJ*-group, can be recovered at ambient conditions. The C-O bond
distances are all of similar lengths [~ 1.41(1) A], and the O-C-O angles deviate from
the ideal tetrahedral angle by a few degrees only.”

Eigenanteil

Ich habe die Diamantstempelzellen fiir diese Experimente vorbereitet und ge-
laden. Anschliefiend habe ich die Raman-Spektroskopie bei Raumdruck, die
druckabhédngigen Raman-Messungen und deren Auswertung vorgenommen. Die
druckabhédngigen Laserheizexperimente wurden zusammen mit L. Bayarjargal
durchgefiihrt. Die Synchrotronmessungen fanden am ESRF in Grenoble durch
W. Morgenroth und D. Comboni statt. Im Anschluss habe ich die Auswertung
der Diffraktionsdaten, der DFT-Rechnungen durch B. Winkler und die Struktur-
verfeinerung vorgenommen. Das Manuskript wurde von mir mit Unterstiitzung
von B. Winkler und mit Kommentaren der Co-Autoren geschrieben.
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2.1.2 Sr;3[CO4]O-Antiperovskite with Tetrahedrally Coordinated
sp>-Hybridized Carbon and OSr,-Octahedra

Autoren

Dominik Spahr, Jannes Konig, Lkhamsuren Bayarjargal, Pavel N. Gavryushkin,
Victor Milman, Hanns-Peter Liermann und Bjorn Winkler

Abstract

,,We have synthesized the orthocarbonate Sr3[CO4JO in a laserheated diamond anvil cell
at 20 and 30 GPa by heating to ~ 3000(300) K. Afterwards, we recovered the ortho-
carbonate with [CO41*~ groups at ambient conditions. Single-crystal diffraction shows
the presence of [CO4J*~ groups, i.e., sp>-hybridized carbon tetrahedrally coordinated by
covalently bound oxygen atoms. The [CO4J*~ tetrahedra are located in a cage formed
by corner-sharing OSr6 octahedra, i.e., octahedra with oxygen as a central ion, forming
an antiperovskite-type structure. At high pressures, the octahedra are nearly ideal and
slightly rotated. The high-pressure phase is tetragonal (14/mcm). Upon pressure release,
there is a phasetransition with a symmetry lowering to an orthorhombic phase (Pnma),
where the octahedra tilt and deform slightly.”

Eigenanteil

Fiir die Laserheizexperimente habe ich die Diamantstempelzellen vorbereitet
und geladen. Die Raman-Spektroskopie bei Raumdruck sowie die druckab-
hingigen Raman-Messungen wurden von mir durchgefiihrt und ausgewertet.
Anschliefsend habe ich die Laserheizexperimente in den Diamantstempelzellen
durchgefiihrt. Die Synchrotronmessungen wurden von mir zusammen mit J.
Koénig und L. Bayarjargal an Petra III (DESY) in Hamburg durchgefiihrt. Ich habe
die Auswertung der Diffraktionsdaten bzw. die Strukturlésung der neuen Phase,
die Strukturverfeinerung, die Auswertung der druckabhingigen Diffraktions-
messungen und der DFT-Rechnungen von B. Winkler vorgenommen. Zuletzt
wurde das Manuskript von mir mit Unterstiitzung von B. Winkler und mit

Kommentaren der Co-Autoren geschrieben.
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2.1.3 Sr[C,0;] is an Inorganic Pyrocarbonate Salt with [C,0;]*

Complex Anions

Autoren

Dominik Spahr, Jannes Konig, Lkhamsuren Bayarjargal, Victor Milman, Alexan-

der Perlov, Hanns-Peter Liermann und Bjorn Winkler

Abstract

,,The synthesis of a novel type of carbonate, namely of the inorganic pyrocarbonate salt
Sr[C,05], which contains isolated [C,05]*~-groups, significantly extends the crystal
chemistry of inorganic carbonates beyond the established sp*- and sp>-carbonates. We
synthesized Sr[C,O5] in a laser-heated diamond anvil cell by reacting Sr[CO3] with CO,.
By single crystal synchrotron diffraction, Raman spectroscopy, and density functional
theory (DFT) calculations, we show that it is a pyrocarbonate salt. Sr[C,O5] is the first
member of a novel family of inorganic carbonates. We predict, based on DFT calculations,
that further inorganic pyrocarbonates can be obtained and that these will be relevant to
geoscience and may provide a better understanding of reactions converting CO, into
useful inorganic compounds.”

Eigenanteil

Fiir die Ladungen der Diamantstempelzellen mit CO, (Trockeneis) habe ich
zusammen mit L. Bayarjargal und der Werkstatt der Arbeitsgruppe ein kryo-
genes Ladesystem fiir unsere Bediirfnisse weiterentwickelt. Anschlieflend habe
ich die Diamantstempelzellen vorbereitet, geladen und die druckabhidngigen
Laserheizexperimente durchgefiihrt. Zusitzlich habe ich druckabhidngig Raman-
Spektroskopie gemessen und die Raman-Daten ausgewertet. Nach den Synchro-
tronmessungen zusammen mit J. Kénig und L. Bayarjargal an Petra III (DESY)
habe ich die Struktur der neuen Phase geldst, diese verfeinert und die experimen-
tellen Daten zusammen mit den DFT-Rechnungen von B. Winkler ausgewertet.
AnschliefSend habe ich das Manuskript mit Unterstiitzung von B. Winkler und
mit Kommentaren der Co-Autoren geschrieben.
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2.1.4 Synthesis and Structure of Pb[C,0;]: An Inorganic
Pyrocarbonate Salt

Autoren

Dominik Spahr, Jannes Konig, Lkhamsuren Bayarjargal, Rita Luchitskaia, Victor

Milman, Alexander Perlov, Hanns-Peter Liermann und Bjérn Winkler

Abstract

,We have synthesized Pb[C,05], an inorganic pyrocarbonate salt, in a laser-heated
diamond anvil cell (LH-DAC) at 30 GPa by heating a Pb[CO3] + CO, mixture to
~ 2000(200) K. Inorganic pyrocarbonates contain isolated [C,O5>~ groups without
functional groups attached. The [C,O51*~ groups consist of two oxygen-sharing [CO3/*>~
groups. Pb[C,05] was characterized by synchrotron-based single-crystal structure refi-
nement, Raman spectroscopy, and density functional theory calculations. Pb[C,O5] is
isostructural to Sr[C,Oj5] and crystallizes in the monoclinic space group P2y /c with
Z = 4. The synthesis of Pb[C,05] demonstrates that, just like in other carbonates, cation
substitution is possible and that therefore inorganic pyrocarbonates are a novel family of

carbonates, in addition to the established sp*- and sp3-carbonates.”

Eigenanteil

Das kryogene Ladesystem fiir die Ladungen der Diamantstempelzellen mit CO,
(Trockeneis) wurde von mir und L. Bayarjargal zusammen mit der Werkstatt
der Arbeitsgruppe weiter optimiert. Fiir die Synthese von Pb[C,O5] habe ich die
Diamantstempelzellen vorbereitet und geladen. AnschliefSlend habe ich druck-
abhédngige Raman-Spektroskopie und die Laserheizexperimente durchgefiihrt.
Ich habe die experimentellen Daten zusammen mit den DFT-Rechnungen von B.
Winkler ausgewertet. Nach den Synchrotronmessungen zusammen mit L. Bayar-
jargal an Petra III (DESY) habe ich die Hochdruckdiffraktionsdaten ausgewertet
und die Struktur verfeinert. Das Manuskript habe ich mit Unterstiitzung von B.

Winkler und mit Kommentaren der Co-Autoren geschrieben.
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2.2 Einbau von Seltenerdelementen in Carbonaten

2.2.1 A new BaCa(CO;), polymorph

Autoren

Dominik Spahr, Lkhamsuren Bayarjargal, Victor Vinograd, Rita Luchitskaia,
Victor Milman und Bjérn Winkler

Abstract

A new polymorph of the double carbonate BaCa(CO3),, a “C2 phase”, has been synthe-
sized. Its structure has been obtained by density-functional-theory-based (DFT-based)
model calculations and has been refined by Rietveld analysis of X-ray powder diffraction
data. The structure of the new polymorph differs significantly from those of the esta-
blished polymorphs barytocalcite, paralstonite and alstonite. The unit-cell parameters
of the new monoclinic (space group C2) compound are a = 6.6775(5), b = 5.0982(4),
c =4.1924(3) A, B = 109.259(1)°. The new compound has been further characterized
using Raman spectroscopy. This work shows that earlier studies have misidentified
the products of an established synthesis route and that findings based on the incorrect
identification of the synthesis product concerning the suitability of barytocalcite as a
matrix for the retention of radioactive isotopes will need to be reconsidered.”

Eigenanteil

Die unterschiedlichen Carbonate wurden von mir mit Hilfe verschiedener Synthe-
sewege und mit Unterstiitzung durch R. Luchitskaia synthetisiert. Anschlieffend
habe ich Raman-Spektroskopie, Rontgenpulverdiffraktion und Rasterelektronen-
mikroskopie durchgefiihrt. Danach habe ich die experimentellen Daten und die
DFT-Daten von B. Winkler ausgewertet. Die Struktur wurde von mir in Zusam-
menarbeit mit den DFT-Rechnungen gelost. Verfasst wurde das Manuskript von

mir mit Unterstiitzung von B. Winkler und den Kommentaren der Co-Autoren.
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2.2.2 Incorporation of Europium into (Ba,Ca),(CO;),

Autoren

Dominik Spahr, Lkhamsuren Bayarjargal, Victor Vinograd, Martin Etter, Jacek
Raddatz und Bjorn Winkler

Abstract

,,Synchrotron-based powder diffraction measurements in combination with inductively
coupled plasma optical emission spectrometry, Raman and fluorescence spectroscopy show
that (Ba,Ca),(COj3), can incorporate significant amounts (up to 6 mol%) of europium.
This solid solution is therefore of potential interest for the solidification of nuclear waste
streams involving aqueous nitrate solutions of lanthanides. Europium replaces Ba/Ca
on lattice sites and is not incorporated as an interstitial defect. Charge compensation
is likely due to the presence of OH-groups as we could exclude a coupled substitution
involving Na*. The Eu-containing compound is stable to at least 723 K. We show
that the one-phase-field of (Bax,Ca(;_,))COs solid solutions at ambient conditions is
larger(0.36 < x < 0.51) than previously thought. The synthesis routes employed here lead
to compounds which have similar molar volumes than those of the naturally occurring

e

(Ba,Ca)-double carbonates, in noted contrast to another synthetic phase, “balcite”.

Eigenanteil

Ich habe die verschiedenen Carbonat-Proben synthetisiert. Diese wurden dann
von mir {iber laborbasierte Rontgenpulverdiffraktion und Rasterelektronenmi-
kroskopie charakterisiert. Ich habe temperaturabhédngige Fluoreszenzmessungen
und Raman-Spektroskopie durchgefiihrt. Im Anschluss habe ich die experimen-
tellen Daten ausgewertet. Ich habe die Proben fiir die optische Emissionsspek-
trometrie (ICP-OES) vorbereitet und die zugehorigen Messdaten ausgewertet.
Die Messungen wurden durch J. Raddatz durchgefiihrt. Ich habe die Proben fiir
die Synchrotronmessungen préapariert und die Synchrotrondaten ausgewertet,
wobei die Messungen von M. Etter durchgefiihrt wurden. Das Manuskript habe
ich mit Unterstiitzung von B. Winkler und mit Kommentaren der Co-Autoren
geschrieben.



2.2 Einbau von Seltenerdelementen in Carbonaten 19

2.2.3 Incorporation of rare earth elements into (Ba,Ca),(CO;),

Autoren

Dominik Spahr, Lkhamsuren Bayarjargal, Victor Vinograd, Rita Luchitskaia und
Bjorn Winkler

Abstract

., The structural effects of the incorporation of the rare earth elements (REE) La, Ce, Pr, Nd,
Eu, Sm, Gd, Er, Tm, Yb and Y into a synthetic Ba—Ca carbonate have been investigated.
We precipitated solutions with a composition Bag9Cay 1(CO3)p doped with REE-nitrates.
The precipitate, with few exceptions, consisted of a crystalline solid, slightly depleted
in Ba with respect to the expected composition, and an amorphous phase. On heating,
the whole sample became crystalline and consisted of a Ba-enriched and a Ba-depleted
phase. The phases are isostructural. The lattice parameters are strongly influenced by
the incorporation of ~ 6% REE. There is a linear dependence of the unit cell volume
on the radius of the incorporated REE for those elements with a radius < 1.0 A, i.e. Yb,
Tm, Ev, Y, Gd, Sm, Eu, Nd and Pr, while the unit cell volume of a sample doped with
La (r(La) = 1.03 A) and Ce (r(Ce) = 1.01 A) is not well described by this dependency.
Raman spectroscopy shows that the local environment of the CO3-groups does not differ
substantially between the Ba-enriched and the Ba-depleted phase, but changes linearly as
a function of the ionic radius of the REE. The present study clearly shows that substantial
amounts of REE can be incorporated into the Ba—Ca-carbonate studied here, making it
potentially useful as a matrix in nuclear waste treatments involving aqueous nitrate
solutions of lanthanides and actinides.”

Eigenanteil

Uber Ausfillungsexperimente habe ich zusammen mit R. Luchitskaia die Carbo-
nate mit Anteilen von unterschiedlichen Seltenerdelementen synthetisiert. Im
Anschluss habe ich Rontgenpulverdiffraktion, Raman-Spektroskopie und Ras-
terelektronenmikroskopie durchgefiihrt um die Proben zu charakterisieren. Ich
habe die experimentellen Daten ausgewertet und abschlieffend mit Untersttit-
zung von B. Winkler und mit Kommentaren der Co-Autoren das Manuskript

verfasst.






Kapitel 3

Zusammenfassung und

Schlussfolgerung

Im Rahmen des ersten Teils dieser Doktorarbeit konnten verschiedene neue
Carbonat-Phasen in der LH-DAC bei hohen Driicken (20-30 GPa) und hohen
Temperaturen (1500-3500 K) synthetisiert werden.[***’] Im Gegensatz dazu
fanden im zweiten Teil dieser Arbeit Synthesen bei Raumbedingungen oder nur
leicht erhohten Driicken und Temperaturen (~ 500 K und ~ 25 bar) statt. [70=73]
Um die hier erzeugten Driicke besser einordnen zu kdnnen, ist in Abbildung 6
eine schematische Darstellung der Druck-Tiefenbeziehung innerhalb der Erde
nach dem ,Preliminary Reference Earth Model” gezeigt.l’*”"1 Dabei steigt der
Druck von etwa 10~# GPa an der Erdoberfliche (= 1 bar) auf bis zu 360 GPa
im Zentrum des festen inneren Erdkerns an. Exemplarisch sind ebenfalls die
Synthesedriicke fiir Sr,[CO,4] und Sr[C,O5] markiert. Diese wiirden dabei hypo-
thetischen Tiefen innerhalb der Erde von ~ 600 km und ~ 800 km entsprechen

und somit im Grenzbereich zwischen oberem und unterem Erdmantel liegen.

lithosphere barytocalcite

(BaCa[CO;],)
|

Sr,[CO,]
Sr[Czosl
0
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1000

inner core
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T T 1
200 300 400 O 25 50
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Abbildung 6: Schematischer Querschnitt durch die Erde, wobei der Druck in Abhédngig-
keit der Tiefe innerhalb der Erde nach dem ,Preliminary Reference Earth Model” aufge-
tragen ist (modifiziert nach Dziewonski und Anderson[’*l bzw. Zeidler and Crichton["]).
In der Vergroflerung (0 km und 1500 km Tiefe) sind die Synthesedrticke von Sr,[COy],
Sr[C,05] und Barytocalcit (BaCa[COjs],) fiir eine hypothetische Tiefe markiert.[**%"']

21
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3.1 Carbonate unter Extrembedingungen

Zundchst wurden in dieser Arbeit Experimente mit Reaktionen zwischen Sr[CO;]
und SrO durchgefiihrt, um Sr,[COy] in Analogie zu Ca,[CO4] bei 20 GPa zu
synthetisieren.[*’] Im Gegensatz zur Synthese von Sr,[CO,] bei ~ 90 GPa wur-
de durch unsere Experimente deutlich, dass sich Sr,[CO,4] auch bei niedrigen
Driicken (~ 20 GPa) synthetisieren lasst. [+ Anschliefend konnten wir mittels
synchrotronbasierter Rontgendiffraktion und Raman-Spektroskopie in Kombi-
nation mit DFT-Rechnungen zeigen, dass sich Sr,[CO,] zu Raumbedingungen
abschrecken lasst. Somit war zum ersten Mal der Beweis erbracht, dass sp>-
Carbonate mit [CO4]4_-Tetraedern als zentraler Baueinheit abschreckbar sind.[*!
Abbildung 7 (a) zeigt die verfeinerte Kristallstruktur von Sr,[CO,] bei Raumdruck
und Raumtemperatur.

(a) . (b)
S

Abbildung 7: Strukturmodelle der sp3-Carbonate (a) Sr,[CO,4] und (b) Sr3[CO,]O giiltig
fiir Raumbedingungen.!"*“ SrO¢-Koordinationspolyeder sind in grau gezeigt. (c) Struk-
turmodell des Pyrocarbonats Sr[C,05] giiltig fiir 30(2) GPa und Raumtemperatur.[’]
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In weiteren Versuchen im System Sr[COjz] — SrO konnten wir bei vergleich-
baren Synthesebedingungen den Antiperowskit Sr;[CO4]O synthetisieren.[*’]
Dessen Hochdruckstruktur deckt sich mit Vorhersagen aus DFT-Rechnungen. [*’]
Im Gegensatz dazu beobachteten wir wahrend der Dekompression der Dia-
mantstempelzelle bei niedrigen Driicken eine Phasentransformation. Mittels
Synchrotroneinkristalldiffraktion konnten wir anschlieffend die Struktur der
Tiefdruckphase 16sen (Abbildung 7 b) und zusatzlich beweisen, dass auch das
sp3-Carbonat Sr;[CO,]O zu Raumbedingungen abgeschreckt werden kann. ("]
Diese Ergebnisse decken sich mit denen unserer Raman-Spektroskopie und den
zugehorigen DFT-Rechnungen. Sowohl bei Sr,[COy] als auch bei Sr3[CO4]O han-
delt es sichum s p3-Carbonate mit isolierten [CO4]4_—Tetraedern, welche vor dieser
Arbeit noch nie bei Raumbedingungen beobachtet werden konnten. Abbildung 8
zeigt eine Ubersicht {iber die strukturelle Vielfalt der bekannten Carbonate mit
[CO4]4_-Tetraedern.

Pyramid Ring Isolated Group Chain

4:::::&%4

MnC,0,-Fd3m Fe, ,sMdy 75C40,-C2/m Fe,C,0,,-R3c Mg,Fe,C,0,,-C2/c CaC0,-C222,
(Chariton et al. 2020) (Boulard et al. 2015) (Cerantola et al. 2017) (Merlini et al. 2015) (Oganov et al. 2006;
’ Ono et al. 2007)
Ny Ca, sFe, Mg, cC304-Pnma Ca,CO,-Pnma Fe,C,0,5-C2/c
KP?CZ?S "4220"2 ; "S(Mgﬁim%'{';_ 2017) (Laniel 2020; (Cerantola et al. 2017) CaC0,-P2,/c
(Kénig et al. ) Binck et al. 2021) (Pickard & Needs 2015;
_ Fe, Mg, ¢C30,-C2/m Mn,C,0,,-C2/c Lobanov et al. 2017)
CdC,05-Fd3m (Charitan et al. 2020) Sr,CO,-Pnma (Chariton et al. 2020)
(Wang et al. in prep.) (Laniel et al. 2021

Mg,C,0,-C2/m Spahr et al. 2021)

(Oganov et al. 2008; Boulard et

al. 2011; Maeda et al. 2017; Sr3[CO,]O-l4Imecm
Binck et al. 2020) Sr;[CO,]O-Pnma
(Spahr et al. 2021)

Abbildung 8: Strukturelle Vielfalt der bekannten sp3-Carbonate (modifiziert nach Spahr
et al.l°’! und Kénig[ ]). In blau sind neue Carbonat-Phasen dargestellt, an welchen
unter anderem im Rahmen dieser Arbeit gearbeitet wurde.

Die ersten Reaktionen zwischen einem Carbonat-Kristall und CO, wurden
mit Ca[COj3] durchgefiihrt, da in diesem System fiir Driicke > 30 GPa neue Car-
bonate mit erhohten CO,/M?*O Verhiltnis vorhergesagt wurden.!*”*’l Dabei
konnten wir das neue sp3-Carbonat CaC,05 zwischen 34 GPa und 45 GPa syn-
thetisieren und dessen Struktur bestimmen.!””] Hier sind die [CO4]4_—Tetraeder
tiber ihre Ecken verkniipft und bilden im Gegensatz zu Sr,[CO,] oder Sr3[CO4]O
pyramidenformige komplexe Anionen (Abbildung 8).
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Im Zuge dieser Dissertation wurden Experimente mit Sr[CO;] in CO, At-
mosphédre durchgefiihrt, um festzustellen, ob auch hier Kationensubstitution
moglich ist, so wie auch bei Ca,[CO,] und Srz[CO4].[ 51 Jedoch zeigten die
Experimente bei ~ 30 GPa, dass zwar eine Reaktion zwischen Carbonat und
CO, stattfindet, aber dass kein sp*>-Carbonat gebildet wird. Mittels Synchrotron-
einkristalldiffraktion konnten wir zeigen, dass durch Heizen einer Sr[CO;] +
CO, Mischung bei diesem Druck ein so genanntes Pyrocarbonat mit Sr[C,Os]
Zusammensetzung entsteht.l”] Die Struktur von Sr[C,Os] ist in Abbildung 7
(c) gezeigt. Hier sind zwei [CO;5]>~-Gruppen iiber ein geteiltes Sauerstoffa-
tom zu einer [C,0O5]*> -Gruppe verkniipft (Abbildung 9). Die Bildung einer
solchen Pyro-Gruppe war zwar in Pyrocarbonatestern mit organischen Resten
(R1 — [Cy0s5] — Ry) bekannt, welche typischerweise in der organischen Synthese
oder der Biochemie Anwendung finden, wurden vorher jedoch in anorganischen
Carbonaten nicht beobachtet.[’*=*’l Nur zwei schwache Raman-Peaks in einer
Li,[CO;3] — Na,y[CO3] Schmelze und Computersimulationen gaben Hinweise auf
die Existenz isolierter [C,05]>~-Gruppen. [**]

(a) (b) (c) (d)

Sr[C;0:] Pb[C,0;] Al;[C;05][CO;], Ba[C,0s]
7\ B /\ /N
P Pam— P f i f i
43A 43A 44 A 36A

20° 16°
N N ~0°

[ Ye) M 9@ ‘& ) o0

soeoo

Abbildung 9: Geometrie der [C,O5]*> -Gruppen in (a) Sr[C,Os], (b) Pb[C,Os], (c)
AL[CO5][CO3], und (d) Ba[C,O5]. %1

Die Entdeckung der anorganischen Pyrocarbonate etablierte somit eine neue
Familie von Carbonaten, zusitzlich zu den bereits bekannten sp?- und sp3-
Carbonaten. Hier konnte erstmalig die Polymerisation von [CO;]*~-Gruppen
beobachtet werden. Des Weiteren konnten wir mit der Synthese von isostruk-
turellem Pb[C,Os5] bei vergleichbaren Synthesebedingungen zeigen, dass auch
in dieser neuen Familie von Carbonaten Kationensubstitution moglich ist.[”l In
Abbildung 9 ist ein Vergleich der Geometrie der [C,05]*~-Gruppen zwischen
Sr[C,05] und Pb[C,05] gezeigt. Beide entsprechen in erster Naherung der vorher-
gesagten Gleichgewichtsgeometrie.[*!] Es ist anzumerken, dass die Ionenradien
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von Sr2* (r = 1.31 A) und Pb?t (r = 1.35 A) fiir KZ = 9 sehr ghnlich sind.[']
Im Gegensatz dazu wurde fiir das deutlich kleinere Ca?t (r = 1.18 A) bis jetzt
experimentell kein Pyrocarbonat gefunden.l””l Im System Cd[CO;] - CO, wur-
den erste Experimente durch Y. Wang und L. Bayarjargal durchgefiihrt, um
dieses Verhalten fiir kleinere Kationen wie Cd?* (r = 1.16 A) zu bestia'tigen.[ ]
Sie konnten zeigen, dass durch Laserheizen einer Cd[CO;] + CO, Mischung
bei ~ 40 GPa das sp>-Carbonat CdC,05 gebildet wird. CdC,Os ist vermutlich
isostrukturell zu MnC,O5 bzw. einer nicht verzerrten Struktur von CaC,0O5 (Ab-
bildung 8).["7*l Diese Ergebnisse werden auch dadurch gestiitzt, dass das
sp>-Carbonat MnC,O5 mit pyramidenférmigen komplexen Anionen fiir das noch
kleinere Mn?t (r = 0.83 A fiir KZ = 6), nach der Zersetzung von Mn[CO;] bei
66(3) GPa und ~ 2000 K, gefunden wurde. "]

