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Chapter 1

1.1 THE [CAN]-FRAMEWORK TYPE

The [CAN]-framework type (Baerlocher et al. 200Bldngs to the so-called ABC-6 family of
frameworks (Gies et al. 1999). In this family, theriodic building unit consists of six-membered
rings of tetrahedra (S6R), not interconnected edhbbr, arranged according to a hexagonal array
(Fig. 1.1). The plane symmetry of such an arrangemsé&6mm Let us arbitrarily place the position
of the ring at the coordinate (1/3,2/3) of a hexadeell and call it as an “A” position. Three ksd

of stacking can occur: 1) the rings of new planeloa placed still at (1/3,2/3) giving rise to anA’A
stacking; 2) the new rings can be placed at (233jh/a position arbitrarily called “B”, giving résto

an “AB” stacking; 3) the rings can be placed a0)0n a position called “C”, from which an “AC”
stacking derives (Fig. 1.1). Then, a third plansinfjle six-membered rings can be stacked according
to one of the three stacking options described @bidthe stacking follows a periodic rule, a pei
three-dimensional framework is built up. Of theautally infinite stacking sequences, many have
effectively been found in natural minerals andfosynthetic compounds (Baerlocher et al. 2007).
The most simple sequence, the “AB” stacking, whéierings are centered at (1/3,2£3,and the

“B” rings at (2/3,1/3%), gives rise to the [CAN]-framework type (Fig. }1.Re. to the framework of
the cancrinite-group minerals, which are the obpét¢he present study. Another class of widespread
feldpathoids, the sodalite group, is structuradliated to the cancrinite structure, as its framé&wor
([SOD]-type) derives from an “ABC” stacking sequenEor both these groups, no superposition of
the same ring type occurs. However, this is a comieature of several open-framework compounds.
For example, in the [GME]-framework (AABB) of gmeiie, the [CHA]-framework (AABBCC) of
chabazite, the [ERI]-framework (AABAAC) of erionjter the [AFX]-framework (AABBCCBB) of

the well-known synthetic zeolite SAPO-56. Althougth these frameworks derive from different
stackings of the same periodic building unit, tlisecondary building-units"sensuBarlocher et al.
2007) and the size and relative orientation ofdtractural voids can be significantly different. In
addition, different can be the crystal-chemical apttysical properties of the related compounds.
Therefore, it is not surprising that the naturddfspathoids and zeolites, structurally relatethto
ABC-6 family, are widespread over a variety of demmical and petrological environments. Before
to introduce the structural features of the [CAN]pework type, it is worth noting that there is a
series of minerals showing different ABC-6 framek&which are, for geochemical and petrological
reasons, closely related to the proper cancrimibeqy These minerals, although sometimes grouped

within the cancrinite-group in the literature, wergginally defined “cancrinite-like” by Leoni et.a
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(1979), as reviewed by Bonaccorsi and Merlino (30@8nong them there are: bystrite ([LOS],
ABAC, Pobedimskaya et al. 1991), liottite ([LIO],BABAC, Ballirano et al. 1996a), afghanite
(JAFG], ABABACAC, Ballirano et al. 1997), franziret([FRA], ABCABACABC, Ballirano et al.
2000), tounkite ([TOL], ABABACACABAC, Rozenberg eal. 2004), farneseite ([FAR],
ABCABABACBACAC, Camara et al. 2004), giuseppettifeiU], ABABABACBABABABC,

Bonaccorsi 2004).

As previously described, the [CAN]-framework tygebuilt from the simplest stacking sequence in
the ABC-6 family: ---ABABAB---. In each planed.the “A” plane), the six-membered rings are
not interconnected to each other (Fig. 1.1) anth eag is linked to three rings in the previous {yB
plane and to three rings in the next one (Fig.. LB resulting structure is made by columns oébas
sharingcan units, also called “cancrinite cages”, undecaHethges or %° units according to the
IUPAC recommendations (McCusker et al. 2001), wlieeebases correspond to the single six-
membered rings perpendicular to thexis (S6RJ0001], Fig 1.2). These columns surround iso-
oriented channels, parallel to [0001] and confibgtvelve-membered rings of tetrahedra (12R) (Fig
1.2). Doublezigzagchains of tetrahedradfc units), made by edge-sharing four-membered rings
(S4R), run along thec-axis and border the single six-membered ring wivelo(hereafter
S6R1[0001]) acting as joint unit between cages and ohln(Fig 1.2). Therefore, as reported in the
literature €.g.Pekov et al. 2011a), the [CAN]-framework can bsadibed as made by two kinds of
channels: 1) the large 12R-channel centered afz@@ the @ screw axis and 2) the “narrow
channels”, corresponding to the columnsar units, centered at (1/3,228and (2/3,1/%) on the 3-
fold axes (Fig. 1.3). The topological symmetry loé {CAN]-framework isP6s/mmc The general
symmetry is lowered tB63 in almost all the members of the group for theeardy of alternated SiO
and AlQ, tetrahedra of the framework. In tRé3 space group, along with the &d 3 axes,15crew
axes occur at (1/2,0,2), (0,1/2,z) and (1/2,1/&®r). 1.3). The framework is, therefore, made by tw
symmetry-independent T sites and four O sitesplted in general ®Wyckoff positions. In
particular cases, (especially for davyne-subgrouperals, see section 1.2.2) tRé&/m space group

is observed, where mirror planeszat 0.25 andz = 0.75 occur. In such a case, two T sites occupy
special & positions X,y,1/4) on the mirror plane, whereas the oxygen atiieret two & sites plus

at a site in a general il@osition (sedénternational Tables for Crystallography, Vol, Hahn 2002).

The type material of the CAN-group is cancrirgensu strictpwhich shows a framework density of
16.6 T/1000& (Baerlocher et al. 2007). The only “real” largeanhel system is that bound by the
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twelve-membered rings and running along [0001].(Eig). Although the channel is significantly
large (with a free diameter of 5.9 ensuBaerlocher et al. 2007), cancrinite-group minecaisot
have high ionic exchange capacity and, more in igéneeolitic properties (see sections 1.4 and 1.5.
This is in part due to structural features andairt o crystal chemical features. In fact, it iffisient

a single stacking fault with a “C-type” ring at @) to interrupt the channels and to reduce the
effective free diameter from 5.9 A to those of 8&RJ[0001] (.e. 2.56 A, maximum, and 1.44 A,
minimum) (Fig. 1.2). Similar values define the etfee pore width of the SER0001] windows
linking the channel walls to thean units (Fig. 1.2). Moreover, the presence of amogroups
surrounded by cations within the channel, as vélthoroughly discussed in the in the sections 1.2.1

and 1.2.2, acts as a further obstacle to ions mbil

Many natural and synthetic compounds share the [[EAdnework type, showing a significant
crystal chemical variability, in terms of framewahkd extraframework compositions. In addition, is
worth to report that thean unit (Fig. 1.2) is a structural composite buildimgjt shared by a large
number of zeolites with important technological leggiions (seee.g. Bish and Ming 2001). The
variable crystal chemistry of the [CAN]-frameworkrapounds will be overviewed in the next
chapters of this PhD Thesis. In particular, a sgdeatiention will be paid to the crystal chemisify

the minerals of the cancrinite group.
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Figure 1.1 (Left side) A hexagonal array of single six-membered rings in a plane. (Right side) Single six-
membered rings in “A” (1/3,2/3,z), “B” (2/3,1/3,z) and “C” (0,0,z) positions.

Figure 1.2 (Left side) The [CAN]-framework viewed down [0001]. The 6mR[J0001] cage bases, the large
12mR channel and the 4mR units are shown. (Right side) A portion of a column of can units. Two base-sharing
cages are shown, along with a portion of a dzc chain and the 6mRO[0001] windows.

can
unit

dzc
unit

c 6mRZ[0001]

L.

4mR
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Figure 1.3 The symmetry operators of the P63 space group superimposed of the [CAN]-framework viewed
down [0001]. The channel is centered on a 63 screw axis, the columns of can units on 3-fold axis, whereas the

4mR are centered on 21 screw axes.
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1.2 CRYSTAL-CHEMISTRY OF THE CANCRINITE-GROUP MINER ALS

If we consider only the compounds showing the sasipl- - ABAB- - - stacking sequence of the layers
made by six-membered ringse( excluding the cancrinite-like compourgEnsu_eoni et al., 1979),
eleven mineralogical species have been reporteéd opw (Bonaccorsi and Merlino 2005; Pekov et
al. 2011a). Ten of those show an aluminosilicaaengwork, with chemical formula (8is024)°",
whereas the eleventh, tiptopite, is the only caterigroup mineral with a different framework: st i

a berillophosphate, with crystal-chemical formu(&ifoNay.7Ca.7)(OH)2(H20)1.3(K 2)(BesPsO24)
(Peacor et al. 1987).

The (AkSisO24)% framework is always perfectly ordered, with alting SiQ andAlQ; tetrahedra,

as the Loweinstein’s rule predicts, so that eacR §6made by three Si(and three Al@. As a
consequence of the order, the topological symnfedgymmcis lowered tdP63/m or P63 in all the
cancrinite-group minerals, with very rare excepmigRastsvetaeva et al. 2007). The excess of six
negative charges of the framework is compensatethdextraframework population of the voids.
These voids, as seen in the previous section cafivized in: 1) cagescén units) and 2) ideally
uninterrupted channels parallel to [0001]. Besiddarge crystal chemical variability (in part still
unexplored) shown by the channel population, wethesal end-member compositions giving rise to
complex solid solutions, only two ideally unmixaldenfigurations are observed within the cages.
One is given by the repetition of [Na®|" clusters, so that chains along the columnsaofunits
arise, and, similarly, the other configuration isda by chains of [Ca:Cllclusters (Fig. 1.4).
Therefore, a first classification among the cant@igroup minerals is based upon the cage
extraframework constituents. Following a schemesaaly adopted by Bonaccorsi and Merlino (2005)
and by Pekov et al. (2011a) in their reviews, tlieccinite-group minerals can be partitioned in two
subgroups: 1) theancrinite subgroup, comprising all the minerals showing [Na®" chains and

2) thedavyne subgroup, where [Ca-CI] clusters occur. Since the crystal chemical fornafla
cancrinite-group minerals embeds two clusters gendila unit, the cage population compensate for
1/3 of the framework negative charges, in bothstliegroups. The remaining four negative charges
must, therefore, be compensated by the channellggapu As previously said, a higher chemical
variability is possible for the population of thesteuctural voids. However, a general scheme can be
extrapolated. Cations, anions and molecular commusnean fill the channels, being that a
characteristic feature of the cancrinite-group couomuls, which largely influences the structure-
properties. N&is always the prevailing cation and can be paytmibstituted by Ca and K. All of
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them occupy crystallographic sites near the chawaét (Fig. 1.4), in order to be one-side bonded
to the framework oxygen atoms. Anions and moleagitaups occupy the center of the channel (Fig.
1.4), very often with split sites mutually exclusjso that several possible configurations canroccu
within the same channel. These configurations eaorflered, leading to superstructures. The anionic
and molecular groups most commonly occurring inukaare CG@, SQZ, CI, H.0, GOs*, PO

and OH. Their relative ratio is conventionally used as thpecies-defining criterion” (Bonaccorsi
and Merlino 2005; Pekov et al. 2011ag. the most abundant anion is species-defining, givre
name of the ideal end-member to the analyzed mogcal sample. Due to the variable crystal
chemistry, different channel configurations canus@mong the cancrinite-group minerals and even
among a mineralogical species itself. A schemagiscdption of these channel configurations is
reported below, along with a description of theistures of the mineralogical species belonging to
the cancrinite- and davyne-subgroups. Below, arsalie list of these species (with the prevailing

anions) is given:

« Cancrinite-subgroup: cancrinite (C@), vishnevite (S@), pitiglianoite (SGQ?),
hydroxycancrinite (OH, kyanoxalite (204%), depmeierite (PE) and cancrisilite (C&}).

» Davyne-subgroup: davyne (S@), balliranoite (CG?), microsommite (S@) and
quadridavyne (C).

1.2.1 Cancrinite-subgroup minerals

The minerals belonging to this subgroup all shoairch made by subsequent clusters of [N®]H
within the columns ofanunits. The Nacation is located on a single site on the 3-faid é1/3,2/37),
slightly displaced (along) from thecanunit basis, in almost the totality of the studiathples, with
very rare exceptions (Zubkova et al. 2011; Pekal.€2011a). HO molecule occupies the center of
the cage, generally positioning out of the 3-folisan three symmetry-equivalent and mutually
exclusive positions (Fig. 1.4) (e.g. Jarchow 1968yndy and Hassan 1982; Hassan and Grundy
1991, Lindner et al. 1995; Hackbarth et al. 1998lliEano and Maras 2004; Shirinova et al. 2006;
Della Ventura et al. 2009, Gatta et al. 2012; Lettal. 2012; chapters 4 and 5). In some cases, the
H>O oxygen was refined in a specidl gosition on the 3-fold axis (Bresciani-Pahor et1#82;
Hassan 1996a; Hassan et al. 2006). However, iéxplicitly adopted as a strategy to stabilize the

structure refinement under non-favorable conditiottsee anomalously high values of the
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displacement parameters suggest that the realgositthe HO is out of the axis. Refined structures,
having both the types of crystallographigHhave also been reported (Rastsvetaeva et al; 2007
Pekov et al. 2010, 2011a). The position of th® Hydrogen atoms has been located and refined by
Della Ventura et al. (2009) by single-crystal neantdiffraction. The Authors reported a-®
molecule plane only slightly inclined with respéot(0001), as also confirmed by polarized FTIR
data. The KO molecule adopts a tetrahedral coordination giwetwo weak hydrogen bonds and
two O-lone pairs directed towards the neighboriag ¢ations (Della Ventutra et al. 2009). Both the
symmetry-independent H-atoms show bifurcated bogigs)g rise to four possible H-bonds (Della
Ventura et al. 2009). A further investigation basadoolarized FTIR experiment on vishnevite was
performed by Della Ventura et al. (2007). The H-hiog system is likely the driving force that
displaces the O molecule out from the 3-fold axis, as also prepbm other studies (Hassan and
Grundy 1991; Pekov et al. 2010). TheHmolecule is not placed halfway between the two
neighboring Na cations, but is closer to one of them. Thereftine, Nd cation has a “strong”
tetrahedral coordination with the three O2 atomthefcage basis and the closeOrbxygen atom,
acting as the tetrahedral vertex (Fig. 1.5). Initamit} the N& shows longer bonds with the three O1
oxygen atoms of the cage basis and the furth€ bixygen. (Fig. 1.5). The Nacoordination
environment can, therefore, be viewed as a dist@gde4) ditrigonal bipyramid. Pekov et al. (2011a)
report that the majority of the studied samplesibging to the cancrinite-subgroup of minerals shows
a full occupancy of the cage-@ sites (2 molecules p.f.u.). However, as alreattiedined by Pekov

et al. (2010), the loss of2@ does not perturb the charge balance, even thaughich a condition,
neighboring not shielded and positively charged Mations would occur. Although rare, this
configuration has been reported for a quasi-anhyglr@tural cancrinite found in alkaline effusive
rocks at Laacher See, Germany (Zubkova et al. 2013tructure refinement revealed the splitting
of the N4 site over three mutually exclusive and statistycatcupied positions along the [0001],

likely in order to minimize charge repulsion.

The crystal chemistry of the channel in cancrisitségroup minerals is highly variable and, probably,
still not completely explored. Overall, the [CANRmMework channel is a system that was proved to
be suitable to host a large number of clusters ngdmtions, anions and molecules. As previously
mentioned, the general pattern is made by catieas the channel walls and anionic and molecular
groups in the center or slightly displaced from @pexis (Fig. 1.4).

Cancrinitesensu strict(s.9 is, by far, the most widespread mineral of thenboymous group. It was
first described and named by Rosé (1839) andyiairstructure was first solved by Pauling (1930),
9
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and then refined by Jarchow (1965). In cancriragtions can occupy a single crystallographic site
in a general 6position €.9.Grundy and Hassan 1982; Pekov et al. 2011a; Delhdura et al. 2009;
Gatta et al. 2012; Lotti et al. 2012; chapter 4)vav mutually exclusive sites (Ballirano and Maras
2004; Hassan et al. 2006; Zubkova et al. 2011)irTdoordination environment is made by three
shorter bonds with the framework oxygen atoms O3 a@d O4 on a side (along with two longer
bonds with additional O3 and O4) and by a variableber of bonds (generally up to three) with the
oxygen of the carbonate groups on the other siig {F5). C&" is always present in cancrinies.
(Pekov et al. 2011a) with a variable amount, gdlyeret lower that 0.3 atoms per formula unit,
whereas K is always absent or present as insignificant intpPekov et al. 2011a). When two
crystallographic cation sites are present, geneita not possible to have a preferential pantiing

of the C&" cation, as deduced on the basis of the bond dissato the coordinated oxygen atoms.
The CQ? groups lie at the center of the channel in two ually exclusive and iso-oriented
configurations (Fig. 1.6). The C sites lie on thea&is, whereas the three O’s are generated by
symmetry in @ positions around the C. The two configurationdedifor the height within the
asymmetric cell (6 z< 1/2): the carbonate groups are generally splt-a0.17 and 0.40 (C1-Ocl
and C2-Oc?2). Obviously, for the very short distabesveen them, only one configuration can occur
per each half-cell. Less often, up to four indeggndonfigurations are shown by the carbonate
groups in cancrinite (Zubkova et al. 2011; Pekowlet2011a). A typical feature is a strongly
anisotropic function of their displacement paramsgtevhich are systematically elongated along
[0001] (seee.g.Isupova et al. 2010 for a detailed description).irsitu low-T single-crystal X-ray
diffraction study, performed in the framework ofstiPhD project (Gatta et al. 2012; section 4.1),
reported that this feature is preserved, with rneasgnt change down to 100 K, suggesting that it is
due to a positional rather than a dynamic disoafethe carbonate groups around their average
positions. Several studies (Della Ventura et al®@atta et al. 2012; Lotti et al. 2012; chapter 4
reported a non co-planar configuration of the atahshe (CQ?)-group. However, the strong
positional disorder hinders an unambiguous intéatian. The polarized FTIR data show a strong
polarization of the carbonate stretching bandssfarc (Della Ventura et al. 2009). The cations are
positioned typically halfway between the two carsi@s £~ 0.27). If the three shorter bonds to the
framework oxygen atoms alone are taken into accaaipled with the bonds to the three Oc1l (or
Oc2), belonging to two subsequent carbonates, twodination-polyhedra are possible: a distorted
trigonal prism or a distorted octahedron in resgeaio the different carbonate oxygen atamesOcl

or Oc2. Superstructure reflections, characterizaedifferent periods along the [0001] axis, are not

10
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rare in cancrinite (Jarchow 1965; Foit et al. 19@8yndy and Hassan 1982; Hassan and Buseck
1991) and tend to progressively disappear witheasing temperature (Foit et al. 1973). This
superstructure was reported to arise from ordeohthe [(Na,Ca*)3(C0s?)] clusters and their
vacancies along the channel (Grundy and Hassan H#&2an and Buseck 1991). In fact, if the C-C
distance in aragonite (2.87 A, De Villiers et 871; Ungaretti and Dal Negro 1971) is considered
as the shortest possible, the maximum amount of2d® cancrinite is ~ 1.78 p.f.u., which is
consistent with the chemical compositions repontetthe literature (Bonaccorsi and Merlino 2005;
Pekov et al. 2011a). The fit to the distance Ilii, the driving force for both the superstructure
ordering of vacancies and the positional disordehe carbonate groups. It is interesting to notice
that superstructure reflections, which affect tleequlicity alongc, are reported also for vishnevite
and hydroxycancrinite (Grundy and Hassan 1984; &taasd Grundy 1991).

Vishnevite, first described by Belyankin (1931),tiee (SQ?)-dominant end-member and, like
cancrinite, it is a quite common mineral in NatUReported structures show, for the cations within
the channel, a single crystallographic site (HassahGrundy 1984) or two mutually exclusive sites
(Della Ventura et al. 2007). The latter configuratican be considered more likely because of the
interplay between the cations and theS@trahedron. This anionic group occupies the ceaftthe
channel (Hassan and Grundy 1984; Della Venturd 2087), where S is placed on thea&is. Two
mutually exclusive configurations can occur: upwarddownward i(e. with the apical oxygen
pointing up or down with respect to the S, seeeikample Fig. 1.6). The triangular base of the
tetrahedron is given by three symmetry-related exysgites lying out of thesGxis, whereas the
apical oxygen is placed on it. Because of too stmmtacts, if a Sg3 tetrahedron occupies a position
at a given heigle, the symmetry related positionszat 2 andz — %2 must be vacant. Therefore, only
one S@* p.f.u. can be present. This drives to a lower tieg@harge within the vishnevite channel,
if compared to the cancrinite one, where the amotiOs> is typically higher than 1 p.f.u., having
an influence on the cations composition. In fae2*@ present only as a minor impurity in (8
cancrinites (Pekov et al. 2011a), wheredsikKmore abundant than in cancringensu strictoln
order to avoid too short K-O bonds, this cationmmroccupy a site at the same level of the?SO
tetrahedron. Therefore, it must occupy the “intérsdes (farthest from the framework walls) in
correspondence to the $Ovacant positions (see, for example, Fig. 1.6}hkse sites, Kcan be
partially substituted by NaWhen this substitution occurs, the SQ@pical oxygen can be displaced
from the @ axis towards the Nasite, in order to give an ideal shorter Na-O b@vidrlino et al. 1991;

Bonaccorsi et al. 2007). The “external” sites ateupied by Na cations, in correspondence to the
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SQy? tetrahedron, bonded to 3+2 framework oxygen atoma side and one (Merlino et al. 1991;
Bonaccorsi et al. 2007) or two (Hassan and GrurgB4d1Della Ventura et al. 2007) sulfate oxygen
atoms on the other side (see, for example, Fig. A&hannel can be internally ordered with a
sequence of alternated [}{&0Qy)] and (K,Na} clusters. Two energetically equivalent configuas
can occur: the first with [NgSQy)] at z and (K,Na3} at z + Y2, the second with the opposite
configuration. If there is a long-range orderedrdstion of these configurations among adjacent
channels, a superstructure with a new unit-@@arameter equal td3avish arises. This gives rise to
a new mineralogical species called pitiglianoideflino et al. 1991; Bonaccorsi and Orlandi 1996;
Della Ventura et al. 2005; Bonaccorsi et al. 200vhjch shares with vishnevite a common
parameter and space grolé4). In pitiglianoite, three channels per unit-cedtar. Two of them are
centered on the 3-fold axes and are symmetricalbted by a 2operator, so that being internally
ordered with opposite configurations (Merlino etl#891; Bonaccorsi et al. 2007). The third channel
is centered on thes@xis and can randomly show one configuration erdther and appear being
disordered from a diffraction analysis. Howeveraifong-range ordered configuration occurs also
for this channel, the symmetry could be lowerednfie6s to P3 and 000reflections withl = 2n+1
would appear, as experimentally observed (althmeghweak) by Merlino et al. (1991). Pitiglianoite
shares the same channel composition and supets&ueatures with microsommite, which differs
for having [Ca-CI] clusters within thean units columns. A thorough study on the order-disor
phase transitions in microsommite has been caotikdBonaccorsi et al. 2001) and will be reported
below. It is worth noting that a synthetic pitigi@ite (referred to asynthetic sulfate hydrocancrinite
of the microsommite typewas synthetized several years before the fistaVvery of its occurrence
in Nature, by Klaska and Jarchow (1977).

Hydroxycancrinite (or “basic cancrinite”) is the KIQ-dominant end-member of the cancrinite
subgroup and is often reported as a synthetic @tadn Nature it is rare and usually representgd b
intermediate members of the cancrinite-hydroxydaiter series in peralkaline plutons of the Kola
peninsula, Russia (Pekov et al. 2011a). Its crgstatture is basically identical to that of canitd,
differing for being C4" depleted and for having Oldnd HO in place of the C&- at the channel
center. Hydroxyl- and #D-oxygen atoms occupy the same positions of C anih @ancrinite: onto
the @ axis and out of it at ~ (0.12, 0.06, 0.17/0.483pectively (Bresciani-Pahor et al. 1982; Hassan
and Grundy 1991). As mentioned aboveQHnolecules are found as channel guests also imatat
and synthetic (C€¥)-cancrinites (Pekov et al. 2011a; Zubkova et @iL12 Hackbarth et al. 1999),
suggesting an (at least partial) solid solutioeseAlthough a rare species, many IR-spectra tegor
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in the literature show absorption bands typicathef OH stretching mode, as reported by Della
Ventura et al. (2007).

Kyanoxalite is the (€0+%) end-member. It is very rare; minerals of the cimite-kyanoxalite series
have, up to now, been found only at the Lovozekalale pluton, Kola peninsula, Russia (Chukanov
et al. 2010a; Olysych et al. 2011; Pekov et al.1201Pure (€04%)- (Chukanov et al. 2010a) and
mixed (CQ?%,C,0+%)-members (Olysych et al. 2011) have been recodnimemeans of infrared
spectroscopic analyses. The dumbbell-like oxalabeigs are placed at the center of the channel,
where two symmetry-independent groups can give tosthree symmetry-related and mutually
exclusive configurations. Therefore, a total of siMtually exclusive configurations of the?)-
group is derived (Chukanov et al. 2010a). The reb€-C bond length is 1.50 A, the C-O lengths
1.21-1.29 A and the O-C-O angles 127-129° (Chukat@l. 2010a). A similar configuration for the
oxalate anion has been reported for a synthetindwalite-like compound, by Linares et al. (2011).
Because of the too short contacts, ong({€) per unit-cell {e. 1 p.f.u.) is the maximum amount
possible. In the literature, the value is even lo{@hukanov et al. 2010a; Olysych et al. 2011; Reko
et al. 2011a), and a large fraction of channel naies were found to be occupied byHmolecules,

as also suggested by IR-spectroscopic and striictata (Chukanov et al. 2010a). The cations are

represented by Nand minor K, occupying an “external” and an “internal” sitespectively.

Depmeierite is the (P&)-dominant member of the cancrinite subgroup arsldeen reported only
from Mt. Karnasurt, Kola peninsula, Russia (Pekdvaé 2011b). The studied sample was
characterized by a single cation site in the chisnared by 0.47 P& tetrahedra p.f.u., with two
possible configurations: upward and downward, aeoked for the sulfate-groups in vishnevite. The
P is splitin two sites (for the upward and downvitrahedra, respectively) onto theagis, whereas
the oxygen atoms give two different triangular Isagat of the 6 axis and an apical vertex on it.
Minor amounts of HO and C@* are also present. Although extremely rare, it @stv noting that
not irrelevant BOs contents have been reported in several cancrooitepositions (Pekov et al.

2011a, 2011b), suggesting the existence of a soligtion series.

Cancrisilite is the only member of the cancriniteugp of minerals for which the species-defining
criterion is not valid. Cancrisilite shows a [CARkmework enriched in &i, with an ideal Si:AI3*
ratio of 7:5. This leads to a disordering of th&" @nd APF* in the framework tetrahedra, giving rise
to an increase of symmetry frdds to P6amc(Khomyakov et al. 1991; Ogorodova et al. 2009;d®ek
etal. 2011a). Cancrisilite is also a quite rarearal, having been found only at the Khibiny-Lovaze
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alkaline complexes, Kola Peninsula, Russia (Ogoradet al. 2009). The extraframework crystal-
chemistry of cancrisilite is analogous to that afcrinite, with CG@* as the dominant anionic group.
Na' always prevails on Gaand K. An exotic variety of cancrisilite, with symmetrgduction from

P6smcto P3 has been reported by Rastsvetaeva et al. (2007).

1.2.2 Davyne-subgroup minerals

The distinguishing feature of the davyne subgraupepresented by the chains of alternating’ Ca
and Clions, which fill the columns afanunits in place of the Na-4@® chains in cancrinite subgroup.
The davyne subgroup comprises four mineralogicatigs: davyne, balliranoite, microsommite and
guadridavyne. The first two species show the atassnetrics of cancrinite-group compounds. @
~12.7,c~ 5.2 R), whereas the last two minerals show diffié kinds of superstructure affecting the

a parameter: beingmic = V3aday andagua= 2*adav.

In all of them, the population of the cages shdwesgame configuration: the €aation lies on the
3-fold axis and approximately centers (in hegh 86RI[0001] (.e. the basis of thean unit)
bonding to all its six framework oxygen atoms (3*®B*02) (Fig. 1.5). The Clanion does not
reside on the trigonal axis and gives rise to tlssgemetry-related and mutually exclusive positions
almost halfway between the two neighboring'@ations (Fig. 1.5). This configuration is compkib
with the occurrence of a mirror plane parallel@0q1) and, therefore, with tH63/m space group,
which has been reported for some davyne samplesa(@orsi et al. 1990, 1995) and quadridavyne
(Bonaccorsi et al. 1994). Hassan and Grundy (1889®)rted the structures of two davyne samples,
in which CI was placed in a special position onto the 3-&t@mwvever, the Authors also reported a
strong and highly anisotropic displacement paraméie the Ci site, which suggests a real
positioning out of the trigonal axis. Chukanov kt(2010b) reported for the holotype balliranoite
both the configurations, as mutually exclusive. fEf@re, the coordination polyhedron of the?Ca
cation is a slightly distorted quasi-hexagonal bgpyid, where the neighboring chlorines act as the
vertices (Fig. 1.5).

In davyne subgroup, the extraframework populatibthe channels not only determines the end-
members, but is also responsible for the supetsiiof microsommite and quadridavyne. The
cationic content is represented by prevailing Bliad variable amounts of'kand C&" (Ballirano et
al. 1996b, 1998; Binon et al. 2004), while the mpwd anions are SO, CI, COs*> and $%. Both
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chemical and IR-spectroscopic analyses have shbatrthie sulfate, carbonate and chlorine groups
can coexist within the channel (Ballirano et al9gb, 1998; Binon et al. 2004; Della Ventura et al.
2008). Their relative amount is the criterion usedefine the end-members davyne and balliranoite
(both showing a subcell metrics). If GOis the prevailing anionic group, the sample is edm
balliranoite (ideal chemical formula {[(Na,G&F Osz)1.2-1.4[Ca=Cl2][Al 6SisO24]}), as approved by the
IMA Commission on New Minerals, Nomenclature andsSification (Chukanov et al. 2010b),
otherwise the classical name davyne (ideal cherfocalula [(Na,K}(SQs,Cl)][CaxCl2][SisAl6024])

is used. Due to the recent recognition as an int#g@ mineralogical species and to the not trivial
identification of C by chemical analysis, it cantet excluded that the carbonate-rich balliranaite i
not so rare. A more complex interplay between atyshemistry and structural arrangement of the
channel population leads to the mineralogical gseanicrosommite and quadridavyne. From the
chemical point of view, the first can be consideasdhe (SG¥)-end-member and the second as the
(CI)-one. However, this chemical feature needs tolbled to the structural long-range order which
will be discussed later.

The configuration of the extraframework populatisithin the channel of davyne and balliranoite
does not differ, at a first approximation, fromttheeviously described for vishnevite and cancenit
respectively. Cations always occupy two distina arutually exclusive positions. The external site
at ~ (0.15, 0.30, 0.25) is occupied by'Nar C&*, Binon et al. 2004), while the inner one at ~ {Q.1
0.22, 0.25) is commonly referred to as a mixed, (§a, C&*) site (Bonaccorsi et al. 1990; Hassan
and Grundy 1990; Binon et al. 2004; Rozenberd.e209; Sapozhnikov 2010; Chukanov et al.
2010Db). An additional (third) cationic site wasoeed for a balliranoite sample (referred to as §€0
]-davyne in Ballirano et al. 1998). The Stétrahedron can occur in both the upward and dawdw
configurations (Fig. 1.6), where the sulfur siteslion the gaxis and the apical oxygen is also
positioned on the axis, or slightly displaced framrhe planar C@group typically occupies two
mutually exclusive and iso-oriented configuratioisordered along [0001], as observed in the more
common cancrinite, with C lying on the-éxis. Interestingly, the triangular basis of th@:S
tetrahedron is generally (Bonaccorsi et al. 199@sddan and Grundy 1990; Rozenberg et al. 2009;
Chukanov et al. 2010b; Sapozhnikov 2010; chaptawnfgted of 60° about the [0001] axis with
respect to the planar G@Qroup (Ballirano et al. 1998; Chukanov et al. 2Q1Gatta et al. 2013; Lotti

et al. 2013; chapter 6). As a consequence, whexX- @®z cluster (where X is a cation) occurs at
given heightz in the channel, C&group points an edge towards the X cation, sotthatoxygen

atoms are bonded to it in a sort of triangularX@pology (Fig. 1.6). On the contrary, when an X4SO
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cluster occurs, the triangular basis of the, &frahedron points a vertex towards the cationngi
rise to a single X-Os bond (Fig. 1.6). Obvioushfavorable distances occur, the X cation can also
bond to the previous or the following anionic greipe. at differentz), leading to a large number of
possible coordination environments (Fig. 1.6). Teanion, where present, is typically slightly
displaced out of theséxis in a position that recalls that of the sS®trahedron apical oxygen
(Bonaccorsi et al. 1990; Ballirano et al. 1998)p&nikov (2010) reported a rather unusual
“davyne” with the channels stuffed by $QCQ:> and S anions, where the S of the sulfide group
occupies three symmetry-related positions out @& €axis, giving rise to three possible

configurations of the £ dimer.

The complicated history of microsommite (and dayyisereported by Bonaccorsi et al. (1990).
Briefly, davyne was first described by MonticelhdaCovelli (1825), whereas microsommite was
first reported, half century later, by Scacchi (2B 71 ater, they were considered two varieties & on
species, differing in birefringence, by Zamboni@B@6) and Lacroix (1907) and discredited to
varieties of cancrinite in Deer et al. (1963). lswonly with the work of Bariand et al. (1968) that
davyne and microsommite were clearly recognizeid@spendent mineralogical species. However,
Bonaccorsi et al. (1990) wrote: “.it remains unproved that samples defined microsdenioy
Scacchi (1872), as well as the large number of $asnplassified as microsommite in various
mineralogical collections, are actually distinctom davyne’ A re-investigation with modern
techniques of this kind of minerals, classified entdran a century ago, should provide a more clear
scenario, as demonstrated by the recent work ofrBet al. (2004), who discredited “cavolinite”,
demonstrating that samples of davyne, quadridasgdéoalliranoite were erroneously classified with
that name. Microsommite and davyne share simil@nibal compositions, with ideal chemical
formulae [NaK2(SQy)][CazClo][SisAl6024] and [(Na,K}(SQu,Cl)[[CaCl2][SisAl6024], respectively.
However, they present significant metrical diffezes, beingamic = V3aday, Whereas they share a
commonc parametergmic = Cday). Therefore, microsommite can be identified by dlceurrence of
superstructure reflections havihg- k # 3n, if the microsommite unit-cell is taken as a refere.
This superstructure is due to the long-range ondeof the extraframework content within adjacent
channels, as investigated by Bonaccorsi et al.(R0his long-range order arises from geometrical
constraints that limit the number of $Qgroups to 1 per unit-cell translation (1/2 occupaaf the

S site on thegaxis). The SG group can coexist with a cation lying at the “emtd” site at the same
height, but it is mutually exclusive with the caisooccupying the “internal” sites. If the maximum

content of 1 S per formula unit is reached, the channel must tezrially ordered, giving rise to
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a sequence made of clusters of [(Naz(&0u)] at z, followed by clusters of [(K,Na,Cg)atz + 0.5,
orviceversaThe two possible sequences, arbitrarily definadd + by Bonaccorsi et al. (2001), are
energetically equivalent. In microsommite at rodpBonaccorsi et al. (2001) reported that the order
between adjacent channels can be described usirigrgular lattice”, where two nodes (channels)
are ordered with — and + sequences, respectivedlthee third is disordered.€. can show both — or

+ sequences), as shown in Fig. 1.7. This orderingsgrise to the microsommite superstructure,
keeping thd>63 space group, where the “disordered” channel iteced on the $axis and the ordered
ones on the two 3-fold axes. In davyne (and bailtii@), the internal order of the channel and,
therefore, the long-range order are prevented eyrtbertion of C| according to the S@ « 2CF
substitution, or C&¥, according to S <> COs%, or by a total amount of S®< 1 p.f.u. Therefore,

microsommite can also be seen as the?Sfd-member of the subgroup.

The CI almost pure end-members within the davyne subgsbop a different kind of superstructure
(Bonaccorsi et al. 1994; Binon et al. 2004), wébpect to microsommite. In this specesa= 2*adav

and Cqua = Cdav, from which the name “quadridavyne”, being the watt volume four times that of
davyne. A preliminary structure was reported by &morsi et al. (1994), since its complexity did
not allow to refine a completely satisfactory modédle Authors reported three different cationiesit
within the channels, labelled as “external”, “migidand “internal”’, and two possible sites for,Cl
labelled “Cl(a)” and “Cl(b)". Two possible coordit@an schemes were proposed: if Cl(b) occurs,
cations could occupy only the “external” and “imal’ sites”, if Cl(a) occurs, cations would be fedc

in the “middle” site. The quadridavyne superstruetiéads to two crystallographically independent
channels. In the channel centred on thexs (0, 0,2 both the schemes could occur, whereas the

channel at (Y2, ¥2) seems to favour the Cl(b) scheme.
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Figure 1.4 (Left side) Schematic view of the Na-H20O and Ca-Cl chains, in the columns of can units of
cancrinite-subgroup and davyne-subgroup minerals, respectively. (Right side) The channel extraframework
content of davyne, viewed along [0001]. The cations sites (Nal, Na2, K) are closer to the channel walls,
whereas the anions (here SO4%) occupy the channel center.
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Figure 1.5 (Left side) The cage-Na* coordination environment in cancrinite. (Right side) The cage-Ca?*
coordination environment in davyne. Dashed lines represent mutually exclusive bonds

Figure 1.6 (Left side) Coordination shell of the (Na*,Ca?*) cations in the cancrinite channel. (Right side)
Coordination shells of the “external” Na* and “internal” K* in the davyne channel. The possible upward and
downward configurations of the SO4? tetrahedra are shown. Dashed lines represent mutually exclusive bonds

’ocz"'
tocy- @FC"
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Figure 1.7 Schematic representation of the long-range ordered distribution of adjacent channels in
microsommite and pitiglianoite. Each channel is internally ordered, showing the regular alternation of
[Na3(SO4)] and [(Na,K)s] clusters (+), or viceversa (-). The channels centered on the 63 screw axes, can
randomly show both the sequences (i.e. +).
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1.3 NATURAL OCCURRENCES OF CANCRINITE-GROUP MINERAL S

Cancrinite-group minerals are mutually exclusivévB8iQ, polymorphs. Consequently, as reported
by Deer et al. (2004), they are typical of geolagenvironments 1) undersaturated in S$n@hich,

in addition, 2) must also be rich in alkalis, inpaular Na, and 3) must supply the sufficient amount
of volatile components, as GOBQ, Cl or F, which are fundamental for the crystaltian of the
cancrinite-group minerals. Large amounts of2COQ and halogens are typical of alkaline and
peralkaline magmatism (Bailey and Hampton 1990kré&fore, it is not surprising that cancrinite-
group minerals are strictly associated to geoldgetiings related to alkaline magmatism. They are
widespread both in intrusive environments, suchegheline syenites, and in effusive settings, as
phonolites. In addition, cancrinite-group miner@ds be found in metasomatic environments related
to alkaline magmas and/or limestone wallrocks. Vaeous terms of the cancrinite- and davyne-
subgroups can show substantial or subtle diffeengenetic conditions. Below, an overview of
the occurrence of these minerals in different ggick settings is given, with a genetic classiima

scheme proposed by Pekov et al. (2011a), will perted.

Cancrinitesensu strictas, by far, the most common species of the grtiupwidespread in intrusive
alkaline magmatic complexes, where it can cryziilil) during the late-magmatic stage or 2) from
hydrothermal alteration of pre-existing minerafsthe first case, cancrinite occurs in the lagjesta
of magmatism, when a highly evolved magma, enrichedcompatible volatiles and alkalis, allows
a direct crystallization, once the liquidus bournydarreached. This primary cancrinite is typical of
vein- and dyke-intrusions or pegmatites. A secopdancrinite can commonly form both during the
late-magmatic stage and in post-magmatic hydrotakeconditions, from the alteration of nepheline-
or sodalite-group minerals by the (&@ich fluids. Several examples can be found afiraie world,
representing the most common geological setting dancrinite-group minerals. Primary and
secondary cancrinite is widespread, both as rookif@y or accessory mineral, at the Lovozero
alkaline pluton, Kola peninsula, Russia (Deer e2@D4; Pekov et al. 2011a). At Alluaiv Mountain
(Kola peninsula, Russia), cancrinite occurs in dipk syenite (malignite) pegmatitic bodies, often
replaced by natrolite and analcime (Deer et al4208t the AIné Island (Sweden) alkaline complex,
it is found as a primary late liquidus phase (Deteal. 2004), whereas is found as accessory mineral
in the sodalite- and nepheline-syenites at Moumt8ailaire, Quebec, Canada (Deer et al. 2004).
At Iron Hill, Colorado, USA, a minor primary canettie is found in the nepheline syenites, but it is
much more abundant as secondary alteration pradfuceépheline (Larsen 1942), as in the Cerro
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Sarambi nepheline syenites (Amambay Area, Paragbames et al. 2011) and at the Ice River
alkaline complex (British Columbia, Canada). In th#er locality it is reported to replace also
sodalite and microcline (Deer et al. 2004); a Kangshnevite can be hypothesized for the alteration
product of the microcline. At the Ditrau alkalinensplex (East Carpathians, Romania), cancrinite is
reported as a hydrothermal alteration product gheéne, after its reaction with (Glrich fluids,

in the presence or not of neighboring calcite atgstFall et al. 2007). Similarly, at the Turiy rads
(Kola Peninsula, Russia), cancrinite is a late-estaggmatic phase, crystallized at low temperature
from CQO-enriched fluids reacting with nepheline, in a nepte-melilitolite (turjaite) (Bell et al.
1996). At Kandaguba (Kola Peninsula, Russia) caiteris a rock-forming mineral in nepheline and
cancrinite-nepheline syenites related to a carltonatomplex (Pilipiuk et al. 2001). Cancrinite
occurrence in effusive environments is, by fars lesmmon: primary cancrinite is found, associated
with natrolite, in cavities of the phonolite silsPoint of Rocks (New Mexico, USA, Deer et al. 2P0
and an almost anhydrous cancrinite occurs in sgaalidinite xenoliths within alkali-rich basalts at
Laacher See (Germany, Zubkova et al. 2011). Idatter case, the Authors proposed a secondary
thermal-induced dehydration, for the roasting @& ®enoliths during the basaltic eruption. Along
with the occurrence as primary or secondary phaaékaline intrusive rocks, cancrinite is also ofte
found in metasomatic environments, mainly fenitad akarns. At the Alné (Sweden) and Fen
(Norway) areas can be found in the reaction zortsden nepheline syenites and carbonatites (Deer
et al. 2004), whereas at the livaara alkaline cemFinland), abundant cancrinite is found in the
most evolved fenite aureoles, where replaces al&klspars of the granodioritic archean gneisses
intruded by nepheline syenites (Sindern and Krar@0®2 Examples of metasomatic cancrinite in
skarns, formed at the contact between limeston&ogls and alkali-rich magmas, are: Bancroft
(Ontario, Canada), primary constituent at the adntzetween Grenville marble and nepheline
gneisses (Foit et al. 1973); Kishengarh (Rajputlrtha), along nepheline syenite-limestone contact
(Deer et al. 2004); Mt. Vesuvius (Italy), in limese ejecta (Foit et al. 1973); Hsianghualing (Hynan
China), along with corundum at a granite-limestooetact (Deer et al. 2004) and Byram (Delaware
River, USA), in nepheline hornfels at the contaatiheen diabase and limestone (Deer et al. 2004).

Vishnevite share with cancrinite the same genetittngs. It forms as primary or secondary phase in
alkaline magmatic environments undersaturated @ 8nd enriched in alkali and $Qduring the

late stage of magmatism or as product of hydrothemteration. Some examples of vishnevite
occurrences are: Vishnevye Mountains (SouthernsUJRilissia), the type locality, in veins of the

alkaline complex (Deer et al. 2004); Loch Borol&tdtland), where is disseminated in veins likely
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replacing nepheline (Stewart 1941); Synnyr Massifthern Pribaikal, Russia), as a high-K variety
occurring in veins of the alkaline complex (Deeiakt2004); Aln6 Island (Sweden) and Oldoinyo
Lengai (Tanzania) alkaline complexes (Deer et @042; Zippa Mountain (British Columbia,
Canada), as a product of late-stage magmatism ppietiee syenites and K-enriched trachyte
(Coulson et al. 1999). At the livaara pluton (Fmdg vishnevite is found in veins cross-cutting the
intruding nepheline syenites, while cancrinite isiadant in the close fenitic aureoles (Sindern and
Kramm 2000). At Kaminak Lake (Northwest Territori€anada) is found, along with cancrinite, in
nepheline syenites (Davidson 1970), whereas at €dyeak (California, USA) occurs in late-stage
highly evolved alkaline mafic pegmatite (Erd anda@zanske 1983). As cancrinite, it is also found in
metasomatic areas related to alkaline magmatisnZatdalek (Turkestan-Alai mountain system,
Kyrghyzistan), for example, where it is found, clagp with cancrinite, in skarn xenoliths of
dolomites in nepheline syenites intrusions (Aleksax and Senin 2006). Similar occurrences are at
various localities of Central Italy volcanic fields skarns related to trachytic and phonolitic mag,
locally enriched through contact with carbonate ewaporitic (sulfate) wallrocks (Della Ventura et
al. 2005). Vishnevite is found in miarolitic caeis of nepheline syenites ejecta, within pyroclestit

at Pitigliano (Tuscany), Farnese and Alban Hillat{lum) (Della Ventura et al. 2007). The chemically
related pitiglianoite is also found in similar segis at Pitigliano (type locality, Merlino et al991)
and Monte Cavalluccio (Latium), in a sanidine-rajlcted block (Della Ventura et al. 2005). It is
interesting to note that the only cancrinite sanmglgorted from the Alpine region, found in a
metamorphic vein rich in Ca-silicates at Pizzo Togge (Valmalenco, Italy, Crespi et al. 1981), can

be ascribed to pitiglianoite, for the kind of sugieucture reflections reported by the Authors.

The other members of the cancrinite subgroup aréarhless common. Cancrisilite is very rare and,
up to now, has been found only in the Lovozerolalkacomplex, Kola peninsula, Russia (Ogorodova
et al. 2009). Thermochemical and thermal data,rteddoy Ogorodova et al. (2009), suggest that the
formation of cancrinite should be thermodynamic#dlyored over that of cancrisilite. Kyanoxalite
and the intermediate members of the cancrinite-tyalite series are only found at the Lovozero
complex, where are late-stage primary mineralssoosdary replacement of sodalite and nosean in
nepheline syenites intrusions and pegmatites (Giukat al. 2010a). The crystallization of the
oxalate-bearing terms of the series, both in inrudykes and pegmatites, coupled with the presence
of reduced organic matter in pegmatites, marksrdaleictive conditions of the late-magmatic or
hydrothermal fluids at the Lovozero alkaline conxp{€hukanov et al. 2010a). According to Pekov

et al. (2011b), these conditions are also resptné$dr the natural occurrence of two very rare
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minerals of the group: depmeierite and hydroxydarter The first is found as a hydrothermal
alteration product, in association with natroliteystallized afT not higher than 250-300 °C from
fluids particularly enriched in s (Pekov et al. 2011b). Pekov et al. (2011b) suggesiat only
under reductive conditions, inhibiting the crydwtion of (CQ?%)-bearing minerals, the
crystallization of these rare terms is possibledrticular, hydroxycancrinite is considered, bgsih
Authors, the less favored mineral, whose crystilzn from the fluids is possible only when no athe
anion is available and no other chemically simitaneralogical phase is thermodynamically more
stable. These reductive conditions appear to biealypnly of the Lovozero complex. However, it
should be noted that several end-members of thggrce recognizable only by means of multiple
analytical investigations, for the subtle chemanad structural differences. In particular, IR-asaly
proved to be a valuable tool for a semi-quantitainentification of the different anionic groups
trapped within the structural voids (Ballirano eti®98; Della Ventura et al. 2005, 2007; Chukanov
et al. 2011). For example, the existence of thesfG@ch balliranoite was recognized only recently
(Ballirano et al. 1998; Binon et al. 2004; Chukaretval. 2010b), whereas Pekov et al. (2011b)
underlined that the paucity of the intermediate rfners of the cancrinite-depmeierite series has to be
mainly assigned to the lack of sufficient analyitidata reported in the literature. Therefore, even
considering that the chemical features of the Levopluton seem uncommon, it would be useful to
consider that some minerals reported as cancseitsu strictawould bear anions in addition to the

(COs%), being intermediate terms of solution series.

The davyne-subgroup minerals can be typically fomneffusive environments. They are especially
widespread in lithic blocks within pyroclastic, teftic and pumice deposits at the alkaline volcanic
fields of Central Italy (Monte Somma, Vesuvius, Mdpabatini and Monti Vulsini) and at Laacher
See, Germany (Deer et al. 2004). They generallyraoccavities of skarn-like rocks, likely formed
as thermal metamorphic and metasomatic produdandrthe magmatic chamber walls (Deer et al.
2004; Fulignati et al. 2005). Davyne is also repain lazurite-bearing skarns at the contact betwee
alkaline intrusions and dolomite wallrocks at Bdugtkan, Afghanistan (Rozenberg et al. 2009;
Aleksandrov and Senin 2006) and, as % I&aring sample, at Tultui, Baikal Area, Russia
(Sapozhnikov 2010; Aleksandrov and Senin 2006)ifferént setting is shown by davyne occurring
at Zabargad Island (Red Sea, Egypt), in veinsraythetabasalts, likely crystallized from hypersalin
and hyperalkaline fluids (Deer et al. 2004). Mi@wsnite is reported at Magureavat®ia(Apuseni
Mountains, Romania), in veins cutting the skarngetigoed at the contact between monzodioritic

intrusions and marbles (Pascal et al. 2005). Qdadyne seems to be the less common member of
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the subgroup and has been found for the first immeetasomatized and hydrothermally altered lavas
and scoriae, within ashes of the 1906 VesuviustemgBonaccorsi et al. 1994). The (€Q-rich
balliranoite has been recognized from samples fandvities of skarns (alkaline magma-limestone
contact), occurring as lithic fragments in the waplic deposits at Monte Somma, Naples, Italy
(Chukanov et al. 2010b). A further occurrence veaml in veins of alkaline fluids related to granite
intrusions within marbles, at the Mogok MetamorpBiglt, Myanmar (Harlow and Bender 2013).
Although apparently a rare member, it cannot bduebed that the (C&¥)-rich term balliranoite is
more common than expected, due to its recent rémagiiBallirano et al. 1998; Binon et al. 2004;
Chukanov et al. 2010b) and to the historical amiigclassification of the minerals of this subgroup
(see Bonaccorsi et al. 1990 for a review). In patfér, balliranoite could be a common accessory

mineral in metasomatized areas at the contact leetakkaline magmas and carbonate wallrocks.

An overall description of the petrogenesis of taaarinite-group minerals and solid solutions is not
trivial. In fact, the occurrence of the cancringeup minerals is, quite often, poorly describegas

of the paragenesis of different kinds of minerldsnany cases, the chemical composition and/or the
basic crystallographic features of the reportedciaite-group minerals (often cancrinitensu
stricto) are missing. On this basis, it cannot be guaeshan unambiguous assignment to a given
member of the group. However, a trend can be deduce the occurrences of the several cancrinite-
group members well described in the literature eAegal scheme has been proposed by Pekov et al.
(2011a), who classified the geological settingsasfcrinite-group minerals into three groups: 1) the
alkaline intrusive and related contact rocks, 2)dlkaline volcanic and related contact rocks gnd 3
the alkali-rich metamorphic and metasomatic ro€lkekov et al. (2011a) suggest that the distinction
of the cancrinite- and davyne-subgroups has nagt onystal chemical, but also a geological basis.
These Authors underline that the members of thergate-subgroup are widespread in alkaline
intrusive complexes, where are part of the postmag derivatives, but are quite rare in alkaline
effusive rocks. Alkali-rich effusive and metamorpmocks are the main geological settings of the
davyne-subgroup members, along with the lazuriseibg metasomatic rocks. Moreover, Pekov et
al. (2011a) assert that the cancrinite-subgrougerala in alkaline intrusive complexes show a strong
affinity for the (CQ?)-rich cancrinitesensu strictpwhereas the other members (with the exception
of the quite common vishnevite) seem to occur amger low CQ activity, for example under the

reductive conditions shown at the Lovozero comii@xukanov et al. 2010a).
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1.4 SYNTHETIC CANCRINITE-GROUP COMPOUNDS

The natural cancrinite-group minerals show a largigety in the chemistry of the extraframework
population, opposed to an almost constant frameveankposition. The framework is always

aluminosilicate, with the only exception of tipttei(Kz(Na,Ca)Liz[BesPsO24](OH)2*H 20). This is

a hint of the flexibility of the [CAN] structure pe, which is able to accommodate, within its voids,
several kinds of cations, anions and molecular ggon various boding configurations. This feature
is amplified by the even higher chemical variapilghown by the synthetic cancrinite-group

compounds.

The synthesis of cancrinite-group compounds is comyperformed under hydrothermal conditions
and autogenous pressure (Fechtelkord et al. 200ha3$e experimental conditions generally simulate
the geochemical conditions of the late- and pogimaic fluids in the geological environments in
which cancrinite-group minerals occur. Severalssattd oxides, or gels, can be selected as source of
the chemical components. A key factor in the sysith@rocess is the alkalinity of the solution
(Fechtelkord et al. 2001a), which must be kept glan excess of NaOH, also used as a source of
Na‘. Many combinations of cations, anions and molecgitaups can be used as templating agents
for the [CAN]-framework. Nais a fundamental component in both natural andh&fit cancrinite-
group compounds. According to Hackbarh et al. (}98% type and geometry of the anions in
solution act as structure-driving agents, wheresN®0z2 and S@* promote the nucleation of the
cancrinite structure, whereas the halogens faverctlstallization of sodalite-type structures. The
same Authors note that, in the case of the?Cénion, cancrinite or sodalite or a phase with an
intermediated structure can be synthesized, suggestrelevant role played by kinetics. Aqueous
solutions are common environments for the synthdsewever, organic solvents can also be used,
like 1,3-butanediol, playing the double role ofvasit and templating agent, which serve as backbone
for the cancrinite channel and can be removed lymedion after the synthesis process (Burton et
al. 1999; Fechtelkord et al. 2001a).