Unsere Experimente mit Ba[CO;] und CO, als Startmaterialien zeigen, dass
auch hier ein Pyrocarbonat gebildet wird.[°l Jedoch fiihrt vermutlich der gro-
Rere Radius von Ba?" (r = 1.47 A) zu einer neuen Geometrie der [C,05]7-
Gruppe (Abbildung 9 d). In Ba[C,Os] sind die beiden [CO3]2_-Gruppen der
[C,05]>~-Gruppe gegeneinander um ~ 90° um das geteilte Sauerstoffatom ge-
dreht. Die Linge des komplexen Anions sinkt von ~ 4.3 A in den anderen
Pyrocarbonaten auf ~ 3.6 A in Ba[C,05].I""1 Kiirzlich konnten wir ein ge-
mischtes Al-Pyrocarbonat synthetisieren und dessen Struktur bestimmen.["! In
AL[C,05][CO3], liegen [CZO5]2’-Gruppen neben [CO3]2’-Gruppen vor und die
Geometrie der Pyro-Gruppe entspricht in etwa der in Sr[C,O5] bzw. Pb[C,0s]
(Abbildung 9). Chemisch gesehen schliefien die hier entdeckten anorganischen
Pyrocarbonate mit isolierten [C,05]*~-Gruppen die Liicke in der Systematik der
Verbindungen mit Pyro-Gruppen ([X,05] mit X = B, C, N). Sowohl Pyroborate
(z.B. Mg,[B,0Os], Cay[B,0Os], Srp[B,Os5]) als auch molekulares Pyronitrat (N,Os)

sind bereits ausgiebig untersucht worden.[*"=""

In Abbildung 10 ist eine Zusammenfassung der durchgefiihrten Experimente
in den verschiedenen M?*[CO5] — CO, Systemen zu sehen. Geht man als Startma-
terial von dem jeweiligen , konventionellen” Carbonat mit Aragonit-Strukturtyp
(KZ = 9) aus, ist deutlich zu erkennen, dass die Carbonate mit kleineren Katio-
nen (Cd, Ca) zu sp>-Carbonaten und solche mit groeren Kationen (St, Pb, Ba)
zu Pyrocarbonaten nach der Reaktion mit CO, fiihren. Es ist jedoch zu bedenken,
dass die stabile Phase der ,konventionellen” Carbonate bei diesen Driicken
typischerweise in der post-Aragonit Struktur (KZ = 12) vorliegt.[”** Insgesamt
konnten wir zeigen, dass sich Carbonate bei hohen Driicken mit CO, reagieren
lassen und somit die Synthese neuer Carbonate moglich ist. Des Weiteren lassen
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unsere Synthesen neue Carbonate zu, welche im M2+[CO3] - CO, System ndher
am CO, liegen (siehe Abbildung 3). Mit Al,[COs]; konnten wir ein neues , kon-
ventionelles” Al-Carbonat aus einer Al,O3 + CO, Mischung bei ~ 20 GPa und
~ 2600 K synthetisieren und zu Raumbedingungen abschrecken.[”"] Trotz des
kleinen Ionenradius von APt (r = 0.54 A) passt das Elementarzellenvolumen je
Kohlenstoffatom von Al,[COs]; hervorragend in den Trend der bekannten Carbo-
nate mit M?*[CO;] Zusammensetzung bei Raumbedingungen, wie in Abbildung
10 (b) zu sehen.!'’]

(@)

(b)
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Abbildung 10: (a) Komplexe Anionen aus Kohlenstoff und Sauerstoff nach der Re-
aktion zwischen M?*[CO;] und CO, bei hohen Driicken und hohen Temperaturen:
[C4010] (CaCy05, CAC,05), [C,05] (Sr[C,05], Pb[C,05]) und [C,05] (Ba[C,05]). 771
MnC,05 mit [C4Og]-Pyramiden entstand nach der Zersetzung von Mn[CO;3] in Neon
Atmosphire.[”’l (b) Elementarzellenvolumen pro Kohlenstoffatom in Abhingigkeit des
Kationenradius (nach Shannon!'®l) fiir Carbonate mit M>*[CO;] Zusammensetzung
in Calcit- (R3¢, Nr. 167) oder Aragonit-Strukturtyp (Pmcn, Nr. 62).1'/1°=>!1 Es wurden
,konventionelle” Carbonate als Startmaterialen fiir die Reaktionen in der LH-DAC ver-
wendet. Al,[COz]; wurde aus einer Al,O; + CO, Mischung bei ~ 20 GPa und ~ 2600 K
synthetisiert und dann zu Raumbedingungen abgeschreckt.!""]
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3.2 Einbau von Seltenerdelementen in Carbonaten

Im zweiten Teil dieser Arbeit konnten wir zunéchst einmal zeigen, dass das
natiirlich vorkommende BaCa[CO;], Polymorph Barytocalcit hydrothermal syn-
thetisiert werden kann.[”"”*l Die Synthesebedingungen entsprechen dabei den
Druck- und Temperatur-Bedingungen (~ 500 K und ~ 25 bar) wie sie im
obersten Bereich der Lithosphére herrschen wiirden (Abbildung 6)."074 Des
Weiteren konnten wir (,C2-Phase”), genauso wie Whittaker und Joester!”’] (,,Bal-
cit”), einen neuen Polymorph synthetisieren. Zusétzlich zur Synthese tiber Aus-
fallung konnte wir auch dessen Bildung tiber Hochtemperatursynthese nach
mechanochemischer Aktivierung der Endglieder (Ba[CO3] und Ca[CO;3]) in einer
Kugelmiihle oder direkt iiber Mechanosynthese zeigen.!”'l Auf den ersten Blick
sehen die Strukturen beider Phasen zwar identisch aus, jedoch zeigt ,Balcit” ein
deutlich groBeres Volumen pro [CO5]*-Gruppe (Vco, = 72.88 A3) im Vergleich
zur ,,C2-Phase” (68.20(1) A3) bei gleichem Ba/Ca Verhiltnis, wie in Abbildung
11 zu sehen.["7"]
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Abbildung 11: Elementarzellenvolumen je [CO;3]*-Gruppe in Ca;_,Ba,[CO5] nach Aus-
fallung bzw. Hochtemperatursynthese in Abhédngigkeit der chemischen Zusammen-
setzung aus Synchrotron- (e) und Laborpulverdiffraktion (|:]).[ I Zum Vergleich sind
die nattirlich vorkommenden Polymorphe Barytocalcit, Paralstonit und Alstonit bzw.
das synthetische Polymorph ,Balcit” eingetragen.!”*~"1 Es sind die Endglieder Calcit
(Ca[CO3]) und Witherit (Ba[COs]) gezeigt.['””’l Die einphasigen Bereiche der bis jetzt
untersuchten Mischkristallreihen sind ebenfalls aufgetragen.!”""'l Die Fehlerbalken sind
kleiner als die Symbolgrofie.
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Weiterhin konnten wir zeigen, dass die hier tiber Ausfallung bzw. Hochtem-
peratursynthese erhaltenen Ca;_Ba,[CO;] Mischkristalle eine deutlich grofiere
chemische Zusammensetzung abdecken und somit in einem grofieren Bereich
einphasig synthetisiert werden kénnen als bisher angenommen.[”*°'l Dabei liegt
das Volumen nur knapp unterhalb des erwarteten Volumens fiir eine ideale
Mischung zwischen Ba[CO;] und Ca[CO3].[ 2] Es lasst sich sowohl in unseren
Ausfillungsexperimenten als auch bei Whittaker et al.l°'] ein leicht erniedrigtes
Ba/Ca-Verhiltnis im ausgeféllten Carbonat im Vergleich zur initialen Losung
beobachten.!”) Im Gegensatz dazu fiihrt die Hochtemperatursynthese nicht zu
einer Abweichung zwischen eingewogenen Edukten und gemessener Zusam-

mensetzung der Mischkristalle.
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Abbildung 12: (a) ICP-OES Messungen des Ba/Ca-Verhiltnisses und (b) Messungen
der Europium-Konzentration in (BaCa);_,)[COj3], + Eu, in Abhéngigkeit der Europium-
Konzentration der initialen Losung vor der Ausfallung.!”! Die blaue Strichlinie markiert
den Mittelwert der Messungen, die schwarze Linie ist eine Hilfslinie.



3.2 Einbau von Seltenerdelementen in Carbonaten 29

Durch die Zugabe von Europiumnitrat wahrend der Ausfallungssynthese
konnten wir demonstrieren, dass grofiere Mengen eines Seltenerdelements in
das , konventionelle” Ba/Ca-Doppelcarbonat eingebaut und somit Carbonate
mit (BaCa)(;_,)[COs], + Euy Zusammensetzung synthetisiert werden konnen. "]
Durch ICP-OES Messungen konnten wir zeigen, dass bei einer &quimolaren
Ba/Ca-Konzentration in der Ausgangslosung ein Carbonat mit Baj Ca; 1[COs],
Zusammensetzung entsteht. Das Ba/Ca-Verhdltnis dndert sich mit steigender
Europium-Konzentration nicht signifikant (Abbildung 12 a). Mit steigender
Europium-Konzentration in der Ausgangslosung kommt es auch zum verstiarkten
Einbau von Europium in Baj¢Ca; 1[CO;z],. In Abbildung 12 (b) ist deutlich zu
sehen, dass bis zu 6 mol% Europium in Baj¢Ca; 1[CO;], eingebaut werden
konnten. Unsere Fluoreszenzmessungen mit einer Lebenszeit von 1 ms fiir die
getesteten Ubergénge in den verschiedenen Proben legen nahe, dass Europium
tiberall auf den gleichen Gitterpositionen eingebaut wird. Des Weiteren wiirde
diese Lebenszeit etwa einer OH -Gruppe in der Umgebung des Eu3* entsprechen,
dhnlich wie auch in Ca[CO3].[ -1, Das Vorhandensein von etwa einer OH -

Gruppe pro Eu*-Ton wiirde zudem auch einen Ladungsausgleich bereitstellen.

Abbildung 13: Ba; yCa; 1[CO3], Pulver mit verschiedenen Seltenerdelementen nach der
Ausfallungssynthese und anschliefendem Erhitzen auf 723(1) K.U'”]

Der Einbau von 6 mol% Europium in Baj¢Ca; [CO;], liegt deutlich ober-
halb der Spurenelement-Konzentrationen in anderen Carbonaten. Sowohl in
nattirlich vorkommendem Ca[CO;3] als auch in Mg[CO;] liegen die hochsten
Konzentrationen fiir leichte Seltenerdelemente bei < 0.2%.[!"1=10°] Des Weite-

ren sind die Konzentrationen von Europium sowohl in synthetischem als auch



30 3 Zusammenfassung und Schlussfolgerung

natiirlich vorkommendem Ca[COjs] erheblich geringer (< 0.1%).[°’] Es ist hier
anzumerken, dass Seltenerdcarbonate wie NazEu[COs]; durch hydrothermale
Synthese erhalten werden konnen.!'""l In weiteren Experimenten konnten wir
zeigen, dass sich tiber Ausfallungsynthese auch eine Vielzahl weiterer Seltenerd-
elemente in Baj yCa; 1{CO;], einbauen lassen und somit Kationensubstitution der
Ba/Ca-Atome durch viele verschiedene Elemente moglich ist.[”’] Die geheizten
Prézipitate dieser Synthesen sind in Abbildung 13 gezeigt. Je nach zugegebenem
Seltenerdelement ist hier auch ein deutlicher Farbunterschied zu erkennen.

Der signifikante Einbau von Seltenerdelementen in Bay ¢Ca; 1[{CO3], widhrend
der Ausféllung legt die Vermutung nahe, dass sich dieses Doppelcarbonat auch
bei der Ausfidllung mit Actinoiden in der Ausgangslosung bilden kann. Somit
wiirde sich bei Leckage eines Lagerbehilters in einem Endlager moglicherweise
Ba/Ca-Carbonat mit eingebauten Actinoiden durch Reaktion mit dem vorhande-
nen Carbonat bilden. Da die Ausfillung hier aus Nitratlosungen vorgenommen
wurde und die Carbonate bis zu hoheren Temperaturen (~ 723 K) stabil sind,
konnten diese moglicherweise auch zur Kristallisation von Lanthanoid- bzw.
Actinoid-reichen Phasen aus der Aufbereitung von Kernbrennstoff verwendet
werden. Als Ergebnis von Verfahren wie dem so genannten , Actinide Lantha-
nide Separation Process” (ALSEP) entstehen unter anderem Lanthanoid- bzw.
Actinoid-haltige Nitratlosungen, welche einer Ausfallung bediirfen.l'"”'"] Diese

konnten dann tiber die Synthese von Baj ¢Ca; 1[CO;], kristallisiert werden.
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Summary and Conclusion

In the first part of this thesis we have synthesized several new carbonates at high
pressures (20-30 GPa) and high temperatures (1500-3500 K) and investigated
their structures. First, we obtained the sp3-carbonate Sr,[CO,] at significantly
lower pressures (~ 20 GPa) than reported earlier by a reaction of a Sr[CO;]
crystal with SrO powder in a laser-heated diamond anvil cell (LH-DAC).[*11 Af-
terwards, we demonstrated that this carbonate with isolated [CO,]* -tetrahedra
can be recovered at ambient conditions using synchrotron powder X-ray dif-
fraction, Raman spectroscopy and density functional theory (DFT) calculations.
This was the first time that a carbonate with sp*>-hybridized carbon, in which
carbon is tetrahedrally coordinated by four oxygen atoms, had been recovered at
ambient conditions. With the synthesis and characterization of the antiperovskite
Sr5[CO,4]O we found a second sp3-carbonate with isolated [CO,]*-tetrahedra
which can be recovered at ambient conditions.[”’l This phase was synthesized in
a similar manner as Sr,[COy]. In addition, we observed a pressure-induced phase
transition from tetragonal to orthorhombic space group symmetry upon pressure
release in Sr3[CO4]O. The orthorhombic crystal structure at ambient pressure
was solved by synchrotron-based X-ray single-crystal diffraction confirming the
presence of isolated [CO4]*-tetrahedra. These results are in good agreement with

our Raman spectroscopy measurements and DFT-based calculations.

By the reaction of a Sr[CO;] crystal with CO, in a LH-DAC at ~ 30 GPa
we obtained the novel carbonate Sr[CZO5].[ I With the synthesis of Sr[C,Os]
we discovered a new family of carbonates called ,inorganic pyrocarbonates”
beyond the well-known sp?- and sp3-carbonates. We solved the structure of
Sr[C,05] by synchrotron single crystal X-ray diffraction and characterized it
by Raman spectroscopy and DFT-based calculations. In this compound, we
observed for the first time the polymerization of two [CO;]*"-groups by sharing
a central oxygen atom and the resulting formation of isolated [C,Os]*-groups.
The discovery of the pyrocarbonate anion closes the gap in the periodic table
between molecular N,O5 and the pyroborates containing isolated [B,Os]*"-

groups (e. g. Ca,[B,05], Sry[B,05]).[*""*] In further experiments we synthesized

31
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and characterized Pb[C,0s], a second member of the inorganic pyrocarbonates,
with isolated [CZO5]2_-groups.[ ] Pb[C,0s5] was synthesized in a similar manner.
The synthesis of isostructural Pb[C,Os5] established the inorganic pyrocarbonates
as a novel family of carbonates and demonstrated that cation substitution is
possible is this group, similar to the family of sp?- or sp>-carbonates.

In the second part of this work we investigated Ba/Ca double carbonates. We
found that the naturally occurring BaCa[COs], polymorph barytocalcite can be
obtained by hydrothermal synthesis.[”"”*] In addition, we and Whittaker and
Joester[””] independently described a new BaCa[COs], polymorph. In contrast
to Whittaker and Joester[”"], in our experiments the synthetic Ba/Ca-carbonate
polymorph can be obtained by heating a mechanochemical-activated precursor,
directly by mechanosynthesis from the end-member carbonates (CaCO3, BaCO;)
in stoichiometric proportions or by slow precipitation synthesis at ambient con-
ditions.l”'] By synchrotron powder diffraction in combination with inductively
coupled plasma optical emission spectrometry, Raman and fluorescence spec-
troscopy we demonstrated that this new Ba/Ca carbonate phase can incorporate
significant amounts of europium (up to 6 mol%).["”l We assume that Eu®* is
incorporated on a lattice side after the precipitation synthesis and we expect
a charge compensation due to the presence of approximately one OH™-group
per europium. Using equimolar Ba/Ca concentrations during the synthesis re-
sults in samples with Baj¢Ca;1[CO;z], + Euy composition, independent from
the Eu-concentration in the feed-solution. In further experiments we extended
the incorporation of rare earth elements into Bay¢Caj 1[CO5],.l""] We observed
that incorporation of various rare earth elements in Ba/Ca double carbonate is
possible. It seems most likely that radioactive actinides can be incorporated in
this type of carbonate in case of a container failure in a nuclear waste disposal.
Furthermore, this phase may be suitable for the solidification of actinide and
lanthanide rich aqueous nitrate solution received from Actinide Lanthanide Se-
paration (ALSEP) like processes, employed in the recycling procedures of spent
nuclear fuel.['*>1°]
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ABSTRACT: We have synthesized the orthocarbonate Sr,CO,, in which carbon is tetrahedrally
coordinated by four oxygen atoms, at moderately high pressures [20(1) GPa] and high
temperatures (73500 K) in a diamond anvil cell by reacting a SrCOj single crystal with SrO
powder. We show by synchrotron powder X-ray diffraction, Raman spectroscopy, and density
functional thoery calculations that this phase, and hence sp>-hybridized carbon in a CO,*" group,
can be recovered at ambient conditions. The C—O bond distances are all of similar lengths
[~1.41(1) A], and the O—C—O angles deviate from the ideal tetrahedral angle by a few degrees
only.

C arbonates play a fundamental role in the global carbon central carbon atom because the observed C—O bond length is
cycle and have therefore been extensively studied."” In between the 1.43 A expected for a single bond and the 1.23 A
nature, trigonal calcite (CaCOj;), one of its high-pressure for a double bond. Notably, these CO;>~ groups maintain their
polymorphs, orthorhombic aragonite, and the “double shape up to at least 70 GPa and 2000 K, and no polymerization
carbonate” dolomite [CaMg(CO,),], dominate. They also of the CO5>~ groups has been observed.

are employed in numerous technological applications, such as It was therefore an important discovery that under extreme
in the deacidification and ion exchange of groundwater or its pressure (p > 70 GPa) and temperature conditions a
remineralization following reverse osmosis processes. Because fundamental change in bonding may occur, and in a sequence
of the flexibility of the structure, the divalent cations can be of papers, carbonates with sp>-hybridized carbon in tetrahedral
replaced, and numerous end members and solid solutions are coordination were found. The first reports of such novel
known, where, as a general rule, reElacement of Ca™ by a carbonates were based on synchrotron powder X-ray
catiZ(:n W_ith an ionic radius of S_I‘O A (eg, Mg™, Cp“, 3f1d diffraction and in situ IR spectroscopy using either magnesite
Zn™) will 1ea.d to a com'pound 180§tructura1 to calcite, while (MgCO,) or ferromagnesite (Mgy,sFe,,sCO;) as starting
carbonates with larger divalent cations (e.g, Sr**, Ba™, and compositionsz8 Further experimental confirmations were
EEH) (;ypically crystljllize in ’:‘? agxlgonite bstructturlea type.” based on single-crystal X-ray diffractign studies, where the
ase diagrams may be very rich for these carbonates because, 11
for examgple, ther}; are r:}:t least 12 high-pressure, highj structulroes of MgFe, C4Ol3_C2/€'l CaI;/IIIgO'GFeo'4C20f?:
temperature phases for CaCO;* The structure—property iﬂrg;, HICMgz'SEI;jO‘ﬁCR/IO%Cé/r;:i— 1F1e4 532412—538
relationships of alkali carbonates, such as M,CO; with M = Cezz 112 Al oty 3m', an e v
/¢~ were solved. It was found that, in analogy to SiO,

Li*, Na*, and K*, and of numerous other carbonates with more
complex composition and structures, such as NaEu(CO,), or
UO,CO;, are also well established. Carbonates may also
contain hydroxyl groups (such as in azurite), or molecular
water.”® In summary, carbonates display a remarkable crystal
chemical and structural variability.

Until quite recently, it was thought that the common feature
of all of these structurally and chemically distinct carbonates
was the presence of isolated CO;>~ groups. These CO;*~ Received:  January 18, 2021
groups are generally considered to be fairly rigid structural Published: April 4, 2021
units because they typically show only minor deviations from
the average C—O bond length of 1.30 A and an ideal O—C—0
angle of 120°. This is thought to be due to the formation of
strongly covalent bonds involving sp*-hybridized orbitals of the

groups, CO,*~ groups may polymerize by corner-sharing an
oxygen atom, forming rings, chains, or pyramids (e.g,, FeCO;
at &70 GPa, MgCO; at ~85 GPa, and CaCO; at ~110
GPa)."”™"* Very recently, strontium orthocarbonate, Sr,CO,,
with space group Pnma was serendipitously synthesized at 92
GPa and 2500 K and its structure solved by single-crystal X-ray

© 2021 American Chemical Society https://doi.org/10.1021/acs.inorgchem.1c00159
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diffraction but without further measurements during decom-
pression.”

However, the extreme conditions (p > 70 GPa in laser-
heated diamond anvil cells, LH-DACs) required for the
formation of sp*-hybridized carbon and the experimental
challenges involved in structure determination, in conjunction
with the observation that these phases are only stable at very
high pressures and cannot be quenched to ambient conditions,
impeded the effort to explore the crystal chemistry and
determine the structure—property relationships of carbonates
containing sp*-hybridized carbon.

More recently, theoretical studies have reported the
formation of stable carbonates with CO,*" units in the system
CaO—CO, at much lower pressures, and it was proposed that
Ca;CO;-Cmem may become stable at pressures >11 GPa, while
Ca,CO,-Pnma was predicted to be stable at >13 GPa.'*'” We
then synthesized calcium orthocarbonate (Ca,CO,-Pnma) at
20 GPa by laser heating to >1800 K and noted that, upon cold
decompression, the phase was still present as long as the
pressure was >4 GPa.'® This prompted us to attempt a
synthesis of Sr,CO, at moderate pressures and to attempt a
recovery to ambient conditions. The successful outcome of this
experiment is described here.

In this study, we report the synthesis of Sr,CO, with space
group Pnma in a LH-DAC using a strontianite (SrCOj;) crystal
and strontium oxide (SrO) powder as starting materials and
the subsequent recovery at ambient conditions. The individual
stages of the experiment are shown in Figure 1.

After a transparent SrCOj; crystal (edge length ~120 ym)
and white SrO powder were loaded and before the cell was
closed, Raman spectroscopy showed the expected Raman
spectrum of SrCO; (Figure 2a). SrO crystallizes in the cubic
space group Fm3m (a = 5.160 A). It is isostructural to NaCl
and, hence, does not show a first-order Raman signal."” As
expected, the agreement between the experimental data and
theoretical Raman spectra from density functional theory
(DFT)-based calculations for SrCO; at ambient conditions is
very satisfactory, and no unexpected Raman modes can be
observed in the experimental data. The SrCO; + SrO mixture
was cold-compressed to 20(1) GPa (Figure 2b). Up to this
pressure, SrCO; is not undergoing any phase transition
because the phase transition of SrCO; to a polymorph with
a post-aragonite structure (space group Pmmn) is expected
above 23 GPa.*’

At a pressure of 20(1) GPa, the SrCO; + SrO mixture was
laser-heated from both sides up to a maximum temperature of
~3500(500) K for several minutes in an area with ~50 um
diameter in the center of the DAC. During laser heating, the
SrCO; crystal and SrO powder melted completely and the
crystal could not be identified anymore. After laser heating, the
Raman spectrum at 20(1) GPa (Figure 2c) strongly differed
from that of the cold-compressed SrCO; + SrO mixture at the
same pressure. The characteristic CO; stretching (v;) mode,
which is expected at around ~1120 cm™ at 20 GPa,
disappeared, and instead a new mode occurred at X920
cm™’. This Raman mode indicates the presence of CO,*"
groups. It is in good agreement with the Raman data obtained
for the related carbonate Ca,CO,, for which this Raman mode
occurs at 2936 cm™.'® Furthermore, the experimental data at
20 GPa match the theoretical Raman spectra predicted by
DFT-based calculations for Sr,CO, very well."®

After the synthesis of Sr,CO, at elevated pressure and
temperature, we measured the Raman spectra during cold
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Figure 1. (a) Transparent SrCOj single crystal placed on the culet.
(b) SrO powder added, with neon loaded as a pressure-transmitting
medium. (c) View through the LH-DAC, with transmitted light only.
(d) View through the DAC, with transmitted and reflected light. A
map showing the spatial distribution of the normalized intensity at
885 cm™ is superimposed on the area heated by the laser shown by a
circle. The presence of CO,*” groups can be inferred from a
characteristic band at this Raman shift. (e) Enlargement of the map
from part d.

decompression (Figure 2d,e). We observed that Sr,CO,
neither amorphises nor undergoes a structural phase transition
upon decompression to ambient conditions (Figure 2e). This
is in contrast to Ca,CO,, which seems to amorphise when the
pressure is lowered to less than ~4 GPa.'®

At ambient conditions, we used Raman spectroscopy to map
the laser-heated region and to determine where the Sr,CO,
phase was formed during the heating process. Figure 1d,e show
the intensity of the characteristic CO, mode at 885 cm™. The
clear and strong maximum in this map at the center of the
DAC shows that Sr,CO, was synthesized in the heated
volume. These spectra were therefore the first demonstration
of a carbonate with CO,*" units at ambient conditions.