Several Authors reported that the synthesis of [§G@?)-cancrinite is not trivial. Burton et al.
(1999) reported a cancrinite with a low (€Qcontent, synthesized in organic solvent, starfiog
gels. Hackbarth et al. (1999) synthesized a catieasancrinite, with a low (C§)-content and kD
molecules in the channels, from hydrothermal agssolutions at 473 K; at 353 K, the same Authors

reported the occurrence of an intermediate cartersodalite structure. Kurdakova et al. (2013)
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reported a (C&¥)-containing and Ca-free cancrinite, synthesizedeurmydrothermal conditions at
473 K and 10 MPa autogenous pressure, for 48 hours.

Synthetic hydrothermal counterparts of the verg maineral hydroxycancrinite have been reported
by Bresciani-Pahor et al. (1982) and Grundy andshkas(1991). Fechtelkord et al. (2001a)
synthesized the so-called “basic cancrinite” (sghthhydroxycancrinite) in butanediol solvent,
starting from gels of adequate composition. Thestérs report that high Oldoncentrations favor
the formation of sodalite structures, whereas a&tigés driven crystallization, governed by slowly
dissolving reactants, leads to pure basic caneriiihe interest towards hydroxycancrinite is due to
the fact that the main obstacle to cation exchaageacity, in cancrinite-group compounds, is played
by the presence of anions in the channel. The rat@ithese anions by annealing generally leads
to the destruction of the cancrinite structure [felkord et al. 2003). This obstacle could be agdid

in the case of basic cancrinite, for which hydraaions and ED molecules may be removed under
mild HT conditions (Fechtelkord et al. 2003).

The (NG&)-cancrinite is another compound of large intergsice it crystallizes from high-alkaline
nuclear wastes fluids and can potentially be usedtable storage material (see section 1.5). In
addition, the (N@) anion is reported to strongly favor the crystation of the cancrinite structure
(Ocanto et al. 2009). The nitrate end-member ofcduecrinite subgroup, never found in Nature,
shows a high nucleation rate and a fast growth uneey mild hydrothermal conditions, at
temperatures not higher than 90°C (Liu et al. 20@Hjch correspond to the autogenous conditions
in nuclear waste fluids. Buhl et al. (2000) synthed (NG)-cancrinite under low-temperature (473
K) hydrothermal conditions, starting from differeefictants, in order to investigate the feasibdity

a large-scale industrial production, getting thstlbesults using zeolite-X and a mixture of Naesile

and aluminate as starting mixture. These Authas aynthesized single-crystals large enough for a
structure determination, under hydrothermal coadgi at 773 K and 0.15 GPa. The structure
refinement showed strong similarities with the cawdte end-member, with a Naite near the
channel walls and two symmetry-independent and aflytuexclusive configurations for the
triangular nitrate anion at the channel center.alarnative synthesis route has been proposed by
Ocanto et al. (2009), who took advantage of thexadaction 3N@ + 2MnQy + HO <« 3NOs™ +
MnOzs) +2H20 in alkaline solutions, to get the (MPcancrinite starting from mixtures without the
NOs anion, at 80°C. Ocanto et al. (2009) also repattiedl starting from a pure (NQ-containing
mixture, (NQ)-sodalite is obtained at 8 mol/l NaOH and both fNSodalite and cancrinite at 16
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mol/l. Moreover, starting from pure (MnQrcontaining mixtures a (Mn-cancrinite is
synthesized, showing the affinity of the [CAN]-framork also for this tetrahedral anion.

In addition to the triangular (Gf) and (NQ") and to the tetrahedral (39 and (MnQ), several
other anionic groups have been enclathrated withen channels of synthetic cancrinite-group
compounds. Shirinova et al. (2006) synthesized@s{Bcancrinite under hydrothermal conditions
at 653-673 K. A (Cr@¥)-cancrinite has been synthesized, under hydrothleranditions at 80°C, by
Ocanto et al. (2008), from solutions with high GrCand NaOH concentrations. The synthetic
counterpart of the natural kyanoxalitex(@z> end-member) has been synthesized from hydrothermal
solutions at 170 °C for 168 hours, using sodiumatean the starting mixtures of reactants, reaghin
0.44 groups per formula unit (Linares et al. 20IMhese Authors also reported that the smaller
formate (HCQ) and acetate (i302) anions lead to the crystallization of sodaliteustures.
Lindner et al. (1995) synthesized a thiosulfateccaite at 300 °C and 85 bars, for 28 days, from
hydrothermal solutions. The single-crystal diffifant data suggested R3 space group and the
structure refinement revealed several mutuallywsice configurations for the;S8z* anion within

the channel. The uncoloredz(%%)-cancrinite turns into a yellow §$-containing one after X-ray
irradiation, whereas after annealing at 800 °CQahs$forms into a greenish-blue cancrinite with S
and S radicals within the channels, as shown by IR-as1al\A literature-reported pure blues{(S
cancrinite is also cited by the Authors, showing thotential application of cancrinite-group

compounds as colorant agents.

Another approach, which succeeded in the syntloégiancrinite-group compounds, is given by the
use of selected combinations of a large cation wigmall cation, for example Cand Li", from
which Fechtelkord et al. (2001b) synthesized al{zbasic cancrinite. In this case, the large Cs
cation fills thecan unit cage, which results highly expanded, whethad. i* cation occupies a site
near the channel walls, tetrahedrally coordinatimge framework oxygen atoms and a chann€l-H
oxygen, with a configuration similar to Nen natural cancrinite (see for example Fig. 1T center
of the channel is occupied by mutually exclusivsifons filled by HO molecules and hydroxyl
anions. This approach has been extensively stadiddmproved by Colella and de’ Gennaro (1989),
who reported the synthesis of (Cs,Li)-, (Tl,Li)hda(Rb,Li)- basic cancrinites under hydrothermal
conditions at 200 °C and autogenous pressure. Titleofs reported that the crystallization was very
readily when using Csreadily with TF, whereas a lesser aptitude was shown by Riderlining
the good fit of the couples (Cs,Li), (Cs,Na), afd,L() for the crystallization of the [CAN]-
framework. The crystal structure of the synthesi@eslLi)-basic cancrinite was reported by Norby
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et al. (1991). The Csons occupy the center cdnunit, coordinated by 12 framework oxygen atoms,
Li* is placed near the channel walls, in a positisembling that of Nain natural cancrinites,
tetrahedrally coordinated with three framework cxygtoms and a further oxygen belonging 1O H
molecules, which occupy mutually exclusive posision the center of channel. A partial structure
refinement of the (TI,Li)-basic cancrinite was aleported (Norby et al. 1991). Tiwhich has a
shorter radius than Cswas found to occupy three mutually exclusive mss within thecan unit,
likely in order to have adequate bonds to the fraork oxygen atoms. Therefore, the poor fit of the
(TI-Li)-couple for the [CAN]-framework could be sitturally explained by the lesser fit between Tl
and thecanunit, with respect to the larger C#\ further TI*-site was also found within the channel,
whereas Li and BO molecules were not located. Colella and de’ Gem(B989) pointed out that
both the small (L)) and large monovalent cations {C§I*, Rb") are needed to play a templating role
in the crystallization of the [CAN]-framework. Thamall cations, like Li and Na&, with their
tetrahedral coordination, likely act as templatethe formation of the [CAN]-channel. In the
meanwhile, a filler for thean units columns (a large monovalent cation or arclaai Na-H>O or
C&*-Cl") is needed. From the point of view of potentiathtgological applications, extremely
interesting results, from ion exchange studiesghaaen also reported by Colella and de’ Gennaro
(1989). Due to its position within thean cage (Norby et al. 1991), the 'Tsn turned to be not
exchangeable, suggesting the potential applicaiforancrinite structures as host materials. Only
partial TI'-Na" and Li"-Na" exchange were reported for the cations locatedinvihe channel. The
role of O molecules and of the structural arrangement efetkiraframework population remain

unknown and should be investigated in this respect.

The same approaches, previously reported for alsiiocates cancrinite-group compounds, can be
applied for the synthesis of cancrinites showirdjfeerent framework chemistry. If in Nature only
tiptopite (.e. K2(Na,Ca)Liz[BesPsO24(OH)2*H20) shows a non-aluminosilicate framework, several
synthetic cancrinite-group compounds showing aediffit framework crystal chemistry have been
reported. Their synthesis is of large interespiatential technological applications, since it aioto
control the structure-property relationships of #eslitic framework. In fact, the control over the
framework crystal chemistry allows to modify theid® size and shape, without changing the
topology (Lee et al 2000). Latham et al. (1996)tsgrized a basic cancrinite with*Feartially
replacing AF* within the framework tetrahedra, leading to anréase in the unit-cell. More
commonly, St* and APF* are replaced by Geand G&', respectively. Lee et al. (2000) synthesized a
(Cs,Na)-bearing aluminogermanate §N&[AleGe024*Ge(OH)s) and a gallogermanate
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(NasCg[GasGesO24]*Ge(OH)s), under hydrothermal conditions at 170 and 110ré&8pectively. In
both the compounds, Céills the can unit cages, Nalies near the channel walls and Ge(&H)
octahedra occupy the channel center, withi*Ge a special site on the; 8crew axis (like 8 in
davyne or vishnevite). The replacement of framewettahedral cations had a “compressive” effect
on the intertetrahedral angles, being the meanTabgle 142.2° in cancrinigensu strictp133.0°

in (Al,Ge)-cancrinite and 128.9° in (GaGe)-candgr(Lee et al 2000). In this respect, a study en th
thermal stability of this compound could be of kiigterest, since one can speculate on a potential
larger margin for the structure expansion. Morepites worth noting that Lee et al. (2000) observe
that, due to its position within thean unit, the C5 cation could be hardly exchanged under mild
hydrothermal conditions, underlining a potentiaiploitable feature. This, coupled with the strong
affinity between the (N©) anion and the [CAN]-framework, suggest the po&rapplications of
cancrinite-group compounds as large-scale dispoatdrials €.g.Bao et al. 2005). A highly charged
framework can also be synthesized combinifig With a divalent metal. Bieniok et al. (2005)
synthesized a cobaltophosphate dB&[C0sPsO24(OH)2*1.4H20) and a zincophosphate
(NasC9[ZnePsO24](OH)2*H20) analogues of basic cancrinite, under hydrotheooaditions (140
and 250 °C, respectively) and using a large c4ts) and a small cation (Npas templating agents,
respectively, in analogy to the (Al,Ge)- and (Gg;Gancrinites. The Csion fills the can units
coordinating 12 framework oxygen atoms, whereasNiielies near the channel walls. A similar
(Zn,P)-cancrinite, having the cage 82% occupiedCByand 18% by K and with the Nain the
channels partially replaced by¥ewas previously reported by Yakubovich et al. @99

A final remark, arising from the significant crystdnemical variability shown by cancrinite-group
compounds is that the [CAN]-framework topology o be extremely versatile. A fundamental
component appears to be a small monovalent cajemetally Na) occupying a channel site, which
get a strong tetrahedral coordination to three é&ork oxygen atoms (O1, O3, O4) and one (or two)
oxygen belonging to an anionic or molecular graufhe channel center (Fig. 1.6). This geometrical
structure-driving restraint seems to be confirmgaikchangeable capacity of Nand Li* to act as
templates for the [CAN]-framework and by the conglend reversible Na- Li* cationic exchange

in basic cancrinite (Barrer and Falconer 1956)edatively, when highly expanded frameworks
occur, as in the case of davyne subgroup, the quelj cited three-fold coordination with
framework-oxygen atoms is replaced by a four-faddrdination with two O3 and two O4 oxygen
(Fig. 1.6). In addition, a large monovalent cat{as C3) or dymers ¢.g Na-H.O or C&*-CI) are

required as fillers of theanunit columns. The “chemical flexibility” of canaite-group compounds,
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when these conditions are fulfilled, allows the guial tailoring of structures, through several
combinations of cations, anions and molecules. @meeelationships between crystal chemistry and
structure, on a side, ani,)-stability fields, elastic behavior and chemicadlitic properties, on the

other side, would be assessed, tailored cancrititectures colud be proposed for potential
technological applications.

31



Chapter 1

1.5 CANCRINITE-GROUP COMPOUNDS
IN RELEVANT TECHNOLOGICAL PROCESSES

Cancrinite-group compounds do not show typical isgegbroperties, such as high cation exchange
capacity or molecular sieving (Fechtelkord et 802). However, from the structural point of view,
the [CAN]-framework shows a large channel (~ 5.8¢e% diameter, Baerlocher et al. 2007), in which
the diffusion of cations, anions, molecules anches@me hydrated complexes might be possible. On
the contrary, thecan units (cancrinite cages), with a cavity confined dix-membered rings of
tetrahedra with effective pore width 1.5 - 2 A, arah be considered as non-zeolitic voids. Despite
the large 12-ring opening, the occurrence of stagfaults (with S6R occupying C positions, at 8,0,
Fig. 1.1) usually affect the isolated channelspglthe [0001] direction (Bonaccorsi and Merlino
2005). Moreover, unlike most zeolites where theadsdamework cations are weakly bound tgOH
oxygen atoms, in cancrinite-group compounds thegmee of cation-anion pairs gives rise to bonds
more difficult to break, hindering the diffusion wins (Fechtelkord et al. 2003). Attempts to expel
the anionic population by annealing were tried, dlways drove to the framework collapse and
nucleation of more stable phases, like nephelirect{telkord et al. 2003). For these reasons,
cancrinites are not exploited for applications mustrial processes, as other open-framework
materials. Moreover, they are not classified ap@raeolites (Armbruster and Gunter 2001; Deer et
al. 2004; Bonaccorsi and Merlino 2005).

However, cancrinite-group compounds possess exelapacities. Fechtelkord et al. (2003) pointed
out that, disregarding the occurrence of stackaudt$, in basic cancrinite (where the channel cente
is filled by hydroxyl groups and 0 molecules) diffusion of ions can be achievedrie of the first
studies devoted to the synthesis and evaluati@mygico-chemical properties of cancrinites, Barrer
and Falconer (1956) succeeded in the synthesiagi€ lzancrinite and tested its exchange capacity
with a set of monovalent and divalent cations. Amtre tested combinations, the Authors reported
a full and reversible exchange for the"NeLi*, Na'<»Ag* and Li'<>Ag" pairs. However, the Authors
suggested a solid solution immiscibility gap, witie co-existence of two phases, for the pairs
involving the Ag cation. Nevertheless, beside the full exchangaagpshown by basic cancrinite
for these cations, a noticeably low diffusion caxéint was also reported (Barrer and Falconer 1956)
On the other hand, the lack of significant ion eame capacity, can be transformed from a

disadvantage to an advantage, as will be showmbelo
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Although the cancrinite-group compounds cannotrbeged along with the materials showing good
zeolitic properties, their occurrence in severalcpsses of relevant environmental and industrial
interests makes valuable the study of their phy$iemical properties. The most relevant are: 1) the
precipitation from Na-rich caustic nuclear wastéusons and from reactions between them and

sediments, 2) the precipitation from the spent@waliguors in Al-extraction processes.

Waste solutions, characterized by unique and exrelnemistries, have been reported from many
nuclear sites in the United States, such as Har{idakhington), Savannah River (South Carolina)
and Oak Ridge (Tennessee) (Chorover et al. 200®)tticular, at the Hanford site, at least 67 wast
tanks are known to have leaked into the subsudadenents between 0.6 and 1.4 gallons of high-
level waste solutions (Choi et al. 2006), byproduztthe processes used to extract U and Pu from
the spent U-rods fuels (Bickmore et al. 2001). Eheslutions are characterized by high pH, high
dissolved Naand APF* content, NG and NQ" as major anions, with minor G®and SG*, whereas

Cs" and Sf* are the major radionuclides present (Bickmord.&Q01; Deng et al. 2006). Zhao et al.
(2004) reported that the solution temperature @asbhigh as 100°C, within the tanks, and 70°C in
the subsurface sediments at 20 m depths. Sevgratiments have been carried out, using simulated
solutions, to explore what reactions occur whersehgastes are contact with the local sediments.
(NOs)-cancrinite has always been reported as the leng-{after some weeks) main precipitate
(usually coupled with sodalite), after the reactlmetween the caustic solutions and quartz sand,
kaolinite and natural local sediments (fluvial-gé@and fluvial-lacustrine gravels and sands)y(
Bickmore et al. 2001; Chorover et al. 2003; Zhaal€2004; Mon et al. 2005; Choi et al. 2006; Deng
et al. 2006; Rivera et al. 2011). Moreover, Bucld dicNamara (2004) reported the direct
precipitation of (N@)-cancrinite from the solutions within the tankelsame Authors also reported
that similar findings had been already describetth@iSavannah River site. All these data represent
a further proof for the strong structure-directnoe shown by the N@© anion towards the [CAN]-
framework (Ocanto et al. 2009). The most intergsteature is the ability shown by the neo-formed
feldspathoids (cancrinite overall) to incorporadege quantities of the Csons initially present in
solution, as reported by all the previously citeadges. In particular, Deng et al. (2006) suggested
Cs" as a strong competitor for the cancrinite struigtwhereas it tends to be excluded by sodalite,
while Mon et al. (2005) reported that less than 56f6adsorbed/incorporated CTgould be
subsequently exchanged. This latter finding isnairéct proof that Csin cancrinite could be hardly
removed under mild conditions, due to its positaithin the can units (Colella and de’ Gennaro
1989; Norby et al. 1991; Lee et al. 2000; Bienidlkale 2005). Less clear evidence in the literature
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data concern the incorporation of'SIRecently, Wang and Um (2013) reported that zelargantity

of SP* co-precipitated is entrapped within the (N@ancrinite structure, whereas Choi et al. (2006)
reported the preference of this cation in sodafiteio et al. (2004) point out that the*@slsorption
and/or incorporation capacity of cancrinite is #igantly larger than that shown by kaolinite and
clay minerals, naturally occurring in the Hanfomtignents. Therefore, the secondary precipitation
of cancrinite-group minerals, which incorporatehair crystal structures the dissolved radionuglide
(at least C9, can hinder their diffusion through the subswefaediments. However, they can also
act as a source of contaminants, once they disgolie case of varying geochemical conditions, as
underlined by Mon et al. (2005) and Wang and Uni&0In this light, Wang and Um (2013) noted
that the characterization of the phase stabilitys@fondary precipitates, as a function of varying
geochemical conditions, is fundamental for a loswgrt evaluation of the radionuclides fate in
subsurface sediments. A full characterization ef(@h P)-crystal chemistry of the cancrinite-group

compounds might provide useful background datdhisrkind of evaluation.

The sequestrating properties shown by §)0ancrinite can also be applied for the tailoraighew
materials for a safe storage of caustic waste isolsit potentially rich in Csradionuclides.
Hydroceramics are materials made by a crystalliomiaosilicate matrix, mainly feldpsathoid and
zeolite compounds, solidifying from a Nech caustic solution (Bao et al. 2005). Cancenitas
found to be one of the major mineral phases in dgehamics, produced from simulated solutions
through the addition of metakaolinite (as souraeS" and AP*, Bao et al. 2005). Hydroceramics
have been considered for the safe and stable stofagaste solutions from the nuclear disposassite
but can also be applied to any kind of alkalinetea& benefit from the use of aluminosilicate-based
waste forms, with respect to Portland cement-bases, in given by the ability to fix the alkali
cations in crystalline structures (and not in arhorgs phases) (Bao et al. 2005). Riley et al. (2012)
proposed Clcontaining aluminosilicates as possible wasteag@rform for the spent solutions of
alkali-chloride salts used in a potential electexaical process for nuclear fuel regeneration. These
Authors pointed out that “cancrinite” (most progedavyne-subgroup compounds) has the highest
storage potential for the incorporation of alkdllarides. However, the Authors report that during
the sintering process, aimed to convert powdes noonolithic block, cancrinite became unstable
transforming into sodalite, nepheline and low-cgreie.

Another field, in which cancrinites play a relevaale, is given by the ADs production (Bayer)

process, from the digestion of bauxite ores in tawsslutions at high temperature. In this process,

the used bauxite ores always show a minor amousifimpurities, mainly as quartz and kaolinite,
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which are also digested. When the spent Bayer fjqubich follows the gibbsite extraction, is re-
heated for a new digestion cycle, Na-aluminosiésgbrecipitate on the heat-exchangers, reducing
their efficiency and having a cost-impacting effectthe entire process. These precipitates ardynain
composed by sodalite and cancrinite, where therlettreported to be the thermodynamic most stable
phase (Barnes et al. 1999a, 1999b, 1999c; Xu €0dl0). As a consequence, cancrinite-group
compounds are also one of the main componentedféd-mud”,i.e. the sludge byproducts of the
Al>0O3 production processes. The disposal of red mudsisuace of environmental concern, for its
pollutant nature (Gelencseér et al. 2011), and ohemic concern, for the costs involved which also
affect the aluminum final cost. Therefore, itsgudtal recycling has been investigated. Recertily, t
capacity of red mud to adsorb heavy metal${Rbdf* and Zri*) and arsenate anion in solution was
successfully tested, opening the way for a poteagplication in polluted soils (Santona et al. 00
Castaldi et al. 2008, 2011). | was suggested tmatatdsorption of cations and anions within the
cancrinite structural voids could be regarded asafrthe possible sequestration mechanisms, even
though a clear picture is still missing.

A further relevant field, in which cancrinite-groupompounds are involved, is given by

“geopolymers”. Geopolymers are binder materiakerabtive to Portland cement, produced from the
reaction of (Si, Al)-containing industrial residyess coal fly ashes for example, with alkaline
solutions (Palomo et al. 1999). Geopolymers areentgdcrystalline zeolitic precursors surrounded
by an amorphous matrix. Among the few reportedideqrecursors, hydroxycancrinite can also be
found (Oh et al. 2010). Although several studieglee bulk elastic behavior of geopolymers are
available, Oh et al. (2011) pointed out the impactafor a characterization of the elastic propsrtie

of the single zeolitic precursor phases, since rifened elastic parameters could be used in

mechanical simulations.

The cancrinite microporous structure can be usetoa$ matrix for several molecules showing
exploitable properties. Among the others: Poborehiil. (2002) reported synthesized’Sand Se
dimers within the cancrinite-channels, showing phohinescent properties; Hofmann et al. (2012)
reported cancrinite structures entrapping oligoadeff chromophores; Miyake et al. (2005) reported
synthesized and ion-exchanged cancrinites, entigdpis -S> clusters within the channels, which

showed photocatalytic properties.
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Overall, the presence of cancrinite-group compoumttechnological” fields suggest how important
is the knowledge of their physicochemical propsrti@mong those: theP(T)-phase stability, the

elastic properties and the structural responsemeambient conditions of pressure and temperature.
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Chapter 2

2.1 TEMPERATURE AND PRESSURE MINERAL PHYSICS

2.1.1 Elastic parameters

When a crystalline compound is subject to a homeges change of applied temperature and/or
pressure, a change of the size of its unit celicclhe change in size (and shape) of a finitesgdl
volume of a crystal is described by means of theadled “strain ellipsoid”, which is characterized
by three principal strain axes always mutually ogitnal. The symmetry of the crystal governs the
strain ellipsoid: the strain of a cubic crystal, €xample, is identical in any direction and ttraia
“ellipsoid” is, therefore, constrained to be a geheThe strain ellipsoid of a uniaxial crystal
(hexagonal, tetragonal or trigonal classes) is @strained to be uniaxial and parallel to thejuai
crystallographic axis. In orthorhombic crystalss three axes of the strain ellipsoid are co-axial t
those of the unit cell, whereas in monoclinic caisbnly the 2-fold crystallographic axis is coalxi
to one of the principal strain axes. In triclinigystals the principal strain axes do not necegsaril
coincide with the crystallographic ones. Therefdog, cubic, hexagonal, tetragonal, trigonal and
orthorhombic crystals the change in the unit-cégjes is sufficient to describe tfieandP-induced

strain of the material.

The elastic parameter that describes the fractiomlaine change as a function of temperature is the

volume thermal expansion coefficient:

wet®, o

where the subscrift stands for constant pressure conditions. Simil#nky linear thermal expansion

coefficient is defined as:

1 (al
a=3:(3), @
The fractional volume change in response to apghiessure is given by the isothermal volume

compressibility:

=@, ©
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whereas the fractional linear change as a funaifoapplied pressure is defined as the isothermal
linear compressibility:

al

f=-1:(3), @

The units are, therefore, ¥for the thermal expansion coefficients and Ra the compressibilities.

For the description of the high-pressure elasticab®r of a solid, the compressibility is often
substituted by its inverse, the isothermal bulk olosl, in [Pa] (often expressed in GPa for minerals,
where 1 GPa = PoPa):

Ky=5=-V+(3) O

which can be viewed as a measure of the resistdribe substance to compression. It is worth noting
that the isothermal bulk modulus is a physical peater defined for a volume. However, the same
concept can be applied to the linear compressihiiging the “linearized bulk modulus”, which
describes the elastic resistance to compressiafictive volume given by the cube of the lineaitun
Since in cubic crystgly = 3p, the linearized bulk modulus is defined as:

f-2-1®), ©

This fictive property, although meaningless frore hhysical point of view, it is very useful in the
study of the elastic behavior of minerals and efjisie solids, in general. Not only because it\ao
the direct comparison of the unit-cell volume aingdr edges elastic compliances, as will be shown
in details later, but also because it allows tediy compare the elastic behavior of coordination

polyhedra, planar molecular groups, interatomicdsoetc.

2.1.2 Equations of state

An equation of state is a function that relatesstiage variables of a system and characterizes e

of a matter subject to a given set of physical domas: f(P,V,T).
The most known equation of state is that relatiregdtate variables of ideal gases:

PV =nRT (7)
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wheren is the number of moles amlis the universal gas constant (~ 8.31 J*fil). From this
equation it derives that, if the volumermMmoles of ideal gas and the temperature of theesysire
known, only one value is possible for pressueeit is sufficient to know two state variables toly

characterize the state of matter.

In the case of solids and, therefore, of minethkse is no thermodynamic basis that allows toveeri

a “unique” equation of state, as is the case fealidjases. As a consequence, a number of semi-
empirical equations have been proposed, startiowgp fifferent assumptions, but no one can be
considered as universally valid. The reliabilitytése equations of state has to be validated ghrou
the reproducibility of experimental data (Angel BQOThe equations of state represent a fundamental
character of any compound, necessary to undergghdhavior with varyingR,T)-conditions, and
essentially reflect the nature of the compoundystal structure. Although a fuR-V-T equation is
needed to characterize the states of a solid contgothe equation can be subdivided into
independent components (Duffy and Wang 1998). Toeremany equations of state are derived
assuming constant one of the state variablesxtonple temperature or pressure. In this way, therma

(T,V)r and isothermalR,V)T equations of state are defined.

2.1.3 Thermal ( T,V)p equations of state

The volume behavior of a substance as a functid@perature, when pressure is kept constant, can

be easily derived integrating the thermodynamienitedn of the thermal expansion coefficient

wet®, o

T v
1 vV vV
f aydT = f —dV - ay*(T—=T,) = In— - elov@-Tl = _
T, vo V Vo Vo
0

0

V(T) = V, * elav(T=To)] (8)

whereTy is a reference temperature, usually the r@owhen experiments dt> 293 K are carried
out, andVp is the volume at the reference temperature. Ttiocaf the exponential series to the
second order allows the calculation of the “med&m®@ttnal expansion coefficient (Fei 1995):

V(T) = Vo[1+ a(T — T,)] 9)
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If the thermal expansion coefficient is a consi{@nt= ao), equation (8) fully describes the state of
the solid as a function of temperature, wikeis kept constant. If the thermal expansion codifit
varies with temperatureyy can be expressed in several ways, as there igheanodynamic

restriction for the final formulation. Among thosepolynomial function is often used (Fei 1995):
ay = ap+ a; *T + a, x T2 (10)

whereap, a1 anda are refinable parameters. However, Pawley etl8Bg) point out that the high-
temperature experimental data are, often, not dnqurgcise to justify the refinement of three

parameters and suggested the following functiotterthermal expansion coefficient:

1
ay = ay— a, *T 2 (11)

This function allows the refinement of two parametenly (in addition td/o) and binds the value of
av to ap at high temperatures, as expected for its low-s¥atpre dependence above the Debye-
temperature (Pawley et al. 1996). The resultingntilaé equation of state, after truncation of the

exponential series to the second order, is (Paatlet 1996):
V(T) = Vo[l + ao(T = T) = 2a,(VT = JT;)] (12)

Pawley et al. (1996) noted that, for several milsetthe values of the refineal were found to be
proportional to those ddp, suggesting the relationshg = 10(x2)*ap, from which the following
function of the thermal expansion coefficient caderived:

1
ay = ao(l - 10T_E) (13)

The simplicity of the above formalism allows théimement of only one parameter (in addition to
Vo), which is particularly useful in the case of mited number of experimental data (Pawley et al.
1996). Moreover, Holland and Powell (1998) noteat duch simplification generally has negligible
effects on the calculated molar volumes and molbab&energies at high temperatures and elevated
pressures,e. at conditions relevant for geological environmeiitse resulting equation of state, as
adopted in the thermodynamic dataset of HollandrRmadell (1998) is:

V(T) = Vo[1+ ao(T — T,) — 20a(NT — /T,)] (14)

It is worth noting that this formalism implies thefinement of the same number of parameters (two:
Vo andap) of the equation (8), but, differently from thétéa, allows the thermal expansion coefficient
to vary with temperature.
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2.1.4 Isothermal ( P,V)r equations of state

As reported above, none of the equations proposedsdlids can be rigorously derived by
thermodynamics. This fact led to the formulation afsignificant number of semi-empirical
isothermal equations of state, relating volume aresure at a constant temperature, each of them
arising from a specific set of assumptions (Duffy/ddVang 1998; Angel 2000). The refinable
parameters, usually involved in those equations,the isothermal bulk moduludéw and itsP-

derivatives:

k=), @9

K= (58),  ao

The Murnaghan equation of state (EoS) (Murnagh&7 L& based on the assumption tkathas a
linear dependence to pressure and its simple flowsan algebraic solution &f as function oV
andviceversa/Angel 2000):

1

P= K—V‘B[(@)KV’ . 1] S V=T (14 ) )

Ky 74 Kvyo

The Murnaghan EoS is reported to well describe ecesgions) = (V/Vo) down to 0.9 (Angel 2000)
and, due to its simple form, is incorporated inrth@dynamic databases, as the one by Holland and
Powell (1998).

A common approach in the formulation &)t equations of state is based on the assumption that
the strain energy can be expressed as a Taylores e the “finite strain”f) (Duffy and Wang 1998;
Angel 2000). Despite several formulations of theté strain exist, it was empirically demonstrated
that theEulerian finite strain(fg) provides a good convergence for the Taylor'sese(Duffy and
Wang 1998):

wW[N

(5
fe = (18)

2

The Birch-Murnaghan equation of state (Birch 1947Jerived as a Taylor's series in the Eulerian

finite strain and its expansion to the fourth orgmes:
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5 3 ’ 3 " ’ ’ 35 2
P = 3Kyofp (1 + 2fg)> {1 + S Ky —Dfp + E[KVOKV + Ky - Ky —3)+ ;] fe }
(19)

The Birch-Murnaghan EoS is the most commonly usechineralogy (Duffy and Wang 1998), for
its good reproducibility of experimental data (sbhbwing dramatic compressions) (Duffy and Wang
1998; Angel 2000) and for its versatility. In fastnce it is defined as a Taylor’'s series, it cean b
truncated to lower orders, reducing the numbeebhable parameters. The Birch-Murnaghan EoS
truncated to the third order, for which the coééfit of fe2 within the curly bracket in eq. (19) is set

to zero, implies the refinement of three parameté;,Kvo andKy', wherea¥y” is derived as:
17 1 / ' 35
K= |t/ -0 -+ Z]| (0

A further approximation, often used when the numiseexperimental data and/or the range of

compression are limited, is the truncation of tirel®@Murnaghan EoS to the second order:

P=3Kofs(1+2f):  (21)

for whichKy' = 4 and only th&o andKyvo are refined. This assumption is often found inlifeeature

for not so pronounced expansion regimes.

Since in the experimental section of the presentkwthe Birch-Murnaghan EoS alone will be
adopted to fit thd>-V data of the studied cancrinite-group mineralsy @dme hints on the other
isothermal equations of state will be given below.

Poirier and Tarantola (1998) proposed an equafistate in the form of a Taylor’s series in thatén

“natural strain”:
1/V
fu=3G) @2

More details on the formulation of tiNatural strainEoS can be found in Angel (2000). In general,
the equations of state based on the finite strainad accurately represent the elastic behavieest
high compressiong|(< 0.6) (Angel 2000). Under extreme compressionahmeg/inet et al. (1986,
1987) proposed a “universdP-V EoS, based on an expression of the cohesive easrgyunction
of the interatomic potentials (Duffy and Wang 1988gel 2000):

\4
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wherefy = (V/Vo)*2,

2.1.5 High-temperature and high-pressure  P-V-T equations of state

All the equations of state reported above allow tharacterization of the thermal expansion
coefficient @v), coupled with itsT-dependence, at a fixed pressure (usually the fepand of the
compressibility v, through the bulk moduluky), and itsP-dependence, at a fixed temperature
(usually the room¥). However, none of those parameters is suffictentharacterize the elastic
behavior at a combined higRsT) condition. TheP-dependence afv and theT-dependence dfv
are defined by the thermodynamic identity (Ander$689):

(59, = e (M) (29

A simple experimental approach, for the calculatbR-V-T equations of state for minerals, is given

by performing a set af compression isotherms at increasing temperatar®id manner, a series of
n isothermal high-temperature Birch-Murnaghan equistiof state can be refined, providing a set of
Vom, Kvom andKy/m parameters, each of them referring to differentperature conditions. Once

these parameters are known, Thdependence of the bulk modulus can be refined:from

0Kyo
oT

Kyo(T) = Kyo(To) + (52) + (T'— To) (25)

if a linearT-dependence of théyo is assumed. If the refindd,/ values, from the different isotherms,
are taken into account, a good approximationN\&T equation of state is carried out.

Based on the data available in the literature, athall et al. (1996) reported that thK¢/oT)p is
proportional to the produet/*Kvo, which is a temperature-dependent parameter b#ewebye
temperature (Duffy and Wang 1998). Therefore, d@iévo/0T)r is a T-dependent parameter.
However, Holland et al. (1996) reported that a goemtoducibility of experimental data is shown

approximating {Kvo/0T)p to be constant and equal to:

K
( aﬁO)P = —3aoKyo(roy (26)

whereKvoo) is the refined bulk modulus at roomandap the refined parameter from the equation
(14). Later, Holland and Powell (1998) simplifidgetformulation to
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0K —
( 67‘{0)[) = _15 * 10 4Kv0(’r0) (27)

With these approximations, and assuming thaktfiés independent from temperature, it is possible
to obtain aP-V-T relationship starting only from the elastic paréene refined fromT,V)roome and

(P,V)roomT €quations of state alone.

2.1.6 The Fe-fe plot

The thermo-elastic behavior of a crystalline malezan be assessed by a least-squares refinement of
the parameters of an equation of state, througHithe the experimentalR,V) and {,V) data,
obtained byin situ X-ray or neutron diffraction experiments. In tsisidy, the fit of the isothermal
(P,V)r Birch-Murnaghan equations of state to the expenaledata of the studied cancrinite-group
minerals, has been performed using the EoSFit g&iivare (Angel 2000, 2001). Several statistical
parameters, a thorough description of which is ntejoldoy Angel (2000), allow the evaluation of how
the refined equation of state reproduces the exygerial data. A useful visual method to evaluate the
EoS fit is given by thé&e-fe plot, which is applicable to any isothermal EoSdzhupon a Taylor’s
series in the finite strain (Angel 2000). For thiecB-Murnaghan EoS, thie is the Eulerian finite
strain, defined in the equation (18), dhdis the normalized pressure:

Fp= —2— (28

3fE(1‘|'2fe)E

The Birch-Murnaghan EoS itself can be re-written as
3 ’ 3 7] ’ ’ 35 2
Fg = Kyo + ;(KV —Dfp + E[KVOKV + (Ky — (K, —3) + j] f& (29)

which is a simple polynomial function & in fe. If the fe and Fe values, calculated from the
experimental R,V) data, are plotted on a diagram, havings the abscissa akd as the vertical axis
(Fig. 2.1), the intercept on tHe: axis of the fit in the data represemtg, and this value can be
compared to the bulk modulus refined from the BaSvioreover, the trend of thiee- fe plot gives
useful indications on the order to which truncéie Taylor’s series. In fact, from the equation (29)
it derives that a sub-horizontal trend suggestsat&® order truncation, assumingy = 4), could
be adequate; a linear non-horizontal trend suggiestsuncation to théBorder, whereas a parabolic

trend suggests d"4rder truncation as the most adequate. For a mahs® evaluation of thEg-fe

45



Chapter 2

plot, the uncertainties dia (cr) andFe (o) have also to be reported (Angel 2000). The foatioih
of these parameters, reported below, is taken fkagel (2000), and Heinz and Jeanloz (1984):

5

of = é 3 oy (30)

op = Fy \/(%)2 + (6?2 (31)

wheren is the compressionV(Vo), o, its uncertainty and’ the uncertainty irig(1 + 2)®? defined
as:

[
o' ="—F"Fx— (32
3(1—17_5)7]
From the equation (31), it derives that, sinegH) decreases with pressure, the same will bedpr

giving rise to larger uncertainties in the-fe plot at the lowest pressure data. Angel (2000 als

underlines that th andFe values can be defined only if the experimektails known.
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Figure 2.1 (Left side) The experimental P-V data of the mineral balliranoite fitted by a Birch-Murnaghan EoS
truncated to the second order (i.e. K'=4). The refined parameters Vo and Ko are shown. (Right side) The Fe-
fe plot derived from the same experimental data. The sub-horizontal trend corroborates the use of a second-
order BM-E0S. The weighted linear fit through the data intercepts the Fe axis at a value comparable to the
refined Ko.
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2.2 LOW-TEMPERATURE AND HIGH-PRESSURE
SINGLE-CRYSTAL DIFFRACTION TECHNIQUES

The thermo-elastic behavior and the structure mespto non-ambienP(T)-conditions of a mineral

or, more in general, of a crystalline compound, bannvestigated by means of X-ray or neutron
diffraction experiments, from single crystals otygoystalline samples. Precise unit-cell parameters
of the studied sample are obtained by least-squafeseement from the measuredé giffraction
angles. The refinement of a crystal structure mapbssible by minimizing, through least-squares
methods, the calculated intensities of the diffaacpeaks to those integrated from the experimental
collection. In this work, the low-and highP elastic behavior and structure evolution of thelstd
cancrinite-group minerals have been analyzed wusimgle-crystal diffraction methods. Conventional

lab X-ray diffractometers and synchrotron radiati@ve been used.

The lowT data have been collected using an Oxford DiffaactGemini Ultra single-crystal
diffractometer, equipped with a Me. X-ray source and a Ruby-CCD area detector. An@eezctor
allows the simultaneous collection of multiple daftion peaks, reducing the total time of the data
collection and allowing a maximum coverage of teeiprocal space. In order to maximize the
number of reciprocal nodes intercepting the Ewaldese and to allow redundancy of diffraction
data, both a rotation of the crystal and a disptear@ of the detector are needed. In a four-circle
diffractometer this is obtained through the uséaf goniometers: three rotating the sample and the
fourth moving the detector. All the diffractometersed in this study are based on thgeometry
(Fig. 2.2). In this configuration, théyoniometer controls the rotation of the detectmya an axis
perpendicular to the basal plane. The three gortenmallowing the rotation of the sample are: the
®-goniometer (co-axial tof), the k-goniometer (showing a rotation axis having a ~ B@ident
angle on the basal plane) and thgoniometer (co-axial to the goniometer head’s Jaxi¢hen an
area detector is employed, the typical collectiwategy consists in a set of runs, in each of which
rotation about a goniometer axis is performed, kegeghe others at constant angles. The detector
records the frames in a stepwise method, wherstépeangle and the collection-time per frame are
editable parameters. When using a point-detectstaa over each diffraction peak is performed, in
order to refine its @ position and integrate the diffracted intensitiieTunit-cell parameters, for the
study of the high-pressure elastic behavior of garie and balliranoite, have been obtained froe th
20 positions of selected sets of diffraction peaksteeed using a KUMA KM4 point-detector

diffractometer, equipped with a MoeKkX-ray source (Fig. 2.2). The intensity data, fog tefinement
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of the structure model of those two minerals westaimed using an Oxford Diffaction Xcalibur
diffractometer, equipped with a MoeKX-ray source and a CCD detector (Fig. 2.2). Theeafsa Mo-

Ko X-ray source is preferable in high-pressure expenis. In fact, the lower wavelength (0.7107
A), if compared to the Cu-&(1.5418 A), allows a largerRradius of the limiting sphere (Giacovazzo
1992), partially counterbalancing the loss of rftens for the shadowing of large portions of
reciprocal space, due to the diamond anvil ce#l (st sections). The high-pressure diffractiomdat
of vishnevite and davyne have been collected atRR8A beamline of the European Synchrotron
Radiation Source (ESRF), Grenoble, France, whidedcated to the high-pressure conditions. The
well-known advantage of using a synchrotron radrats given mainly by the high brilliance of the
beam, which allows the study of very small-voluramples, and by the possibility to choose a well-
suited beam wavelength. At the IDO9A beamline, pienary white beam, from an undulator
insertion device, is vertically focused by a sptadrimirror and horizontally by a bent Si(111)-
monochromator allowing a 30*30m? beam size at the sample position. The simple abdst
geometry consists of a singbegoniometer, allowing the rotation of the samplewtta vertical axis.
The diffracted peaks are collected by an on-line384 flat panel detector, 430*350 rAim size.

2.2.1 In situ low-temperature devices

The in situ single-crystal low-temperature diffraction expesims have been performed using an
Oxford Cryosystems 700 Series nitrogen-flow crybskais device allows the sample to be flowed
by a flux of N> gas in a range of temperature between 80 and 40Bi&liquid nitrogen is taken up
from an unpressurized dewar and flowed to a hedtere it evaporates. Then, the gaseous nitrogen
is re-cooled by a heat-exchanger and flowed outhef coldhead towards the sample, where a
temperature stability of 0.2 K is maintained, waii absolutd-uncertainty within 2 K (Fig. 2.3).

2.2.2 In situ high-pressure devices

Thein situsingle-crystal high-pressure diffraction experitsdmave been performed using “diamond

anvil cells” to compress the crystals hydrostalycétig. 2.3).

The study of the high-pressure behavior of sokdan active field of research by a long time, even

though the pioneering experimental setups allowedise of large-scale devices only (Fig. 2.4). The
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advent of the diamond anvil cell (DAC) allowed grsficant improvement in the field of high-
pressure crystallography. In a diamond anvil céllaad system allows two diamond anvils to move
to each other compressing a metal gasket, pladeeebe them, upon which a hole is drilled, that
contains the sample andPacalibrant. AP-trasmitting fluid also fills the gasket hole, allmg the
conversion of the non-hydrostatic pressure (appbgdthe diamond anvils through the gasket
deformation) into a hydrostatic pressure on theptarand the calibrants. The volume of the gasket

hole is large enough to allow X-ray diffraction eximents in conventional lab (Miletich et al. 2000)

Diamond anvil cell: the components

Diamonds are one of the fundamental components of the dianamvil cells. Diamonds possess a
series of suitable properties: besides the wellAmbardness, they are transparent not only to the
visible light, but also to a large range of elegtemnetic radiations, including soft and hard X-rays
(Miletich et al. 2000). Therefore, the DAC can beed forin situ spectroscopic and diffraction
studies. In this respect, diamonds are classiffetiMo categories. The type-lI diamonds contain
relevant impurities of nitrogen, which do not atfée use in diffraction experiments and are regubrt

to improve the diamond resistance at very highqumessconditions (Miletich et al. 2000). The type-
Il diamonds do not contain significant nitrogen umigies and, though more expensive, are needed in
spectroscopic studies, for the nitrogen aggregabesrption in UV and IR-spectra (Miletich et al.
2000). The size and shape of the diamonds (Fig.a2ebalso a critical factor (Miletich et al. 2000)
The modified brilliant-cut and the Drukker-cut ammong the most used (Miletich et al. 2000. The
thickness of the diamond anvils has to be reduzedinimize background and Compton effects, but
the ratio thickness/table cannot be reduced toohmtocavoid diamonds failure and the ratio
table/culet must also be kept high to allow a $lgamultiplicity between inward pressure (on the
table) and outward pressure (from the culet). Thetedges are beveled, in order to reduce thesstre

at the gasket contact and prevent the diamondigéai

The backing plates are the support to which the table of each diamsradtached (Fig. 2.5). They
must be strong enough to support the diamonds austl aso be relatively transparent to the X-rays.
An optical access is needed, for example by afate 2.3) to be filled with a plug during diffrach
experiments. Beryllium is the most used materialtf@ backing plates, since it can be drilled to
provide the optical access and is almost transpawefrrays, giving rise to powder diffraction risg

which can be easily treated. On the other harid,nbt resistant to high temperature and very high
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pressure and it is highly toxic to humans. Alterneamaterials for backing plates are tungsten daxbi
boron or boron carbide and diamond itself (Miletettal. 2000).

Thegasket (Fig. 2.5) is made by a metal foil, usually a hawetk stainless steel, which has a double
role: it provides a support to the diamond analshigh-pressure conditions, and it provides the
chamber where the-transmitting fluid applies the hydrostatic pressta the sample. The metal foil,
generally 25Qum thick, is first pre-indented in the DAC, in orderachieve, at the pre-indented area
between the diamond culets, the desired heighh@ochamber. Then, the sample chamber is created
by drilling a hole at the center of this area, byams of a spark eroder or by a mechanical drik Th
hole diameter can be variable and depends on teediameter, where a shorter culet diameter allows
higher pressures. The hole dimensions are criticdéfine the maximum pressure achievable during
the experiment: the lower the total surface arethefsample chamber, the higher the maximum
pressure (Miletich et al. 2000). At high pressuhe fluid inside the chamber also transmits an
outward force on the chamber walls, which is colbalanced by an inward force generated by the
gasket shear stresses and by the friction betweediamond anvils and the gasket (Miletich et al.
2000). The higher the total chamber surface areahigher the outward force. Once the outward
force becomes predominant, the hole begins to ekpaausing a pressure drop inside the chamber.
Usually, this leads to the end of the experimerite Thamber high-pressure resistance can be
improved by the use of high-strength metals as ejaskike tungsten or rhenium (Miletich et al.
2000).

A fundamental character of a diamond anvil cethis mechanism adopted to apply the load to the
anvils:i.e. how the anvils are pushed towards each other. Antiom adopted solutions, a successful
choice is given by the screw-bolts mechanism. is ¢hse, the cell body is made by two opposing
parts, which are pushed together simply by theteéighg of some screws by Allen keys (Fig. 2.3,
2.5). Variable configurations of the screw systeamenbeen designed (Miletich et al. 2000), but in
all the cases a particular care has to be takem uilgatening the screws, in order to ensure a
homogeneous load to the anvils. This can be easgyred by the use oh@&embrane-celiwhere the
P-load is controlled by changing the gas pressura omcular membrane, which, in turn, transmits
the load to one of the anvils. Moreover, this mecsra is compatible with a setup allowing an online

P-increasei.e. without removing the cell from the experimentahditions (Miletich et al. 2000).
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Pressure-transmitting medium

For a rigorous high-pressure study of a crystalloeenpound, it is fundamental to ensure a
homogenous pressure without any deviatoric stidssse requirements are achieved if the pressure
is transmitted to the sample by a fluid with hydatis behavior. Non-hydrostatic stresses affect the
high-pressure behavior of the sample and oPtealibrants (see next section), therefore biadneg t
pressure measurement (Angel et al. 2007). Severdianthat are liquid at roof-can be used, but
none of them keeps its liquid form beyond 10-12 @Rdetich et al. 2000). For higher pressure
regimes is, therefore, necessary the use of gaseeds at roon?, which become liquid at low-
under lowT and preserve a quasi-hydrostatic behavior evesr #fie P-induced solidification.
Moreover, theP-transmitting medium must ensure the chemical ktyloif the sample. When open-
framework materials are studied, as is the cagtisfwork, it should be considered the potential
incorporation of thé>-transmitting medium molecules into the sample tedystructure. Pure mono-
component liquids are, usually, not suited, forirth@w-pressure glass transition (Miletich et al.
2000). Therefore, the-transmitting media are, generally, mixtures otilds. Among those, one of
the most used is the methanol-ethanol mixture, wighl ratio proportion, which shows a liquid-to-
glass transition at 9.8-10.4 GPa (Piermarini et al. 1973; Angel eR@D7), which increases to ~ 12
GPa for the 16:3:1 methanol:ethanol:water mixtémegel! et al. 2007). The most appropriate gaseous
media at roonR are the noble gases, like He, Ar, Ne or Kr. THemiethanol:ethanol mixture has

been the only medium used in this study.

Pressure calibration

One of the most important issues in high-pressyper@ments is the measurement of pressure. A
direct relationship between the pressure at thepaposition and the applied load is impossible,
even for the remote controlled membrane-cells. &foee, it is necessary the use of materials as
pressure calibrants, for which the shift of a propas a function of pressure is known. Since diatho
anvil cells allow the optical access to the sancpl@mber, an adopted solution is given by the laser-
induced fluorescent sensors, for which the shi# given emitted radiation wavelength as a function
of pressure is known. The fluorescent sensors laceg inside the sample chamber and irradiated
with a laser beam, passing through the optical sscoé the backing plates (Fig. 2.5). The most
common sensors, as ruby or REE-doped compounddjecarcited by visible light radiations.§.

the 514.5 nm radiation of Ar-ion lasers). Then, #maitted radiation must be measured by a
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spectrometer. Since the parameter of interest asAff) a careful measurement of the emitted
wavelength at roon* is fundamental. In general, a fluorescent senagstre highly luminescent,
with small halfwidths of the peaks and a sensitikes.P. Ruby {.e. Cr** doped corundum, AD3),

is likely the most common fluorescedpicalibrant, since very small spheresl0 um in diameter)
are sufficient, allowing the majority of the chambelume to be free for the sample. Ruby spheres
can be excited by a green-blue visible light and &so characteristic lines:; at 694.2 nm ang, at
692.8 nm at roomR,T). TheP-dependence of thie wavelength has been calibrated by Mao et al.
(1986), who proposed the following function:

1904[(%)3—1

B

P [Mbar] = (33)

wherelo is the emitted radiation wavelength at roBrandB an empirical parameter equal to 7.665,
at quasi-hydrostatic conditions. The major disatkges of the ruby pressure gauge consist in the
strong dependence of tha on temperature (AT = 6 K has the same effect oA® = 0.1 GPa) and

on non-hydrostatic conditions (Miletich et al. 2000 herefore, care must be taken to keep
temperature as constant as possible, when usingyasensor, also considering the laser-induced
heating. Alternative fluorescent calibrants are rdne earth elements (REE)-doped sensors, which
are, generally, low-sensitive to temperature aravige a strongeP-dependence. An example is
provided by the (SA1)-doped oxydes and halogenides, showing an enrafgidtion singlet, and the
S YAG (Yttrium Aluminum Garnet, ¥AlsO12), showing an intense doublet with increasing>

A2 separation with pressure (Miletich et al. 2000).

The major advantage of fluorescent sensors is geovby the relative ease of measurement and by
the small volume required by the calbrant matematkin the pressure chamber. However, typical
uncertainties in the measured pressure, range ert@®5 and 0.1 GPa (Miletich et al. 2000).
Moreover, the emitted spectra need to be colleaigdy from the diffractometer, in a standard
experimental setup, allowing the onsefTahduced further uncertainties (Angel et al. 199iMetich

et al. 2000). More accurate-measurements are possible by the use of the aiteliffraction
standard. In this case, a crystal of the calibraaterial is loaded into the chamber along with the
sample under investigation. An accurate deternonaif the calbrant unit-cell parameters is possible
through its diffraction pattern and, then, the puge can be measured from the well-known equation
of state of the material. The major disadvantagesists in a strong reduction of the chamber volume

available to the sample. From a general point eivyian internal diffraction standard should be: 1)
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highly symmetric with a small unit cell and strodi§fraction peaks, to reduce interference with the
sample diffraction pattern; 2) highly compressittal stable in a large-range; 3) chemically stable
in the P-transmitting medium. Even though cubic compouiile,NaCl and fluorite (Cafj, can be
used, the most common internal diffraction standsuiglartzKo = 37.12(9) GPa&' = 5.99(4) from

a lll-order Birch-Munaghan EoS (Angel et al. 19%ince quartz is hexagonal, it is important to load
the calibrant crystal with the (10.0) face paraitethe DAC bisecting plane (see next section).

Diamond anvil cell shadowing: the accessible recipr ocal lattice

When a diffraction experiment is performed usirggysstal in air, all the diffraction peaks, for whic
dha < 2/A, can be moved to intersect the Ewald sphere Iafioot of the crystal (Giacovazzo 1992).
Therefore, for a crystal in air, the accessibleprecal lattice for diffraction is a sphere centen

the origin and of radius 2/ When a high-pressure experiment is performedguaidiamond anvil
cell, part of the reciprocal lattice will be hinédrby the opaque components of the DAC (the gasket
and the metal body). Only the X-ray photons pas#iingugh the backing plates and the diamonds
during their incident and diffracted paths woulddodlected by the detector. The accessible volume
is a function of the DAC’s opening anglexjand of its orientation with respect to the incitleeam,

defined by the anglei (Fig. 2.6). In particular, the limiting diffractioconditions are given by:
20 < a+ ; (34)

These conditions, valid for diffraction experimemt$ransmission geometry, which has been adopted
for the high-pressure studies in the present waekine a toroidal accessible area of reciproctitkat
(Miletich et al. 2000), where the rotation axistbé toroidal area is perpendicular to the bisecting
plane of the DACi(e. perpendicular to the gasket plane, Fig. 2.6). Tioeee the reciprocal lattice
[hKI] vectors oriented approximately parallel to theoid axis will be inaccessible to diffraction. In
the case of trigonal, tetragonal and hexagonal camgs, the uniaxial axis should be taken parallel
to the bisecting plane of the DAC, in order to pres information and resolution both alcafgand

c*. In the case of orthorhombic, monoclinic andlinic compounds, unless two differently oriented
crystals are loaded in to the cell, the loss afrimfation and resolution along a set lakl] directions

is unavoidable.
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Figure 2.2 The single-crystal X-ray diffractometers at the Earth Sciences Dept., University of Milano. On the
left, the point detector KUMA KM4. On the right, the CCD Xcalibur Oxford Diffraction. Both the diffractometers
are based on the kK geometry: the goniometers axes are shown.