To confirm these findings, we employed synchrotron
powder X-ray diffraction. The diffraction pattern was recorded
in the region where we had located Sr,CO, by Raman
spectroscopy in an opened DAC after decompression. As
starting values for the Rietveld refinement of the powder X-ray
diffraction data (Figure 3), we employed structural parameters
from DFT calculations, which, in turn, were derived by
replacing Ca by Sr in the structure of Ca,CO,.">'® The
successful refinement unequivocally confirms the conclusions
drawn from the Raman measurements, namely, that we
obtained the orthocarbonate Sr,CO, with space group Pnma
and that this phase can be quenched to ambient conditions.

https:/doi.org/10.1021/acs.inorgchem. 100159
Inorg. Chem. 2021, 60, 54195422



48

Anhang

pubs.acs.org/IC

Featured Article

Inorganic Chemistry
200 CO,  CO4
DFT — measurement — !
(a) . 0GPa
150 .
2 YN
B ®) e )| 206Pa
o before '
S 100 laser heating 0
2 after .
[Z3 "
q:; PEVW VPN VN d . A
£ © ‘ 20GPa
50 .
() 1 . |1oGPa
\ —
0 ) A M ] 0GPa
0 300 600 900 1200

Raman shift (cm™)

1

Figure 2. Experimentally determined Raman spectra for Sr,CO,
synthesized at T, ~ 3500(500) K and 20(1) GPa in a DAC in
comparison to DFT-based calculations. Measurements were per-
formed at ambient pressure and 20 GPa before the laser-heating
process (a and b) and after heating (c—e) while the pressure was
decreased to ambient conditions. The positions of the CO; and CO,
stretching modes at ambient conditions are marked with dashed and
dashed-dotted lines, respectively.
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Figure 3. Rietveld refinement using the powder X-ray diffraction data
of Sr,CO, obtained from the high-pressure and -temperature
synthesis in a DAC at ambient conditions. The refinement was
carried out in space group Pnma using 1 = 0.4106 A. Reflection
positions are indicated by tick marks, and the residuals between the
measurement and refinement are shown by the blue line. Unidentified
reflections are marked by an asterisk (*).

The refined structural model of Sr,CO, is shown in Figure 4.
We find that at ambient conditions Sr,CO, has the lattice
parameters a = 6.9110(6) A, b = 5.2942(6) A, and ¢ =
9.214(1) A, in good agreement with the values predicted from
DFT calculations appr = 6.9398 A, bper = 5.3254 A, and cppy =
9.3315 A (Table S1). Sr,CO, is isostructural to Ca,CO,.'""®
The experimentally determined C—O bond lengths [dc_q ey,
141(1) A] are in very good agreement with the range
calculated from DFT (dc_oper = 1.39-1.43 A), where a
Mulliken population analysis shows that all bonds are equally
strongly covalent with a bond population of ~0.66 e~ A™". The
tetrahedral angles are very close to the ideal tetrahedral angle
in the structure obtained from the Rietveld refinement, while
in the DFT structure, they deviate by less than 2° from 109.5°.

5421

Figure 4. Crystal structure of Sr,CO, at ambient conditions obtained
from Rietveld refinement of synchrotron powder X-ray diffraction
with space group symmetry Pnma, Z = 4, a = 69110(6) A, b =
5.2942(6) A, and ¢ = 9.214(1) A.

In addition to Sr,CO,, we can identify unreacted SrCO; or
rather unlikely SrO, in the diffraction pattern. Furthermore, a
few tiny peaks cannot be associated with either Sr,CO,,
SrCO;, or SrO,. They are marked by an asterisk (*) and may
be due to reactions of the starting material with the diamonds
or the formation of hydroxides or other new phases, which
cannot be identified based on the small amount of weak
reflections.

In conclusion, we synthesized Sr,CO, at 20(1) GPa and
~3500 K in a LH-DAC by rapid cooling from a melt under
high-pressure conditions. We demonstrated by Raman spec-
troscopy and synchrotron powder X-ray diffraction that this
phase is quenchable to ambient conditions. DFT calculations
show that Sr,CO, is metastable at ambient conditions because
it is less stable by ~70 kJ mol™" than the mixture of the starting
materials. For hypothetical Ba,CO,, the enthalpy differences
are similar, and thus it seems plausible that the approach
described here can be used to introduce Ba** or Pb*" into this
structure. In conjunction with the earlier synthesis of
isostructural Ca,CO,, where the cation is somewhat smaller,
it now seems likely that it is possible to obtain numerous novel
carbonates by isomorphic substitution, going far beyond the
restricted chemistry of the 13 known novel carbonates, which
contain one or two elements from the set {Mn, Fe, Mg, Ca,
Sr}. The present study implies that at least some novel
carbonates can be synthesized in milligram quantities in large
volume presses. This is a major advancement because this will
allow the use of a much broader range of analytical approaches
(e.g, NMR, EELS) for characterization of their structure—
property relationships.
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ABSTRACT: We have synthesized the orthocarbonate Sr;[CO,]O in a laser-
heated diamond anvil cell at 20 and 30 GPa by heating to ~3000 (300) K.
groups at ambient
conditions. Single-crystal diffraction shows the presence of [CO,]*” groups, i.e., sp*-
hybridized carbon tetrahedrally coordinated by covalently bound oxygen atoms. The
[CO,]*" tetrahedra are located in a cage formed by corner-sharing OSr, octahedra,
i.e., octahedra with oxygen as a central ion, forming an antiperovskite-type structure.
At high pressures, the octahedra are nearly ideal and slightly rotated. The high-
pressure phase is tetragonal (I4/mcm). Upon pressure release, there is a phase
transition with a symmetry lowering to an orthorhombic phase (Pnma), where the

Afterward, we recovered the orthocarbonate with [CO,]*"

octahedra tilt and deform slightly.

C arbonates are ubiquitous in nature and are employed in
numerous technological applications. The defining
structural feature of conventional carbonates is nearly
trigonal-planar [CO5]* groups, where a central carbon atom
is coordinated by three oxygen atoms, forming C-sp* hybrid
orbitals." The [CO;]*~ groups can be considered to be rigid
units and persist to very high pressures (=70 GPa). They
generally do not polymerize by sharing an oxygen (an
exception is, e.g., Na,Ca,[COj;];, where an onset of
dimerization is observed at 15 GPa),” so all conventional
carbonate structures can be described in terms of the stacking
of [CO,]* groups.>™®

The synthesis of carbonates with tetrahedrally coordinated
carbon was therefore a substantial extension of the carbonate
crystal chemistry. Tetrahedral coordination implies the
presence of C—sp3 hybrid orbitals. Initially, such sp3 carbonates
were obtained as high-pressure polymorphs of conventional
carbonates at very high pressures (p > 70 GPa) and high
temperatures (a few thousand Kelvin) and were thought to
exist only at these extreme conditions.” '’ This situation
changed when, instead of transforming carbonates by pressure,
novel sp® carbonates were formed by reactions."® ™' Guided by
density functional theory (DFT)-based predictions,”* >
alkaline-earth oxides were reacted with the corresponding
carbonates at high temperatures and Sr,[CO,]-Pnma and
isostructural Ca,[CO,]-Pnma were formed in a laser-heated
diamond anvil cell (LH-DAC) at ~20 GPa.""™*!

Another interesting feature of novel carbonates with sp-
hybridized carbon is that the [CO,]*" groups may polymerize
by corner-sharing. As a result, carbonates with isolated
[CO,]*" tetrahedra or carbonates with groups, rings, chains,
or pyramids can be formed (Figure 1). This structural variety is

© 2021 American Chemical Society

A4 ACS Publications

OSrg-octahedron

CO,- tetrahedron

reminiscent of the structural variability of silicates.”® In
addition to the [SiO,]* tetrahedra of silicates, further
orthoanions such as [PO,]*~ (phosphates), [BO,]°~ (borates),
or [SO,]*” (sulfates) are key components in basic chemistry
and well-known building blocks of various minerals.”” The
family of orthoanions was enlarged in the past by, e.g,
determination of the structure of the orthonitrate Na;[NO,].”*

In addition to the established orthoanions, it was recently
predicted and experimentally shown that carbonates with
[CO,]*” groups may even be recovered at ambient
conditions.”"”** Further, stable structures with stoichiometries
M,[CO,] and M;[CO,]O (M = Mg, Ca, Sr, and Ba) have
been predicted by DFT-based calculations.”>>* Here, we
report the successful outcome of the synthesis of one of these
structures using M = Sr. In contrast to earlier syntheses, we
obtained a carbonate with an antiperovskite structure, where
the oxygen anion is coordinated by six Sr cations. With this
finding, we are enlarging the crystal chemistry of compounds
containing orthoanions, of carbonates, and also of the family of
compounds with an antiperovskite structure.”” Sry[CO,]O was
synthesized in a LH-DAC using a Sr[CO;] single crystal and
SrO powder as starting materials and afterward recovered at
ambient conditions.

Received: June 25, 2021
Published: September 14, 2021

l{mﬁamc Chemisty

https://doi.org/10.1021/acs.inorgchem.1c01900
Inorg. Chem. 2021, 60, 14504—14508

Reprinted with permission from [D. Spahr, ]. Konig, L. Bayarjargal, P. N. Gavryushkin, H.-P. Liermann, V. Milman und B. Winkler. Sr3/CO4]O-Antiperovskite with

Tetmhedmlly Coordinated sp -Hybrzdzzed Carbon and OSrg-Octahedra. Inorg. Chem., 60:14504-14508, 2021. doi:

pubs.acs

rq/doi/full/10.1021/acs.inorgchem.1

c01900]. Copyright [2023] American Chemical Society


https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.1c01900

Inorganic Chemistry pubs.acs.org/IC Featured Article
Pyramid Ring Isolated Group Chain
MnC,0;-Fd3m Fe,2Mgy 7sC:0,-C2/m Fe,C;0,,-R3c Mg,Fe,C,0,;-C2/c €aC0,-C222,

(Chariton et al. 2020) (Boulard et al. 2015)
Ca, sFe, Mg, C;0,-Pnma
(Merlini et al. 2017)

Fey Mg, (C;0,-C2/m
(Chariton et al. 2020)

Mg,C,0,-C2/m
(Oganov et al. 2008; Boulard et
al. 2011; Maeda et al. 2017;
Binck et al. 2020)

(Cerantola et al. 2017)

Ca,CO,-Pnma
(Laniel 2020;
Binck et al. 2021)

Sr,CO,-Pnma
(Laniel et al. 2021;
Spahr et al. 2021)

Sr,;[CO,]O-/4/Imcm
8r,;[CO,]0-Pnma
(this study)

(Meriini et al. 2015) (Oganov et al. 2006;
Ono et al. 2007)
e,C,0,,-C2/c
(Cerantola et al. 2017) CaCO,;-P2,/c
(Pickard & Needs 2015;
Mn,C,0,,-C2/c Lobanov et al. 2017)
(Chariton et al. 2020)

Figure 1. Structural variety of carbonates containing [CO,]*" groups. In addition to orthocarbonates with isolated [CO,]*~ groups, the [CO,]*"
tetrahedra can polymerize by corner-sharing to form carbonates with groups of [CO,]*” tetrahedra, chains, rings, or pyramidal groups.”~

Figure 2a shows a Sr[COjs] crystal at ambient conditions in a
DAC. We used Raman spectroscopy to confirm the phase
purity of our Sr[CO;] crystals. Figure 3a shows a Raman

-
.\

&~

Sr,(CO;)0

Figure 2. (a) Sr[CO;] crystal placed in the culet’s center. (b) SrO
powder added and compressed in the gasket hole. A ruby is added.
(c) Laser-heated sample. Raman maps for (d) Sr;{CO,]O and (e)
Sr,[CO,]. (f) Enlargement of part d showing the presence of
Sr;[CO,]O in the center of the area that had been laser-heated.
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Figure 3. (a) Raman spectra for the Sr[CO;] + SrO mixture in a
DAC at 0 GPa (Sr[CO;], Pmcn) and at 30(2) GPa (St[CO5], Pmmn)
in comparison to DFT-based calculations. Raman spectra for
Sr;[CO,]O and Sr,[CO,] synthesized at 20(1) GPa in a DAC in
comparison to DFT-based calculations at 20(1) GPa (b) and ambient
conditions (c). The frequencies of the calculated Raman spectra were
rescaled by 3%. The position of the [CO,] stretching mode is marked
by an asterisk, and the position of the characteristic [CO,] mode in
Sr,[CO,] is marked by a circle at ambient conditions.

spectrum of a Sr[CO,] crystal in a DAC covered with SrO
powder at ambient conditions. Because SrO crystallizes in the
cubic space group Fm3m, there are no Raman active modes
and only Raman modes due to Sr[CO,] can be observed.*
The agreement between the experimental Raman spectra and
the data from DFT-based calculations for Sr[CO,] is
convincing. We cold-compressed the Sr[CO;] + SrO mixtures
up to a pressure of 30(2) GPa (Figure 2b). At ~2S GPa,
Sr[CO;] undergoes a pressure-induced phase transition from
the aragonite structure type (Pmen) to a postaragonite

https://doi.org/10.1021/acs.inorgchem.1c01900
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Figure 4. Tetragonal structure (I4/mcm) of Sr;[CO,]O at 20 GPa (a and b) and orthorhombic structure (Pnma) at ambient conditions (c and d).

structure (Pmmn).>"*> The experimental Raman spectrum at
30(2) GPa is accurately reproduced by the spectrum from
DFT-based calculations for Sr[CO;] with a postaragonite
structure (Figure 3a). Although the pressure conditions in the
cell are very likely nonhydrostatic, there was no significant
broadening of the Raman bands.

After cold-compressing of the Sr[CO;] + SrO mixture,
several parts of the crystal were laser-heated to a maximum
temperature of ~2500 (250) K for 20 min. Subsequently, a
central area on the crystal was heated to significantly higher
temperatures [~3000 (300) K]. During laser heating, the
Sr[CO;] crystal as well as the SrO powder melted completely
(Figure 2c). The Raman spectra after laser heating do not
substantially differ as a function of the pressure [either 20(1)
or 30(2) GPa], but they are very different from those of the
cold-compressed Sr[CO;] + SrO mixture. The characteristic
Raman mode for conventional carbonates is the [CO;]
stretching mode (v;), expected to have a Raman shift of
~1120 cm™ at 20 GPa and of ~#1150 cm™" at 30 GPa. In our
experiments, the [CO;] stretching mode disappears in the
laser-heated regions at both pressures and two intense new
modes appear between 900 and 1000 cm™" (Figure 3b). Both
new modes are characteristic [CO,] modes. They belong to
two different sp® carbonates because we can assign the Raman
mode at higher wavenumbers [~990 cm™ at 30(2) GPa and
~960 cm™' at 20(1) GPa] to the [CO,]* group of
orthorhombic orthocarbonate Sr,[CO,] (Pnma) with tetrahe-
drally coordinated sp*-hybridized carbon. The Raman
spectrum of this phase is in complete agreement with the
results of earlier investigations.”””' The high-frequency Raman
mode at slightly lower wavenumbers [~970 cm™' at 30 GPa
and ~950 cm™" at 20(1) GPa] belongs to a new strontium
orthocarbonate phase. Mapping the intensities of the two new
stretching modes allows one to locate a region in the DAC
where only one phase is present (Figure 2d—f).

We employed synchrotron powder X-ray diffraction to
characterize the temperature-quenched samples. We analyzed
the powder X-ray diffraction data recorded at 20(1) GPa and
found that the diffraction data could be well fitted with
tetragonal Sr;[CO,]O, which had recently been predicted and
is thought to be isostructural to other predicted carbonates,
Ca;[CO,]O and Ba;[CO,]0.*** The Rietveld refinement
(Figure S2) of Sr;[CO,]O was carried out in the tetragonal
space group I4/mcm with Z = 4 (wR = 3.9%). At 20(1) GPa,
we obtained the lattice parameters of a = 6.562(1) A and ¢ =
9.751(3) A, which are in good agreement with the values
obtained by DFT calculations (Table S1). The anisotropic
displacement parameters of the symmetrically independent
strontium as well as of the oxygen atoms were constrained to
be identical. Furthermore, we applied restraints to ensure that
the C—O bond distances are ~1.4 A and the O—C—0 angles
are ~109.5°. We included SrO (Fm3m) in the refinement, and
in addition to Sr;[CO,]O and the precursor SrO, we can
identify a few tiny peaks of Sr,[CO,]. According to Gibbs free
energy calculations, Sr;[CO,]O is formed by the reaction
281,[CO,] = S13[CO,]O + Sr[CO;] at high temperatures.”®
We suggest that this reaction occurs in our experiments during
the second stage of heating.

During decompression, we observed that Sry[CO,]O
undergoes a phase transition from a tetragonal to an
orthorhombic structure below ~7 GPa. After pressure release,
we opened the DAC and collected single-crystal X-ray
diffraction data. These data allowed us to determine the
crystal structure of Sr;[CO,]O at ambient conditions. From
the single-crystal data, we found that at ambient conditions
Sr;[CO,]O is orthorhombic (Pnma) with Z = 4 and a =
9.892(1) A, b = 7.131(2) A, and ¢ = 6.806(1) A (wR = 6.5%).
This is in good agreement with our DFT calculations (Table
S1). Our diffraction data and the Raman spectra are
inconsistent with the predicted metastable low-pressure

https://doi.org/10.1021/acs.inorgchem.1c01900
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structures of Ca3[CO,]O and Sr;[CO,]O with space group
symmetry Cmem.”>>

The results of the structure refinements are shown in Figure
4 and Tables S1 and S2. The structure is best described as a
framework antiperovskite structure, where the OSry octahedra
are linked by corner-sharing Sr**, and the [CO,]*" group
replaces the A cation in a prototypical ABX; perovskite.”” The
OSrg octahedra in the high-pressure phase are nearly
undistorted; i.e., the O—Sr contacts in (001) are ~2% shorter
than those along [001], while the octahedra angles are
constrained by symmetry to be 90°. The cooperative rotation
of the octahedra is ~30° purely around [001] and essentially
independent of the pressure. The structure of Sr;[CO,]O is
slightly distinct from the structure of the related antiperovskite
St;(8i0,)O (P4/nnc).> In the low-pressure polymorph, the
octahedra are tilted; i.e., the —Sr—O—Sr—O— chains, which
are linear in the tetragonal phase, are slightly kinked in the
orthorhombic phase. The O—Sr contacts show a slightly larger
variation (from 2.5—2.7 A), but, nevertheless, the characteristic
perovskite structure is still clearly present.

Hence, the new phase extends the family of framework
antiperovskite compounds, which can generally be described as
having a composition M;(TO,)X.>*** Up to now,
compounds with M = Na, K, Ca, Pb, Cs, Cd, Sr, or Ba, T =
Si, Ge, S, Co, Cr, Fe, or P, and X = O, F, or Cl have been
synthesized.””**** Here, we have found that M,(TO,)X
antiperovskite with T = C can be formed at moderate p and
T conditions and be recovered. A Mulliken population analysis
of the self-consistent electron densities shows some charge
accumulation of x0.14 e~ A™3 along the Sr—O contacts; i.e.,
these are weakly covalent bonds. This is consistent with the
electronegativity difference between Sr (nigfau““g =0.95) and O
(n}?mlmg = 3.44), which is An = 2.49, which implies an ~80%
ionic character of this bond. Therefore, directional bonding
does not seem to be important, and in conjunction with the
chemical diversity and structural flexibility mentioned above,
we therefore expect that other antiperovskite framework
compounds M;[CO,]X and their solid solutions can be
obtained at high pressures.

We used the powder X-ray diffraction data obtained between
30 GPa and ambient conditions measured during the
decompression to obtain the unit cell parameters of
Sr3[CO,]O and Sr,[CO,] (Figure S3). These data sets were
used to compute the values of the bulk modulus K for both
phases.

We fitted a second and third-order Birch—Murnaghan
equation of state (EOS) to unit cell volume between 30 GPa
and ambient conditions for Sr,[CO,]. For the tetragonal high-
pressure phase of Sr;[CO,]O, only the pressure points
between X7 and 30 GPa were considered. The bulk moduli
obtained by a second-order EOS of the high-pressure phase of
Sr3[CO,]0 [Kgpicojo = 94(7) GPa] and of Sr,[CO,]
[Ksr,ico,] = 127(3) GPa] differ by ~25%. The experimentally
obtained bulk modulus obtained for Sr,[CO,] is in reasonable
agreement with the value obtained by DFT-based calculations
[Krfco, = 110(5) GPa].*® The bulk moduli determined using

a third-order EOS do not substantially differ from those using a
second-order EOS within the experimental uncertainties (see
the Supporting Information).

In summary, we have synthesized Sr;[CO,]O, a novel
carbonate with sp*-hybridized carbon and isolated [CO,]*"
tetrahedra in a LH-DAC at moderate p and T conditions. In
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contrast to Sr,[CO,], this new compound is characterized by
an antiperovskite structure with corner-sharing OSry octahedra,
and the [CO,]*" tetrahedra are located in cages between the
OSrg octahedra. This compound undergoes a structural phase
transition between a tetragonal high-pressure polymorph and
an orthorhombic low-pressure polymorph. The synthesis
conditions required for the synthesis of Sr;[CO4]O can be
achieved in large volume presses, and because the
orthorhombic polymorph can be recovered at ambient
conditions, it is now possible to recover milligram quantities
of Sr;[CO,]O. This increased amount of sample material will
allow the use of a much broader range of analytical approaches
to investigate the chemical and physical properties, such as
heat capacity, water solubility, or thermal/chemical stability, of
this compound.
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ABSTRACT: The synthesis of a novel type of carbonate, namely of the inorganic pyrocarbonate salt Sr[C,0s], which contains
isolated [C,05]* -groups, significantly extends the crystal chemistry of inorganic carbonates beyond the established sp> and sp*-
carbonates. We synthesized Sr[C,O;] in a laser-heated diamond anvil cell by reacting Sr[CO;] with CO,. By single crystal
synchrotron diffraction, Raman spectroscopy, and density functional theory (DFT) calculations, we show that it is a pyrocarbonate
salt. Sr[C,O5] is the first member of a novel family of inorganic carbonates. We predict, based on DFT calculations, that further
inorganic pyrocarbonates can be obtained and that these will be relevant to geoscience and may provide a better understanding of
reactions converting CO, into useful inorganic compounds.