Figure 2.3 (Left side) The Oxford 700 series nitrogen-flow cryosystem, mounted on the Oxford Diffraction
Gemini Ultra single-crystal diffractometer at the Institute of Mineralogy and Petrography, University of
Innsbruck. (Right side) An ETH-type diamond anvil cell.
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Figure 2.4 An early high-pressure experimental setup...

EARLY HIGH -PRESSURE
EXPERIMENTS
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Figure 2.5 (Top) On the left, an ETH-type diamond anvil cell mounted on the KUMA KM4 point detector
diffractometer. The optical access, drilled in the beryllium backing plate, can be seen. On the right, the
components of an ETH-type diamond anvil cell. The four screws used to apply the load to the diamonds are
shown. (Bottom) Schematic representation of a diamond anvil cell.

a Ruby
e Sample
== Backing Plate

Screws

Gasket
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Figure 2.6 (Left side) The angle between the incident beam (red arrow) and the diamond anvil cell (yi) and
the DAC’s opening angle (2a) are shown. (Right side) A view of the toroidal-shaped accessible reciprocal
lattice volume for diffraction experiments with a DAC.
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Chapter 3

3.1 CANCRINITE-GROUP MINERALS AT NON-AMBIENT CONDIT IONS:
THE STATE-OF-THE-ART

In the previous chapters, the natural occurrencéhefcancrinite-group minerals, the synthetic
compounds sharing the [CAN]-topology along withitheplications in several technological and
industrial fields, have been overviewed. A chanastie feature, which emerges from both the natural
and the synthetic species, is the significant chamrariability shown by the components of this
group. In Nature, the cancrinite-group mineralstgpécal of hydrothermal and late-magmatic stages
of (SiQp)-undersaturated alkaline igneous environmentgtmsive or effusive rocks. In addition,
they are also typical of related contact metamarphiPekov et al (2011a) proposed a genetic
classification, in which the minerals of the canitd subgroup are characteristic of intrusive
environments (as late nepheline-syenite dikes gmadites), whereas the minerals of the davyne
subgroup are most commonly associated to effusivraments and related metasomatic rocks
(like the skarns). As already reported in sectid & more rigorous classification of the relatlups
between geological settings and different solidisohs is not trivial. In fact, a full charactericm

of the phase stability fields, and of the reactiahghe field boundaries, is missing or limited to
restricted experimental conditiores@.Sirbescu and Jenkins 1999). Della Ventura et 80722008)
reported, on the basis of micro-FTIR spectroscampping, the zoning in volatile compositiand.
CO:vs CO) in crystals of cancrinite-group minerals, poigtiaut the potential application as a
sensitive tool for monitoring the chemical condigoof crystallization. The characterization of the
phase stability fields of the different terms oé tolid solutions could also allow the monitorirfg o
the (P,T)-conditions in the crystallization environments.siection 1.5, the occurrence of cancrinite-
group compounds in various “technological” fieldsheen overviewed. The potential use of these
compounds as stable storage materials for alkaestes (Bao et al. 2005; Riley et al. 2012), the
potential recycling of red mud in the treatmenpofiuted water (Santona et al. 2006; Castaldi.et al
2008, 2011), along with other industrial applicasparise the importance for a deep knowledge of
their (P,T)-phase stability fields and thermo-elastic behaio@r example, Riley et al. (2012) noted
that, when subjected to a sintering process, #restormation of cancrinite-group compounds into
sodalite and carnegieite occurred, highlightingithportance for the characterization of their high-
temperature behavior. Several studies on the behatinon-ambient (mainly high-temperature)
conditions of natural and synthetic cancrinites lbarfound. In this respect, the state-of-the-alit wi

be overviewed in the next paragraphs.
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3.1.1 High-temperature studies on cancrinite-group compounds

The evolution of the unit-cell parameters withof a natural cancrinite.s has been reported by
Hassan (1996a, 1996b), from which only a higheraagjvity of thec axis with respect ta could be
derived, due to the severe scattering of the ddtta.thermogravimetric data (5 K/min heating rate)
showed two main peaks ascribable #®Hoss (Hassan 1996Db), the first at 573 K and #doersd at
700 K. At 700 K, a significant change of the intées of several diffraction peaks, suggested a
structural re-arrangement induced by the new amugiform. The Author also reported the loss of
CQOr at 1223 K and the melting of the material at 13827 K. Later, Hassan et al. (2006) performed
anin situ high-temperature study of a natural cancrinitegleon synchrotron powder diffraction. At
777 K, a discontinuity in the unit-cell parameteraysing a temporary decrease in expansivity, was
reported and assigned to the loss of the orderinth® [Ca:CQ] clusters along [0001]. The
dehydration was reported to occur at 898 K, acogrdd the structure refinements. An analysis of
the thermo-elastic behavior was also performednfndnich the calculated volume thermal expansion
coefficient at room conditions sy = 4.154(4)*1%° K1, whereas the linear coefficients ane=
0.8960(8)*1C° K ! andac = 2.344(2)*1® K1, in the range 298-769 K. An X-ray powder diffracti
experiment was performed on a natural cancriniteyipusly heated at 873 K, by Ballirano et al.
(1995). A decrease in the unit-cell parameterspifpared to the pre-heating data, and the structure
refinement revealed a complete and irreversiblgdietiion, at the time-scale of the experiment. On
the basis of am situ single-crystal X-ray diffraction study in the ran@73-823 K, Isupova et al.
(2010) reported a discontinuity in the unit-cellgpaeters at 673 K, which was ascribed to the loss
of H20. This assignment was confirmed by the structefi@ement, which suggested an additional
minor loss of C@. The Authors also reported thermogravimetric dé@wing a continuous loss of
H-0 from 350 K up to the strong dehydration peak/& K. Sirbescu and Jenkins (1999) studied the
phase stability field of cancrinite, ih andXco2 at the constant pressure of 2.2 kbar. The Authors
reported a univariant boundary, with a negativesloT for increasingXco2, based on the reaction:
cancrinite = 6 nepheline + 2 calcitenH20O. At Xcoz < 0.2, the destabilization of cancrinite was
reported to produce liquid and crystals of Na-noélilite. Sirbescu and Jenkins (1999) also reported
an interesting thermogravimetric study, with batheaitomated and a manual ramp; in the latter, the
temperature was stepwise increased only after staotweight was reached at each step. The results
from the manual ramp, which needed a total experiaidime of 10 days, always showed higher
mass loss with respect to the automated ramp ataiime temperature conditions, suggesting a low

diffusion rate for the volatile constituents in canite. Therefore it can be derived that the
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thermogravimetric studies based on standard heatite@g (~ 1-10 K/min) likely report data from
non-equilibrium conditions. From the manual thernaegmetric ramp, Sirbescu and Jenkins (1999)
reported a full dehydration at 1058 K. At 1153 K, the transformation of cancrinite intgheline
and halyne was observed. Although it is not a proggh-temperature study, it is worth to report
here the study on a natural almost anhydrous catesrby Zubkova et al. (2011), for which more
details are in the section 1.2.1. The Authors ssiggethe loss of ¥ and the consequent re-
arrangement of cage-N#&o be a consequence of crystal roasting duringethesive process. The
knowledge of the cancrinite dehydration behaviat phase stability would allow the temperature

characterization of the associated effusive process

Up to now, no studies on the high-temperature biehaf the (SG%)-rich vishnevite have been
performed. However, the high-temperature behavigheK-rich pitiglianoite, chemically analogue
to vishnevite, but with an ordered distributiortled extraframework components among the adjacent
channels (see section 1.2.1), was studied by Bonsicet al. (2007). The studied sample showed an
increase of the unit-cell parameters up to 499 Kene the dehydration process, confirmednbsitu
FTIR analysis, leads to a decrease of unit-celima in the range 499-676 K. At> 676 K, a further
increase of the unit-cell parameters was measupetou914 K. Single-crystal X-ray structure
refinements showed that the dehydration processasesmpanied by a cation exchange between
cages and channel: a large portion of the cagenda substituted by channel-EndviceversaThis
process was irreversible and a structure refinerftent data collected at room-after the heating
experiment revealed that only a minor amount g ldould be re-adsorbed. FTIR spectroscopic data
showed that C&molecules were present at room conditions and w@mgpletely lost al > 723 K.

Several studies on the high-temperature behaviaywothetic cancrinite-group compounds can be
found in the literature. Thermogravimetric datasgnthetic Ca-free (C€)-rich cancrinite have been
reported by Hackbarth et al. (1999) and Kurdakdval.g2013). Hackbarth et al. (1999) reported a
reversible dehydration at 673 K, while Kurdakovale{2013) reported a three-stage weight loss: in
the range 310-370 K the loss “of surface water"3&0-970 K the loss of “structural-8” and
between 970 and 1370 K a stepwise loss of. E@cthelkord et al. (2001) reported a similar \weig
loss pattern for a (N§)-cancrinite, of large interest for the storagenatlear wastes (see section
1.5): “surface water” was lost in the range 296-4Q0'structural HO” at 450-600 K and N©
desorption was reported in the range 800-1000 Kaldgous temperature ranges were found by Liu
et al. (2005). “Basic cancrinite” is, in principlable to provide ion exchange capacity (Fechtelkord
et al. 2003) and, therefore, its high-temperatwebalior is of particular interest. In this respect,
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Fechtelkord et al. (2003), reported a total losH£ in the range 373-773 K and a decomposition of
the starting material within 943-1003 K. The symiheounterpart of the natural kyanoxalite, the
(C204%)-rich term of the cancrinite subgroup, has beemstigated by Linares et al. (2011). After
heating the starting sample at 873 K, infrared specopic analysis revealed the oxidation of the
enclathrated gD4> to CQ?. A thermogravimetric study showed a complex meigmarmf CQ loss

in the range 573-973 K. Particularly interesting #ine high-temperature studies of Cs-bearing
cancrinite analogues. Fechtelkord et al. (2001dfppaed a thermogravimetric analysis of a (Cs,Li)-
basic cancrinite (see section 1.4), reporting ¢iss bf channel-tD in the range 350-900 K. At 943
K, the structure decomposition was observed. Led. ¢2000) synthesized an aluminum-germanate
(AlGe-CAN, NaCg[AleGes024*Ge(OH)s) and a gallium-germanate cancrinite (GaGe-CAN,
NasCo[GasGeas024]*Ge(OH)e). Thermogravimetric data showed the total losshainnel volatiles in
the range 473-873 K for AlGe-CAN and 473-823 K@&aGe-CAN In situtime-resolved synchrotron
powder diffraction experiments revealed the tramsfdion of GaGe-CAN into a nepheline-hydrate
analogue af > 823 K (Lee et al. 2000). Thermogravimetric datarfrsynthetic cobalt-phosphate
(NasC5[C0sPs024](OH)2*1.4H,0) and zinc-phosphate (Mas[ZnsPsO24)(OH)2*H20) cancrinites
(Bieniok et al. 2005), revealed a total dehydraibh ~ 965 K.

Despite subtle differences, all thel xperimental findings reported above, show a dedtyah
process in cancrinite-group minerals, which, witing exceptions, is generally observed at 700-750

K and always precedes the transformation of thamélaanions.

The main interest on the high-temperature behafithhe davyne subgroup is due to the nominally
anhydrous nature of its compounds. The thermal\nehaf a microsommite and a davyne, both
showing P63 symmetry and of &6s/m davyne has been studied by Bonaccorsi et al. (1995
Microsommite can be considered as the £9@ure term of the subgroup, in which an ordered
distribution of the extraframework population amahg adjacent channels occurs, as in pitiglianoite.
The (Ch)-pure term quadridavyne, on the contrary, showlgfarent kind of superstructure. More
details are given in section 1.2.2. Bonaccorsi let(#95) reported that both davyne and
microsommite having B6z symmetry, showed a similar thermo-elastic behawpto about 473 K,
where a displacive phase transitiorP/m occurred. IrP6s/m space group, the intertetrahedral O3-
04-03 angle (Figure 3.1) of tlizcchains is constrained by the mirrorsZat 0.25 and 0.75) to be
03-03-03 = 180°. Therefore, a discontinuity witharupt drop in the thermal expansivity along
the c axis also occurred. In the davyne sample showiR§zsan symmetry at room conditions, the
thermal expansivity along [0001] was found to beyMew within the entirel-range investigated,
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due to the aforementioned symmetry-induced comdtrdm particular, the mean linear thermal
expansion coefficient along tlaeaxis of three studied sample was ~ 1.3*X0'. The mearn. of the
P63 microsommite and davyne before the phase transiis 1.6*10 K, whereas the mean of
the P6s/m compounds was ~ 0.25*2(K™. A comparison with the thermo-elastic data rebig
Hassan et al. (2006) for a natural cancrinite, shawlifferent elastic anisotropy. Such a discrepanc
will be thoroughly discussed in chapter 8, basetherresults obtained in the present study.

3.1.2 High-pressure studies on cancrinite-group com pounds

To our knowledge, before the present study on @aitefgroup minerals, only two studies on the
high-pressure behavior of cancrinites were avaslabthe open literature: the first, by Gatta aee L
(2008), on the N¥C[GasGes024*Ge(OH)s synthesized by Lee et al. (2000); the second, g0
al. (2011), on a synthetic hydroxycancrinite.

Gatta and Lee (2008) investigated the high-pressurehavior of the synthetic
NasCo[GasGas024]*Ge(OH)s by means oin situ synchrotron powder diffraction under hydrostatic
conditions, using a modified Merril-Basset diamamdil cell. The studied sample was found to keep
its crystallinity up to the highest pressure inigeged,i.e. 5.01 GPa. The elastic behavior was
described by a Murnaghan Ed§[= 36(2) GPaK’ = 9(1)] and by a lll-order Birch-Munghan EoS
[Ko = 35(2) GPaK’ = 11(1)]. The reported elastic parameters werdémnad by theFe-fe plot, from
which theFg(0) = 35(2) GPa and a calculatéd= 11(2) were derived. The Authors also reported
linearized Murnaghan EoS fit for the compressiletitof the cell edge&ho= 40(2) GPaKa' = 11(1);

Koo = 31(1) GPaK¢ = 7.4(8]), showing a low anisotropy at room-coims Kao:Keo = 1.29:1),
increasing with pressure. The structure refinemewvsaled that the high-pressure structure evaiutio
of this material is governed by both tilting andmyression of the (Ga,Ge)Qetrahedra; the
compression likely influences the strong increasstiffness with pressure, suggested by the Kigh
values. The tetrahedral compression is a charatitefeature of this compound and the Authors
suggested that a lower compressibility would beseigx for the aluminosilicate cancrinites, in which
rigid tetrahedra occurr. The role of the frameworkstal chemistry on the high-pressure behavior
will be discussed in chapter 8. No significant darof the extraframework configuration was
observed. The Authors reported a compression atdrtion of the Cs- and Na-polyhedra within the
cage and channel, respectively, whereas a strasfigtorted compression of the Ge(Qldgtahedron,

at the center of channel, was reported. Despiteusieeof a hydrous pressure-transmitting medium
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(i.e. methanol:ethanol:water = 16:3:1), Gatta and Le@082 did not report anyP-induced

overhydration.

Oh et al. (2011) reported the high-pressure eldsi@avior of a synthetic hydroxycancrinite, up to
6.1 GPa. Hydroxycancrinite is considered one ofzéwitic precursor in the matrix of geopolymers,
binding materials alternative to Portland cemertt @Dal. 2011). The Authors performediarsitu
synchrotron powder diffraction experiment, suggestihat the characterization of the elastic
behavior of the single precursors would allow adyetinderstanding of the intrinsic elasticity of
geopolymers. The experimental data were fitted yoader Birch-Murnaghan EoS, as suggested by
the zero-slopd-e-fe plot, yielding a refined bulk moduluso = 46(5) GPa. These data appear to
confirm the hypothesis of a lower compressibilityatuminosilicate cancrinites, at least at 1&w-

regimes, proposed by Gatta and Lee (2008).

65



Chapter 3

Figure 3.1 The intertetrahedral 03-04-0O3 angle in P63 davyne (left side) is symmetry-induced to 03-03-03
= 180° in P63/m davyne (right side), for the mirror planes at z = 0.25 and 0.75.
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3.2 THE AIM OF THE PROJECT: A MODEL OF THE
THERMO-ELASTIC BEHAVIOR AND STRUCTURE EVOLUTION O F
CANCRINITE-GROUP MINERALS AT NON-AMBIENT CON DITIONS

The aim of this study is to provide a model of tihermo-elastic behavior and of the crystal struetur
evolution of cancrinite-group minerals, in resporiee non-ambient temperature and pressure
conditions. In particular, the role played by thigfedent extraframework population will be
investigated. For the construction of a comprehensiodel we decided to restrict the study to the
compositions most common in Nature, correspondinghe (CQ?)-rich and (S@)-rich terms
within the cancrinite and davyne subgroups, resgelgt cancrinite {[(Na,Ca)COs)1.-
1.7][Naz(H20)2][Al 6SisO24]} and vishnevite {[(Na,Ca,ky)SOs)][Naz(H20)2][Al 6Sie024]}, balliranoite
{[(Na,Ca)(COs)1.2-1.4[CaCl2][Al 6SieO24]} and davyne
{[(Na,Ca,K)((SOs),CH][CaCl2][Al 6SieO24]}. In order to keep a limited number of chemicalda
structural variables the terms pitiglianoite, mswmmite and quadridavyne, all showing

superstructures, have not been considered inttiy.s

Although only a minor portion of the crystal chetrysof cancrinite-group compounds is covered by
the four selected minerals, a significant numbestiafctural configurations will be taken into acotu
The substitution of the [Na29] by the [Ca: Cl] clusters within thean units leads to an expansion
of the [CAN]-framework, as the unit-cell and stu@ parameters reported in the literature show. In
particular, the expansion along tbexis in the davyne subgroup can lead to the dismaphase
transition from thd>63 to theP63s/m space group. The effects caused byPireduced (inverse) phase
transition on a natural davyne sample will be itigaged in section 7.2. The different composition
of the can units, within the two subgroups, not only caudes framework expansion, but also a
significantly different coordination environment thie cage cations. In the cancrinite subgroup, the
Na" shows a strong tetrahedral coordination to theetlmeighboring O1 atoms of the SGR001]
cage basis and the closefGHoxygen, and a weaker tetrahedral coordinatiadhédhree O2 and the
farther Ow atoms, giving rise to a 4+4 environn{sete.g.Fig. 4.3 and 5.1). In the davyne subgroup,
the C&" shows a proper 8-fold ditrigonal bipyramidal cdoadion to the six S6R[0001] oxygen
and the two neighboring Chtoms (seee.g. Fig 6.1 and 7.1). These different coordination
environments are expected to have a significaptetin the structural and elastic behavior. A model
of the role played by the population of @emn units will be presented. If the selected minesalsw

for thecanunits two discrete and mutually exclusive confagions, the structural distribution of the
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channel components is, by far, more complex. Nbeed&ts, the tetrahedral sulfate anion cannot
occupy two subsequent asymmetric units alenfasymmetric unit:.c/2), differently from the
triangular and planar carbonate. The restraintsided by the tetrahedral $Oalso affect the
distribution and the type of the channel cationdatt, Pekov et al (2011a) reported a strong iaffin
between C@& and C&', whereas only minor Kis observed in the (Gf)-rich terms. On the
contrary, the large Kcation is commonly associated to thesSQ@nion, likely coupled to the
vacancies between two subsequent sulfate tetralfedthe favorable bond distances allowed by the
resulting free volume at the center of the chanhleé complex role played by the different channel
configurations on the elastic behavior and strigcawolution will also be investigated. The effeafts
the geometric shape of the anionic groups on th&tieland structural behavior could be applied to
the other triangular and tetrahedral anions knawthe cancrinite-group compounds (see section
1.4).

In order to provide a general model of the eldsticavior and structure evolution in cancrinite-grou
minerals a series of experiments at low temperaftre 293 K) and high pressure have been
performed by means ofh situ single-crystal X-ray diffraction experiments. Thesults from the
studies on cancrinite, vishnevite, balliranoite atadyne will be reported, along with the related
discussions, in the chapters 4, 5, 6 and 7, raspbctin addition, the results from am situ high-
temperature single-crystal X-ray diffraction stuaty cancrinite will also be reported. Chapters 4, 5,
6 and 7 are all published or forthcoming papersofprehensive discussion, on the role played by

the different crystal chemistries, will be reportedhe chapter 8.
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Chapter 4
4.1 CANCRINITE BEHAVIOR AT LOW-TEMPERATURE
The experimental findings reported in the followpayagraphs have been published in the following

paper:

G.D. Gatta, P. Lotti, V. Kahlenberg and U. Haefekg012) The low-temperature behaviour of

cancrinite: ann situsingle-crystal X-ray diffraction studilineralogical Magazing76, pp. 933-948.

4.1.1 Materials and experimental methods

A single crystal (130*120*90m?3) free of defects at the optical scale, from aicegtric gem-quality
crystal of cancrinite from Cameroun used by DelenWira et al. (2009), was selected for the X-ray
diffraction experiments at low temperature. Thensival formula of the cancrinite sample was
previously reported by Della Ventura et al. (2009)electron microprobe analysis in wavelength
dispersive mode: NadCa.oq Sie.12Al 5.88024] (CO3)1.04F0.41- 2HO.

Intensity diffraction data were collected at 29302220, 180, 140, 100 and then again at 293 Kgusin
an Oxford Diffraction Gemini Ultra diffractometerquipped with a Ruby CCD detector and graphite
monochromator, operating at 50 kV and 40 mA withKdoradiation. Low temperature data
collections were performed with the crystal codbydan Oxford Cryosystems 700 series Plus open-
flow nitrogen gas device (temperature stabilitytdrethan 0.2 K, temperature absolute uncertainty
within 2 K at the crystal position). A combinatiah ® and¢ scans was used to maximize data
coverage and redundancy, with 1° scan width, 289pe®ure time per frame and maximuh &
~80°. The crystal was found to be metrically hexsdavithin the entirél-range investigated, with
the following unit-cell constants at room conditon = b = 12.6018(3)c = 5.1204(2) A and/ =
704.21(2) R. Systematic absences were compatible with theespraupP6s at any temperature, and
no evidence of superstructure or twinning was folumdentz-polarization corrections were applied
to all the datasets using the Crysalis softwareléAg2012). Further details pertaining to the data
collection strategies are given in Table 4.1.

Unpolarized single-crystal Raman spectra at roanp&Fature were collected from the same crystal
used for the lowF X-ray diffraction experiments, using a Labram HB&38confocal Raman-
spectrometer by HORIBA equipped with an open-etefgdrcharge-coupled detector (CCD). The
sample was excited with a Nd:YAG laser (30 mW, B89. The laser beam was focussed through a
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100x objective (N.A. = 0.9) to a 1 micrometer spotthe sample. Laser power at the sample surface
was approximately 5 mW. The regions from 100 to Q401 and 3400 to 3800 ciwere
investigated. Raman spectra were collected in lattesed geometry for 2 x 200 s (Fig. 4.1) with a
resolution below 2 cmh A grating with 1800 lines/mm was used to dispéhgescattered Raman
light. The accuracy of Raman line shifts was ofdhger of 0.5 crt and emission lines of a Ne lamp

were used for calibration.

4.1.2 Results

Thermoelastic behavior

The low-T behavior of the unit-cell volume of cancrinitestsown in Fig. 4.2. Cell volume decreases
monotonically within thél-range investigated, and similar behavior is obsglso along the unit-
cell edges. No evidence of a phase transition wasreed within thd-range investigated. TR&T
data were fitted with the equation (8) derived frtme thermodynamic definition of the thermal
expansion coefficientd) (Fig. 4.2) V(T) = Vroexp@-AT), whereo was considered to be constant with
T. The refined parameters are; = 3.8(7) - 16 K andVo = 698.2(6) A. The same protocol was
applied to thea-T andc-T data, leading to the refined parameterss 0.7(2) - 16 K! andag =
12.580(3) A,ac = 2.1(3) - 16 Kt andco = 5.096(2) A, wherei, andac are the linear expansion
coefficients. The elastic anisotropydsoc = 1:3. The mean thermal expansion coefficienta/ben

293 and 100 KF = 1ko(AX/AT)] were also calculated ady = 4.1(2) - 16K, Oa = 0.81(4) - 10

5Kland oc =2.48(7) - 16 K™,

Despite the scattering of the data, a fit usingeifpeation proposed by Pawley et al. (1996) was also
done (eq. 14 in section 2.1), giving the followirefined parameters (foF = 100 K as reference
temperature)Vo = 698.5(4) &, aopy = 1.5(2)*10* K'V'%; ap = 12.580(2) Aapa = 2.5(5)*10° K'V2% ¢ =
5.097(2) Ajaoc = 9(1)*10° K'¥2. The calculated thermal expansion coefficien9& K are 93 k)

= 6.8(8)*10° K, 0ae3 k) = 1.2(2)*10° K%, ace3 k) = 3.7(4)*10° K. The elastic anisotropy at room

conditions is stilliaioc ~ 1:3.
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Structure refinements

The structure refinement based on X-ray diffractidensity data collected at 293 K was performed
with the SHELXL-97 program (Sheldrick, 1997, 2008%sing the atomic coordinates of Della
Ventura et al. (2009) as starting model. Neutrafrascattering factors for Si, Al, Na, Ca, C and O
from thelnternational Tables of CrystallographVilson and Prince, 1999) were used. C-O bond
distances were restrained to be 1.300 + 0.005 égrding to the refined values by single-crystal
neutron diffraction of Della Ventura et al. (2008)ydrogen positions were not refined. The first
cycles were performed with isotropic atomic displaent parameters and only in a further stage
were the displacement parameters refined anisactithpi Only the Ow site was kept isotropic. The
structure refinement (99 refined parameters) cayaeito an agreement facter of 0.0378, based
on 2260 intensity data witho > 45(Fo), with no significant correlation in the vari@covariance
matrix and residual peaks in the difference Fowteersity map of +0.94/-0.67A3 (Table 4.1). Atom
coordinates, occupancies and displacement paraneter listed in Table 4.2. The refined
extraframework sites confirmed the model previoagcribed: a sodium-rich site (N&b,Wyckoff
position) in the cancrinite cage (Table 4.2), alenith three mutually exclusive and symmetrically
related HO oxygen sites (Ow), off the 3-fold axis (Fig. 4 8)e large channels are filled by a cationic
site (Na2) occupied by Na (86.9(5)%) and Ca (13%{5Table 4.2) in a gener@t position and by
two mutually exclusive carbonate groups (occ. 38fiJ 47(1)%, respectively, Table 4.2), with the
C sites (C1 and C2) in the centre of the chann@amspecial positions (1.25 A apart on theais),
and oxygen atoms orc@eneral positions (Ocl and Oc2 sites) (Fig. 4ahld 4.2).

The structure refinements at 250, 220, 180, 14018@dK were performed using the same strategy
described above and constraining all the site cenoeyp factorsgof) to the values refined at 293 K,
except for the two carbonate groups (C1-Ocl andO€2-sites). All refinements achieved
convergence with no significant correlation in thariance-covariance matrix of the refined
parameters and insignificant residual peaks indifierence-Fourier electron density maps. No
change of the extraframework population was dede@ey, site migration, ordering) within the
range investigated. Further details pertainingpéostructure refinements are listed in Table 4t@nmA
coordinates, site occupancies abg/Ueq displacement parameters are given in Table 4.2.
Anisotropic displacement parameters are in Talde 4.

Test refinements were performed for any [dwataset leaving the Osoffree, in order to detect any
potential N-flux-induced dehydration phenomena (Gatta andi,L»@11). However, no significant
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change of theofvalue was detected. A structure refinement baseiti® intensity data collected at
room-T after the lowT experiments was also performed, showing that amyTl induced structure

modification is completely reversible (Tables 4 &.2).

Low- T framework behavior

The S6RI0001] units show a “ditrigonalization process” widecreasing temperature, as described
by the “ditrigonal rotation angledsercoooy; (Fig. 4.5, Table 4.4)ssri0001 = (1/6)*Zi |120° -6i|/2,
where 0; is the angle between the basal edges of neighthdetrtahedra articulated in the six
membered ring]. This parameter was originally dsdino describe the deviation from the perfect
hexagonal shape & 0) of the six-membered rings in the tetrahesinalet of phyllosilicates (Brigatti
and Guggenheim 2002). The S4R joint units showoatehing along the O3-Q4kr distances (Figs.
4.4 and 4.5, Table 4.4). The channels size is cb@trby the 12R distances O1-d, which undergo

a shortening with decreasing temperature (Figsadd4.5, Table 4.4), and O3-Q4(Fig. 4.4, Table
4.4), which are almost constant within the tempeeatange investigated. The cancrinite cages show
a flattening with decreasing temperature, descriethe closure of the 02-02-02 (Fig. 4.4, Table
4.4). In every plane (A or B) of S6R parallel t®@QQ), a decrease of the “corrugation” [definecdas

= [2(O)max — Z(O)min]* ¢ , wherez(O)max is the maximunz coordinate of the oxygen belonging to the
rings, zZ(O)min the minimum one andis the unit-cell edge length (Brigatti and Guggainh 2002)]
with decreasing temperature is observed, alonythé ditrigonalization of the rings (Table 4.4n A
increase of the ditrigonal shape is also showrhby6imR1[0001] windows connecting channels and
cages. The equivalent thermal parameters of theAlSand O sites decrease with decreasing

temperature (Table 4.2).

Low- T extraframework behavior

The equivalent displacement parameters of the Nl Na2 sites show a linear decrease with
decreasing temperature (Fig. 4.6), and a similaabier is observed also for the Ow site. In cortiras
the isotropic displacement parameters of the cateogroups sites.€., C1, Ocl, C2, Oc2) remain

almost constant within the temperature range inyatsd (Table 4.2).

The coordination polyhedron of the Nal site lyinghecanunit is a distorted (4+4) bipyramid with
a ditrigonal base (corresponding to the SBRO01] oxygen sites) and two.8 oxygen atoms as

apical vertices (Fig. 4.3). Its deformation isdtyi controlled by the ditrigonalization of the gs,
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which leads to a shortening of the three Nal-O2llwbstances and to the stretching of the three Nal-
O1 bonds, whereas the two independent Nal-Ow bstahdes do not show any significant change

with temperature (Table 4.4).

The Naz2 sitei(e., the mixed Na/Ca site) is coordinated by five feavork oxygen atoms and up to
three carbonate oxygen atoms (max CN = 8) (Fig. h3zach asymmetric unit (periodicityct),

two mutually exclusive and partially occupied carate groups were refined. This means that each
asymmetric unit is actually occupied by one:Qffoup, and so three combinations for couples of
successive units can occue. C1-C1, C2-C2 and C1-C2. For the first two, the @i€lance is equal

to ¢/2 (2.56(2) A at roon¥); for the last combination, C-C is equal to 3.§142at roomT. As a
consequence, three different configurations ofNla2 coordination shells are possible. However,
both the chemical content of cancrinite and thaeef site occupancies suggest that vacancies of the
carbonate groups occur, leading to different palylk configurations with lower coordination
number. The absence of superstructures suggesthdisa vacancies are randomly distributed. The
structure refinements show the shortening of the-8&, Na2-03', Na2-O4' and Na2-Oc1™ and the
stretching of the Na2-O3" and Na2-O4" bond distarwith decreasing temperature (Table 4.4).

Raman spectra

In the spectroscopic range investigated in thigys{ue. 100-1400 and 3400-3800 ¢ 29 bands
are distinguishable. These are designed sotav2g with increasing wavenumber and listed in Table
4.5. A fit with two Lorentzian profiles was usedarder to resolve overlapping peaks. According to
previous Raman investigations of open-frameworka#s with zeolitic structures (Dutta and Del
Barco, 1985; Dutta and Puri, 1987; Lindner etE96; Wopenka et al., 1998; Mozgawa, 2001), the
following general mode assignments can be outlifibd.modes between 3000-3800 tare caused
by O-H stretching of extraframework water molecul€ee most intense Raman modes of the
carbonate group are usually observed between 7#®Plghe bending mode) and 1100 “tm
(symmetric stretching mode), whereas weak Ramarkspeacur near 1400 cmdue to the
asymmetric stretch (Nakamoto et al., 1957; Frost.e2009). Other modes between 900 and 1100
cmit are also assigned to inter-tetrahedral anti-symai®O-T (T = Si or Al) stretching vibrations.
Inter-tetrahedral symmetric T-O-T stretching vilimas range between 640 and 760 crBands
below 550 crit are assigned to various intra-tetrahed(@-T-O) bending and rotational modes, and
to lattice deformations too. For our cancrinite, #misotropy of the Raman effect is extremely evide

in terms of intensities of the bands, which vagnsicantly with crystal orientation (Fig. 4.1).
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4.1.3 Discussion

Thermoelastic behavior

The low number and the scattering of the data prterdean accurate description of the elastic belhavio
of natural cancrinite at low temperature. The ca@tfixing the thermal expansion coefficiento
a constant value using equation (8) is a necesggmoximation due to the low numben6{T data.

Refinedav, 0a and oc thermal expansioparameters compared to the co-respective mean d@herm
expansion parameterse{ av , oa and oc ) agree within & Moreover, no evidence of gas-flux

induced dehydration phenomena (Gatta and Lotti,1pdnd no change of the deformation
mechanisms were detected (see below), suggestngbgence of any kind of phase transition. The
thermal expansion coefficient obtained in this gtetlows good agreement with that obtained by
Hassan et al. (2006) for a natural cancrinites[§d@ay s Al 6SieO24)(COz)1.57- 1.75H0], within theT-
range 298-769 Kig. av = 4.2(4)-1¢ K'Y). A thorough discussion on this point will be givin
chapter 8.

Low- T framework behavior

The main deformation mechanisms, at [dywef the cancrinite framework act through tetralaédr
tilting, and in particular by anti-cooperative rié& of adjacent tetrahedra. For a given tetrahedro
belonging to a given A plane which shows a cloclkwigtation, the four adjacent vertex-sharing
tetrahedra (three in the same A plane and oneingkt B plane) will show an anti-clockwise rotatio
(Fig. 4.4). This mechanism is responsible for tiegbnalization process of the S6F001] and for

the shortening of the O3-Q@4 distance, whereas the ditrigonalization itselfegiwise to the
shortening of the O1-Q4r channel diameter. Each pair of tetrahedra condebhteugh the O2 hinge
(Fig. 4.4) shares the upward O3 and O4 apices théhbases of two tetrahedra in the next plane,
which shows in turn an opposite rotation: this éxrt¢he O3 and O4 apices to move towards each
other, with a consequent decrease of the tiltingjeabetween the tetrahedra bases and the (0001)

plane and a reduction of te “corrugation” of the ring-planes.

The observed contraction in the (0001) plane refldwe shortening along the directions defined by
the O1-O1r, 03-O4%ar and O2-O2sri0001) distances, the latter in response of the ditrijpation
of the can unit basis. The decrease of the “corrugation” of the ring-planes in the (0001) mdg
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related to the closure of the O3-04-03 angle (sge3-1), might explain the contraction along the
crystallographic direction (Table 4.4). Moreovée tlattening of theanunits, defined by the closure
of the 02-02-02 angle (Fig. 4.4, Table 4.4), alsouns in response to the contraction along [0001].
Since no change of <T-O> bond distances occurstetttperature (Table 4.4), we consider that the

framework tetrahedra act as rigid units within TReange investigated.

Low- T extraframework behavior

The equivalent displacement parameters of the oatbayroup sites are almost constant within the
temperature range investigated (Table 4.4) andalioof them, theUss parameter shows a value
significantly higher tharJi1 and U22 (Fig. 4.3; Table 4.3). This nonrealistic configima can be
explained with a positional disorder along [0001}tlee C1 and C2 sites (and the related oxygen
sites), maintained at low- The equivalent displacement parameters of Nal &2 linearly
decrease with temperature, but the trend is stdep&fal (Fig. 4.6). This behavior could be due to
a higher positional disorder of the Na2 site, somewelated to the positional disorder of the
carbonate groups along tleeaxis, coupled with the presence of different dasscoordination

polyhedra ice., due to CQ@ group vacancies).

The chemical formula deduced on the basis of theuctsire refinement is
Nay.26Can.6dAl 6Sis024][CO3]1.64H20).. If compared to the chemical formula reported bgll®
Ventura et al. (2009), it presents a higher Na@aréind a lower amount of Ca. However, the sum of
electrons of the extra-framework cationic sitesimsilar, being 92.8@ from the structure refinement
of this study and 91.08 from the chemical analysis. The higher amount © @Geduced from the
structure refinement is partially due to the preseof F (Della Ventura et al., 2009), which was not
considered in the refinement. However, the totaitpe charge of the refined model is 8.56 p.f.u.
while the total negative charge (framework + extmafework population) is 9.26 p.f.u.. This
discrepancy suggests an overestimation of the Si®s occupancy factors, probably as a result of
the positional disorder of the G@roups coupled with their partial site occupancgi€s 4.2 and
4.3).

Raman spectra

Raman spectra of our natural cancrinite from Caoreshows strong similarities with those reported

in the RRUFF database (i.eRUFF ID: R100110, French River, Ontario, Canada; RRUFF ID:

R050352,York River, Dungannon Township, Ontario, CanadajWis, 2006). The spectra that we
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collected show two significantly broad vibratiomabdes active in the O-H stretching region, at 3536
(v2g) and 364729) cnTl, respectively (Table 4.5). A series of intensedsabetween 938 and 1057
cmt (v2o- v27) are assigned to inter-tetrahedral anti-symméitr@-T stretching vibrations (Table
4.5). The intense bands at 1043¢ and 1057 cm (vz7) (Fig. 4.1, Table 4.5) appear not to be
ascribable to the symmetric stretching mode ofcdadonate group, as they occur in “nominally”
COzs-free compounds with CAN topologe.g.vishnevite, RUFF ID: R061139; davyne, RUFF ID:
R060305; Downs, 2006). Inter-tetrahedral symméir@-T stretching vibrations, ranging between
630 and 760 cm are represented only by a couple of significaimttgnse band){e- vis, Fig. 4.1,
Table 4.5). One of the most intense band of thetapm, likely pertaining to the low-energ{O-T-

O) bending mode, was found at 499 tfn1s) (Table 4.5). Further significantly intense bamdse
found at 418+11) and 460 13) cm?, respectively. Such bands might be assignab&@sT-O)
bending modes or to “breathing” vibrations of therdd 6-membered rings of tetrahedra (Mozgawa,
2001). Between 200 and 400 ¢psome among the most intense Raman bands aeguito). The
band at 277 crh (vs) is the most intense band observed in the Ramactrspn shown in Fig. 4.1.
Raman pleochroism is extremely evident (Fig. 4he pleochroism likely reflects the orientation of
S6R[0001], their --ABAB- stacking sequence and the oriented configuratiohsthe

extraframework population.

4.1.4 Conclusions

This is the first investigation of the elastic beioa and structure evolution of a natural cancerat
low temperature. No evidence of a phase transittorchange of deformational mechanisms were
detected within the temperature range investigét@0 <T (K) < 293). The structure refinement
based on intensity data collected at room tempeatiter the lowF experiment confirmed that the

low-T induced deformation processes are completely séler

The extraframework population does not show sigaift variations at least down to 100 K. The
strong positional disorder of the carbonate groalmsg thec axis persists within th@-range
investigated. The structure evolution of cancriratelow-T appears to be mainly governed by
continuous framework re-arrangement through tethadle tilting. In particular, the main
deformational mechanisms are represented by thgatitilization of the S6R0001], contraction
of the S4R joint units along the O3-84 diameter, “compression” of th#zc chains through the
closure of the 0O3-04-03 angle and the flatteninthetan units.
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Figure 4.1 Unpolarized single-crystal Raman spectra of cancrinite collected at room temperature in the regions
100-1400 and 3400-3800 cm ! with the crystal in two different orientations (crystal rotated by 90°). The list of
the frequencies of the main Raman bands is given in Table 4.5. None of the spectra are corrected for
background.
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Figure 4.2 The unit-cell volume of cancrinite as a function of T. The solid line represents the V-T fit using the
equation V(T)=V(To)exp(av*AT)
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Figure 4.3 (A) The coordination shell of the Nal site. Dashed lines represent mutually exclusive Na-Ow bond
lengths. (B) The coordination shell of the Na2 site (i.e., five framework oxygen on a side and up to three
carbonate oxygen on the opposite side, maximum C.N. = 8). (C) The extraframework population of the 12mR
channel, with the Na2 site close to the channel wall and the carbonate anions lying at the center. Different
stacking sequences of the CO3s?- groups and their vacancies are possible.
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Figure 4.4 (Left side) The cancrinite framework viewed down [0001]. (Right side) The can unit, with a view of
the 02-02-02 flattening angle.

Figure 4.5 (Left side) Evolution of the*ditrigonal rotation angle” (assrofooo1;) Of the SBRI[0001] as a function of
T. (Right side) Evolution of the O3-O4ssr and of the O1-O112r diameters as a function of temperature.
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Figure 4.6 Evolution of the equivalent atomic displacement parameters (Ueq) of Nal and Na2 sites as a
function of temperature.
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4.2 CANCRINITE BEHAVIOR AT HIGH PRESSURE

The experimental findings reported in the followpayagraphs have been published in the following
paper:

P. Lotti, G.D. Gatta, N. Rotiroti, F. Camara (2012gh-pressure study of a natural cancrinite.

American Mineralogist97, pp. 872-882.

4.2.1 Materials and methods

The high-pressursingle-crystal X-ray diffraction experiments werrformed on a platy crystal of
natural cancrinite (140*110*7pmq) free of defects under the polarized microscopéected from

the same gem-quality sample from Cameroun usecelig Mentura et al. (2009), for a single-crystal
neutron diffraction experiment and polarized infea-spectroscopy. The same sample was also used
for the low-T single-crystal X-ray diffraction study reportedsaction 4.1. Cancrinite crystals from
this sample do not show any evidence of superstreiaeflections. The chemical composition is

reported in section 4.1.1.

An intensity data collection with the crystal irr aas first performed using an Xcalibur - Oxford
Diffraction diffractometer equipped with a CCD det&, operating at 50 kV and 40 mA with a
monochromatised M¢o radiation source and a detector-sample distanaed fat 80 mm. A
combination oty ande scans was chosen to maximize data coverage andda&adcy. The step scan
was 1°/frame along with an exposure time of 60asiz (Table 4.6). A total number of 19933
reflections, out of which 1933 unique for symmetmere collected up to62ax= 70°, showing a
metrically hexagonal lattice with systematic extigs consistent with the space grdes (Table
4.6). The refined unit-cell parameters wexe: 12.5976(6) Ac = 5.1168(2) A an&/ = 703.2(1) &
(Table 4.6). Intensities were then integrated, exdad for Lorentz-polarization (Lp) and for
absorption effects (analytical absorption corraiby Gaussian integration based upon the physical
description of the crystal) using the CrysAlis s@te package (Agilent 2012). Further details
pertaining to the data collection strategy are abl€ 4.6. A hydrogen-free structure refinement of
cancrinite was then performed with the SHELXL-96gram (Sheldrick 1997), starting from the
atomic coordinates of Della Ventura et al. (2009)he space group6s. Neutral atomic scattering
factors for Si, Al, Na, Ca, C and O from theernational Tables of CrystallographyVilson and

Prince 1999) were used. A mixed scattering cufWgaoand Ca was used to model the Na2 site, and
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the site occupancy factors of C1 and C2 were caimsid to be equal to that of Ocl and Oc2,
respectively. The KD oxygen site (Ow), lying off the 3-fold axis inrée symmetry-related and
mutually exclusive positions, was modeled withta eccupancy factos(o.f) of 1/3. The C-Oc bond
lengths were restrained to 1.300 + 0.005 A, orbthsis of the neutron refinement reported by Della
Ventura et al. (2009). In the last cycles of thenement, the displacement parameters of all the
atomic sites were refined anisotropically; only theplacement parameters of C, Oc and Ow sites
were refined isotropically, due to a significantrretation among the refined parameters likely
ascribable to the positional disorder of the cadbemroups and # molecules (Grundy and Hassan
1982; Della Ventura et al. 2009). The refinememwvarged to an agreement fackirof 0.056 for
1092 reflections withF, > 4o(Fo). At the end of the refinement, no significant retation was
observed in the variance-covariance matrix anddbiglual peaks in the difference-Fourier function
of the electron density were between +0.77/-&%43. Further details pertaining to the structure

refinement are in Table 4.6.

An ETH-type diamond anvil cell (Miletich et al. 2000 was used for the high-pressure experiments.
A T301 steel foil, 0.250 mm thick, was used as skgg which was pre-indented to a thickness of
about 0.110 mm before drilling a micro-hole (~ @30Bm in diameter) by spark-erosion. The same
crystal of cancrinite previously investigated atbéent conditions was placed into the gasket hole
along with some ruby chips and a single-crystajuartz used aB-standards (Mao et al. 1986; Angel
etal. 1997). A 4:1 mixture of methanol:ethanol waed as hydrostatic pressure-transmitting medium
(Angel et al. 2007). Lattice parameters were maakhetween 0.0001 and 6.63(3) GPa (Table 4.7),
by centering of 42 Bragg reflections with a KUMA Ki\point-detector diffractometer, operating at
50 kV and 40 mA with a graphite monochromatizedKdaadiation source. Ten intensity data
collections between 0.0001 GPa (with crystal in@#eC without any pressure medium) and 6.63(3)
GPa (Table 4.6) were performed with an Xcalibuxfa®@d Diffraction diffractometer equipped with

a CCD (graphite-monochromatized Kloradiation). A combination @b ande scans was used, with
step of 0.5 °/frame and an exposure time of 6@usir (Table 4.6). No violations of the reflection
conditions expected for the space grdefs were observed within th®-range investigated.
Integrated intensity data were corrected for Lp alnsbrption effects due to the crystal and the DAC
using the ABSORB computer program (Angel 2004). Hiestructure refinements based on the
intensity data collected with the crystal in the ©&vere performed with the SHELXL-97 program
(Sheldrick 1997, 2008). The number of the refinacthmeters was reduced to 45: all the occupancy

factors were constrained to the values refined with crystal in air and the atomic displacement
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parametersadps) were all refined isotropically. In addition,&lC1-C2 and Ocl-Oc&dgs. were,
respectively, constrained to be equal. As for thecture model at room conditions, the C-Oc bond
lengths were restrained to 1.300 + 0.0G5 Fhe refinements converged for all the Hatasets with
R. always lower than 0.088, with no significant ctatien between the refined parameters and

residual peaks in the difference-Fourier maps lalvan+0.96e/A3,

Atomic fractional coordinates, site occupancy fext@nd atomic displacement parameters
pertaining to the structure refinements at rd@mnd HP are given in Table 4.8; bond distances and

angles are listed in Table 4.9. Refined anisotrd@placement parameters are in Table 4.10.

4.2.2 Results

Elastic behavior

The evolution of the unit-cell parameters of camitei up to 6.63(3) GPa is shown in Fig. 4.7. The
unit-cell parameters measured in decompression ethotat the pressure-induced structural
evolution of up to ~ 6.6 GPa is completely revdesib

TheP-V data, between 0.0001 and 6.63(3) GPa, were ftitati to an isothermal Birch-Murnaghan-
type equation of state truncated to the 3rd-o(B&f-IIl EoS, Birch 1947), using the EoS-Fit v5.2
program (Angel 2000). Weighted fit (by the uncertgiin P andV) gives the following elastic
parametersVo = 702.0(7) &, Kw = 51(2) GPa any' = 2.9(4). The evolution of the Eulerian strain
vs.the normalized pressure within the enf@¢ange investigated is shown in Fig. 4.7, sugggstin
that the isothermal volume compression in can&indn be described with a 3rd-order BM EoS,
giving a bulk modulus at roorR-of Fe(0) = 50(1) and it®-derivative of 3.2(3). A “linearized” BM-

lll equation of state was used to fit tad®> andc-P data (Angel 2000), giving the following refined
parametersa = 12.593(5) AKao = 64(4) GPaKa' = 4.5(9),co = 5.112(3) AKeo = 36(1) GPaK¢' =
1.9(3). The elastic anisotropy at room pressutkdn:Kao:Keo = 1.78:1.

When one EoS is used over the erférange investigated, a modest misfit is observethiea-axis

and the unit-cell volume, respectively, suggestingptential change of the compressional behavior
between 4.62(3) — 5.00(2) GPa. On this basis, tifferdnt BM EoS fits were used to model the
elastic behavior along treeandc axes and for the unit-cell volume, between 0.00@162(3) and
5.00(2) — 6.63(3) GPa, respectively. The refinecpeters for the range 0.0001-4.62(3) GPa, from
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a lll-BM EoS, areap = 12.603(7) AKao = 52(6) GPa an{s' = 11(4);co = 5.115(3) AKew = 34(2)
GPa and.' = 2.8(8);Vo = 703.3(7) &, Kvo = 45(2) GPa anHly' = 6(1). For the range 5.00(2)-6.63(3)
GPa, the following parameters are obtained withBM EoS:ap = 12.63(2) A an&ao = 58(4) GPa;
Co = 5.196(16) A and = 20.6(14) GPayo = 715(4) & andKvo = 40(2) GPa. A furthefie-Feplot

is shown in Fig. 4.7 with the refind¢ obtained by the BM-I1ll EoS fit [0.0001 — 4.62(3)P&] and
by the BM-II EoS fit [5.00(2) — 6.63(3) GPa], respeely.

Structure refinements

The structure refinement of cancrinite at roBneonfirms the framework and extraframework
configuration previously described.¢.Della Ventura et al. 2009, section 4.1), with das units
stuffed by --Na—HO—Na—-HO--- chains. The 12R-channels show cation sites ¢mslke walls
(Na2), partially occupied by Na (85.4(6)%) and @4.6(6)%), and C€& groups occupying the
center in two mutually exclusive positionse(C1 and Ock.o.f.= 42.1(7)%; C2 and Ocg.o.f=
45.9(6)%; Table 4.8) (Fig. 4.3). The chemical folangleduced on the basis of the structure
refinement is: NaosCa.ed Al 6SisO24](CO3)1.76 2H0, and if we consider the amount of F obtained on
the basis of the EMPA-ED$.€. 0.41 atoms per formula unit, Della Ventura e28I09), we obtain
(after a recalculation of the CA:0.f): Nay.odCa.sdAl 6SieO24](COs)1.150.41: 2HO. This chemical
formula shows a slightly higher amount of Na arldveer amount of Ca with respect to the formula
reported by Della Ventura et al. (2009). In fadte tsum of the electrons ascribable to the
extraframework cations (Na and Ca) from the stmgctafinement is 95.4, slightly higher than 91.1

e from the experimental chemical analysi\& (~ 4.5%).

The HP structure refinements showed that the general igomttion of framework and
extraframework population was maintained within Breange investigated; the main deformation

mechanisms of the tetrahedral framework and ottamnel and cage content are described below.

High-pressure framework behavior

At high pressure, the structure refinements shaw ttie single 6-membered rings perpendicular to
[0001] (S6RJ[0001]) experience a ditrigonalization process (FA@). A linear increasing of the
ditrigonal rotation angleiseryoooy) (Fig. 4.9; Table 4.9) is observed. Moreover, weesbed a
decrease of the (A,B)-plane corrugatitn(Table 4.9). In addition, a closure of the O3-O3-#ngle

is also observed (Table 4.9).
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The S4R joint-unit shows a compression along the0@3r diameter (Fig. 4.4, 4.9; Table 4.9). In
the 12R-channel, an almost constant value of tmensstrically related O3-Q4r distances is
observed with pressure, along with a shortenind@iO1-O1.r distancesi(e. ~5.7%; Fig. 4.4, 4.9;
Table 4.9). The S6R-windows connecting channels eages (S6R[0001]) show a strong
ditrigonalization. Theanunit shows a pronounced flattening along [000dj,egned by the closure
of the 02-02-02 angle (Fig. 4.4, 4.9; Table 4.FMeveas its maximum width on the (0001) plane,
defined by the three symmetry-related diametersOQ24dashed lines in Fig. 4.4), is constant within
theP-range investigated (Table 4.9).

The evolution of the channel- and cage-volumes Wittvas studied. The channel volume was
modeled a¥/ch = tR?)*c, whereR = [(01-O1)2r+(03-04)2r]/4; (01-O1)2r and (O3-O4)r being
the independent channel diameters (Fig. 4.4, TaBle The cage volume was modeled/as= (Vcel
—Ven)/2. The volumes thus defined are, at a first appnation, purely geometrical models, which
do not represent the free void space of cages laathelssensuBaerlocher et al. (2007). Both the
Ver-P andVcg-P data (Table 4.9) were fitted with a truncated BMeQuation of state, fixindy/o to
the experimental value &. The refined elastic parameters dfesch = 52(3) GPaKv'ch = 1.4(10)
for the channel, andKvocg = 53(4) GPaKv'cg = 4(2) for the cage.

High-pressure extraframework behavior

The Nal site, which lies in tlanunit, coordinates the neighboring S6R oxygen atanastwo HO
molecules, showing a distorted (4+4) ditrigonal ybgmid coordination shell (Fig. 4.3). The
distortion of this polyhedron is strictly governbg the framework deformation. With increasing
pressure, we observe a contraction of the Nal-@Raanexpansion of the Nal-O1 bond lengths
(Table 4.9). The two Nal-Ow distances of the cowtion polyhedron are symmetrically
independent and both show a shortening with preqJable 4.9).

The sum of the refined site occupancies of the allytexclusive carbonate groups is lower than 1
(Table 4.8), reflecting site vacancy. The abseri@y superstructure reflections suggests thatthes
vacancies are randomly distributed along the cHanmbree combinations of subsequent@@ups
are possible: C1-C2 (3.85(7) A at rodM-C1-C1 and C2-C2 (both spaced &2, 2.542(2) A at
room-P ) (Fig. 4.3; Table 4.9).