C arbonates are ubiquitous in nature, as they are the major salts with [C,04]*” complex anions have not been reported
reservoir of carbon in the biosphere, hydrosphere, in yet. The formation of [C,0s]* -groups in melts, aqueous
soils, and in the Earth’s crust."”> Conventional carbonates, such carbonate solutions, or in the gas-phase has been proposed
as calcite (CaCOj), aragonite (CaCOj3), or dolomite [CaMg- earlier.”>** These pyrocarbonate groups were suggested to be
(COs),], are a structurally and chemically very diverse group formed by the reaction of CO, with the [CO;]* -anion.
of compounds. They are characterized by nearly planar trigonal However, the evidence for the existence of isolated [C,04]* -
[CO;]* -groups where C-sp® hybrid orbitals are formed groups is circumstantial, as their presence was either inferred
between a central carbon atom and each of the three from two weak Raman peaks in the spectrum of an eutectic
surrounding oxygen atoms.>” The crystal structure of most Li,[CO;]—Na,[CO;] melt*” or from computer simulations®®
carbonates has been investigated in great detail, where, for without experimental benchmarks.

example, the structure of aragonite (CaCO;) has been well The synthesis of inorganic pyrocarbonates with isolated
established for nearly 100 years.” The [CO,]* -groups can be [C,04]*" complex anions would therefore constitute a new
considered as rigid units, and hence, the conventional sp’- family of carbonates. It would also allow a gap to be filled in
carbona()tef can be described in terms of stacking of [CO,]*™- crystal chemical systematics for compounds with pyro-groups
groups.”™” These sp’-carbonate groups may persist up to very [X,0;], where X = B, C, N. Pyroborates, containing isolated

high pressures (p > 70 GPa) and high ter?_peratures. Up to [B,O5]* -groups (e.g., (Co,Ni,Zn),[B,0;], Mg,[B,05],
now, it is generally thought that [CO,]*"-groups do not Ca,[B,0;], Sr,[B,Os], or BaMn[B,0;]) are well estab-

polymerize by sharing oxygen. Only in a few compounds such lished.*™" Molecular N,O; has also been studied exten-
as Na,Ca,[CO;];, an onset of a near-dimerization is observed sively. * =%
) 10
at high pressures. ) The pyrocarbonate Sr[C,O;] contains isolated [C,04]* -
The family 'Of carbonates was exter}ded by the discovery of groups and forms after the reaction between Sr[CO;] and CO,
carbonates with tetrahedrally coordinated carbon, where a at 30(2) GPa and temperatures of ~2000(200) K. We have

central carbon atom forms C-sp® hybrid orbitals to four
surrounding oxygen atoms. These novel carbonates were
obtained either at very high pressures and temperatures®”''~*' First, a Sr[CO,] crystal and a ruby for pressure
or.syngl_e;ized by rzebactions of carbonates with alkaline e?rt_h determination were placed in the gasket hole (Figure la).
oxides™ *” or CO,™” at moderate pressures. The characteristic Then the DAC was cooled down to ~100 K and CO,~I (dry

feature of sp-carbonates includes [CO,]*"-groups, which may ice) was directly condensed into the hole from a CO, gas jet
polymerize by corner-sharing. Recently, it was found that some

of them can be recovered to ambient conditions.”**®

A third group of carbonates includes pyrocarbonates, which
are characterized by the presence of [C,0;]* -groups, in which
two sp>-hybridized carbons share one oxygen. Since their
discovery by Bohem and Mehta” in 1938, pyrocarbonate
esters (R;—[C,0;]—R,) have found extensive use in organic
syntheses and biochemistry.”*™*' In contrast, pyrocarbonate

performed the synthesis in a laser-heated diamond anvil cell
(LH-DAC) following the procedure shown in Figure 1.
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Figure 1. (a) Sr[CO;] crystal placed in the culet’s center; a ruby is
added for pressure determination. (b) DAC is cooled down to ~100
K, and CO,-I (dry ice) is condensed into the gasket hole. (c)
Sr[CO;] + CO, mixture after laser heating at 30(2) GPa up to
temperatures of ~2000(200) K. (d) Raman map for Sr[C,0O;] as an
overlay over the photograph of the gasket hole. (e) Raman map of
residual Sr[CO;] after laser heating. (f) Enlargement of panel d,
showing the presence of Sr[C,O;] at the boundaries of the laser-
heated Sr[CO;] crystal.

(Figure 1b). Afterwards, the Sr[CO;] crystal was completely
surrounded by CO,. We compressed the Sr[CO;] + CO,
mixture up to a pressure of 30(2) GPa. Upon pressure
increase, CO,—I (Pa3) undergoes a phase transition to CO,—
I (Crmca) at ~11 GPa.*® In addition, Sr[CO5]-I undergoes a
pressure-induced phase transition from aragonite structure
type (Pmcn) to Sr[CO,]-II in the postaragonite structure
(Pmmn) at ~25 GPa.*” These phase transitions and the high-
temperature reaction can conveniently be followed via Raman
spectroscopy (Figure 2).

The experimental Raman spectra of CO,—III and Sr[CO,]-
II measured at 30(2) GPa at different positions on the sample
before laser heating are accurately reproduced by the Raman
spectra from DFT-based calculations (Figure 2ab). No
significant broadening of Sr[CO;]-II Raman bands was
observed. After reaching the target pressure, different parts of
the Sr[CO;] crystal were heated to a maximum temperature of
~2000(200) K for 30 min in the CO, environment. During the
heating, CO,—III transformed to CO,—V (142d)*° and the
Sr[CO;] crystal could not visually be identified anymore
(Figure 1c). The Raman spectra of the heated sample differ
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Figure 2. (a) Experimental Raman spectra for CO,—1II and for (b)
Sr[CO;]-II at 30(2) GPa before laser heating (blue) compared to
DFT-based calculations (black). (c) Raman spectrum of Sr[C,0Os]
after laser heating the Sr[CO;] + CO, mixture in comparison to DFT-
based calculations. Peaks of Sr[CO;]-1I are marked by a circle (deg)
and CO,—V are marked by an asterisk (). (d) Close-up of the region
between 450—550 cm™, (e) between 900—1100 cm™'. The shifts of
the calculated Raman spectra were rescaled by 4%.

significantly in several regions from the starting material
(Figure 2c). At 30(2) GPa, the characteristic CO; stretching
mode of Sr[CO;]-II has a Raman shift of ~~1150 cm™, while
CO,—V shows a very strong Raman mode at ~760 cm™".*>"!
Both phases can be observed after laser heating, but several
new Raman modes occur up to 1800 cm™. We mapped the
intensities of the Raman modes of the new and yet unknown
phase to precisely determine the parts of the sample that
completely converted to Sr[C,O5]. Two main areas, located
toward the edges of the Sr[CO,;] crystal (Figure 1d—f),
showed the highest intensities and thus the most complete
transformation.

We determined the crystal structure (Figure 3) of the new
phase by synchrotron-based single crystal diffraction (Figure
S1, Tables S1 and S2). We found that the unknown phase is a
novel pyrocarbonate with Sr[C,0;] composition.

At 30(2) GPa, Sr[C,0q] crystallizes in the monoclinic space
group P2,/c with Z = 4 and a = 4.736(2) A, b = 8.175(2) A, ¢
=7.140(1) A, and 8 = 91.34(3)° (V = 276.3(2) A®). The wR-

https://doi.org/10.1021/jacs.2c00351
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Figure 3. (a) Monoclinic structure (P2,/c, Z = 4) of Sr[C,0Os] at
30(2) GPa obtained from single crystal structure solution. (b)
Enlargement of the [C,05]* -group with C—O bond distances and
O—C—-0 angles.

factor obtained from the structure refinement was wR = 4.9%,
thus demonstrating the high quality of the experimental data,
which are in very good agreement with our DFT-based
calculations (see Tables S1 and S2). Furthermore, the
theoretical Raman spectrum nicely reproduces the experimen-
tal data (Figure 2c—e), including phonons with high Raman
shifts of ~1700 cm™, confirming that the structural model is
appropriate.

The [C,0;]* -groups are formed by the polymerization of
two [CO;]* -groups, where these groups share one oxygen
atom (Figure 3b). The C—O bonds to the shared oxygen atom
are slightly longer (1.36(1)—1.40(1) A) than the C—O bonds
between the C atoms and the terminal oxygen atoms
(1.21(1)—1.25(1) A). The O—C—O angles differ by no
more than 10° from the ideal O—C—O angle of 120°. Our
experimental and calculated data (Figure S2) are in very good
agreement with the calculated equilibrium geometry of the
[C,05])* -group proposed earlier.””*® A comparison of the
bond lengths and bond populations (Table S3 and associated
discussion) shows that the pyrocarbonate bridges the gap
between the pyroborate Sry[B,Os] and N,Os, that is, that
[X,05]-groups, with X = B, C, N are crystal chemically closely
related.

After establishing that the DFT calculations accurately
reproduce the experimental findings with respect to the
structure and Raman spectrum at 30 GPa, we employed the
DFT calculations to further investigate structure—property
relations. The single crystal structure refinement showed that
the bonds between the carbon atoms and the shared and
terminal oxygen atoms are quite different. The density
functional perturbation theory (DFPT) results allowed us to
compute eigenvectors of the atomic displacements. They show
that phonons that are predominantly stretching vibrations of
the bonds between C and terminal atoms are at Raman shifts
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of ~1700 cm™!, while those for the bonds between C atoms
and the shared oxygen atoms are at much lower shifts of ~900
cm™" (Figure S3). Consistent with this finding are the
magnitudes of the Mulliken bond populations, which provide
a measure for the charge accumulation between atoms due to
the formation of covalent bonds.”>*> The Mulliken bond
populations are ~1.0 ¢~ A~ for the stiffer, shorter bonds to the
terminal oxygen atoms and thus significantly larger than the
Mulliken bond populations of the C—O bonds involving the
shared oxygen atoms (~0.6 e~ A™).

Harmonic lattice dynamic calculations show the structure to
be dynamically stable in the investigated pressure regime in the
athermal limit. We have employed stress—strain calculation to
obtain elastic stiffness coefficients at several pressures. We find
that the Born criteria®® are always fulfilled. The components
for the stiffness tensor at 0 GPa are given in Table S4. The bulk
modulus of Sr[C,05] (K, = 30.8(3) GPa) is smaller than that
of Sr[CO;] (K, = 63(3) GPa).>® At 30 GPa, the new
compound is stable by 12 k] mol™" in the athermal limit with
respect to a mixture of SrCO;—II and CO,—V. At ambient
pressure, St[C,05] is unstable by 57 kJ mol™" with respect to
Sr[CO;]-1and CO,—L The new compound is more stable up
to at least 60 GPa than a hypothetical sp>-carbonate polymorph
with a Ca[C,0,]-I42d structure, in which the [CO,]*-
tetrahedra polymerize to form [C,0,,]* -groups.”®

We measured Raman spectra on pressure decrease. The
Raman spectra unambiguously show that at S GPa Sr[C,O] is
still present with no anomalous changes other than bands shift
due to pressure release (Figure SS). After opening the DAC,
we performed post-mortem Raman analysis on the sample, but
the signal proved to be weak and it was difficult to measure
good quality spectra. On the basis of comparatively weak
Raman modes (Figure SS) associated with a hindered rotation
mode of the [C,04]*-group, we currently assume that
Sr[C,05] may be recovered to ambient conditions. An
unambiguous demonstration by a combination of diffraction
and Raman spectroscopy is still outstanding.

In pyroborates, the cation can be replaced, and numerous
earth alkali and transition metal pyroborates have been
discovered and synthesized (e.g, Mg,[B,O;], Ca[B,0Os] and
St[B,0:]).*°"** We have therefore carried out preliminary
DFPT-based lattice dynamical calculations, including calcu-
lations of complete phonon dispersion curves for Mg[C,O5],
Ca[C,04], Ba[C,0O5], and Pb[C,0;], and found that these
structures are dynamically stable. Typical Raman spectra and
phonon densities of states are given in Figures S4 and S6,
which will facilitate the identification of the compounds
without the use of synchrotron radiation. All these results
indicate that these compounds are experimentally accessible.

Compounds with C/Sr ratios of 1 (Sr[CO;]), 1/2
(Sr,[CO,]), and 1/3 (Sr3[CO,]O) have been obtained earlier
in the binary system CO,—SrO.>*>* Here, we have extended
the family of compounds by the synthesis of a CO,-rich phase
with a C/Sr ratio of 2 (Sr[C,0;]). We are confident that a
possible cationic substitution as in pyroborates is also
straightforward in pyrocarbonates, and we therefore expect
that pyrocarbonate salts will show a rich chemical and
structural diversity. Specifically, based on the DFT calculations,
we expect that a similar CO,-rich Ca-containing compound
exists. This would be of substantial geological relevance, as in
oceanic crust that is subducting into Earth’s mantle, one would
expect both Ca[CO;] and CO,-containing fluids to be
present’”**~** and hence the formation of a Ca-pyrocar-

https://doi.org/10.1021/jacs.2c00351
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bonate. Also, we have directly converted CO, into a more
(from an environmental point of view) benign compound.
While here rather high pressures and temperatures have been
employed, it is conceivable that other yet to be synthesized
pyrocarbonates may open a new avenue to obtain compounds
that either can serve to store CO, or can be used as
intermediate products on the route to convert CO, into useful
chemicals, which is currently a very attractive goal in “green

. —62
chemistry”.>
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ABSTRACT: We have synthesized Pb[C,0Os], an inorganic pyrocarbonate salt, in a laser-heated diamond anvil cell (LH-DAC) at
30 GPa by heating a Pb[CO;] + CO, mixture to ~2000(200) K. Inorganic pyrocarbonates contain isolated [C,0O5]*~ groups
without functional groups attached. The [C,O]*” groups consist of two oxygen-sharing [CO;]*~ groups. Pb[C,05] was
characterized by synchrotron-based single-crystal structure refinement, Raman spectroscopy, and density functional theory
calculations. Pb[C,Os] is isostructural to Sr[C,0O5] and crystallizes in the monoclinic space group P2,/c with Z = 4. The synthesis of
Pb[C,0;] demonstrates that, just like in other carbonates, cation substitution is possible and that therefore inorganic pyrocarbonates
are a novel family of carbonates, in addition to the established sp” and sp® carbonates.

he so-called “conventional” carbonates with M[CO;] GPa in a laser-heated diamond anvil cell (LH-DAC). Until the
composition are characterized by nearly trigonal-planar discovery of Sr[C,05], the experimental demonstration of the
[CO,]*" groups in which the carbon atom is forming C sp* existence of isolated [C,0]*” groups was tenuous. Their
hybrid orbitals with the three surrounding oxygen atoms."” In formation had earlier been proposed in melts, in aqueous
these carbonates, cation substitution is well-known, and carbonate solutions, and in the gas phase and had been
depending on the size of the cation (M?*), different structures inferred from two weak Raman peaks in the spectrum of a
can be found.>* Carbonates containing smaller cations such as eutectic Li,[ CO;]—Na,[CO,] melt.**7>* This is in contrast to
magnesite (Mg[CO;]), siderite (Fe[CO;]), or otavite (Cd- pyrocarbonate esters (R;—[C,05]—R,), which do not contain
[CO;]) generally crystallize at ambient conditions with a isolated [C,05]*" groups but are well-known, e.g, from
calcite-type crystal structure and R3¢ space group symmetry. In organic syntheses and biochemistry.35_38
contrast, larger cations lead to the formation of an aragonite- Our density functional theory (DFT)-based calculations
type structure and space group symmetry Pmcn as observed, have indicated that further pyrocarbonates may be obtained.”’
eg, in strontianite (Sr[COs]), witherite (Ba[CO;]), or In order to establish pyrocarbonates as a novel carbonate
cerussite (Pb[CO;])." High-pressure polymorphs of “conven- group, we describe the successful approach to obtaining a
tional” carbonates such as Mg[CO;], Ca[CO;], or Fe[CO;] further inorganic pyrocarbonate salt in this study. The ionic
can persist up to pressures of ~70 GPa, while the [CO;]* radii of S** (r = 1.31 A) and Pb** (r = 1.35 A) only differ by
groups behave as rigid units.>” ~3% for a 9-fold coordination.*’ Furthermore, at ambient
Other types of carbonates are sp® carbonates. Here, a central conditions, the carbonates Sr[CO;] (V = 259.00 A%) and
carbon atom is tetrahedrally coordinated by four covalently Pb[CO;] (V = 270.82 A®) both have an aragonite-type
bound oxygen atoms, forming [CO,]*” tetrahedra. They are structure, and the unit cell volume of Pb[CO;] is just ~4%
structurally diverse because tﬁ}lem [CO,)* tetrahedra may larger than that of Sr[CO;].* It therefore seems likely that if a
polymerize by corner-sharing. Hence, carbonates with cation substitution is possible in pyrocarbonates, Pb[C,O;]

isolated [CO,]*" tetrahedra or with groups, rings, chains, or can be obtained in a manner similar to that of Sr[C,0;].

pyramids of [CO,]* Egtrahedra can be obtained (see the In the present study, we synthesized Pb[C,0;] in anaiogy to
summary in Spahr et al.”*). Cation substitution is also possible the successful synthesis of $r[C,0,] in a LH-DAC using a
in sp® carbonates, where, eg, isostructural Ca,[CO,] and Pb[CO,] single crystal and CO,-I (dry ice) as starting
Sr,[CO,] have been found."”™ Ba;[CO,]O was predicted to materials. In a first step, a Pb[CO;] crystal and a ruby chip

. : 5
be isostructural to the recemgy synthesized sp” carbonate for pressure determination were placed on the diamond’s culet.
Sr;[C0O,]O.***" Alkali-metal sp> carbonates such as Li,[CO,]

and Na,[CO,] have been predicted but have not yet been

synthesized.25’26 Received: May 4, 2022
Recently, a further novel carbonate type has been Published: June 22, 2022

synthesized. Sr[C,O;] is the first inorganic pyrocarbonate

salt.”” It is characterized by [C,05]*~ complex anions in which

two [CO;]*™ groups are linked by sharing one oxygen atom. It

was obtained by the synthesis from Sr[CO;] and CO, at 30
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Afterward, CO, was directly condensed from a gas jet into the
gasket hole, and the DAC was closed tightly (Figure la). The

Pb[C,0s]
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PbCO,

25 50
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"
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100 0

75 100 25
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Figure 1. (a) Pb[CO;] and CO,-I (dry ice) in the gasket hole after
cryogenic loading at 5.0(3) GPa. (b) Pb[CO;] + CO, mixture after
laser heating at 30(2) GPa. (c) Raman map of Pb[C,0O;] overlaying a
picture of the gasket hole. Raman maps of Pb[C,0;] (d), Pb[CO;]
(e), and CO,-V (f) after heating.

Pb[CO;] and CO, mixture was compressed without heating to
target pressures of approximately 10, 20, and 30 GPa. A
reaction could only be induced by laser-heating at 30(2) GPa.

It was described earlier that upon compression Pb[CO;]
undergoes two-phase transitions up to 20 GPa, but these do
not result in noticeable changes in our Raman spectra (Figure
$2)."'7* CO,1 (dry ice) undergoes a phase transition to
CO,-III at #12 GPa, and the transition may take place in a
broad pressure interval.**™*® In contrast to earlier studies, our
Raman spectra (Figure S2) show the transition at slightly
higher pressures (15—20 GPa). This may be due to a pressure
gradient in the gasket hole between the position of the ruby
and the spot where the Raman data were acquired. The
pressure conditions in the DAC are very likely nonhydrostatic
because CO,-III may sustain large pressure gradients (e.g., 0.2
GPa um™ at high pressures).”” In general, we observed no
significant broadening of the Raman bands of Pb[CO;] and
CO, but slightly shifted peak positions of the Raman bands
depending on the location of the laser spot in the DAC caused
by the pressure gradients.

After reaching the target pressure, the Pb[CO;]-III + CO,-
III mixture was laser-heated at an edge of the Pb[CO;] crystal
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from both sides (Figure 1 b). An initial heating caused a small
pressure drop, and the pressure was therefore readjusted.
Afterward, the crystal was heated to a maximum temperature
of ®2000(200) K for 30 min. During heating, CO,-III
underwent a phase transition to CO,-V in the heated regions,
causing the occurrence of an intense new Raman mode at
~750 cm™*° In addition to the characteristic CO5 stretching
mode of Pb[CO,] at #1120 cm™, several new Raman modes
appear in the regions at 500—600 and 900—1100 cm™ in the
heated area (Figure 2). These Raman modes are characteristic
for the vibrations of the [C,0s] group.””

() (d)
exp. exp.
DFT DFT
490 540 / 590 91(7 1010 1110
150 ®) measurement —

DFT calculation —

~
©
= g
= 100 o
5 g
£ 3
s Pb[C,05]
2
2 laser heating
£ 50((a)
M PbCO;4
0 —/\% CO,-lll
0 500 1000 1500 2000

Raman shift (cm™")

Figure 2. (a) Raman spectra for Pb[CO;] and CO, before laser
heating in a DAC. (b) Experimental Raman spectra for Pb[C,O;] at
30(2) GPa after heating in comparison to DFT-based calculations.
The peaks of Pb[CO,] are marked by a circle (O), and those of CO,-
V are marked by an asterisk (*). Enlargement of the regions at (c)
490-590 and (d) 910—11107', which are characteristic for the
pyrocarbonate eigenmodes. The calculated Raman shifts were

rescaled by 3%.

Mapping the intensity distribution of the Raman modes
(Pb[C,05], 953 cm™; CO,, 782 cm™'; Pb[CO;], 1130 cm™")
allowed us to locate a region in the DAC where the
pyrocarbonate was formed (Figure 1c,d). This region coincides
with the heated area of the Pb[CO;] crystal. We used the
monoclinic structural model determined for Sr[C,0s] (P2,/c;
Z = 4) to calculate the theoretical Raman spectrum of
Pb[C,0;].”” The agreement between the experimental data
and DFT calculations is very satisfactory over the full
accessible energy range, including Raman peaks with wave-
numbers of >1400 cm™ (Raman measurements are not
possible in the diamond window, ~1300—1400 cm™').

https://doi.org/10.1021/acs.inorgchem.2c01507
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Specifically, the Raman modes in the regions of 500—600 and
900—1100 cm™' were accurately reproduced by the calcu-
lations (Figure 2c,d), confirming the presence of the
pyrocarbonate group. We also mapped the intensity of the
CO; stretching mode of unreacted Pb[CO;] in the DAC
(Figure le). The Raman map accurately reproduces the shape
of the crystal (Figure 1b). In addition, the intense Raman
mode of CO,-V can be observed around the heated area at the
top of the Pb[CO;] crystal (Figure 1f). Upon the release of
pressure, the characteristic Raman modes of the pyrocarbonate
group are present until pressures reach &5 GPa. However, they
cannot be observed any more after the DAC is opened,
implying that Pb[C,O;] is only stable at elevated pressures.

We employed synchrotron-based single-crystal X-ray dif-
fraction in the area where Pb[C,0O;] has unambiguously been
identified by Raman spectroscopy (Figure 1c,d) to confirm the
structural model employed in the DFT-based calculations. The
refined structural model of the temperature-quenched sample
at 30(2) GPa is shown in Figure 3a, and the results of the
structure refinement are listed in Tables S1 and S2.

= 1060 cm’’

Figure 3. (a) Structural model of Pb[C,0;] obtained at 30(2) GPa
by synchrotron-based single-crystal structure refinement in the
monoclinic space group P2,/c with Z = 4. (b) Eigenvector of the
atomic displacements in the [C,05]*" group for a characteristic
Raman mode at ~1060 cm™.

By single-crystal structure refinement, we confirmed that
Pb[C,0] crystallizes at ambient temperature and 30(2) GPa
in the monoclinic space group P2;/c with Z = 4. The
experimentally determined lattice parameters a = 4.771(1) A, b
= 8.079(4) A, ¢ = 7.070(7) A, and B = 91.32(5)° [V
272.4(3) A%] are in good agreement with our DFT-based
calculations (Table S1). The relatively low wR value (wR =
6.7%) and an appropriate reflection to the parameter ratio

~12:1) strongly support the reliability of our analysis of the
experimental data. In order to reduce the amount of free
parameters, the isotropic displacement parameters of the
symmetrically independent carbon atoms as well as of the
oxygen atoms were constrained to be identical. The differences
between the structural models of Pb[C,O¢] and Sr[C,O;] are
very small (Table S1). At 30 GPa, we observed only a ~1%
difference in the unit cell volume between the structures. This
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is consistent with the very similar cation radii of Pb** and
St**.*”%° The geometry of the [C,05]*~ group in Pb[C,05] is
similar to that in Sr[C,0Os] and in very good agreement with
the calculated and proposed equilibrium geometry of the
[C,04]*" group.””**** The C—O bonds to the shared oxygen
atom are slightly longer [1.42(3) A] than the C—O bonds
between the carbon atoms and the terminal oxygen atoms
[1.15(3)—1.25(3) A], which is also observed in Sr[C,Os]. The
deviation from the ideal O—C—O angle of 120° is larger in
Pb[C,0;] than that in Sr[C,O;]. The diffraction data were
dominated by the contribution of the heavy lead atoms, and
the access to the reciprocal space is limited in the DAC. While
this leads to an increase in the uncertainties on the atomic
positions of carbon and oxygen atoms relative to the error on
the positional parameters of lead, the structural model is
robust.

We used the structural model of Pb[C,0O;] for density
functional perturbation theory calculations and calculated
selected eigenvectors of the atomic displacements in the
[C,05]*” group. An example of the displacements in the
[C,05]*" group for the characteristic Raman mode at ~1060
cm™" at 30 GPa is shown in Figure 3b. Equation-of-state fits to
the theoretical data (Figure S4) yield Kob[LzoS] = 36(3) GPa
and K319 = 40(3) GPa. The chemically related strontium
orthocarbonate has a bulk modulus of K3*“* = 110(5) GPa,
while strontianite has K3° = 63(3) GPa.'""!