The Na2 site is coordinated by 5 framework oxygema on a side and up to 3 carbonate oxygen

atoms on the opposite side (Fig. 4.3). With indreppressure, we observe a decrease of the shorter
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Na2-03', Na2-0O4' and Na2-O1 bond lengths and aaresipn of the longer Na2-O3" and Na2-04",
whereas no significant change occurs for the Na2hi€tances (Table 4.9).

4.2.3 Discussion
Elastic behavior

The refined isothermal bulk modulus at roéi.e. Kvo = 45-52 GPa) is similar to that of other
microporous materials which share with cancrirhie presence of “6-membered rings” of tetrahedra
as secondary building unitsgnsuBaerlocher et al. 2007) (Gatta 2008), among thesealite i.e.

Kvo = 51(1) GPa; Hazen and Sharp 1988), levymeKvo = 56(4) GPa foP < 1 GPa, 46(1) GPa for

P > 1 GPa; Gatta et al. 2005), and chabazieKvo = 35(5) GPa foP < 1GPa, 62(1) GPa fd? >

1.4 GPa; Leardini et al. 2010). The stiffer opeamrfework silicates show bulk moduli of 60-70 GPa
(e.g.philippsiteKvo = 67(2) GPa, Gatta and Lee 2007; gismondine= 63.8(2), Ori et al. 2008),
whereas for the softest the range is 18-40 @RpNa-ZSM-5Kvo = 18.2(6) GPa, Arletti et al. 2011,
H-ZSM-5 Ky = 23.7(4) GPa, Quartieri et al. 201Z4eolite-A Kvo = 22.1(3), Arletti et al. 2003;
heulanditeKvo = 27.5(2), Gatta et al. 2003; morderit@ = 41(2) GPa, Gatta and Lee 2006).

A subtle change in the elastic behavior of can@iappears to occur Bt> 4.60(3) GPa (Fig. 4.7).
However, the accuracy and precision of our datmalvith the modedR-range investigated, do not
allow to have a unique picture of the elastic b&ravin addition, a potential change of the
compressional mechanismsRt> 4.60(3) GPa is not supported by the deformati@thanisms
deduced on the basis of thé’Ktructure refinements, by any change of the symymat by any
evidence of satellite reflections (Fig. 4.9, Tabl8). However, it is interesting to note that aacle
change in compressibility, supported by a re-aramgnt of the channel population, has been
observed in vishnevite, as will be reported in ¢éap. On the contrary, no change in the elastic

behavior has been observed for balliranoite angraychapters 6 and 7).

High-pressure framework behavior

The main deformation mechanism in the cancrinaenwork in response to the applied pressure is

the anti-cooperative rotation of adjacent tetraadu¥longing to the S6R0001]. The S6R[0001]

ditrigonalization is the main effect of the antiep@rative rotation mechanism, leading to the chianne
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contraction along the O1-@k distances (Fig. 4.4 and 4.9). The (O1:£31/0O3-O42R) ratio
decreases witR from 1.038(3) at 0.0001 GPa to 0.989(2) at 6.6&Ba (Table 4.9). On the whole,
a) the channel O1-Q1r shortening coupled with) the S4R joint-units compression along the O3-
O4sardirection andt) the S6RI0001] compression (along O2-2, Table 4.9) are the mechanisms
responsible for th@-driven contraction on the (0001) plane (Fig. 4.9), whereas the compression
along thec axis is accommodated by compression ofdechains, well described by the closure of
the 03-04-03 angle. (Figs. 4.4; Table 4.9). The mp@ssion of thelzcchain and the mechanisms

accommodating the shortening within the (0001) @lgavern the flattening of the@n units.

The elastic parameters obtained from the compneakb®havior of the channel and the cage (Table
4.9) show that these units have similar bulk modulroomP, but the cage becomes stiffer with
increasing pressure, likely for the presence oflfiiéa-H.Olllichains, which can act as “pillars”,

hindering the compression of this unit.

High-pressure extraframework behavior

At high pressure, the variation of the Nal to fraraek-oxygen bond lengths appears to be the effect
of the S6RI[0001] ditrigonalization, whereas the compressiom@[0001] governs the bond lengths
shortening along the ---Naz®+—Na—-HO- - - chains (Fig. 4.3; Table 4.9).

Different coordination shells, with maximum cooralilon number (C.N.) of 8, are possible for the
Na/Ca mixed Na2 site, due to the different £®@rdering but with a fixed coordination with 5
framework oxygen (Fig. 4.3). At high pressure, gx@ansion of the longer Na2-O3" and Na2-0O4"
bonds leads an increasingly weaker interaction thidse atoms, suggesting an actual C.N. = 6 at

these conditions.

The contraction of the short C1-C1 and C2-C2 dtar(equal t@/2) at high pressure suggests an
increasing instability for these stacking configioas in favor of the longer C1-C2 one (~3.85 A at
room-P), if we consider the C-C distance in aragonite§?2\) as the shortest reported in carbonates
(Bonaccorsi and Merlino 2005). However, previousdure refinements of natural cancrinites from
X-ray and neutron diffraction data.§.Ballirano and Maras 2005; Della Ventura et al. 20B8tta

et al. 2011) showed anisotropic displacement paemmef the C®group significantly elongated
along [0001], likely due to a positional disordenad to optimize the C-C distances at a local scale

toward an energetically less-costly configuration.
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Figure 4.7 Variation of the unit-cell parameters of cancrinite with pressure and Eulerian finite strain vs.
normalized stress plot (fe-Fe plot). For the unit-cell parameters vs. P plots, the dotted lines represent the axial
and volume BM-EoS fits between 0.0001 and 6.63(3) GPa, whereas the solid lines represents the BM-EoS
fitS between 0.0001-4.62(3) and 5.00(2)-6.63(3) GPa, respectively (see text for further details). The e.s.d.
values are of the same size of the symbols.

710 T T T T T T T T N T T T T T T
1 63 - 4
7004 Unitecell Vol § . Fe(0) =50(1) GPa
] nit-cell Volume ‘— i
690 - 4 60 1 K'=3.2(3)
1 1 Experimental 7,
680 | i 57 - 0 i
= i
670 o 4 g 54 o 4
o @) i
§ 660 - . 514 1 4
850 =~ I ;; 2
T T 48 l 1 -
4 ] l J_ J_ J. 1 §J.
640 . 45 E
630 | .
42 - i
620 ' 4—r——F————F——F————— -—
0 1 2 3 4 5 6 7 0.000  0.006 0012 0018 0024 0030  0.036
P (GPa)
fe
12.65 . . . . . . . 65 ; ; ; ; ; : : —
12.60 . 64 ]
12.55 4 1
801 Refined ¥} from the BM-IIl EoS .
12.50 o 1 56 (0.0001 - 4.62 GPa) a
12.45 - § 1
52+ .
= 12.40 i £ 1
< “ S 43-4 ]
S 42.35 4 y o 44 ]
= |
12.30 — 40 4 .
1225 ] 26 ] Mllhl ]
1 Refined " from the BM-II EoS
12.20 - 32 ]
] (5.00 - 6.63 GPa)
12.15 T T T T T T T 28 — T T T T T Tt T T T T T T T T 1
0 1 2 3 4 5 6 7 0000 0006 0012 0018 0024 0030 0036 0.042 0.048
P(GPa) fe
5.15 - T T T T T T T
Q
510 . i
R c-edge
5.05 - Te., -
o
5.00 > i
2 o,
T 4.95 & - -
R
Ya
4.90 \0»& -
o
hel
Bo,
4.85 - ony §
480 T T T T T T T T
0 1 2 3 4 5 6 7
P (GPa)

90



Cancrinite

Figure 4.8 The S6R[0001] at room P (left side) and at 6.63 GPa (right side). The P-induced anti-cooperative
rotation of adjacent tetrahedra (ditrigonalization) is shown.
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Figure 4.9 Evolution with P of: (A) the ditrigonal rotation angle assrooo1) of the S6RO[0001] unit, (B) the O3-
O4ssr diameter of the S4R unit, (C) the O1-Oli2r diameter of the channel, and (D) the 02-02-02 flattening
angle of the can unit. The weighted linear fits through the data points are shown.
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4.3 CANCRINITE BEHAVIOR AT HIGH TEMPERATURE

The experimental findings reported in the followpayagraphs have been published in the following
paper:

G.D. Gatta, D. Comboni, M. Alvaro, P. Lotti, F. Cara, M.C. Domeneghetti, Thermoelastic

behavior and dehydration process of cancrifitgsics and Chemistry of Minerals, in press

4.3.1 Experimental methods

Sample preparation

The in situ high-temperature X-ray diffraction experiment waeformed on a crystal fragment
(300*200*150umq), from the main batch already used by Della Vemgtral. (2009) and for the low-

T and highP studies reported in sections 4.1 and 4.2. Thectsglecrystal showed sharp optical
extinction with crossed polarized light under thécnmscope. The previous diffraction studies
reported no superstructure reflections. The crystal mounted inside a 0.3 mm inner diameter and
26 mm long quartz capillary (kept open), and heldybartz wool to avoid any mechanical stress.
The capillary was mounted on a metal goniometed logsa Philips PW1100 diffractometer (Mo
radiation), working at 30 mA/50 kV and using a @® pinhole short collimator, operated with
FEBO software (a local developed control softwa@).top was placed a microfurnace (controlled
by a Eurotherm unit) with an H-shaped Pt—Rh rescgand a Pt:Pt—Rh thermocouple inside a steel
cylindrical cage 1 inch wide closed with a Kaptdmf(e.g, Redhammer et al. 2010, Alvaro et al.
2011).

Calibration of the furnace

Due to the low thermal conductivity of quartz ahd tiistance between the thermocouple tip and the
crystal inside the quartz vial (ca. 1.5 mm), thedieg of the controller is not the actual tempemtu
of the crystal. To overcome this problem, a temjpeeacalibration was undertaken by: (i) observing
the melting of selected pure salts, (i) measuthmg thermal expansion of quartz acrossdhef
phase transition. A spherical crystal of quartz wasinted on a quartz vial. Unit-cell parameters

were collected at high temperature every 25 K. &irfféting, performed on the observed melting
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points and on the observed{} transition temperature of quantg.the recorded temperature at the
controller display, yielded the following equation:

T =8.852(4.353) + 1.153(IJisplay

with £1 K on the reading of the thermocouple. Gaursgrror propagation yielded a 6.75 & drror
at roomT and 7.04 K at 973 K. The temperature stabilityhef furnace while changing goniometer

position was within a few K.

Unit-cell parameters and intensity data collections

Unit-cell parameters (Table 4.11, Figure 4.10) wefmed using the Philips URF and LAT routines,
by least-squares refinement of the UB-matrix onlthgis of 24 and 60 selected intense reflections,
respectively, in thé-range 2-34° (Redhammer et al. 2010, Alvaro eR@l1, Ferrari et al. 2014).
Data were collected at intervals of 25 K in theange 293-823 K. The UB matrix, and so the unit-
cell parameters, were firstly refined by measutimg Bragg angles of the selected 24 most intense
reflections, using horizontal and vertical slit§tekward, the Philips LAT routine was used to obtai
accurate and precise unit-cell parameters. The Létine allowed the position of different
reflections (with differenthd-values, wherdal is the interplanar distance and= 1, 2, 3, 4, ...), at
positive and negative-20, to be measured. The reflection is first centdérgdsing the vertical and
horizontal slits, then a scan 20 is performed and the observed maxima are detedniflee
observednd-values were fitted producing a relatidevalue and its e.s.d.’s. The procedure was
repeated for each temperature step on a group kf&@tions, and lattice parameters were obtained

by least-squares fitting of all the obsendedalues.

The protocol applied at each temperature step staisi a small set of URF procedures (approx 10
minutes each) aimed to the refinement of the UBimnantil the complete relaxation is reachee.(
when the difference between the observed positiothe 24 peaks in two subsequent measures are
negligible). Only when the unit-cell parameters dmt change anymore, the LAT procedure was
performed. The results of the aforementioned paitfmr the unit-cell edges measurements at each
temperature step are reported in Tables 4.11 dfzlahd in Figure 4.10. At 748 K, the unit-cell
parameters achieved the relaxation only after }&.dBhe isothermal data at 748 K are reported in
Figure 4.11.

Intensity data collections were performed at 3GH®,4nd 748 K, respectively. Profiles of 2.1%in
at fixed scan rate of 0.07®svere integrated using the Lehmann and Larsen {l@pdocol, and the
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integrated intensities were then corrected for harpolarization and absorption effects using-a
scan method (North et al. 1968).

Thermal Equation of State

In order to account foay variations withT, the fit of the unit-cell parameters trend wikhwas
performed with a modified second-order polynomalaion proposed by Berman (1988), using the
EoSFit software (courtesy of Ross J. Angel), aove:

V(T) = Voermexplao(T =Ty + Y2au(T2 - T/?)] (35)

whereV,, Pr andT, are the reference volume, pressure and temperagspectively, and the thermal
expansion coefficient is described agrr = a0 + ai(T — Ty). In addition, in order to account fay
saturation at higf a further fit was performed using a modified vamnsof the equation proposed
by Pawley et al. (1996) and Holland and Powell @)9%ewritten as:

V(T) = Voerm[L + ao(T —Tr ) — 2(10a0+az)(NT - VTi)] (36)

whereV,, Pr andT, are the reference volume, pressure and temperagspectively, and the thermal

expansion coefficient is modeled as;m = a — [(10s0 + a1)/NT] (see the manual of the EoSFit

software at http://www.rossangel.com/ for furthestadls). Even considering the small range of
temperature investigated, all the volume-tempeeatiata (Table 4.11) were fitted with the two
aforementioned empirical equatiomg (Berman 1988; Pawley et al. 1996) in order to selecbest

representative fitting model for our dataset (TablE3).

Structure refinements

Structure refinements have been performed fromntfemsity data collected at 303, 448 and 748 K,
in the space grouP6s (as suggested by the systematic extinctions) ube@GHELXL-97 software
(Sheldrick 1997, 2008) implemented in the WinGXtewf crystallographic programs (Farrugia
1999). Neutral X-ray scattering factors for Si, N, Ca, C and O were taken from th&ernational
Tables of Crystallography, Vol. @Vilson and Prince 1999). The structure of cantziat 303 K was
refined starting from the framework coordinate®efla Ventura et al. (2009). In order to get a letab
refinement, some restraints were applied: i) th2 Bite was refined applying a mixed Na/Ca X-ray
scattering curve and constraining their fractioassum full occupancy (a test refinement with

occupancy factors free to vary validated this ge@d approximation,e. within 2c); ii) the C1-OC1
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and C2-OC2 bond distances were restrained to 15380following a previously reported procedure
(sections 4.1 and 4.2); iii) the C1-C2 and OC1-G@&s were constrained to share the same atomic
displacement parameteradfs), respectively. Convergence was achieved inl#s¢ cycles of
refinement with anisotropiadgs for all the sites, excluding Ow. Constraining-C2 and OC1-OC2,
respectively, to share the same anisotr@gp was considered an acceptable compromise, as the
adps of these sites are mainly influenced by the fomsal disorder along [0001], which equally
involves the C1-OC1 and C2-OC2 groups as showrhéydifference-Fourier maps in Figure 4.12
and described in sections 4.1 and 4.2. The streigefiinement based on the 448 K dataset was
performed constraining the Na and Ca fractionshefNa2 site to the values refined at 303 K and
restraining the C1-C2 and OC1-O@8&pgs to an isotropic function. A test refinement witite Ow
occupancy factorspf) free to vary suggested a full occupancy. The R48ructure refinement was
carried out with the same strategy, but refining 2b{Ow) and constraining itadp to the value
refined at 478 K, for which a detailed discussismiven later. All the refinements converged with
no significant residues in the difference-Fouriartieses and no significant correlation between the
refined parameters. Further details pertaininghto dtructure refinements are given in Table 4.14.
Atomic site coordinates, occupancy factors andwedeint/isotropiadgs are in Table 4.15; relevant
bond distances, angles and structural parametdighie 4.16. Anisotropic displacement parameters
are in Table 4.17.

4.3.2 Results and discussion
Unit-cell parameters evolution with T

The unit-cell parameters evolution with(Tables 4.11 and 4.12, Figures 4.10 and 4.11) shbree
different expansion regimes: (i) the first tremat, the hydrated structure, from rooi291 K) to 748
K, in which all the unit-cell parameters, (, V) expand almost linearly with increasiig(Figure
4.10); (ii) the dehydration regime (748 K), wherecaatraction of all the unit-cell parameters takes
place (Figures 4.10 and 4.11); (iii) the secondaasmpn regime, from 748 K to 823 K, where the
guasi-dehydrated structure expands upon incredsiiggure 4.10). A discussion about the quasi-

dehydrated form is given below.

In order to test the quality of the fitting protée¢Table 4.13), in terms of difference between the

unit-cell volume calculated from the thermal-eqoas fit and the actual measured volume,d¥ie
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parameter, defined as the difference between obdesmd calculated volume, was calculated at
different T (Figure 4.13). TheéV clearly shows that both the modified equation$aivley et al.
(1996) and Berman (1988) reproduce very well therrttal expansion behavior within the entire
hydrous expansion regime (from roointe 748 K), with the exception of the last datanp®idue to

the impending dehydration (at 748 K) (arrows inufeg4.13).

While the limited range of temperature investigated the quasi-anhydrous thermal expansion
regime {.e.,, 748K — 823K) allowed a good quality fit adoptitige modified equation by Berman
(1988), a low-quality was obtained with the modifisquation by Pawley et al. (1996). For the sake
of consistency, we thus adopted the modified eqonaby Berman (1988), being the most

representative of our dataset for both the temperakgimes (Figure 4.13, Table 4.13).

Within the hydrous expansion regime (303 - 748¥K¢,andV expand almost linearly with increasing
temperature by about 0.6, 1.3 and 2.5 %, respégtiwéth the following axial and volume thermal
expansion coefficientsianyd,303,1baF 1.16(3)*10° K™% oghyd,303.10a5 2.58(8)*10° KL; av(hyd 303 1baF
4.88 (8)*10°K ™ (Table 4.13). The thermal expansion in cancrisitaore pronounced along [0001],
which expands more than twice than on (0001) (T4llé, Figure 4.10). This anisotropic thermal
expansion scheme is in perfect agreement with itje-h data reported by Hassan (1996a) and
Hassan et al. (2006), and with the |@dvaata reported in section 4.1.

At 748 K, the dehydration takes place, and the-calit edges accordingly decreased, reaching a
relaxation only after 17100 min (about 12 days)o{€at.12, Figure 4.11). Such a regime has been
constantly monitored by measuring the unit-cellapagters as a function of time at constant

temperature, shown in Figures 4.10 and 4.11. [Qweuth a contraction regime, the unit-cell volume

undergoes a total reduction of 0.61%. In responske loss of KO, most of the volume contraction

is accommodated along [0001] which, being the softé&ection, undergoes the most pronounced
shortening i(e., 0.41%) compared to that on (000ig.( 0.1% alongp) (Table 4.12, Figure 4.11).

The anisotropy scheme is maintained during the g/dlehydration process as shown in Figure 4.11.

At T > 748 K, the unit-cell parameters of the quasiyainbus structure show further expansion with
a rate similar to that of hydrated structure (Fegdrl10). The unit-cell volume expands by 0.44%
between 748 and 823 K. The anisotropic expansioarse of the quasi-anhydrous structure is similar
to that observed for the hydrous cancrinite. (la<oc), beingc the direction with largest dilatation,
with an expansion of 0.22% compared to 0.11% ofthdge in the temperature range between 748
and 823 K.
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If we compare the Berman (1988) thermal equatiostatk fit for the hydrous.€., 303 — 748 K) and
guasi-anhydrous structurase(, 748 — 823 K), the latter affected by higher utaiaty, we observe a
difference (though not so pronounced) between #fieed ao coefficients i.e., 4.88(8)10° and
3.1(6)10° K1, Table 4.13). The fitting results provided in Ta.13 confirm that the anisotropy
scheme is maintained even when the dehydratiorepsoat 748 K is completed.

The unit-cell parameters were also measured at&73,573, 473, 373 and 291 K by cooling the
crystal, using the same protocol applied for theréasing temperature ramp (longer times were
needed to reach the structure relaxation). Unfaitiel, a significant decrease in the intensityhef t
diffraction peaks coupled with a shape broadenaiggady observed at 823 K, suggested an
irreversible reduction in crystallinity, likely due the impending decomposition, which led to large
uncertainties on the measured parameters. Howawénspection of the data reported in Table 4.11
and Figure 4.10 suggests that the dehydration psasean irreversible process at the time scale of

the experiment.

High-temperature structural evolution and the effec ts of the dehydration process

The structural model of our cancrinite at room @bads is consistent with those previously reported
in the literature, and it is virtually identical those obtained on crystals from the same locg@lgy
Della Ventura et al. 2009; sections 4.1 and 4.8¢ ffamework is completely ordered with alternating
SiOs and AlQ, tetrahedra, as the Lowenstein’s rule predictsaandbserved in nearly all cancrinite-
group minerals with Si:Al = 1:1. The columns of eagre filled with a Nasite {.e., Nal) in a special
position on the 3-fold axis (Figure 4.3), almostlet same height of the SER001] oxygen atoms
(Table 4.15), and ¥ molecules (Ow, ED-oxygen site) lying at the center of the cagehiree
symmetry-related and mutually exclusive position$ of the axis (Figure 4.3, Table 4.15). The
channel is stuffed with a single cationic site.(Na2) near the walls and GOgroups at the center,
occupying two mutually exclusive iso-oriented cguofiations, both highly disordered along [0001]
(Figures 4.3 and 4.12; Table 4.15). The crystahubal formula from the structure refinement is:
Nay.3dCa.70SisAl 6024(CO3)1.692.00HO, which is in good agreement with the formula frone

chemical analysis (Della Ventura et al. 2009) reggmbm section 4.1.1.

Thesofs of the two independent GOgroups, which were set free to vary in the-téfinement, did
not show any evident G&oss nor a redistribution between the sites wiltreasing temperature
(Table 4.15). On the other hand, a test refinemsaggested no significant loss of® at 448 K,
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consistent with the structure refinements of Hastaal. (2006). The structure refinement at 748 K,
based on intensity data collected when the dehpdratocess was completed, suggests that a minor
amount of HO molecules still persists within the cages, aswhoy the difference-Fourier syntheses
phased without the Ow site (Figure 4.12). The nsdyosv weak maxima located at the Ow site, which
hosts the BHO groups in the hydrous phase. The refinementeoQiv at 748 K, leaving bottofand
adpfree to vary was unstable. Consequently, thes@pmwas fixed to the value refined at 448 K and
thesofset free to vary. With this strategy, the Gefrefined to an occupancy of 5(1)%e(, 0.30(6)
H>0O molecules.f.u) (Table 4.15), which cannot be considered as atgative measure of the,B
content at 748 K (due to the bias induced by tkedfadp but as a qualitative proof of a minor
amount of HO persistency after the dehydration process. TBeK7definement also shows a strong
elongation (along [0001]) of the Nal anisotropdp (Table 4.17), which suggests thermal and/or
positional disorder of the Niaations, no more coordinated along ta@ unit columns by the D
molecules. It is worth noting that in the structafe natural (almost) anhydrous cancrinite, foumd
small xenoliths in alkaline basalts of Laacher @eastern Eifel, Germany), the Naite in thecan

units is split over three mutually exclusive pasis along the 3-fold axis (Zubkova et al. 2011).

The loss of HO at 748 K seems to influence only the Si-O2-Agéiretrahedral angle, as shown by
the T-O-Tvs T evolution shown in Figure 4.14 and Table 4.16. bhakavior of the T-O-T angles
suggests that the dehydration affects predominaingycageso@an units), as shown in Figure 4.14,
where cage- and channel-volumes Tare shown (Table 4.16). These values have beemlsthd

following the protocol reported in section 4.2.2.

The effects of the dehydration, manifested by #alvior of Si-O2-Al, can be described as a change
in the tilting mechanism of the quasi-rigid (Si,@ktetrahedra. This change can be followed through
the evolution of several structural parametershefcan unit. The S6R[0001] ditrigonal rotation
angleseroooy, first decreases (at 448 K) and then increases ¢ dehydration (Table 4.16). The
loss of RO significantly affects the S4R units. The O3s@dliameter (Figure 4.4) expands between
303 and 448 K, following the same, but oppositsigm, mechanism described at Idwsection 4.1)
and highP (section 4.2). At 748 K, we observe a shortenihghs diameter (Table 4.16), as a
consequence of the change in the tilting mechanidm. 03-0O44r shortening likely governs the
behavior of the cage volumeé/ between 448 and 748 K. This shortening is péytial
counterbalanced by the elongation of the O3-Qdiameter in the 12-ring channel, which is, on the
contrary, almost constant between 303 and 448 §u(Ei4.4, Table 4.16), as also observed atTow-
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and highP. The O1-O1:r channel diameter seems not to be affected byahgdiation, as it shows

a continuous increase with temperature (Table 4T8¢ T-induced structural response alongs
driven by the expansion of the double chains gabhetdra, well described by the 03-04-03 angle
(Table 4.16), which induces a hexagonalizationhef 86R-windows (SGR[0001]) linking cages
and channels (Figure 4.4). In this case, excluttegeffects due to the shortening of the unit-cell

parameter in response to dehydration, no chantfeeideformation mechanisms is shown.

A further deformation mechanism, observed in tlve-Toand highP behaviors of cancrinite, is the
flattening of the cage, described by the closuth®iO2-02-02 angle (Figure 4.4) in response to the
contraction of the double chains of tetrahedra @l@®01], coupled with the constant value of the
(02-02}.w diameter referred to as “cage width” (dashed lindsigure 4.4). This mechanism acts as
a marker of the change of tetrahedra tilting. Betw803 and 448 K, we observe an opening of O2-
02-02, due to the constant 02-O2 “cage width” (€ahll6), but between 448 and 748 K a slight
flattening of the cage occurs, despite the exparaiong [0001], due to a strong increase of the O2-
OZ.w (Table 4.16), which clearly marks a change inftamework deformation mechanisms.

Apparently, the channel-cations coordination envinents do not seem to be affected by the
dehydration process. An elongation of the shor&2-R1, Na2-O3and Na2-O4and a shortening of
the longer Na2-O3and Na2-O4 bond lengths is observed (Figure 4.3, Table 4 A6)increase in
both the average < Na2s©and < Na2-@ bond lengths with the framework- and (€Poxygen

atoms, respectively, is observed (Table 4.16).