The presence of Pb** raises the question of whether a
stereochemically active lone electron pair is present. Stereo-
chemically active lone electron pairs on large, polarizable ions
such as lead or bismuth may persist up to very high
pressures.”” % It is straightforward to identify them in DFT
electron density difference maps, i.e., in isosurfaces depicting
the difference between the self-consistent electron density
distribution and an electron density distribution obtained by
overlapping atomic electron density distributions. In such
isosurfaces, stereochemically active localized electron pairs
appear as umbrella-shaped maxima at difference densities of
~0.03-0.04 e /A® at about 0.5 A away for the ion
position.*>™>* For Pb[C,05], no such localized stereochemi-
cally active lone electron pairs were found at any pressure
between 0 and 50 GPa.

In conclusion, we have synthesized Pb[C,0;], a new
inorganic pyrocarbonate salt with isolated [C,05]*” groups
in a LH-DAC at moderate pressure and temperature
conditions and characterized it by synchrotron-based single-
crystal X-ray diffraction, Raman spectroscopy, and DFT-based
calculations. The synthesis of Pb[C,0;] establishes pyrocar-
bonates as a novel group of carbonates. Inorganic pyrocar-
bonates close the gap of compounds with pyro-groups between
the well-established pyroborates ([B,05]*") and molecular
pyronitrate (N,05).”>"® We demonstrated that cation
substitution is possible in this new family of carbonates
(M[C,0;] with M** = Sr, Pb, etc.), providing a roadmap for
the discovery of new compounds containing [C,0;]>~ groups.
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1. Introduction

Double carbonates with the composition M1M2(CO;), (M =
Ca, Mg, Mn, Zn, Ba, Sr) are an interesting group of materials,
where, for example, dolomite [CaMg(COs3),] has attracted
attention as it is a geologically relevant model system in which
to study cation order—disorder processes (Vinograd et al.,
2009; Burton & Van de Walle, 2003). The double carbonate
BaCa(COj3), has recently been investigated with respect to its
suitability for the immobilisation of radioactive isotopes
(Grandjean & Leturcq, 2005; Massoni et al., 2013, 2014, 2015;
Massoni & Le Gallet, 2016), where the incorporation of e
was explored as an alternative to the incorporation of *C in
CaCOs; (Brooks et al., 1974; Croff, 1976).

Up to now, three polymorphs of BaCa(COs),, namely
barytocalcite, paralstonite and alstonite have been identified.
The crystal structure of barytocalcite is monoclinic (see Fig. 1).
The structure was first described in the space group P2,
(Cossner et al., 1930; Alm, 1960), which was later revised to
P2,/m based on single-crystal diffraction data from natural
samples (Dickens & Bowen, 1971).

The crystal structure of paralstonite is also well established
as there is a single-crystal diffraction study on natural samples
by Effenberger (1980). Paralstonite crystallizes in the trigonal
space group P321 with Z = 3; its structure is shown in Fig. 2.

A third (pseudohexagonal) polymorph is alstonite.
However, for alstonite the available crystallographic infor-
mation is much less reliable and no structure refinement has
been published to date. The structure is probably related to
that of witherite (BaCO;), which in turn is isostructural to
aragonite (CaCO;). In contrast to aragonite, alstonite has a
© 2019 International Union of Crystallography supercell due to the ordering of Ba and Ca atoms within the
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layers and the structure is built up by the stacking of these
layers (Sartori, 1975; Roberts, 1978). The crystal structure data
of these three polymorphs are listed in Table 1.

Terada (1952, 1953) described rhombohedral crystals in the
Ba-Ca double carbonate system and a change of the X-ray
powder patterns of carbonates in the BaCO3;—CaCO; system
depending on the composition. Later, the subsolidus phase
relations in the BaCO;—CaCOj system have been studied as a
function of composition, temperature and pressure (Chang,
1965, 1971; Brice & Chang, 1973), but no detailed crystal-
lographic analyses have been carried out.

Grandjean & Leturcq (2005) and Massoni et al. (2013)
described the synthesis of barytocalcite powder by precipita-
tion and by mechanosynthesis. Their aim was to study the
suitability of barytocalcite as a conditioning matrix for '*C
(Grandjean & Leturcq, 2005). The interpretation of their
diffraction data relied on indexing their powder X-ray
diffraction (XRD) data using the ICDD database entry

Figure 1

Crystal structure of barytocalcite with space group P2,/m and Z = 2
(Dickens & Bowen, 1971). Two unit cells viewed along the b axis are
shown.

Figure 2
Crystal structure of paralstonite with space group P321 and Z = 3
(Effenberger, 1980). Two unit cells viewed along the a axis are shown.

Table 1
Crystal structure data for BaCa(COs3), polymorphs.

Barytocalcitef Paralstonitef Alstonite§
Crystal system Monoclinic Trigonal Triclinic_
Space group P2, /m P321 Clor C1
a(A) 8.092 (1) 8.692 (3) 30.14
b (A) 52344 (6) 8.692 (3) 17.40
c(A) 6.544 (1) 6.148 (4) 6.12
o () 90 90 90
B () 106.05 (1) 90 90
¥ (%) 90 120 90
z 2 3 24
V (A% 266.4 40226 3161.59
p (g em™) 3.71 3.68 3.69

i Dickens & Bowen (1971). i Effenberger (1980). § Sartori (1975).

PDF #001-0770 (Kabekkodu, 2010) which has been marked as
deleted (Massoni et al., 2013, 2015).

In the framework of a project aimed to understand the
potential role of barytocalcite in the deep geological storage of
nuclear waste, we carried out similar syntheses to those
reported earlier, and complemented them by using additional
synthesis routes. We characterized our samples by X-ray
diffraction and Raman spectroscopy and confirmed our find-
ings by comparing the experimental results to results obtained
from density-functional-theory-based model calculations. Our
results unambiguously show that Grandjean & Leturcq (2005)
and Massoni et al. (2013) did not obtain barytocalcite, but
rather a new phase, which crystallizes in a structure type that
differs from those of the established three polymorphs.

2. Experimental
2.1. Sample synthesis

2.1.1. Precursor materials. All chemicals were analytical
grade reagents used as purchased: barium nitrate Ba(NOj3),
(99.95% purity, chemPUR, Karlsruhe, Germany), calcium
nitrate Ca(NOs), (99.9% purity, chemPUR, Karlsruhe,
Germany), barium chloride BaCl, (99% purity, Merck KGaA,
Darmstadt, Germany), calcium chloride CaCl, (96% purity,
Merck KGaA, Darmstadt, Germany), sodium carbonate
Na,CO; (99.9% purity, Merck KGaA, Darmstadt, Germany),
barium carbonate BaCOj3 (99.95% purity, Alfa Aesar, Karls-
ruhe, Germany) and calcium carbonate CaCO; (99.95%
purity, Merck KGaA, Darmstadt, Germany).

2.1.2. High-temperature synthesis. A precursor material for
the high-temperature synthesis was obtained by mechanical
activation (e.g. Massoni et al, 2013) of a stoichiometric
mixture of BaCO3; and CaCO;. We used a Fritch PULVERI-
SETTE 7 premium-line planetary micro mill equipped with
agate crucibles and 10 mm-sized agate balls. The starting
materials were ground dry for 120 min using a 10:1 ball to
sample mass ratio with 500 rpm.

The resulting powder was pressed into 5 mm-sized pellets
with an Across International Desktop pellet press employing a
pressure of 6 kbar. The pellets were mounted into quartz glass
ampoules, which were evacuated before they were transferred
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into a Nabertherm L08/14 muffle furnace and heated to
between 623 (1) and 823 (1) K (e.g. Massoni et al., 2013) for
48 h.

2.1.3. Precipitation synthesis. For the precipitation synth-
esis we chose a chloride and a nitrate route following the work
by Grandjean & Leturcq (2005) and Massoni et al. (2013). The
reaction can be described by the following equation,

Ba(X), + Ca(X), + 2Na,CO; — BaCa(CO;), | +4NaX,
©)

where X = CI” or NOj.

Syntheses based on the nitrate and chloride route were
carried out according to reaction (1). Barium and calcium
precursors were dissolved together in double-distilled water
(100 ml) to obtain 5 mmol solutions. The salt solution was
added dropwise to a precipitant solution of sodium carbonate
(50 ml, 10 mmol) while magnetically stirring at ambient
temperature. The precipitate was filtered under vacuum,
washed with distilled water repeatedly and dried at 333 (1) K
in an oven.

2.1.4. Hydrothermal synthesis. The suspension from the
precipitation synthesis, reaction (1), was transferred into 60 ml
Teflon cups which were filled to 80% of their volume and then
placed in stainless steel autoclaves. After keeping the
suspensions at 503 (1) K for 24 h, the autoclaves were slowly
cooled down [from 503 (1) to 453 (1) K in 48 h, then from
453 (1) to 298 (1) K in 24 h]. The solid obtained from this
process was treated similarly to the product of the precipita-
tion synthesis. Micrometre-sized crystals were obtained by
using this slow cooling rate. For the synthesis of powder
samples, the autoclaves were cooled more rapidly.

2.1.5. Mechanosynthesis. An attempt to completely amor-
phize the starting materials led to the formation of pure
crystalline BaCa(COs), after grinding for a prolonged time
(15 h, 10:1 ball to sample mass ratio, 500 rpm, agate crucibles
and 10 mm-sized balls).

3. Computational details

First-principles calculations were carried out within the
framework of DFT (Hohenberg & Kohn, 1964), employing the
Perdew—Burke—Ernzerhof (PBE) exchange-correlation func-
tion (Perdew et al, 1996) and the pseudopotential method
using the CASTEP (Clark et al., 2005) simulation package.
On-the-fly norm-conserving or ultrasoft pseudopotentials
from the CASTEP database were employed in conjunction
with plane waves up to a kinetic energy cut-off of 990 eV or
630 eV, respectively. A Monkhorst-Pack (Monkhorst & Pack,
1976) grid was used for Brillouin-zone integrations with a
distance <0.023 A~! between grid points. Convergence
criteria included an energy change of <5 x 107° eV per atom
for self-consistent field, a maximal force of <0.008 eV A 'and
a maximal component of the stress tensor <0.02 GPa. Phonon
frequencies were obtained from density functional perturba-
tion theory (DFPT) calculations. Calculations employing the

‘virtual crystal approximation’ (VCA) follow the description
given by Winkler et al. (2002).

Based on the experimental data, it became evident during
the study that the new compound obtained was a disordered
structure in which Ba and Ca occupy the same Wyckoff site 2b.
Atomistic modelling of structures, in which different atoms
can randomly substitute each other on a specific Wyckoff
position, may be carried out by averaging computed proper-
ties of a large number of supercell structures with randomly
generated atomic configurations. The problem is that the
properties of each individual structure (e.g. its enthalpy) may
deviate quite strongly from the ensemble average.

The computation of specific properties of disordered
compounds is greatly simplified by the use of so-called quasi-
random structures, QRSs (Zunger et al, 1990). QRSs are
characterized by a minimal deviation of the frequencies of
occurrence of various groupings of atoms (clusters) from the
corresponding theoretical probabilities in a perfectly random
solid solution. The advantage is that the enthalpy of a struc-
ture with a perfectly random occupation of a Wyckoff position
can be accurately estimated using a few supercell structures of
a small size which are characterized by quasi-random distri-
butions.

As the enthalpy of a solid solution can typically be well
mapped onto a limited set of pairwise interactions, the most
important characteristic of a QRS is the sum of the squared
deviations of probabilities of atomic pairs from their theore-
tical values, (Z,/2)X, Xg, where Z, is the number of neigh-
bours at distance 7.

The present approach to finding a QRS consisted of an
analysis of a large set of random structures within the 2 x 3 x
3 supercell of the new phase (a = 14.32, b = 15.80, ¢ = 13.32 A
and 8 =111.70°), in which the frequencies of Ba—Ca pairs at all
cation—cation distances deviated as little as possible from the
product (Z,/2)X,Xg The test structures were created by
random swaps of Ba and Ca within the 2 x 3 x 3 supercell.
The frequencies of Ba-Ca pairs were monitored at eight
distances in the range of 4.44-10.34 A. As the strength of
pairwise interactions generally decreases with increasing
distance, the squared deviation for each cation—cation pair was
weighted by a factor proportional to the inverse of the squared
distance between the cations. This procedure allowed us to
find a QRS which was optimized to resemble truly random
structures.

4. Sample characterization
4.1. X-ray powder diffraction

The sample material was characterized by XRD using a
PANalytical X’Pert Pro with Bragg—Brentano geometry and a
PANalytical PIXcel3D detector. The diffractometer was
equipped with a Johansson monochromator. The measure-
ments were performed with Cu Koy radiation and fixed
divergence slits. Instrument parameters were obtained by
measuring an Si standard of 99.999% purity.
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Before the analysis, all samples were ground in an agate
mortar and powders were mounted on an oriented Si single-
crystal sample holder. Samples were measured in the range
10° < 20 < 100° with a scan speed of 0.036° min . EXPO2014
(Altomare et al., 2013) and DICVOL06 (Boultif & Louer,
2004) were employed for powder pattern indexing and used
for space group determination. Crystal structure refinement
was performed using Rietveld refinement (Rietveld, 1969)
with the software package GSAS (Larson & Von Dreele, 2004)
and the graphical user interface EXPGUI (Toby, 2001).

4.2. Further characterization

For Raman spectroscopy we used an OXXIUS S.A.
LaserBoxx LMX532 laser with a wavelength of 532.14 nm and
a Princeton Instruments ACTON SpectraPro 2300i spectro-

Figure 3
SEM image of a barytocalcite crystal obtained by hydrothermal synthesis.
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Figure 4

Rietveld refinement of barytocalcite obtained by hydrothermal synthesis.
Peak positions are indicated by tickmarks and the residuals between
measurement and refinement are shown by the blue line.

Table 2
Crystallographic data of barytocalcite, with the monoclinic space group

P2,/m and Z = 2, obtained by Rietveld refinement and DFT calculations.
Hydrothermal synthesis DFT calculations

Crystal data

a(A) 8.1205 (3) 8.2674
b (A) 5.2386 (2) 5.3033
c(A) 6.5562 (3) 6.6372
B() 106.106 (1) 105.911
V(A% 267.96 (3) 279.86
p (g cm™) 3.69 3.53
Refinement

R, (%) 7.0 -

Ryp (%) 9.4 -

b 6.6 -

No. of reflections 317 -

No. of parameters 43 -

No. of restraints 6 -

graph with a Pixis256E CCD camera. The setup is described in
more detail by Bayarjargal et al. (2018). Raman spectra were
background-corrected and analysed using the software Fityk
(Wojdyr, 2010). Second-harmonic generation (SHG) experi-
ments were carried out using the experimental setup described
by Bayarjargal et al. (2009). In our study, we used quartz and
corundum as reference minerals to compare the resulting
SHG signal from the sample. We used a Phenom World ProX
desktop SEM for the acquisition of electron-backscatter
images. Furthermore, energy-dispersive X-ray spectroscopy
(EDX) experiments for a semi-quantitative characterization
of the composition were carried out.

5. Results
5.1. Barytocalcite

We synthesized monoclinic barytocalcite by hydrothermal
synthesis, using either nitrates or chlorides for the starting
material. When using a slow cooling rate, micrometre-sized
crystals were obtained. Most crystals form aggregates, but
some crystals show an idiomorphic crystal habit (Fig. 3).

The results of the EDX analysis are in good agreement with
the expected chemical composition for barytocalcite [nominal
versus EDX in at.%, Ba: 10/14 (1) and Ca: 10/14 (2),
C: 20/17 (2), O: 60/55 (5)].

The barytocalcite sample is a single phase within an
experimental uncertainty of ~3 %, as no secondary phase was
detected by XRD. A Rietveld refinement provided a very
satisfactory fit of the established structural model to the
diffraction data (Fig. 4). The crystallographic parameters
obtained here from the Rietveld refinement are in good
agreement with DFT calculations and structural data
presented by Dickens & Bowen (1971) (Table 2).

In summary, we have confirmed the established structure of
barytocalcite and the powder diffractogram can now be used
as a reference to distinguish other phases from barytocalcite.
Also, with these results we have established a synthesis route
for barytocalcite.
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5.2. New polymorph

From the precipitation and high-temperature syntheses, we
obtained a different phase which we refer to as the ‘C2 phase’.
Fig. 5 shows that the powder diffractogram of the new phase is
rather distinct from that of barytocalcite.

For barytocalcite, the reflections (100) at 11.33°, (001)
14.05° and (101) 15.42° at low diffraction angles are char-
acteristic as well as the presence of numerous reflections
between 30 and 40° 26 for Cu Ko, radiation. The simulation of
the lattice spacing corresponding to the deleted ICDD entry
No. 001-0770 and the new C2 phase is evident. They perfectly
fit the strongest reflections of the C2 phase. The positions of
the reflections are in good agreement with those published by
Massoni et al. (2013), while a powder diffractogram of bary-
tocalcite has many more reflections.

Fig. 6 implies that independent of the synthesis route
(nitrate or chloride precipitation, high-temperature or
mechanosynthesis), a single-phase sample of the C2 phase can
be obtained. This was later confirmed by Rietveld refinement
(Fig. 8).

25

n
o

o

intensity (arb. units)
>

barytocalcite

5
C2-phase

0 C2-phase | 1 ] o nn i Lo

#001-07701 1 I (I I
10 20 30 40 50 60 70 80
26(°)
Figure 5

X-ray powder diffractograms of barytocalcite from the hydrothermal
synthesis and of the new C2 phase from the precipitation synthesis. Peak
positions indicated by red tick marks correspond to the new C2 phase and
the black tick marks to those of the deleted ICDD entry No. 001-0770.

30

mechanosynthesis

o

intensity (arb. units)
n
o

HT-synthesis @ 823 K

ﬂ A precigitation (chlorides)

precipitation (nitrates)

R

0 C2-phase |

10 20 30 40 50 60 70 80
26(°)
Figure 6
X-ray powder diffractograms of the new C2 phase from precipitation, HT
synthesis and mechanosynthesis. Peak positions indicated by red tick
marks correspond to the new C2 phase.

The sample obtained by mechanosynthesis is poorly crys-
talline, as can be deduced from the obvious peak broadening.
The precipitation route with nitrates as starting materials has
proven to yield the best sample with respect to phase purity
and crystallinity, hence we used samples from this synthesis
route for all further investigations. The powder obtained by
the precipitation route does not reveal any distinct growth
morphology (Fig. 7) and we were careful not to introduce any
texture into the sample preparation for the powder diffraction
measurements. The high-temperature (HT) synthesis was also
successful; however, the high temperatures used during the
synthesis may cause some ordering in the structure which
results in a small and broad reflection at low diffraction angles
violating the C-centering.

Starting with EXPO/DICVOL using the 15 strongest
reflections, we obtained five potential unit cells. Using the
constraint that there has to be at least one formula per unit
cell, we concluded that the most probable unit cell we found
by EXPO/DICVOL had a volume of ~135 A3, Based on the
observed systematic absence of reflections in the diffraction
pattern, we found that the monoclinic noncentrosymmetric
space group C2 with Z = 1 gave a good description of the
experimental data. The experimentally obtained space group
and lattice parameters were then used to investigate probable
trial structures by DFT calculations. The results from the DFT
geometry optimization were then used as a starting model for
the Rietveld refinements of the experimental data. The
systematic absence of reflections at low diffraction angles
imply that there is no violation of the C-centering. This implies
a random distribution of the Ba and Ca atoms on the 2b
Wyckoff position at (0, y, 3) with y > 0.15. The centrosym-
metric space group C2/m can be excluded as there is no
physically reasonable and small unit cell containing only one
formula unit of BaCa(COj3), with C2/m symmetry. Unfortu-

Figure 7
SEM image of the C2 phase powder obtained by precipitation synthesis.
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nately, the SHG experiments were not able to unambiguously
show the absence of a centre of symmetry in the new poly-
morph and support the exclusion of the space group C2/m.
Fig. 8 shows the result of the Rietveld refinement of the C2

Table 3

Crystallographic data of the new C2 phase from BaCa(CO3), obtained by
Rietveld refinement and DFT calculations with the monoclinic space
group C2 and Z = 1.

phase and the refined structure is shown in Fig. 9. g};thesis f;fg:;i:“on ](3(;{5)
100 Crystal data
measurement a (A) 6.7064 (5) 6.6775 (5) 6.8355
calculated ——— b (A) 5.1186 (4) 5.0982 (4) 5.1588
80 difference c(A) 42067 (3) 41924 (3) 43364
background B (’2 109.284 (1) 109.259 (1) 109.57
V(A% 136.30 (3) 134.73 (3) 144.02
60 o (gem™) 3.63 3.67 3.43
40 Refinement
R, (%) 6.86 6.02 -
Ry, (%) 8.79 8.43 -
& 20 l © 330 2.96 -
E No. of reflections 112 112 -
= 0 | No. of parameters 42 40 -
g I 1\ ] (LRI R T ] I No. of restraints 7 7 -
S r—+—+
>
% 10 20 30 4050 60 70 80 90 \100 Table 4
E Atomic coordinates and isotropic displacement parameters of the new C2
£ phase from Rietveld refinement.
8 The Ui, of the symmetrically independent oxygen atoms were constrained to
6 be identical.
4 Atom Site x y z Usso (Az)
2 Ba,Ca  2b 0.0 0.103 (1) 05 0.0456 (3)
c 2a 0.0 0.6259(3) 1.0 0.058 (2)
0 I D, .:.l i )L m J' e m o1 4c —0.1043 (6) 0.5037 (2) 0.7367 (5) 0.078 (2)
ooty W -~ 02 2a 05 03722(2) 10 0.078 (2)
50 55 60 65 70 75 80 85 90 95
26 (°
Figure 8 © Clearly, the refinement gives an excellent description of the

Rietveld refinement of the new C2 phase from the precipitation synthesis.
The high-angle reflections from 50 to 95° are enlarged for closer
examination. Peak positions are indicated by tickmarks and the residuals
between measurement and refinement are shown by the blue line.

Figure 9

Crystal structure of the new C2 phase with space group C2 and
Z = 1. Three unit cells are shown viewed along the b axis; the (201)
lattice plane is shown in light blue.

diffraction pattern. However, as the structure factors are
dominated by the atomic form factors of Ba and Ca, the
unconstrained refinement of the oxygen positions led to
unexpected distortions of the CO; groups. Therefore,
restraints for the C—O bond length 1.3 £ 0.1 A and the 0—0O
bond length 2.2 £+ 0.1 A were introduced, which are the
expected distances in related carbonates (e.g. Dickens &
Bowen, 1971; Effenberger, 1980). We constrained the isotropic
displacement parameters of the O1 and the O2 atoms to be
identical. An analogous constraint was applied to the isotropic
displacement parameters of the Ba and Ca atoms, which were
also constrained to occupy the same position. A refinement of
the site occupancy factors of Ba and Ca is problematic, as the
site occupancy factors are strongly correlated with the
displacement parameters. We obtained site occupancies of
occg, = 45(1)% and occe, = 55(1)% by applying the
constraint occg, + occc, = 100%. As the experimental uncer-
tainties are much larger than the numerical error given by the
refinement program, the occupancies can be considered to be
equal within the experimental limits. Furthermore, this is
consistent with the results of the EDX measurements, where
we obtained values of (nominal versus EDX in at.%)
Ba: 10/12 (1) and Ca: 10/10 (1), C: 20/23 (2) and O:60/55 (6).
We therefore chose to keep the occupancies fixed to occg, =
occe, = 50% in the final refinement. The resulting crystal data
are listed in Table 3 and the atomic coordinates are given in
Table 4. We cross-checked the results of the Rietveld refine-
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ment with those of the DFT calculations. Virtual crystal
approximation (VCA) calculations reproduced the structure,
but as the VCA does not allow for local relaxations around the
cations, the lattice parameters were systematically ~7% too
large. The parameters of the DFT ground-state structure of
two QRS are, as expected, in good agreement with the
experimental data, where the PBE exchange correlation
functional is known to lead to a slight overestimation of the
lattice parameters.

The total energies of the four polymorphs are very similar,
where barytocalcite is more stable by only 4 kJ mol™' with
respect to paralstonite, though it is more stable by 19 kJ mol™"
than the new phase. Based on these results, the DFT calcu-
lations cannot be used to unambiguously decide whether
barytocalcite or paralstonite are stable under ambient condi-
tions.

The density of the three known BaCa(CO3;), polymorphs
only varies in a small range between 3.68 and 3.71 g cm™
(Dickens & Bowen, 1971; Effenberger, 1980; Sartori, 1975).
The density of the new C2 phase (3.67 g cm ™) fits perfectly
into this range.

5.3. Description of the structure

The new monoclinic C2 phase has an exceptionally small
unit cell with a volume of 134.66 (3) A® containing only one
formula unit. The structure consists of CO3-group layers with
Ba/Ca atoms located between the planes. All of the CO;
groups are symmetrically equivalent. All CO; groups are
located in the (201) lattice plane (Fig. 9), which causes a small
reflection at ~30°. This reflection is also present in previous
studies and was misinterpreted as a reflection of NaNO,
(Massoni et al., 2013, 2015). Each Ba/Ca atom is octahedrally
coordinated by six oxygens and the resulting octahedron is
strongly distorted (Fig. 10). In contrast to the barytocalcite

Figure 10

Crystal structure of the new C2 phase. One unit cell is shown, the gray
polyhedron shows the distorted octahedral coordination of one Ba/Ca
atom.

structure, there are no Ba/Ca-CO; chains in the C2 phase.
Furthermore, in barytocalcite the Ba atoms are coordinated by
11 oxygen atoms and the Ca atoms by seven oxygen atoms
(Dickens & Bowen, 1971). The coordination of the cations in
paralstonite also differs from the C2 phase and barytocalcite,
as Ba is coordinated by ten oxygen atoms and the Ca by eight
oxygen atoms in paralstonite (Effenberger, 1980). The Ba
atoms in the carbonate witherite are coordinated by nine
oxygen atoms (De Villiers, 1971). In calcite, Ca are coordi-
nated by six oxygen atoms (Markgraf & Reeder, 1985), but the
coordination polyhedra are undistorted. In comparison with
the C2 phase, where CO; groups are oriented in the (201)
lattice plane, in calcite all CO; groups are located in the (001)
plane if the hexagonal setting is used. The structure-type of
the C2 phase differs from that of the end-member carbonates
CaCOj; and BaCOj; under ambient (Markgraf & Reeder, 1985;
De Villiers, 1971) and non-ambient conditions (Townsend
et al., 2013; Merlini et al., 2014; Gavryushkin et al., 2017).
Furthermore, this structure type does not appear in related
double carbonates, e.g. CaMg(COs), (Merlini et al., 2012) or
BaMg(COs), (Pippinger et al, 2014) under non-ambient
conditions.

The Rietveld refinement revealed (Ba,Ca)-O interatomic
distances in the octahedra between 2.43 and 2.50 A. These
averaged values are independent of the actual occupation of a
specific atomic position by either Ba or Ca. Ba>* in octahedral
coordination (rg, = 1.49 A) has a significantly larger cation
radius than Ca®* (r¢, = 1.14 A) in the same coordination. A
structure containing two cations with strongly different radii
on the same Wyckoff position may also uptake various cations,
e.g. some actinides. In a structure with a random distribution
of Ba and Ca atoms, this will result in a broad range of
(Ba,Ca)-O interatomic distances caused by the differently
distorted octahedra. The QRS calculations can be used to
extract the structural response to a given composition with a
random Ba and Ca distribution (Fig. 11). The interatomic
distance distribution for Ba—O and Ca—O shows two
maxima, were the Ba—O distance is significantly larger than
for Ca—O because of the much larger cation radius. In the

1

2

I
o

barytocalcite
(Dickens and Bowen, 1971)
Ba-O mm Ca-0O mm
C2-phase (DFT (QRS))
Ba-O =3 Ca-0 =3

(]
o

n
o

o

relative frequency of interatomic
distances ina 2 x 3 x 3 supercell [%]

| @6 L | M. .

2.8 3 3.2 3.4
interatomic distance [A]
Figure 11
Frequencies of Ba—O (green) and Ca—O (blue) interatomic distances in
the new C2 phase from QRS calculations (crosshatched) and in
barytocalcite from the work by Dickens & Bowen (1971) (filled).
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Table 5
Bond distances (A) and angles (°) of the new C2 phase, barytocalcite and
paralstonite.

C2 phase

Rietveld DFT (QRS) Barytocalcitef Paralstonites
C-0 ~1.26 1.28-1.32 1.26-1.30 1.28-1.35
0-0 2.18-2.19 222-226 2.20-2.30 222-234
Ba—O 2.43-2.50 2.61-3.25 2.73-3.14 2.77-2.84
Ca—0O 2.43-2.50 227-2.88 2.31-2.52 2.36-2.59
O0—-C—-0O 119.8-1204 119-121 116.6-121.6 120.0

+ Dickens & Bowen (1971). # Effenberger (1980).

barytocalcite structure from the work by Dickens & Bowen
(1971), the Ba—O and Ca—O distances show a similar
distribution but with much less spread. Table 5 shows intera-
tomic distances and angles for the C2 phase obtained from
Rietveld refinement in comparison with computational data
from QRS and with experimental data for barytocalcite.

5.4. Raman spectroscopy

Experimentally determined Raman spectra for baryto-
calcite and the C2 phase as well as a theoretical spectrum for
barytocalcite are shown in Fig. 12. We assigned the Raman
bands in barytocalcite based on the DFT calculations.
Following the factor group analysis (De Angelis et al., 1972), 30
modes can be Raman active (I'raman = 18A, + 12B,) in
barytocalcite and 12 modes can be Raman active (I'g o, = SA
+ 7B) in the C2 phase. The Raman spectra of the QRS cannot
be calculated because the computational effort for DFPT

30

20

exp. C2-phase

o

intensity (arb. units)
o
3 <
IN
N

exp. barytocalcite

i

J DFT barytocalcite

A

0 400 800 1200 1600
Raman shift (cm’1)
3 0.3
\2 vy
2 0.2
0 0
660 710 760 820 870 920
Figure 12

Experimental Raman spectra of the new C2 phase obtained by
precipitation compared with experimental spectra and DFT calculations
of barytocalcite. The DFT calculated spectrum was scaled by 4%. The
region between 660 and 920 cm ™" is magnified for improved clarity for
experimental barytocalcite and the C2 phase.

Table 6

Peak positions and FWHM of selected Raman modes of barytocalcite
from experiments and DFT-based calculations in comparison with the C2
phase.

Barytocalcite C2 phase
Experiment DFT Experiment
Raman mode Position FWHM Position ['gypmant Position FWHM
vy (em™) - - 1042.9 A - -
1085.7 6.6 1047.5 A 1084.5 13.7
v, (em™") 868.1 3.3 8170 A - -
876.8 4.7 828.4 A 875.1 8.7
vy (em™") 60917 6.7 6524 B 6940 115
691.7 6.7 655.7 A 694.0 115
702.8 7.0 665.3 B 711.1 17.2
716.4 6.7 676.4 A 711.1 172

+ DFT-based mode assignments to irreducible representation.

calculations for a structure having 180 symmetrically inde-
pendent atoms per unit cell is currently too high.

The experimental and theoretical Raman spectra for bary-
tocalcite are in good agreement with each other. There are
only some minor deviations between the computational and
observed intensities for some low-frequency modes. There is
an obvious similarity between the Raman spectra of the new
phase and barytocalcite. Although the peak positions are very
similar, the Raman bands of the C2 phase have a significantly
larger full width at half-maximum (FWHM) (Table 6) which
causes severe overlaps for the low-frequency Raman bands.

40
exp. C2-Phase
30
— e)épﬁ Lajlé}_pnite
2 /L\_/\..___u__l o
2 ( )
=1
g
© 3,
=20 \ exp. barytocalcite
s /»/\ A o
‘@
=
Q
c
= DFT paralstonite
10
exp. witherite
exp. calcite
0 A
0 400 800 1200 1600
Raman shift (cm")
Figure 13

Raman spectra of all known phases in the BaCa(CO;), system. The
spectra of calcite and witherite were obtained from the precursor
powders and the barytocalcite and paralstonite spectra from DFT
calculations. The data from the third polymorph alstonite was taken from
the RRUFF database (Lafuente et al., 2015). The spectra of the new C2
phase were obtained from a sample produced by the precipitation
synthesis.
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The Raman spectra of the C2 phase from the precipitation and
HT syntheses are equal.

Perrin et al. (2016) observed an increased FWHM of the
Raman bands, based on a positional disorder of the COs, in
Mg-doped CaCOj;. The increased FWHM for all observed
Raman modes (vy, v,, v4) in our study is therefore consistent
with a random distribution of the Ba and Ca atoms, which
causes a local distortion around the Ba and Ca environments.

Furthermore, the Raman spectroscopy gave clear evidence
for having only one type of symmetrically equivalent CO;
group in the C2 phase. The Raman mode v, corresponds to the
scissoring mode of the CO; group, and in a structure with two
symmetrically independent COj; groups a triplet is expected,
as observed in barytocalcite. The two symmetrically inde-
pendent COj; groups in barytocalcite also lead to two out-of-
plane bending modes (v,). In comparison, in the C2 phase only
one doublet for v, and a single peak for v, is present,
consistent with the presence of only one symmetrically inde-
pendent CO; group. The symmetrical stretching (v;) shows a
mode at the same position in barytocalcite and the C2 phase.

We conclude that all known carbonates in the BaCa(COs3),
system can be distinguished by Raman spectroscopy (Fig. 13).
Furthermore, their Raman spectra are distinct from those of
the end-member carbonates BaCO3; and CaCOs;.

6. Conclusions

In summary, we found a fourth polymorph of BaCa(CO3),, the
‘C2 structure’. It is probable that this compound exists natu-
rally, and that would then constitute a new mineral. We have
solved the structure by a combination of DFT calculations and
Rietveld refinements of powder diffraction data. The new
polymorph crystallizes in the acentric space group C2.
Although SHG experiments did not unequivocally confirm the
absence of a centre of symmetry, there is no physically
reasonable unit cell with C2/m symmetry and one formula unit
of BaCa(COj;),. Raman spectra are indicative of cation
disorder in agreement with the result of the Rietveld refine-
ment, as broad and overlapping Raman peaks at low energies
are expected if the structure is characterized by a range of
locally distorted cation polyhedra. We demonstrated that the
C2 phase can be synthesized following three different synth-
esis routes (precipitation, HT synthesis and mechanosynth-
esis). We have also shown that single-phase barytocalcite
crystals can be obtained experimentally by hydrothermal
synthesis, but not from precipitation or high-temperature
synthesis. These findings point towards significant differences
in the growth mechanism, reaction rates and thermodynamic
stability between barytocalcite and the C2 phase, which is very
likely to have a strong influence on their ability to incorporate
radioactive ions. It is therefore now of interest to reevaluate
the suitability of BaCa(COs3), polymorphs as a matrix for the
retention of radioactive isotopes, and such a study is currently
in progress.
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Synchrotron-based powder diffraction measurements in combination with inductively coupled plasma optical
emission spectrometry, Raman and fluorescence spectroscopy show that (Ba,Ca)2(COs), can incorporate signif-
icant amounts (up to 6 mol%) of europium. This solid solution is therefore of potential interest for the solidifi-
cation of nuclear waste streams involving aqueous nitrate solutions of lanthanides. Europium replaces Ba/Ca on
lattice sites and is not incorporated as an interstitial defect. Charge compensation is likely due to the presence of
OH ™ -groups as we could exclude a coupled substitution involving Na*. The Eu-containing compound is stable to
at least 723 K. We show that the one-phase-field of (Bay,Ca(;—x))COs3 solid solutions at ambient conditions is larger
(0.36 < x < 0.51) than previously thought. The synthesis routes employed here lead to compounds which have
similar molar volumes than those of the naturally occurring (Ba,Ca)-double carbonates, in noted contrast to

another synthetic phase, “balcite”.

1. Introduction

Three naturally occurring polymorphs (barytocalcite, paralstonite
and alstonite) of the double carbonate BaCa(COj3), have been identified
up to now, each having a distinct crystal structure [1-5]. In addition, a
synthetic BaCa(CO3), phase called “balcite” was found by Whittaker and
Joester (2017) [6], while we independently described a phase with the
same composition having C2 space group symmetry [7]. The structural
models for the synthetic phases differ as Whittaker and Joester (2017)
[6] described “balcite” having R3m space group symmetry with Z = 3,
where the carbonate groups are in either one of two orientations, which
are related by a 60° rotation. In our model, we described the structure
having C2 space group symmetry with Z =1 and an ordered arrangement
of the carbonate group. The volume per COs-group (Vco,) is significantly
larger for “balcite” (Vco, = 72.88 ;\S) [6] than for the “C2” phase
(68.20(1) A3) [7] or for the natural occurring polymorphs barytocalcite
(66.6(1) A%) [1], paralstonite (67.0(6) A) [2] or alstonite (65.9-67.4 A%)
[3-5]. However, a close inspection of the powder diffraction data of the
two synthetic phases strongly suggests that in both studies the same
phase has been obtained.

* Corresponding author.
E-mail address: d.spahr@kristall.uni-frankfurt.de (D. Spahr).

https://doi.org/10.1016/j.jssc.2021.122759

The synthesis of “balcite” (Cag sBag sCO3) was described as a two-step
process [6]. An amorphous and hydrous calcium-barium carbonate
precursor (Ca;_,Ba,COs - 1.2H,0) was obtained by precipitation syn-
thesis in cold aqueous solutions and filtered under vacuum. Afterwards
the precursor was heated to 383 K to obtain the “balcite” phase [6]. We
demonstrated that an anhydrous amorphous Ca/Ba carbonate precursor
can be obtained by mechanochemical activation of the end-member
carbonates (CaCO3, BaCO3) in stoichiometric proportions using a plan-
etary ball mill [7]. The synthetic crystalline BaCa(COs), phase can be
obtained by heating a mechanochemical activated precursor or directly
by mechanosynthesis using a long milling time [7]. In contrast to Whit-
taker and Joester (2017) [6] we found that crystalline and single phase
BaCa(COs3), can also directly be obtained by precipitation synthesis
without further heating using slow precipitation rates at ambient
conditions.

In earlier studies Chang (1965) [8] and Chang (1971) [9] described
the subsolidus phase relations in the CaCO3 — BaCOj3 system as a func-
tion of composition, temperature and pressure. They determined the
stability of a rhombohedral Ba/Ca-carbonate for a Ba content between
39% and 54% (<673 K) and between 37.5% (933 K) and 59% (1023 K)
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for a pressure of 25 kbar. At elevated temperatures (933 K for Ca rich,
1023 K for Ba rich) they reported a disorderd rhombohedral
Ba/Ca-carbonate. These observations were reproduced by Brice and
Chang (1973) [10]. They obtained a disordered calcite-type solid solu-
tion with 37.5%-57.5% Ba concentration at 923 K and 5 kbar. The in-
vestigations on the CaCO3 — BaCOj3 system were complemented by
investigations of Whittaker et al. (2018) [11] who studied the amorphous
and hydrous Ca;_,Ba,COs3 - 1.2H>0 solid solution. They probed the local
environment of the cations for various compositions and studied the
crystallization process of the solid solution from the precursor with
increasing temperature and observed that the solid solution becomes
more ordered with increasing barium content.

Here, we extend the earlier studies of the (Ca,Ba)CO3 system and
investigate the incorporation of europium, which serves as a proxy for
other lanthanides and actinides. One motivation for this study is to
contribute to the discussion of spent fuel recycling allowing to reuse
major actinides (U, Pu) as fuels for Generation IV fast reactors [12]. Such
a recycling is already partially performed within the so-called PUREX
(Plutonium and Uranium Reduction Extraction) process, currently
implemented in France, Russia and Japan, permitting re-using of
fissionable Pu in MOX fuels and U in REU (re-enriched U-oxide) fuels
[12-14]. The separation of minor actinides (MA: Np, Am, Cm) from the
PUREX-raffinade, which is currently planned for disposal as a vitrified
waste, and their subsequent transmutation into short-lived nuclides
would permit to significantly reduce the nuclear waste burden on a
geological repository. The significant reduction of the heat generation
would increase the repository capacity and drastically reduce the time
interval required for radiotoxicity to reduce to a safe level [12,15-17]. A
recently developed hydrometallurgical process named ALSEP (Actinide
Lanthanide Separation) demonstrated a co-extraction of MA with lan-
thanides from the PUREX raffinade and their subsequent effective sepa-
ration from each other [18,19]. The potential additional waste stream
from an ALSEP-like process will likely be an aqueous nitrate solution of
various lanthanides, which would require solidification. Here we hy-
pothesize that BaCa(COs), could serve as a potential waste form for such
a waste stream. Although the amount of REE in natural calcite is below
0.1 mol % [20], the structural flexibility of disordered BaCa(COs),
double carbonate implies that significant amounts of lanthanides may be
incorporated. The potential role of BaCa(COs), for the immobilization of
radioactive '*C has already been investigated in the last decades [21-25],
but as there was some misidentification of the phases present [7] these
studies probably need to be revisited. Also, BaCa(COs); could be
potentially important within the concept of a direct disposal of spent
nuclear fuel in deep geological formations. As, in any geological re-
pository concrete will likely be employed. Over geological time scales,
this concrete will decompose and carbonates will be formed. If a waste
container fails, barium may be introduced into the surrounding materials
and rocks due to the dissolution of spent nuclear fuel. }3*Ba occurs in the
spent fuel as the fission product of 235U and 2*°Pu, while '¥’Ba is
generated due to the decay of ¥Cs [26]. The decay product '*’Ba is a
stable isotope. The presence of CaCOs, either in the engineered or in a
geological clay barrier, and the Ba from the waste may then lead to the
formation of BaCa(COs), or related phases. These new minerals may
then become host phases for radioactive ions present in the nuclear
waste.

We choose europium as a representative element to study the ability
of BaCa(CO3), to incorporate lanthanides. The chemical composition of
the samples was determined by inductively coupled plasma optical
emission spectrometry (ICP-OES) and the structure was analyzed by
synchrotron-based X-ray powder diffraction (HRXPD). These data were
complemented by Raman spectroscopy and time-resolved laser fluores-
cence spectroscopy (TRLFS), and allowed us to demonstrate that a sig-
nificant amount of a lanthanide dissolved in an aqueous solution may be
incorporated in a Ba-Ca double carbonate by precipitation.

Journal of Solid State Chemistry 307 (2022) 122759
2. Experimental
2.1. Synthesis

2.1.1. Precipitation synthesis

The C2-phase of BaCa(COs3), was synthesized by precipitation syn-
thesis according to Spahr et al. (2019) [7] following the nitrate route to
obtain solid solutions with a range of Ba/Ca ratios:

x- Ba(NO3), + (1 — x) - Ca(NO3), + Na,CO;3 O
- Ba,Cag;_yCO; | +2NaNO;
where 0 < x > 1.

We introduced up to 8% europium (xg, = 0.08) into the feed solution
during the precipitation synthesis to obtain Eu-doped Ba,Ca(j_,)COs
samples by adding Eu(NOj3), - 6H20. We used analytical grade barium
nitrate Ba(NO3), (99.95% purity, chemPUR, Karlsruhe, Germany), cal-
cium nitrate tetrahydrate Ca(NOs),-4H20 (99.9% purity, chemPUR,
Karlsruhe, Germany), europium nitrate hexahydrate Eu(NOj3), - 6H20
(99.9% purity, Strem chemicals, Cambridge, United Kingdom), and so-
dium carbonate Nap,CO3 (99.9% purity, Merck KGaA, Darmstadt, Ger-
many) as starting materials. The starting materials were dissolved
separately in bidistilled water to obtain solutions with a concentration of
0.1 mol 1", The barium-, calcium- and europium-nitrate solutions were
mixed in stoichiometric proportions according to equation (1) and added
to the sodium carbonate solution with a drop rate of ~2 ml min~! while
stirring at ambient temperature. The suspension was filtered under vac-
uum and the resulting precipitate was washed with distilled water
repeatedly. Finally, the resulting powder was dried at 333(1) Kin an oven.

The CaCOs3 polymorph vaterite was obtained by precipitation when
we added 50 ml of a Ca(NO3), solution with 0.2 mol 1"! concentration
dropwise to 100 ml ammonium bicarbonate (NH4)HCO3 solution with
0.02 mol 1! concentration.

2.1.2. High-temperature synthesis

The C2-phase of BaCa(COs), can also be obtained by high-
temperature synthesis [7]. We used a stoichiometric mixture of barium
carbonate BaCO3 (99.95% purity, Alfa Aesar, Karlsruhe, Germany) and
calcium carbonate CaCO3 (99.95% purity, Merck KGaA, Darmstadt,
Germany) as starting materials to obtain BaCa(COs), solid solutions by
high-temperature synthesis (3).

x-BaCO; + (1 —x) - CaCO; — Ba,Ca(;_,)CO; (2)

where 0 < x > 1.

BaCO3 and CaCO3 were ground together in a Fritch Pulverisette 7
premium line planetary micro mill equipped with agate crucibles and 10
mm sized agate balls for mechanical activation. We used a 10:1 ball to
sample mass ratio with 500 rpm and ground them for 120 min. The ob-
tained precursor material was pressed to 6 mm sized pellets employing a
pressure of 6 kbar. The pellets were sealed into quartz glass ampoules
under argon atmosphere. Afterwards the ampoules were heated in a
muffle furnace to temperatures between 473(1) K and 823(1) K for 48 h.
They were cooled down to ambient temperature by switching off the oven.

2.2. Sample characterization

2.2.1. X-ray powder diffraction

The power samples from the precipitation and high-temperature
synthesis were characterized by powder X-ray diffraction (XRD) using
a PANalytical X'Pert Pro with Bragg-Brentano geometry and a PAN-
alytical PIXcel®® detector. The diffractometer was equipped with a
Johansson monochromator and a copper X-ray tube. The measurements
were performed with Cu K,, radiation and 1/2° fixed divergence slits.
Instrument parameters were obtained by measuring a Si-standard of
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99.999% purity. The samples from the precipitation synthesis were
measured as received without further grinding. The samples from the
high-temperature synthesis were ground mechanically in an agate mortar
while the samples from the precipitation synthesis were used as received.
The powders from both synthesis routes were mounted on an oriented Si
single crystal sample holder and measured in a range of 10° < 26 < 80°
with a scan speed of 0.09° min™~'. The samples had a typical thickness of
~ 0.2 mm as they were slightly pressed into a trench in the sample
holder.

Synchrotron-based powder diffraction was performed at Beamline
P02.1 at PETRA II (DESY) in Hamburg [27] using a Perkin Elmer
XRD1621 area detector and a wavelength of 0.2071 A (~60 keV). The
beam size on the sample was ~ 1 (H) x 1 (V) mm?. The samples were
measured in capillaries (¢ = 0.5 mm) for 180 s which were rotated
around their long axis which was perpendicular to the beam. The de-
tector parameters and the detector to sample distance were calibrated by
measuring a LaBg powder standard.

We used the program DIOPTAS [28] to integrate and calibrate the
synchrotron diffraction patterns. Rietveld refinements [29] on all powder
diffraction data were carried out using the software package GSAS-II
[30].

2.2.2. Raman spectroscopy and fluorescence measurements

For Raman spectroscopy and fluorescence measurements we used an
OXXIUS S.A. LaserBoxx LMX532 laser with a wavelength of 532.14 nm
and a Princeton Instruments ACTON SpectraPro 2300i spectrograph with
a Pixis256E CCD camera. The set-up is described in more detail in
Bayarjargal et al. (2018) [31]. Time-resolved laser fluorescence spec-
troscopy was performed with a Continuum Surelite III-10 Laser and the
same spectrograph using a Hamamatsu C6270 photomultiplier tube (see
Fruhner et al. (2018) [32]). The samples were placed inside of 0.5 mm
diameter Quartz glass capillaries and measured in transmission (TRLFS)
geometry. Temperature-dependent measurements were carried out using
a Oxfords Instruments Cryostream with nitrogen in a temperature range
between 300 K and 100 K. Background correction and fitting of the
experimental Raman spectra was performed using the software package
Fityk [33].

2.2.3. Inductively coupled plasma optical emission spectrometry

Solution based element analyses were carried out on an inductively
coupled plasma optical emission spectrometer (ICP-OES, Thermo Scien-
tific iCap 6300 Duo at the Institute of Geosciences, FIERCE). For the Ba,

15
measurement
calculated ——
difference
@ 10 background
=
=
o
s
> 5
2
2
£
AA_a -~
0 | 11 | [ mnoun i Lorerrom
1 |
T
10 20 30 40 50 60 70 80
26(°)

Fig. 1. Rietveld refinement of diffraction data obtained with 1 = 1.5406 A for
BaCa(COs), (xp, = 0.5) in the monoclinic C2 structure with Z = 1 (WR = 7.6%).
Reflection positions are indicated by tickmarks and the residuals between
measurement and refinement are shown by the blue lines. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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Ca and Eu measurements 50 mg of the BayCa; _,CO3 samples and 150 mg
of the Eu-doped samples were dissolved in 1.8 ml 0.045 M HNOs con-
taining 1 mg g~ of Yttrium (Y) in order to correct for matrix effects.
Overall samples were background corrected, standardized to Y, and drift
corrected. Concentrations of the samples were calculated based on
standard solutions made from single-element solutions. Precision was
calculated based on a standard solution measured after every 10 samples.
Based on this, the precision was ~ 3% for Ba and Ca and 1.5% for Eu
(1SD).

2.2.4. Scanning electron microscopy

Scanning electron microscopy was carried out using a Phenom World
ProX desktop SEM. Energy dispersive X-ray spectroscopy (EDX) mea-
surements were performed for a semi-quantitative characterization of the
composition using a silicon drift detector. The powders were mounted
without coating on aluminum stubs using sticky carbon tape. The sam-
ples were measured under low vacuum conditions to reduce charging
effects on the sample with an acceleration voltage of 15 kV.

3. Results and discussion
3.1. BaCO3, BaCa(CO;3), and CaCO3

We successfully synthesized the end-member carbonates witherite
(BaCOs3, Ba, = 1) and calcite (CaCOs, Bay = 0) of the Ba,Ca(; _x)COs solid
solution by precipitation synthesis. The powder samples are single phase
within the experimental uncertainties of ~3% and are very well crys-
tallized. No increase of the background due to the presence of an
amorphous phase was observed in the powder diffraction data. The
description of the experimental data by a Rietveld refinement is very
satisfactory (Supplementary Information Fig. S1 a & b).

Furthermore, the hexagonal polymorph vaterite (CaCO3, Ba, = 0) can
also be obtained by precipitation synthesis using slightly different syn-
thesis conditions. Unfortunately, we were unable to obtain single phase
samples (Supplementary Information Fig. S1 c). The samples show small
peaks which can be assigned to calcite and another peak at ~39° which
cannot be identified. The amount of calcite impurity is <3%. The struc-
tural parameters obtained from the samples of the end-member carbon-
ates are in good agreement with the established structural models of
witherite [34], calcite [35] and vaterite [36].

Fig. 1 shows a Rietveld refinement on the data of a Ba,Ca_x)CO3
sample with an equimolar concentration of the Ba and Ca (xg, ~ 0.5) in
space group C2 [7]. No second phase or increased background intensity
can be observed within experimental uncertainties. Table 1 lists the
structural parameters obtained from the Rietveld refinements and the
parameters for “balcite” (xp, ~ 0.5) obtained by Whittaker and Joester
(2017) [6]. The refined atomic coordinates and isotropic displacement
parameters obtained by Rietveld refinement are listed in the Supple-
mentary Information (Table S1). As the Ba" cations (rga = 1.49 1“\) are
significantly larger in octahedral coordination than the Ca cations (rc, =
1.14 A) in the same coordination, the normalized volume per
CO3-group (Vco,) decreases from ~76 A® in BaCOs3 to ~62.4 A% in
CaCO5 (vaterite) or to ~61.4 A% in CaCO; (calcite) with decreasing Ba
content. For the C2-phase Vo, is approximately the mean value between
BaCO3 and CaCO3 while Vo, is significantly larger (72.88 A%) in “bal-
cite” [6].

3.2. BayCa;—x)CO3 solid solution

3.2.1. ICP-OES

We synthesized samples with different Ba, concentration in order to
obtain Ba,Ca_,)CO3 solid solutions by precipitation and high-
temperature synthesis. Our ICP-OES measurements (Fig. 2) show a
decrease in the Ba/Ca ratio in the samples obtained by precipitation
synthesis in comparison to the nominal Ba, concentration in the feed
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Table 1
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Structural parameters of Ba,Ca; —x)COj3 for Ba, = 1 (witherite), Ba, = 0.5 (C2-phase) and Ba, = 0 (calcite and vaterite) obtained by Rietveld refinement on samples from
precipitation synthesis. The structural parameters of “balcite” [6] are also shown. Vco, describes the unit cell volume per COs-group.

nominal Ba, (%)

witherite calcite vaterite C2-phase balcite”
chemical formula BaCOs3 CaCOs3 CaCOs3 BaCa(CO3), BaCa(COs),
Ba, 1.0 0.0 0.0 0.51(1) 0.52(2)
Crystal data
Crystal system Orthorhombic Trigonal Hexagonal Monoclinic Trigonal
Space group Pmcn R3c P63mmc c2 R3m
a(A) 5.3012(7) 4.9907(1) 4.1266(1) 6.659(2) 5.2371
b (A) 8.917(1) 4.9907(1) 4.1266(1) 5.0932(2) 5.2371
c (i\) 6.4362(9) 17.0671(1) 8.4680(3) 4.1779(9) 9.2053
a(?) 90.0 90.0 90.0 90.0 90.0
B 90.0 90.0 90.0 109.12(1) 90.0
7 () 90.0 120.0 120.0 90.0 120.0
z 4 6 2 1 3
V(A% 304.3(1) 368.14(1) 124.88(1) 133.87(1) 218.65
Veco, (A% 76.08(2) 61.37 62.44(1) 68.20(1) 72.88
p(gem™) 4.31 2.71 2.66 3.68 3.39
Refinement
R (%) 6.5 5.8 6.6 7.0
WR (%) 8.9 8.4 10.3 7.6
No. of reflections 108 32 26 51
No. of parameters 33 22 20 25
No. of restraints 6 6 6 6
2 Whittaker and Joester (2017) [6].
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Fig. 2. ICP-OES measurements of the Ba, concentration as a function of the
nominal Ba, concentration employed in the synthesis of the samples obtained by
precipitation and high-temperature synthesis. The straight line is a guide to
the eye.

solution, which is in agreement with the observations by Whittaker and
Joester (2017) [6]. The Ba/Ca ratio in samples from the
high-temperature synthesis do not substantially differ from the stoi-
chiometric ratio of the starting materials within the experimental error
limits.

3.2.2. X-ray powder diffraction

We varied the Ba concentration during the synthesis until new peaks
appear in the X-ray powder diffraction data to determine the composition
range in which solid solutions can be formed. The powder diffraction
data on the samples from the precipitation synthesis (Fig. 3 a) reveal that
the samples with Ba, concentrations between Ba, = 0.51 and Ba, = 0.36
are single phase within the experimental uncertainties, established to be

n
o

" ) Bay 55

L_J Bay 5.
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A Bay 4,

A Bay 35
Fig. 3. X-ray powder diffraction data of Ba,Ca;_,)COs obtained with 2 =
0.2071 A from precipitation (a) and high-temperature synthesis (b) for different

4 6 8 10 12
20 (%)
Ba, concentrations. The reflection appearing in the diffractograms with >Ba, =
0.51 (§) belong to BaCO3 and the reflections in the diffractograms with <Ba, =
0.35 (o) belong to CaCOs.
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<3%. No reflections of a second phase or an increased background can be
observed. Changing the Ba, concentrations to Ba, = 0.61 or Ba, = 0.32,
respectively, causes the appearance of new reflections. They belong
either to witherite (BaCOg3) for the sample with Ba, = 0.61 or to the
hexagonal polymorph of CaCOs vaterite for the sample with Ba, = 0.32
concentration.

Since the C2-phase can also be obtained phase pure by high-
temperature synthesis we used this synthesis route to obtain the Ba,.
Ca1_x)CO3 solid solution as well (Fig. 3 b). In the high-temperature
synthesis the borders of the phase field match the data from the precip-
itation synthesis. For Ba, = 0.30, first reflections of calcite appear in the
powder diffraction data and for Ba, = 0.56 witherite is present.

The change in the Ba, concentration causes a significant shift of the
reflection positions in the powder diffraction data. With increasing Ba
content, the peak positions shift to lower 2¢-values. This shift is caused by
a noticeable change of the lattice parameters (Supplementary Informa-
tion Fig. S§2). All three lattice parameters a, b and c increase with
increasing Ba, concentration and consequently the volume of the unit cell
increases. The increase along the a-axis is approximately twice than that
of the other two axes. The unit cell volume changes by ~3.5% in the
composition range where we obtained single phase samples. For the
samples with lower and higher Ba, concentration, the lattice parameters
still shift, but the Ba/(Ba + Ca) ratio obtained from the ICP-OES mea-
surements had to be corrected by the amount of the second phase. Fig. 4
shows Vo, as a function of the Ba, concentration and for the three
natural occurring polymorphs and “balcite”. The single phase fields for
the CaCO3 — BaCOs solid solution at elevated temperatures and pres-
sures [8] and the “balcite” phase [6] are also shown.

3.3. Bay.455Cap.545CO3:Eu

3.3.1. ICP-OES

We used the precipitation synthesis to obtain samples with
(BaCa)(1-xCO3 + Eu, composition. The ICP-OES measurements (Fig. 5 a)
show that the Ba/Ca ratio in the Eu-doped samples is Ba, ~ 0.455(8)
which is in good agreement with the Ba/Ca ratio in the undoped sample
having an equimolar Ba/Ca concentration in the feed-solution (Bay =
0.45). The Ba/Ca ratio seems to increase slightly with increasing Eu,
concentration, but the samples can be described to a very good approx-
imation as Bag 455Cag 545CO3:Eu.
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Fig. 4. Unit cell volume per CO3-group of the Ba,Ca(; ,)CO3 solid solution from
precipitation and high-temperature synthesis from synchrotron (e) and labora-
tory ((J) powder diffraction experiments for single phase samples. The synthetic
“balcite” [6] phase and the three natural occurring polymorphs barytocalcite
[1], paralstonite [2] and alstonite [3] are also shown. Error bars representing
the uncertainty in Vco, and Ba, are smaller than the symbol size. Grey boxes
indicate the single phase fields for CaCO; — BaCOj3 solid solutions according to
Whittaker and Joester (2017) [6] and Chang (1965) [8] and the present study.
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The measurements also show an increasing Eu, concentration in the
resulting precipitant with increasing Euy concentration in the feed solu-
tion (Fig. 5 b). The ICP-OES results reveal that we were able to synthesize
samples with an Eu, concentration up to 6%. The nominal Eu, concen-
tration in the feed-solution is slightly higher than Eu, in the precipitant
and the difference increases with increasing Eu, concentration.

3.3.2. X-ray powder diffraction

With increasing europium concentration in the sample up to Eu, =
0.065 we detected no secondary crystalline phase appearing in the X-ray
powder diffraction data since no new peaks occur (Fig. 6). Furthermore,
the Rietveld refinements on the sample doped with 6.1% europium still
show a very satisfactory fit of the established structural model to the
diffraction data (Table 1). We observe an intensity decrease of ~ 80 %
between Eu, = 0.00 and 0.061 for all reflections, while the background
intensity is increasing. The reduced signal-to-noise ratio is probably due
to a decrease of the crystallinity and an increasing amount of an amor-
phous phase.

With increasing Eu, concentration the reflection positions shift
significantly to higher 26-values. Fig. 6 shows in exemplary manner
two enlarged peaks for samples with concentration up to Eu, = 0.061.
The shift of the reflection positions is caused by a noticeable change in
the a, b, and c lattice parameters. The lengths of all three lattice pa-
rameters are decreasing with increasing Eu, concentration. The unit
cell volume of the crystalline phase decreases by ~1.7% between Eu,
= 0 and Eu, = 0.061 (Fig. 7). The reduced unit cell volume is
consistent with the incorporation of Eu on the Ba/Ca position. Eu®*
has a significantly smaller cation radius in octahedral coordination
(r3i =0.95 A) [37] than the radius of a hypothetical “Bag 455Cag.545"
atom (Mg 455 Cagsss = 1-16 A) in the same coordination. The expected
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Fig. 6. X-ray powder diffraction data of Bag 455Cag 545CO3:Eu obtained with 1 =
1.5406 A from precipitation synthesis for different Eu, concentrations. Two
peak positions are shown enlarged.
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Fig. 7. Unit cell volume per CO3 group of Bag 455Cag.545CO3:Eu for different Eu,
concentrations obtained by precipitation synthesis from synchrotron powder
diffraction experiments. Open circles ( °) represent samples heated to 723 K after
the precipitation synthesis. There are two distinct phases in the sample, differing
slightly in the Ba and Eu-content. Error bars representing the uncertainty in V
and Eu, are smaller than the symbol size. The dash-dotted line shows the ex-
pected volume decrease based on the cation size ratios.

volume decrease per COs-group for Bag 455Ca0.545CO3:Eu based on the
cation sizes is shown in Fig. 7.

Heating an Eu-doped sample to 723 K leads to the formation of a
second crystalline phase in the sample (Fig. 8). The amorphous back-
ground due to the precursor of the amorphous phase disappears. The new
phase is isostructural but with a slightly increased unit cell volume
(Fig. 7). The unit cell volume of the second crystalline phase does not
substantially differ between samples with different Eu, concentrations.
The unit cell volume of the first crystalline phase is not affected by the
heating process. Therefore, we conclude that the Eu-concentration of the
phase first formed is not affected by the heating process. The Eu-
concentration of the second phase is small and constant. The larger
unit cell volume of the second crystalline phase relative to the volume
expected for a Ba/Ca ratio of 0.45:0.55 implies a slight enrichment of Ba,
thus implying that the amorphous phase was slightly enriched with Ba
with respect to the phase formed first. We estimated a Bag 45 concen-
tration of the former amorphous phase based on the unit cell volume of
the undoped samples (Supplementary Information Fig. S2). That would
indicate that the Eu preferentially replaces Ba. Charge compensation
requires the presence of OH -defects, but their effect on the unit cell
volume seems to be negligible.
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Fig. 8. Synchrotron powder diffraction data obtained with A = 0.2071 A of
Bag.455Ca0.545CO3:Eu where Eu, = 0.061 as received from precipitation syn-
thesis and from precipitation synthesis with subsequently heating to 723 K. Two
peak positions are shown enlarged.

3.3.3. Raman spectroscopy

We used Raman spectroscopy to measure the influence of the Eu-
incorporation into the structure on the Raman active CO3 stretching
mode at ~1080 cm™! (Fig. 9). The instrumental broadening of our in-
strument, as determined by measuring a Si standard, is 1-2 em L Hence,
significantly larger broadening of Raman peaks is due to sample prop-
erties. Raman spectroscopy is sensitive to the local environment, and due
to the disordered nature of our samples, a group theoretical analysis was
beyond the scope of the present study. Instead, we used two pseudo-Voigt
functions to fit the slightly asymmetric peak of the CO3 stretching mode
in undoped samples obtained from the precipitation synthesis, as this
gives a satisfactory description o the scattered intensity. The full widths
at half maximum (FWHM) were constrained to be identical. With
increasing Eu-concentration we observe an increased asymmetric
broadening of the peak and we had to introduce a third pseudo-Voigt
function for an accurate description of the COj3 stretching mode. The
peak center of the first two functions were constrained to the values
obtained from the undoped sample (1077 cm ™! and 1088 cm ™) and the
FWHM of the three functions after the fit (~15 cm™') does not sub-
stantially differ in comparison to the undoped sample.

After the heat treatment of the Eu-doped sample a new peak at 1055
cm ™! appears and the first two pseudo-Voigt functions shift ~ 2 cm ™ to

200
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4% Eu
@ 150
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=]
el
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E 100 e
>
@
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£ 50
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1000 1050 1100 1150

Raman shift (cm")

Fig. 9. Raman spectroscopy on the COj3 stretching mode in Bag 46Cag.54CO3 +
Eu, samples with different Eu, concentrations and heated samples containing
two crystalline phases. The experimental data were fitted with two or three
pseudo-Voigt functions respectively.
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lower wavenumbers (Fig. 9). The FWHM of all functions is constrained to
be identical and does not differ from the samples from the precipitation
synthesis prior to the heat treatment. The new COj3 stretching mode is
therefore unambiguously associated with the formation of the second
crystalline phase during the heat treatment, and clearly the local envi-
ronment of the CO3-groups differs slightly for the two phases.

3.3.4. Fluorescence measurements

The incorporation of Eu into the Bag 455Cag 545CO3 structure causes a
strong fluorescence (Fig. 10). The fluorescence measurements were
performed either at ambient temperature or at 100 K. The measurements
at low temperatures show a significant improvement of the resolution
between the peaks of the different transitions of the Eug o1 sample.
Samples with different Eu, show only minor differences except an in-
crease in the absolute intensity of the fluorescence signal after precipi-
tation synthesis. In contrast, the heated samples containing two
crystalline phases show a significantly different fluorescence signal, as
the heat treatment leads to the appearance of new fluorescence peaks.
The new peaks are shifted by a few nm with respect to the wave-lengths
of the transitions for the untreated samples. This is best observed for the
very strong °Dg —’F, transition. These observations are consistent with
our model, namely that heat treatment leads to the formation of two
isostructural phases, differing only slightly in the Ba and Eu-content. The
amount of Eu in each phase cannot be determined, as a very small
amount of Eu is sufficient to obtain a strong fluorescence signal in car-
bonates (e. g. calcite [38,39]).

We used time-resolved laser fluorescence spectroscopy to determine
the lifetime (z) of the 5Do —>7F0 and the SDO —>7Fz transition in Eu, =
0.061 precipitated and heat-treated samples (Supplementary Information
Fig. S3). Multiple measurements of the lifetime at the same transition
wavelength were averaged. The lifetimes do not differ substantially from
7 ~ 1 ms for any of our samples. This leads us to conclude that Eu®* is
incorporated into very similar environments in both crystalline phases,
where the local environment only differs in the concentration of Ba or Ca
as nearest neighbors.

4. Conclusion

We demonstrated that Ba/Ca-carbonate solid solutions, obtained by
either solid-state reactions or by precipitation synthesis, have a wider
single-phase field than previously reported [8,11]. The samples obtained
by precipitation synthesis show a slightly decreased Ba/Ca ratio in
comparison to the nominal Ba, concentration in the feed solution. The
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Fig. 10. Fluorescence of Bag46Cags4CO3 + Eu, samples with different Eu,
concentrations up to Eu, = 0.065 and heated samples containing two crystalline
phases. Measurements were performed either at 300 K or at 100 K for an
improvement of the peak-resolution.
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unit cell volume per CO3™-group increases approximately linearly from
the Ca-rich to the Ba-rich phase and is only slightly smaller than the
expected below the expected volume of an ideal mixture between the
end-member carbonates calcite and witherite. This is in contrast to the
“balcite” phase [6], which has a significantly larger unit cell volume in
comparison to the ideal mixture. The origin of this discrepancy remains
unclear.

We found by ICP-OES that adding europium nitrate during the pre-
cipitation synthesis of Bag 455Cag 545COs3 in the feed solution results in an
increased Eu-concentration in the samples up to ~ 6 %. The Eu-uptake
causes a significant decrease of the unit cell volume with increasing
Eu-concentration. This is only expected when the Europium replaces a
divalent cation, as any incorporation as an interstitial would very likely
lead to an expansion of the lattice. During the precipitation synthesis an
amorphous component is formed, which can be crystallized by heating.
The second crystalline phase has the same structure as the phase formed
first, but slightly different lattice parameters, indicating a slight enrich-
ment of Ba and a low and constant Eu concentration.

This is consistent with the findings of Raman spectroscopy and fluo-
rescence measurements. The fluorescence lifetimes are ~1 ms for all
samples. This strongly suggests that the Eu is only incorporated into one
crystallographic position of Ca/Ba. The measured lifetime indicates a
quenching by an OH-group close to the Eu ion [40], similar to observa-
tions in calcite [38,39]. In Eu-containing hydrocalcite, the Eu is sur-
rounded by 6 OH -“quenchers” [41]. The presence of ~ 1 OH™ -group
for each Eu in Bag 455Cag 545CO3:Eu would not only explain the lifetime,
but would also provide the mechanism for charge balancing. As we did
not observe any sodium in an EDX analysis of our samples, and hence a
coupled substitution of Eu>* + Na* for two divalent cations is very likely
negligible in the present case, the incorporation of OH™-groups provides
a plausible mechanism. The weakly scattering hydrogen atoms cannot be
detected by X-ray diffraction in powder diffraction studies, especially as
we have very strongly scattering elements such as Ba and Eu in our
sample. While IR-spectroscopy often provides insight into the presence of
hydrogen in crystal structures, preliminary FTIR-studies were
inconclusive.

In summary, our results unambiguously demonstrate that significant
amounts of Eu®" (~6) % can be incorporated into Ba/Ca double car-
bonate solid solutions. This is by far larger than the amount of rare earth
elements (REE) found as trace-elements in naturally occurring carbon-
ates. In naturally occurring carbonates, such as CaCO3 or MgCa(COs),,
the highest concentrations of light REE are typically <0.2% [42-44]. For
europium Stipp et al. (2006) [20] reported that the concentrations in
CaCOj3 obtained by ambient temperature precipitation experiments are in
the same order of magnitude than in natural samples (<0.1%). Syntheses
at higher temperatures or by other mechanisms [45,46] also did not
allow the incorporation of higher concentrations. While a thermody-
namic assessment and a determination of the concentration of
OH-defects in our samples is still outstanding, the results presented here
indicate that Ba/Ca-double carbonates may potentially be useful for the
solidification of waste steames containing lanthanides.
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The structural effects of the incorporation of the rare earth elements (REE) La, Ce, Pr, Nd, Eu, Sm, Gd, Er, Tm, Yb
and Y into a synthetic Ba-Ca carbonate have been investigated. We precipitated solutions with a composition
Bag,9Cay.1(CO3)2 doped with REE-nitrates. The precipitate, with few exceptions, consisted of a crystalline solid,
slightly depleted in Ba with respect to the expected composition, and an amorphous phase. On heating, the whole
sample became crystalline and consisted of a Ba-enriched and a Ba-depleted phase. The phases are isostructural.
The lattice parameters are strongly influenced by the incorporation of ~ 6% REE. There is a linear dependence of
the unit cell volume on the radius of the incorporated REE for those elements with a radius < 1.0 A, i.e. Yb, Tm,
Er, Y, Gd, Sm, Eu, Nd and Pr, while the unit cell volume of a sample doped with La (r(La) = 1.03 A) and Ce (r(Ce)
=1.01 A) is not well described by this dependency. Raman spectroscopy shows that the local environment of the
CO3-groups does not differ substantially between the Ba-enriched and the Ba-depleted phase, but changes lin-
early as a function of the ionic radius of the REE. The present study clearly shows that substantial amounts of REE
can be incorporated into the Ba—Ca-carbonate studied here, making it potentially useful as a matrix in nuclear

waste treatments involving aqueous nitrate solutions of lanthanides and actinides.

1. Introduction

Ba-and Ca-containing double carbonates, BayCas x(COs3)z, and
related compounds have been investigated for a long time [1] and are
currently studied in several contexts. Here, we investigate the incorpo-
ration of rare earth elements into a synthetic Ba,Caz_,(CO3)2 poly-
morph, as this polymorph can be obtained by precipitation (amongst
other techniques) and is a potential host for actinides and lanthanides
separated from waste streams in processes generating aqueous nitrate
solutions, such as the Actinide Lanthanide Separation Process (ALSEP)
[2,3].

There are, however, still open questions regarding the structures of
some Ba,Cay_,(CO3)2 polymorphs and the subsolidus stabilities, and as
this has led to some confusion in the past (see discussion in Spahr,
Bayarjagal, Vinograd, Luchitskaia and Winkler [4] regarding the use of
barytocalcite as a matrix for 14C) it seems worthwhile to summarize the
most recent results of structures and properties in this system.

Three polymorphs of BaCa(CO3),, namely barytocalcite, paralstonite
and alstonite have been found in nature up to now. The crystal structure
of barytocalcite has been solved by Dickens and Bowen [5] and that of

* Corresponding author.
E-mail address: d.spahr@kristall.uni-frankfurt.de (D. Spahr).
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paralstonite by Effenberger [6]. Their structures are undisputed. The
barytocalcite structure can be described as a distorted dolomite-type
structure in which there is planar ordering of cations into alternating
Ba and Ca layers. In contrast, in paralstonite there are dolomite-like
Ca-Ba planar ordered layers but the carbonate anions are no longer
co-planar between the cation layers. Although large high-quality crys-
tals of alstonite are available, its structure is still discussed controver-
sially. A new structural model based on space group P31m with a large
unit cell volume (~ 1614 A%) was recently proposed by Bindi, Roberts
and Biagioni [7]. In their study alstonite is described with a layered
crystal structure, formed by the alternation of mixed Ba—Ca layers and
CO3 groups parallel to {0001}. Later Chulia-Jordan, Santamaria-Perez,
Ruiz-Fuertes, Otero-de-la Roza and Popescu [8] suggested that in fact
the space group is P321.

A synthetic fourth polymorph was obtained by Whittaker and Joester
[9] by precipitation and, independently, by Spahr et al. [4] by precipi-
tation, high-temperature reaction of the constituent carbonates and by
mechanochemical activation. Seknazi, Levy, Polishchuk, Katsman and
Pokroy [10] repeated the synthesis by precipitation. Saito, Kagi, Mar-
ugata, Komatsu, Enomoto, Maruyama and Kawano [11] synthesized
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“Ba-doped calcites” by precipitation combined with a high-pressure
treatment. Saito et al. [11] seemed to have been unaware of the
earlier work, as they erroneously claimed to have, for the first time,
obtained samples where Ba was in excess of Ca. Regrettably, that study
doesn’t include any details regarding the structural analysis, and hence
will not be considered further here. Whittaker and Joester [9] called this
compound “balcite”, a term which we prefer not use as we believe that
mineral-like names should be approved by the appropriate commission
of the IMA in order to avoid inconsistencies. We will therefore refer to
this phase here as the “C2-phase” which has a C-centered, monoclinic
structure with a relatively small (~ 134 A%) unit cell volume [4].

The powder diffractograms in these studies seem to be very similar.
Rietveld refinements of powder diffraction data by Whittaker and
Joester [9] were carried out in space group R3m, giving a volume of
Veo, =72.88 A3/ CO3-group, significantly larger than the corresponding
values for the natural polymorphs (Vco, = 65.8-67.04 A3/C0O3-group).
In contrast, the Rietveld refinement with a monoclinic unit cell by Spahr,
Bayarjargal, Vinograd, Etter, Raddatz and Winkler [12] yielded a value
of Vco, = 68.20(1) /0\3/C03-group. For a structure with composition Ba:
Ca ~1:1 and space group symmetry R3m Seknazi et al. [10] obtained
very different lattice parameters than those given by Whittaker and
Joester [91; (aseknazi = 5.07986(7) A, awnittaker = 5.2371 &, Cselnaai =
8.9277(1) A, cwhittaker = 9.2053 A), but give Vo, values in close
agreement to those obtained by Spahr et al. [4,12]. It is worthwhile to
note that the lattice parameters of the synthetic phase seem to be in-
dependent of the synthesis route, where rather different synthesis routes
(mechanosynthesis, high-temperature synthesis and precipitation) have
been employed by Spahr et al. [4,12]; so it seems unlikely that the origin
of that discrepancy is due to different ordering states.

There is currently no consensus on the best description of the
structure of the synthetic compound. The Rietveld refinements by
Whittaker and Joester [9] (besides the systematic off-set of the lattice
parameters) and by Seknazi et al. [10] seem to describe the diffraction
data as well as those by Spahr et al. [4,12]. This is not surprising, as of
course the contribution by Ba dominates the structure factor. In any
model involving disorder of the oxygen atoms, their contribution to the
structure factor becomes even smaller than in those with an ordered
arrangement. The model by Spahr et al. [4,12] seems simpler and de-
scribes all observations in a consistent fashion, and hence we will use
this structural model here. We would also like to note that in the case of
precipitation synthesis, synchrotron diffraction doesn’t provide a sig-
nificant advantage relative to diffraction studies using a sealed-tube
x-ray source, as the widths of the diffraction peaks are determined by
the sample, not the instrument.

It is worthwhile to note that there has been no report of an experi-
mental synthesis of alstonite. Recently it has been shown that paral-
stonite can be obtained by heating of alstonite [13]. Spahr et al. [4]
seems to have been the first to synthesize barytocalcite, as the purported
synthesis of barytocalcite by Massoni, Rosen, Chartier and Cozzika [14]
yielded in fact the new synthetic polymorph (see discussion in Spahr
et al. [4]). The relative stabilities of the four polymorphs have not been
investigated experimentally, e.g. by calorimetry. In fact, while syntheses
based on precipitates may lead to the formation of metastable com-
pounds, this is generally not the case for high-temperature reactions.
Spahr et al. [4] obtained the C2-phase from a reaction from the car-
bonates at 823 K without the presence of a fluid, and also by dry
mechanochemical activation and via two precipitation routes, while
barytocalcite was only obtained hydrothermally.

In an extensive and detailed study, Chang [1] studied the subsolidus
behaviour of the BaCO3-CaCOj3 system. Three points are noteworthy.
First of all, the boundaries separating phase fields were obtained from in
situ high-temperature diffraction studies and we judge them to be reli-
able. Secondly, due to the limited data analysis capabilities at that time,
the structures present at a given temperature and composition were
inferred, and are not based on structural refinements. In fact, in the
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study of Chang [1] no diffraction data are shown. At that time, the data
analysis typically was based on the “X-ray powder data file” [15]. As was
discussed by Spahr et al. [4], the entry for BaCa(CO3), in the powder
diffraction file in use at the time, which claimed to be “barytocalcite”
(1-0770) [15] was, in fact, not for barytocalcite, but rather that of the
polymorph rediscovered by Whittaker and Joester [9]. Thirdly, in the
interesting range of Ba:Ca = 1:1 there is only very limited data. The main
finding of that study, which we think is undisputed, is that in the
BaCO3-CaCOs3 system at temperatures > 775 K in the vincinity of
compositions with Ba:Ca = 1:1 a Ba—Ca-solid solution with variable
composition is the stable phase. Chang [1] termed this the “disordered
rhombohedral phase”, but this is not based on any structural refinement.
A direct synthesis from the oxide well within the stability field leads to
the C2-phase. We therefore conclude that the question concerning the
relative stabilities of the Ba-Ca-carbonates at ambient pressure is not
unambiguously answered yet.

Complex temperature-induced structural changes have been
observed in synthetic Ba,Cay_x(CO3)2, but are not fully consistent with
each other. Seknazi et al. [10] observed the formation of a Ba-enriched
and a Ba-depleted phase from “partially ordered Ba-calcite”, where a
sharp (104) reflection of the well-crystallized initial phase degrades into
two very broad and weak reflections upon heating by 573 K. Whittaker
et al. [13] observed, upon heating precipitated BaCa(CO3); to 873 K,
that the widths of the reflections became narrower, i.e. an increase in the
crystallinity and a grain coarsening. Whittaker et al. [13] concluded that
at temperatures between 423 and 873 K there is an ordering of the Ba
and Ca cations. In contrast, Spahr et al. [4] saw no difference in the
ordering of the cations when comparing samples obtained from pre-
cipitation to those obtained by a direct reaction at high temperatures
from milled calcite and witherite.

When precipitating Ba,Caz_»(CO3)2 from a feed-solution that con-
tained europium, a crystalline and an amorphous phase were formed
[12]. Heating to 723 K leads to the formation of two crystalline phases,
which are isostructural, but differ slightly in their lattice parameters.
This has been interpreted as the formation of a slightly Ba-enriched and
a slightly Barium-depleted phase and is the basis for the present study.
Irrespective of the gaps in our knowledge concerning the best descrip-
tion of the structure of the C2-phase, it was rather surprising that sub-
stantial amounts of europium (up to ~ 6%) could be incorporated into
Ba,Cay_,(CO3),, and this evoked the question if other rare earth ele-
ments could be incorporated equally well. This question has been
studied here, also with the aim to provide more experimental constraints
to this challenging system.

2. Material and methods
2.1. Precipitation synthesis

BaCa(COs3), was synthesized by precipitation according to equation
(1) following a nitrate route [4]. We found earlier by ICP-OES and EDX
measurements [12], that an equimolar Ba-Ca concentration in the feed
solution leads to samples with a Bag.9Ca;.1(CO3)2 concentration, while
adding europium does not change the Ba—Ca ratio. Here, we introduced
8 at.% of different rare earth elements (La, Ce, Pr, Nd, Eu, Sm, Gd, Er,
Tm, Yb) or Yttrium into the feed solution during the precipitation syn-
thesis (xggg = 0.08) to obtain samples with Bag¢Ca; 1(CO3)2 + REE,
composition.

Ba(NO;), + Ca(NOs), + Na,CO;

—Ba,Ca(;_,)CO;| + 2NaNO3 @

A list of the employed starting materials in the precipitation syn-
thesis is shown in Table 1. All chemicals were analytical grade and used
as purchased.

The starting materials were dissolved separately in bidistilled water
to obtain solutions with a concentration of 0.1 mol 1-%. The barium- and
calcium-nitrate solutions were mixed in stoichiometric proportions
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Table 1

Starting materials for the precipitation synthesis.
compound purity (%) manufacturer
Ba(NO3)» 99.95 chemPUR, Karlsruhe, Germany
Ca(NO3),-4H,0 99.9 strem chemicals, Cambridge, United Kingdom
Na,CO3 99.9 Merck KGaA, Darmstadt, Germany
La(NOs),-6H,0 99.99 Merck KGaA, Darmstadt, Germany
Ce(NO3);-6H20 99.5 Alfa Aesar, Kandel, Germany
Pr(NO3)3-6H,0 99.9 Merck KGaA, Darmstadt, Germany
Nd(NO3);-6H,0 99.9 Merck KGaA, Darmstadt, Germany
Eu(NO3);-5H,0 99.9 Merck KGaA, Darmstadt, Germany

Sm(NO3);-6H,0 99.999
Gd(NO3);-6H,0 99.9
Er(NO3),-5H,0 99.9
Tm(NO3),-5H,0 99.9
Yb(NO3),-5H,0 99.999
Y(NO3),-4H,0 99.99

Merck KGaA, Darmstadt, Germany
Merck KGaA, Darmstadt, Germany
Merck KGaA, Darmstadt, Germany
Merck KGaA, Darmstadt, Germany
Merck KGaA, Darmstadt, Germany
Merck KGaA, Darmstadt, Germany

according to equation (1), while an appropriate amount of the REE-
nitrate solution was added to achieve a concentration of 8% in the
feed solution. The Ba-Ca/REE nitrate solution was added drop-wise to a
sodium carbonate solution (~ 2 ml min~!) while stirring at ambient
temperature. After the synthesis the resulting suspension was filtered
under vacuum. The precipitate was washed with distilled water and the
resulting powder was dried at 333(1) K for 12-18 h in a drying oven.

The heat treatment of the powders obtained from the precipitation
synthesis was performed at 723 K in a muffle furnace for 12 h. The
heating rate was ~ 100 K h™! for all samples and the samples were
cooled down to ambient temperature by switching of the oven within
4-5 h.

2.2. X-ray powder diffraction

We used a PANalytical X'Pert Pro diffractometer with Bragg—
Brentano geometry for X-ray powder diffraction (XRD) to characterize
the samples obtained from the precipitation synthesis. The diffractom-
eter was equipped with a PANalytical PIXcel? detector, a copper X-ray
tube and a Johansson monochromator. The measurements were per-
formed with Cu K, radiation and variable divergence slits (10 mm
irradiation length) to ensure a good signal-to-noise ratio. Instrument
parameters were obtained by measuring a Si-standard with 99.999%
purity. All powders were measured as received without further grinding,
while they were mounted on an oriented Si single crystal sample holder.
Le Bail and Rietveld refinements on the powder diffraction data were
carried out using the software package GSAS-1I [16-18].

2.3. Raman spectroscopy

Raman spectroscopy was performed with a custom-built set-up [19].
The set-up consists of an OXXIUS S.A. LaserBoxx LMX532 laser with a
wavelength of 532.14 nm and a Princeton Instruments ACTON Spec-
traPro 2300i spectrograph equipped with a Pixis256E CCD camera. The
samples were placed on an aluminum stub. Background correction and
fitting of the Raman spectra was performed using the software package
Fityk [20].

2.4. Scanning electron microscopy

We used a Phenom World ProX desktop SEM for scanning electron
microscopy. Images were acquired with a Back-scattered Electron De-
tector (BSE), while energy dispersive X-ray spectroscopy (EDX) mea-
surements for a semi-quantitative characterization of the composition
were performed using a silicon drift detector (SDD). The powder samples
were mounted on aluminum stubs using sticky carbon tape without
subsequent coating and the samples were measured under low vacuum
conditions to reduce charging effects. Images were acquired with an
acceleration voltage of 15 kV while EDX was performed with 10 kV.
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3. Results and discussion
3.1. Synthesis

We successfully synthesized well-crystalline Ba—Ca carbonates doped
with a variety of trace elements (La, Ce, Pr, Nd, Eu, Sm, Gd, Y, Er, Tm,
Yb) by precipitation synthesis followed by a heat treatment. Depending
on the added element the powders vary strongly in their color (Fig. 1).
While the Pr-doped sample appears brown, Nd-incorporation causes a
light blue color, and Er leads to a light rose color. Some elements such as
e. g. La, Eu, or Yb do not cause a significant color change.

We used EDX to ensure that the composition of the powder samples
was close to the expected composition. We found that all samples have a
slightly decreased Ba-Ca ratio corresponding to a BaggCaj.1(CO3)2
composition, which is the expected composition for samples with an
equimolar Ba—Ca-ratio in the feed solution [4,9]. Furthermore, the EDX
measurements clearly show the incorporation of significant amounts of
the particular trace elements into the Ba—Ca carbonate during the pre-
cipitation. The trace elements are still present after the repeated
washing of the samples with distilled water and heating up to 723(1) K.
Due to the fine grain size of the powders and the intergrowth of the
individ-ual grains we could not determine grain sizes in the SEM.

The concentration of the dopant cannot be determined precisely by
EDX, as there are very large relative errors in EDX measurements for low
concentrations. However, a combination of the semi-quantitative EDX
data with the diffraction and spectroscopy data discussed below implies
that there are no significant differences in the incorporation mechanisms
of the individual REE. We found earlier that 8% europium in the feed
solution results in & 6 % in the solid [4], and hence we expect a similar
concentration for the trace elements studied here.

3.2. X-ray powder diffraction

Fig. 2 shows selected X-ray powder diffraction data of Ba—Ca car-
bonates doped with different REE after the precipitation synthesis and
before the heating in comparison to the heated sample. Before the
heating procedure two phases are present. One is crystalline while the
other is very poorly crystalline or amorphous (Fig. 2). As poor crystal-
linity and small crystallite size both contribute to peak broadening, a
grain size growth during the heat treatment could not be quantified from
the powder diffraction data. The powder data of the unheated as well as
of the heated samples show no unexpected reflections due to impurity
phases.

This is in good agreement with the results for the Eu-doped samples
we found earlier [4]. Especially for the small cations such as Y and Yb
the amorphous phase is dominant and only tiny reflections can be
observed. After heating the amorphous phase disappears and two

Fig. 1. Color of Ba-Ca carbonate powder samples, doped with different trace
elements (La, Pr, Nd, Eu, Sm, Gd, Y, Er, Tm, Yb) after the precipitation synthesis
and the subsequent heat treatment at 723(1) K.
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Fig. 2. X-ray powder diffraction data of Ba-Ca carbonates doped with different
trace elements (La, Eu, Y, Yb) after the precipitation synthesis and before the
heating in comparison to the heated sample (723(1) K).

crystalline phases are present. As the initial set of reflections remains
essentially unchanged, it seems that the amorphous precipitate crys-
tallized during the heat treatment, with no exchange between the newly
formed crystals and the existing ones. As the diffraction patterns are very
similar, but only slightly off-set, we conclude that both phases are iso-
structural, but differ in the lattice parameter only. Fig. 3 shows an
enlargement between 20 and 40° of the X-ray powder diffraction data of
Ba—Ca carbonates doped with Nd, Gd and Yb. For Nd and Gd two iso-
structural phases coexist in about equal proportions, while for the very
small Yb (r(Yb) = 0.87 A) [21] only one phase can be observed (VI-fold
coordination is assumed).

This observation can be explained by the coexistence of a Ba-
enriched and a Ba-depleted phase. Such a coexistence has been
observed earlier by Seknazi et al. [10]; but in that study, the Ba-enriched
and the Ba-depleted phase were thought to have different space group
symmetries. Also, in the study of Seknazi et al. [10] the coexisting
phases have broad and weak reflections, while in our study they are very
well crystalline. We have also observed this earlier when incorporating
Eu into Bag9Caj.1(CO3)y [12]. We used the X-ray powder diffraction
data to determine the unit cell volume of the samples doped with
different trace elements after the heating process (Fig. 4 and Table 2).
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Fig. 3. Enlargement of parts of the X-ray powder diffraction data of Ba-Ca
carbonates doped with different trace elements after the heating treatment.
Two well-crystalline isostructural phases coexist in about equal proportions in
Nd and Gd, while for Yb one phase can be observed.
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Fig. 4. Unit cell volume of Ba-Ca carbonates doped with different rare earth
elements after the precipitation synthesis and the subsequent heating up to 723
(1) K. For all elements except Yb and Tm one phase with a larger and one with a
smaller volume than those of a sample with BagoCa; 1(CO3)2 (= 134 A 3
composition are present. The volume of the phase crystallizing during the heat
treatment is significantly larger (red circles). The dashed lines are guides to the
eye, showing that for small REE there is a linear dependence of the unit cell
volumes on the dopant and the dashed-dotted lines shows the trends for lager
REE. The dotted line is a guide to the eye for the average of the unit cell vol-
umes of the Ba-enriched and -depleted phases. The cation radius of Ca®* (r(Ca)
= 1.0 A, VI-fold coordination) is shown as a grey bar to highlight the relative
atomic radii [21]. Representative error bars (0.2 A 3 for the unit cell volume,
0.01 A for the ionic radii) are shown for one data point.

Table 2

Selected structural parameters of Ba-Ca carbonates doped with different rare
earth elements after the precipitation synthesis and the subsequent heating up to
723(1). One phase with a larger (first line) and one with a smaller volume
(second line) than those of a sample with Bag 9Ca; 1(CO3)2 (=~ 134 A% compo-
sition are present except for the Yb doped sample.

trace element ad) b &) cA) pC) V(A%
La 6.655(2) 5.104(1) 4.221(6) 109.65(3) 135.00(4)
6.616(5) 5.079(1) 4.169(7) 109.0(3) 132.41(8)
Pr 6.679(3) 5.114(3) 4.231(9) 109.31(5) 136.39(8)
6.636(4) 5.083(4) 4.17(1) 108.89(6) 132.97(8)
Sm 6.692(2) 5.123(1) 4.190(7) 109.01(3) 135.80(6)
6.623(6) 5.086(5) 4.17(1) 108.97(9) 132.85(5)
Gd 6.683(2) 5.122(1) 4.186(7) 108.97(3) 135.49(6)
6.624(3) 5.080(3) 4.166(9) 108.92(5) 132.61(5)
Er 6.661(5) 5.118(5) 4.198(9) 109.14(9) 135.21(8)
6.579(9) 5.120(5) 4.14(1) 108.4(1) 132.4(1)
Yb 6.642(2) 5.111(2) 4.209(9) 109.08(4) 135.02(2)

Fig. 4 shows the unit cell volume of the crystalline phases. The unit
cell volume is mainly determined by the concentration of Ba in the solid
(Ba-enriched or Ba-depleted) and by the radius of the REE, where we
assume very similar REE-concentrations of =~ 6% [12] for all com-
pounds. The observed behaviour can consistently be explained by a
process where initially a Ba-depleted phase is precipitated, which has a
smaller unit cell than expected for a compound with the nominal con-
centration. Correspondingly, barium is enriched in the amorphous pre-
cipitate, which, when crystallizing in the same structure, then
consequently has a larger unit cell volume. In fact, an average of the unit
cell volumes of the Ba-depleted and the Ba-enriched phases gives a unit
cell volume which deviates only in one case (Nd) by more than 0.3%
from the value expected from the composition of the solution.

Clearly, the unit cell volume of both phases changes as a function of
the cation radius of the dopant. Hence, the dopant has to be present in
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both phases. The changes as a function of cation radius are, to a good
approximation, the same for both the Ba-enriched and the -depleted
phases, as the straight lines in Fig. 4 are essentially parallel. This leads to
the conclusion that nearly similar amounts of the REE are incorporated
in the Ba-enriched and -depleted phases. As the phases are isostructural
and differ only very slightly in their composition, this is the expected
behaviour.

The present data indicate that the change in the dependence of the
unit cell volume on the radius of the dopant at around 1.0 A. This may be
rationalized by noting that in octahedral coordination the ionic radius of
Ca®" = 1.0 A, while the ionic radius of Ba%* = 1.35 A (VI-fold coordi-
nation is assumed) [21]. For those REE with radii smaller than that of
Ca®* we therefore would expect that their incorporation always leads to
a decrease in the unit cell volume, while for those with radii larger than
Ca" the behaviour depends on whether they predominantly replace
Ca®" or Ba?".

As was noted by Spahr et al. [12]; sodium concentrations were below
the detection limit in the solids, and as TRLFS for the Eu-doped com-
pound has shown [12], charge compensation is achieved by incorpora-
tion of hydroxyl groups.

3.3. Raman spectroscopy

We performed Raman spectroscopy on Ba-Ca carbonates doped with
different trace elements. With a laser wavelength of 532 nm some
samples fluoresce extremely strongly, which prevented Raman mea-
surements. Fig. 5 shows selected Raman spectra of Ba—Ca carbonate
doped with different REE elements.

We observe no significant difference between the powders doped
with different trace elements (La, Nd, Gd, Y, Yb) and an undoped sample
with Bag 9Caj.1(CO3)2 composition, except a slight increase of the full
width at half maximum (FWHM) of the bands upon doping. The char-
acteristic and dominant Raman mode of carbonates with trigonal
CO3~-groups is the CO3-stretching mode. For the Ba—Ca carbonate it has
a Raman shift of ~ 1090 cm ™. The Raman shift of the COs-stretching
mode linearly depends on the cation radius of the incorporated REE
(Fig. 6) where f(rcation) = a - x + b with a = —38(2) em A land b =
1123(2) em .

Raman spectroscopy is a local probe, as it is sensitive to the changes
in bonding due to the local environment. In the present case, the v; band
is slightly broadened, so there is some variation in the local environment
influencing the strength of the C-O bonds, which is what effectively is
probed. Nevertheless, the Raman spectra are an independent confir-
mation of the incorporation of the REE in the C2-phase, as there is no
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Fig. 5. Raman spectra of Ba—Ca carbonates doped with different trace elements
(La, Nd, Gd, Y, Yb) after the precipitation synthesis and the subsequent heating
up to 723(1) K in comparison to an undoped sample with BaggCaj.1(CO3)2
composition.
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Fig. 6. Peak maximum of the COs-stretching mode of Ba—Ca carbonates doped
with different trace elements (La, Nd, Gd, Y, Yb). The red line is a linear fit to
the experimental data.

other explanation for the linear dependence of the Raman shift of the
stretching vibration on the radius of the dopant. The Raman spectra also
confirm that the environments experienced by the COs-groups are very
similar in the Ba-enriched and the Ba-depleted phase.

4. Conclusion

For the on-going discussion on the structure and properties of the
synthetic Ba—Ca-carbonate, three topics are of interest, namely (a) the
structure of the phase, (b) the relative stability of the phase, and (c) the
formation of precursor phases and the incorporation of REE into this
structure. We think that the Ba,Cay_,(CO3)2 phases studied by Whit-
taker and Joester [9]; Whittaker, Sun, DeRocher, Jayaraman, Ceder and
Joester [22]; Whittaker, Su, Duggins, Ceder and Joester [23]; Whittaker
etal. [13]; Seknazi et al. [10]; Spahr et al. [4,12]; Saito etal. [11] are all
the same. There seems to be a consensus that this phase can have an
appreciable variation in stoichiometry.

With respect to the structure of this phase, the present study confirms
that the description of the precipitated phase in a monoclinic structure
describes the diffraction data well. Only future single crystal diffraction
experiments will allow to reliably distinguish between the two structural
models currently employed, namely the one used here [4,12] and that of
a trigonal structure with variations in the cation and anion order [9,10,
13,23].

The relative stability of the phase is also still open to discussion.
Whittaker et al. [13] heated a sample with a ratio of Ba:Ca = 1:1 to 873
K. We note that the C2-phase can be formed by direct reaction of the
carbonates at high temperatures. In contrast, barytocalcite can only be
formed hydrothermally in the laboratory. There have been no reports of
the synthesis of alstonite, but paralstonite can be formed by heating
alstonite [13]. There is agreement that the free energies of these com-
pounds differ only slightly. We think that it is problematic to refer to
Chang [1] as showing that barytocalcite is the stable phase below 800 K,
as that study contains no structural data and at that time a data analysis
based on the available information in the X-ray powder data file would
have led to an erroneous identification of the C2-phase as barytocalcite.
This would explain the observation of Whittaker et al. [13] that heating
the C2-phase does not lead to the formation of another polymorph. It
would also explain why we don’t observe barytocalcite by mechano-
synthesis and by reaction of the carbonates at ambient pressure. The
situation changes if pressure is involved - barytocalcite can be obtained
in nice, but small, crystals hydrothermally [4].

The present study has shown that significant amounts of REE can be
incorporated into the C2-phase. This is a phase which could be formed
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when precipitating aqueous nitrate solutions containing radionuclides.
It therefore seems worthwhile to now extend the study to understand the
precipitation of solutions containing multiple dopants and tetravalent
dopants. A prerequisite for a further quantitative understanding how-
ever is more information regarding the structure-property relations. We
therefore conclude that now single crystal diffraction studies in
conjunction with reliable thermodynamic data are required to advance
our understanding of this interesting phase.
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