The reasons for the change in the tilting mechamiambe inferred by following the evolution of the
Nal coordination environment. At room conditioitg Nd cation is 8-fold bonded with four shorter
lengths (to three O2 and one Ow) and four longegtles (to three O1 and the other Ow) (Figure 4.3).
At 448 K, we observe an increase in Nal-O2 andcaedse in Nal-Ol1 (Table 4.16), which is the
same response, but opposite in sign, observeavat land highP (sections 4.1 and 4.2). At 748 K,
despite the continuous decrease in Nal-O1, ansioreof the Nal-O2 vsI behavior is shown
(Table 4.16). Therefore, we can infer that in thidrbus 303 — 448 K range, not affected b¥Hoss,

the cancrinite structural evolution is driven by ttame mechanism (but opposite in sign) which
drives the framework re-arrangement at low tempeeagdown to 100 K) and high pressure (up to
6.63(3) GPa). The change in the tilting mechaniswhiced by dehydration, is likely driven by the
tendency to minimize the Nal-O1 and Nal-O2 distarnioeorder to compensate the loss in the bond-

valence contribution of theJ® oxygen site, Ow.
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Comparison with previous studies

Hassan (1996a) and Hassan et al. (2006) desclhieetthérmo-elastic behavior of cancrinite on the
basis ofin situ powder diffraction data. A similar behavior candesluced from our thermo-elastic
parameters and those calculated on the basis afatiaeof Hassan et al. (2006), for the range 298-
769 K, (.e., ov(z03k.10a) = 4.7(8)*10° K% atazosk.1ban= 1.1(2)*10° K%; aez03k.10an= 2.4(5)*10° K-

1. However, our data about the dehydration prodé$sr by those of Hassan (1996a, 1996b) and
Hassan et al. (2006). Hassan (1996a, 1996b) anshHa&s al. (2006) set the heating rate as 60, 5 and
9.5 K/min, respectively. Sirbescu and Jenkins ()}98ported two comparative thermogravimetric
analyses on a synthetic (€Q-cancrinite. In the first experiment, a computeteanated analysis,
within the range 383-1623 K and a heating rate raiK/ was performed. For the second, a manual
procedure was used with repeated weightings at g@ghuntil a constant weight was reached. The
manual procedure required a period of 10 days, antaverage heating rate of 0.06 K/min. Sirbescu
and Jenkins (1999) reported a noticeable lower heassat any given temperature, for the automated
analysis. This was ascribed to the too faster hgatte (e., 2 K/min), concluding that such a rate
did not allow sufficient time for the volatiles thffuse out of the cancrinite crystals. A release o
“zeolitic H2O” was reported within the range ~ 573-1058 K, vaittiehydration rate that significantly
decreases with increasing temperature (Sirbescuamdns 1999). In our experiments, we increased
temperature by step of 25 K, with a dwell time bbat 30 minutes in order to achieve the structure
relaxation. If we consider the slow mechanism diydieation that we observed with our protocol,
the heating rates adopted by Hassan (1996a, 18@@biHassan et al. (2006) appear to be too high,
and so this might explain some differences on #igydration process. Our experimental findings
corroborate the results of Sirbescu and Jenking@9()19

The protocol we used in this study was extremegfulgo accurately bracket the dehydratiband
shed lights on the actual rate of the dehydratidnch, to our knowledge, had not been reported so
far. In fact, as shown in Table 4.12, the procésiebydration at 748 K took approximately 12 days.
Moreover, a more detailed description of feand dehydration-induced structural re-arrangement
has been carried out, since this was lacking orneashe main topic in the previous studies devoted
to cancrinite behavior at high-temperature (Has$8fi6a, 1996b; Sirbescu and Jenkins 1999;
Fechtelkord et al. 2001a; Hassan et al. 2006; Magd al. 2010). It is interesting to point out ®om
similar findings between our structural data araséhfrom Fechtelkord et al. (2001a) and Isupova et

al. (2010). In particular: i) Fechtelkord et @001a) reported two structure refinements of &NO
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cancrinite at room¥- and its partially dehydrated form at 673 K, showandecrease of Nal-O1 and
a constant Nal-Oz2; ii) an inversion of the Si-O2+AIT behavior following the dehydration process
was reported by Isupova et al. (2010), showingnstreimilarities with T-O-Tvs. T behavior from
our data (Table 4.16).
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Figure 4.10 The evolution of the unit-cell parameters of cancrinite as a function of temperature. Full symbols
represent data collected with increasing-T, open symbols represent data collected during the cooling.
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Figure 4.11 Variations of unit cell volume, a/ao and c/co, and a/c ratio with increasing time at constant
temperature (748 K). The e.s.d.’s are smaller than the symbols.
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Figure 4.12 (Top) Difference-Fourier map of electron density phased without the COs? groups at T = 303 K;
0<c<1,-0.2<x<0.2. (Bottom) Difference-Fourier map of electron density phased without the Ow sites at
T = 748 K, showing the can unit content in a plane parallel to (0001) at z = 0.20 (H20 molecules).
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Figure 4.13 Difference between experimental and calculated volume (by thermal equation of state fit), 8V, as
a function of temperature. The &V clearly shows that both the modified equations of Pawley et al. (1996) and
Berman (1988) reproduce very well the thermal expansion behavior from room-T to 748 K, with the exception
of the last data points due to the impending dehydration (arrow). The grey area represents the average 8V
e.s.d. deduced on the basis of the experimental and calculated V e.s.d..
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Figure 4.14 (Left side) Evolution of the Si-O-Al intertetrahedral angles (normalized to the values at 303 K) with
T. (Right side) The variation with T of the channel (Vch) and can unit (Vcg) volumes
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5.1 VISHNEVITE BEHAVIOR AT LOW TEMPERATURE
AND HIGH PRESSURE

5.1.1 Materials and experimental methods

Small single-crystal fragments of vishnevite, fransample of the type locality (Vishnevye Gory,
Urals, Russia), have been selected for the low-geatpre and high-pressure diffraction experiments.
An inspection at the polarized light microscope dimt show any defect at the optical scale. A
fragment (120*100*8Qum3) was selected for the chemical analysis, perforosidg a JEOL 8200
electron microprobe, operating at 15 kV accelematioltage and 5 nA incident beam, withuf
beam size. The following natural standards werel:usmphacite (Na), realgar (S), anorthite (Ca,
Al), K-feldspar (K), wollastonite (Si) and celesti(Sr). The average chemical formula, based on five
point analyses and calculated on the basis (Si +) A 12 ap.fu., is:
(Nas.2K1.64C&.07S10.01)(Sle.13Al 5.87024) (SQu)o.58 (Table 5.1).

Thein situ low-T diffraction experiments have been performed uam@xford Diffraction Gemini
Ultra diffractometer, operating at 50 kV and 40 m#th a graphite-monochromatized MaxK
radiation. A crystal ~ 130*105*9@°*was used. Two intensity datasets, at 293 (roomitiond) and
110 K, were collected using a combinatiomafcans, with 1° steps and 90 s exposure time gerefr
The crystal was cooled using an Oxford Cryosyst&0® series nitrogen-flow cryostat, with 2 K
absolute uncertainty and 0.2 K temperature stglatithe crystal position. The diffraction peakseve
compatible to theP6s space group and the following unit-cell parametars293 and 110 K,
respectively, were measuremosk = 12.7613(7) A £203k = 5.2231(2) A and/293k = 736.63(9) A,
awook = 12.7223(6) A 100k = 5.1918(3) A andviook = 727.75(8) A Intensity data have been
integrated and corrected for Lorentz-polarizatiffiect and crystal absorption using the CrysAlis
software (Agilent 2012).

The high-pressure experiments have been performhatiealDO9A beamline of the European
Synchrotron Radiation Facility (ESRF), Grenoblartee. A parallel monochromatic beain~ 30
KEv, A = 0.414 A) was used. The beam was vertically fedusy a spherical mirror and horizontally
by a bent silicon-(111) monochromator, in ordeh&ve a beam-size at the sample position of 30*30
um?. The diffraction pattern was collected by an omIMARS555 flat panel detector. A single-crystal
was selected and cut: a fragment ~ 110*110*9QvAs selected to collect an intensity datasetrin ai
The data collection strategy consisted in a rotatibthe crystal about a verticataxis, within the
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range -45°< o < +45°, with 1° step scan and 1 s exposure timefrpene. A further fragment, ~
70*55*50 A3, was loaded, along with few ruby chips as pressafidrants (Mao et al. 1986), in a
membrane-controlled diamond anvil cell, with BoetAdmax design, 60Qum diamond culet-size
and cone-aperture of 60°. A stainless-steel gaskstfirst pre-indented to ~40n and a hole, 250
um in diameter, was drilled by a spark-eroder Rsshamber. A nominally anhydrous 4:1
methanol:ethanol mixture was usedPagansmitting medium (Angel et al. 2007). Difframti data
have been collected at twenty-two different pressufrom 0.20(2) 1) to 7.40(4) P2) GPa.,
following anw stepwise rotation from -30° to +30°, as delimibgcthe DAC opening angle, with 1°
steps and 1 s exposure time per frame. Unit-cedmaters, fronPq (air) to P22, have been refined
and are reported in Table 5.2. Intensity data Hmeen integrated and corrected for Lp-effect using
the CrysAlis software (Agilent 2012), the correatifor absorption (from the DAC) and for different
diffracting volume, as a function efrotation, was applied using the ABSPACK routinpiemented

in CrysAlis. Further details on the data collecti@re in Table 5.3.

5.1.2 Structure refinements and high-pressure struc  tural re-arrangement

The structure refinements from the IGwdatasets have been performed using the SHELXwaodt
(Sheldrick 1998, 2008), implemented in the WinGXteswf crystallographic programs (Farrugia
1997). Neutral scattering factors for O, Si, Al,,Maand S have been taken from th&ernational
Tables for Crystallography, Volume @Vilson and Prince 1999). The framework coordiaaté
cancrinite refined from the roo-dataset of the present study (section 4.1) weed as starting
model. The extraframework population was identifleg Fourier synthesis. Thean units are
occupied by a cation site on the 3-axis (Na) anthbge mutually exclusive 4 oxygen sites (Ow)
out of the triad (Fig. 5.1). Two mutually exclusieation sites are close to the channel walls: an
“internal” site (M1) occupied by Kand an “external” one (M2) occupied by N@ig. 5.1), as
previously reported in the literature. The diffezrerFourier maps of electron density, phased without
the anionic groups, showed a disordered distribilong the gaxis at the channel center (Fig. 5.2).
The same disordered distribution, from which twoximea emerged at different height, was also
observed around the screw axis at positions cobipato the triangular basis of the sulfate
tetrahedron. A configuration given by two $Otetrahedra, the first showing the apical oxygen
pointing downward and the second upward (Fig. ®a) be suggested, as already reported in the

literature (Hassan and Grundy 1984, Della Venttiia.€2007). In such a case, two split sites fer th
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sulfur (S1 and S2) have been modeled, along with symmetry-independent sites for the basal
oxygen (Ob1 and Ob2). The location of the apicglgex atoms is not trivial, and their refinement is
practically impossible, due to the too short diseenof the sites along the éxis. Therefore, the
sulfate apical oxygen was not added in the modelrter to stabilize the refinement, the site
occupancy factors of the sulfate sites.S1, S2, Ob1l and Ob2) belonging to the same grare w
restrained and the two configurations (S1-Ob1l d&h82) were set as equally probable. In addition,
the S1-Ob1l and the S2-Ob2 bond lengths have betmireed to 1.45(1) A. The first cycles were
performed using isotropic atomic displacement patans, which were later turned to anisotropic for
the framework sites and Na (the Nate withincan units). The refinement from the 110 K dataset
has been performed starting from the robmodel, following the same strategy and constraginin
the occupancy of the extraframework sites to tHeegrefined at 293 K. Both the refinements
converged with residuals in the difference-Founap< + 1.05e/A3% and no significant correlation
between the refined parameters. Further detaite@structure refinements are in Table 5.3. Atomic
coordinates, occupancy factors and isotropic\edgmiatomic displacement parameters are in Table

5.4. Anisotropic atomic displacement parameterdisiedd in Table 5.5.

The structure refinement from the rodhdataset, collected at ESRF, has been performed tise
JANA2006 software (Petricek et al. 2006). The sigrinodel was set to the framework coordinates
refined from the 293 K dataset. The extraframewpolpulation was identified through Fourier
synthesis. A similar electron density distribut@nthe channel center was found (Fig. 5.2) and the
same sulfate configurations, previously reportedrenadopted. In addition, a strongly anisotropic
(along [0001]) electron density distribution, reldtto the cage-Na, was also found. The cage-Na
positional disorder was modeled through two sjiigss(Nal and Na2). In the final cycles, only the
framework sites were refined with anisotropidgs. In order to get a stable refinement, the same
bond lengths and occupancy restrictions, descrbede for the sulfate sites, have been applied. In
addition, Nal-Na2, M1-M2 and all the sulfate sikesve been constrained to share the sadme
respectively. Twelve high-pressure datasets haga belected to perform the structure refinements.
In order to compensate for the reduction in the Imemof observed reflections, due to the DAC
shadowing, further restraints were applied. Th&lSand the framework oxygen sites were also
constrained to share the saadp, the Si-O and Al-O bonds were restrained toRheefined values
+0.01 A and the occupancies were constrainedetBdhalues, except for Nal and Na2, which were
allowed to vary keeping the total sum constant. Ptyd-coordinates of the sulfate-group basal

oxygen sitesi(e. OB1 and OB2) and the isotrodp shared by all the sites belonging to the sulfate
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group were constrained to the values refined anrBoAt P > 3.43(4) GPa, the refined parameters
related to the sulfate tetrahedron suggested agehiarthe anion configuration. An inspection thrbug
the Fourier synthesis revealed a clearly diffedéstribution of electron density, if compared toske
observed up to 3.24(9) GPa (Fig. 5.2). The two maxiemerging from the continuous distribution
along the 6 axis, were assigned to the S site and to the lapxy@en site (Oa). A single upward
configuration (Fig. 5.3) was adopted, after insjpecof the Fourier peaks around the screw axis. The
triangular base of the sulfate tetrahedron (Ob) fivaesl at reasonablr,y coordinates (0.12,0.06),
inferred from the Fourier maps, leavinfree to vary. If compared to both the configurati@hown

by the sulfate tetrahedra before the anion re-gearent, the new sulfate tetrahedron is rotated by ~
60° along [0001]. Further discussion on this sutigem the section 5.1.4. The occupancy of the new
S, Ob and Oa sites was fixed accondingly toRfigalues. All the refinements converged with no
significant residuals in the difference-Fourier napelectron density and correlation between the
refined parameters. Atomic coordinates, site oceapdactors and isotropic atomic displacement
parameters are given in Table 5.4. Anisotropic atairsplacement parameters from fPedataset
are in Table 5.5. Both the lowand highP refinements showed a twinning of the crystal, vaith
010,b=100,c'=00 -1 and twin ratio about 0.60:0.40. Furthetads pertaining to the structure

refinements are in Table 5.3.

5.1.3 Results

Elastic behavior

The studied sample of vishnevite keeps its crystbllup to the highest pressure investigated, (A30
GPa. Figure 5.4 shows the experimental unit-cdliime data as a function of pressure. Two subtle
discontinuities can be found between 2.47(2) aBd(20) GPa and between 3.43(4) and 3.83(9) GPa,
from which three pressure regimes can be definlked blilk elastic behavior in the filBtregime P:1-

Pg, 0.20(1)-2.47(2) GPa] has been determined bydtthe experimental data to a Birch-Murnaghan
equation of state truncated to the third orderBM EoS, Birch 1947, Angel 2000). Due to the lindite
number of experimental data, large uncertaintisslted in the refined parametevs:= 733.8(8) A&,

Kvo = 49(4) GPaKy' =5.4(33). The refinement of a second order BM-F@tded the following
refined parameters/ = 733.5(4) &, Kvo = 50.8(10) GPa. The unit-cell linear elastic bebiaalong
thea andc directions, has been determined by the fit ofédinzed” BM-EoS (Angel 2000). The fit
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of 11I-BM EoS vyielded:ap = 12.765(3) AKao = 56(4) GPaKa' = 7.3(32):co = 5.202(2) AKeo = 37(2)
GPa,K¢' = 5.0(20). The fit of [I-BM EoS gaven = 12.762(2) AKao = 59.8(9) GPago = 5.2013(9)

A, Ko = 38.0(6) GPa. Due to the very low number of expental data within the secomdregime
[Po-P11, 2.84(10)-3.43(4) GPa], a fit by an equation aftestwas impossible. However, the average
volume and linear compressibilities could be catad, from which the resulting average volume
and “linearized” bulk muduli are derively, = 47(2) GPaKa = 55(3) GPa an#; = 37(1) GPa. The
elastic behavior in the thirg-regime P12-P22, 3.83(9)-7.40(4) GPa] has been determined bwydjtti
the experimental data to a IlI-BM-Eo0S. The follogialastic parameters, for the volume andahe
andc edges, have been refinaa:= 757(6) &, Kvo = 30(3) GPaKy' =2.6(5);a0 = 12.844(19) AKao

= 40(3) GPaKa' = 1.8(4);c0 = 5.325(29) AKwo = 16(3) GPaK¢' = 3.6(5). All the equations of state
fits have been performed using the EoSFit v5.2 éA\2§00).

The average thermal expansion coefficients bet@88rand 110 K were calculated;= 6.32(9)*10
K1 0a=1.59(5)*10° K1, ac = 3.12(5)*10° KL,

High-pressure and low-temperature structure evoluti on

The pressure-driven structure evolution of vishteewvith the exception of the channel population
re-arrangement between 3.24(9) and 3.43(4) GRagiisly governed by the tilting of the quasi-rigid

tetrahedra. The average (Si,Al)-O bond lengths wian with pressure is constant within the
estimated standard deviation (Table 5.6). The Jildrertetrahedral angles all show a closure with

increasing pressure (Fig. 5.5, Table 5.6).

The mechanisms of structure deformatiorR &t3.24(9) GPa can be described through the strain of
the composite building units of the [CAN]-framewoikhe S6RI0001], corresponding to thean

unit basis, undergoes an increase in its ditrigostation anglexssrijoooz; (section 4.1.2; Fig. 5.5 and
5.6, Table 5.6). The increase in the ditrigonalrabier of the ring also induces a shortening along
the 0O2-O26sr70001) diameter (Fig 5.6, Table 5.6). Both the symmetigelpendent channel diameters,
01-Oli2r and O3-04r, are shortened with pressure, following a strorigerd for O1-O12r (Fig.

5.5 and 5.6; Table 5.6). The S4R’s, makingdhechains, show a compression along the 0324
(Fig. 5.6, Table 5.6). Along [0001] the compressobrthedzcchains, well described by the closure
of the 03-04-03 angle (Fig. 5.6, Table 5.6), occlitee cage behavior is mainly represented by a
flattening, as confirmed by the closure of the Q2@ angle (Fig. 5.5 and 5.6, Table 5.6).

114



Vishnevite

At P > 3.43(4) GPa, the structural re-arrangement ofstliate tetrahedron, previously described,
occurs. The main effect on the tetrahedral tilisxgiven by a significant increase in the rateahe

of the deformation mechanisms described aboven8pection of the Si-O-Al angles reveals a fall
of the Si-O2-Al values at the highest experimemedssures (Fig. 5.5; Table 5.6). The most
significant increase in the deformation rate isvahdy the S6R[0001] ditrigonal rotation angle
aserjooo1] (@nd the related O2-Q&kooo1) cOmpression), the O1-@k channel diameter and the O3-
04-03 angle, related to the compression ofitechain (Fig. 5.5; Table 5.6). In addition, a streng
flattening of the cage is also shown (Fig. 5.5,|&&h6).

The most striking effect of the sulfate re-arrangatis, likely, the displacement of the M1 and M2
cations towards the center of the channel, whickigsificant atP > 3.43(4) GPa, as the atomic
fractional coordinates reported in Table 5.4 shimageneral, a shortening of the M2-Ghd M2-

O4 and an increase of the M2-Oand M2-O4 bond lengths occurr (Fig. 5.1, Table 5.6). A
compression of the M1-O&nd M1-O4 is shown up to the sulfate re-arrangement, aftachva
constant value is observed (Fig. 5.1, Table 5.6)th@ contrary, a constant M2-O1 bond is shown up
to 3.43(4) GPa, after which a clear compressiomisc(Fig. 5.1, Table 5.6). With the exception of a
slight shortening of the Na-O2 bonds, any signiftcehange in the Nacoordination environment
apparently occurs up to 3.43(4) GPa; at Higlnelear increase in the Na-O1 and a strong corsipres

of the Na-O2 are shown (Fig. 5.1, Table 5.6).

Fig. 5.5 and Table 5.6 show tRenduced evolution of the channel and cage volurdened as in
section 4.2.2. A visual inspection of the diagradioves the identification of an enhanced compression
of the channel, if compared to the cage, follovtimgsulfate re-arrangement. Despite the low number
of experimental data (Table 5.6), obtained by thecture refinements from the selected datasets, a
fit by a ll-order BM-E0S has been done, using tb&Et v.5.2 software (Angel 2000). For thaé-
sulfate re-arrangement” range, the following para&nsewere refined for the channel and the cage,
respectivelyVcho = 323.8(13) A&, Kvoch = 35(3) GPaVego = 205.9(7) A, Kvocg = 57(6) GPa. For the
“postsulfate re-arrangement range”, the refined pararseire©Veho = 371(8) &, Kvoecn = 10.1(12)
GPa;Vego = 208(2) &, Kvocg = 40(6) GPa.

Despite only two structure refinements are avaddbt the lowT regime (i.e. 293 and 110 K), the
good quality of the data allows to identify the sadeformation mechanisms previously described
(Table 5.6), even though with a different magnitude
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5.1.4 Discussion

Structure model

The models adopted for the vishnevite structurieeeients, from both the low-and highP datasets,
are consistent to those reported in the literatdessan and Grundy 1984; Della Ventura et al. 2007)
As previously discussed, the disordered distrilbutd electron density along the éxis (Fig. 5.2)

did not allow the refinement of the apical oxygdonas of the two mutually exclusive sulfate
tetrahedra, one pointing downwards and the othesatgs (Fig. 5.1). The splitting of the sulfur site
in two mutually exclusive positions was preferréar the refinements from the high-pressure
datasets, the Nasite within the cages was also split in two swdssitAlthough not usual in the
literature, such a model is consistent with thersiranisotropic atomic displacement parameter of
the Na site from the loW-refinements (Table 5.5). The occurrence of fewanates, in both the Na
and HO positions, likely induces a slight displacemehthe Na-BO clusters along the 3-axis, in
order to optimize distances and bond lengths. Ty&a chemical formula from the 293 K structure
refinement is: [Naad2.04Sw)o.6g[Na1.eo(H20)][SisAlsO24]. For the highP datasets, if the M1 site
occupancy (refined using the Na scattering fackome) is transformed into the equivalent K value
(sofNa)sofK) = 19:11), the crystal chemical formula from tr@omP structure refinement is:
[Naz 38K 1.80(SQu)1.0d[Na1.e(H20)1.85[SisAl6O24]. A good agreement, between the compositions of
the can units, is shown by the two models. If we calculgte number of electrons at the channel
cation sites, from the two refined formulae we obté3.49*11) + (2.04*19) = 77.18 and (3.38*11)
+(1.80*19) = 71.3&, respectively, which differ for 5.7F only, equal to N@s2or Ko 30 If we assume
the Na content of thean units to be 1.65 atoms per formula unit (averagevben the two
aforementioned models), the channel population frothe chemical analysis is:
[Naz 5K 1.64Ca0.075S10.0(SQs)o5g, from which 72.21 electrons of the cations sitesm be derived,
showing a good agreement with the structure refardgm The overestimated K content, in both the
structure refinements formulae, suggests slighstiultion of K" by Na” at the M1 site, as also shown
by davyne (see chapter 7). On the contrary, a dist and overestimated sulfate content is shown
by the formulae from the structure refinements. Eesv, if we consider the strong disorder of the
electron density along [0001] and the adopted mdhdisl is not surprising. In fact, it was impossibl
to avoid, in the refinement of the occupancieshef$ sites, the contribution from the apical oxygen
atoms, only partially compensated by the restramtie Ob sites occupancies. As already reported

in the literature €.g.Bonaccorsi et al. 2001), the occurrence of twesseghent sulfate tetrahedra, at
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zandz £ 0.5, is impossible, due to too shorts contaEle occurrence of too short contacts also
prevent the co-existence of neighboring sulfateatmns in M1, at the same height. Therefore, two
kind of alternating clusters can occuff?llas(SQy)] and ["*(K,Na)s]. The presence of vacancies at

the anionic sites, suggested by both the chemidysis and the low-refinements, likely prevents

an ordered distribution of these clusters alon®190

Elastic behavior

The elastic behavior of vishnevite is characteribgda strong increase in compressibility, which
likely follows the structural re-arrangement of ttigannel extraframework population, occurring
between 3.24(9) and 3.43(4) GPa. Tismduced structural re-arrangement approximatetyiocin

the mid of the second elastic regim®-P11, 2.84(10)-3.43(4) GPa], as previously defined,clhi
shows a volume compressibility approximately intedmte between those refined from the first and
the thirdP-ranges. Therefore, it can be hypothesized thaexiperimental results from this second
P-range could correspond to a metastable configuraglated to the re-organization of the channel

population.

In vishnevite, the most compressible directionaisng ¢, with an elastic anisotropy at room
conditions given b¥a:Kc = 1.51:1, which likely increases with pressurehmtthe firstP-range, as
the refinedK,’ and the data in Fig. 5.4 suggest. Interestirglypmparison to the elastic behavior of
cancrinite in the range 0.0001-4.62(3) GPa vyielgsrg similar elastic anisotropy at rodPKa:Kc
=52(4):34(2) = 1.53:1. If we consider the averbgk moduli calculated for the secoRerange, we
obtain an elastic anisotrop§a:Kc = 1.49:1, whereas the calculated elastic anisptad(3.83(9) GPa
(at the beginning of the thifé-range), from the refined IlI-BM EoS parameterdifP12):Kc(P12) =
46:28 = 1.64:1, which tends to decrease at theeigéxperimental pressures.

Despite the sample did not show any hint for acstme collapse nor for a loss of crystallinity, egt
for a decrease in the diffracted intensities frmery last high? points, the elastic softening in the
third P-range, suggest the onset of a metastable confignyas will be further discussed in the next

section.

About the thermo-elastic behavior in the range 298, it is interesting to note the strong thermo-
elastic anisotropy, wherecorresponds, by far, to the most expandable darecEimilarly, a strong
anisotropy was shown by cancrinite (section 4.1)emgas the same is not valid for davyne and
balliranoite (chapters 6 and 7).
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High-pressure and low-temperature structure evoluti on

An unambiguous interpretation of the high-presdglavior of vishnevite is not trivial. As in the
other studied cancrinite-group minerals, in vishie\a quasi-rigid behavior of the (Si,ARO
tetrahedra is observed. Therefore, tRénduced strain is accommodated by the tilting loé t
tetrahedra: as in cancrinite and differently froravghe and balliranoite, all the Si-O-Al
intertetrahedral angles undergo a closure withgures(Fig. 5.5, Table 5.6). The structure refinetmien
up to 3.24(9) GPa describe the structure evolugsgponsible for the elastic behavior of the fi?st
range, and reveal a similar framework deformatisrthat observed in cancrinite. The strain in the
(0001) plane is accommodated by several non-indkggnmechanisms: 1) a strong ditrigonal
rotation of the S6R[0001], which induces the shortening of the O2s§320001) diameter; 2) the
channel compression along both the independentadeamO1-O1r and O3-O4pr; 3) the shrinking

of the S4R units along O3-@4. The bulk compression along the [0001] crystatipipic direction

is accommodated by tlikzcchains, which shorten through the tilting of tedhedra around the O3
and O4 *hinges”, as well described by the closur¢he O3-O4-0O3 angle (Fig. 5.6; Table 5.6).
Besides the shrinking of the almost circular chgrmsignificant flattening of thean units occurs,

as confirmed by the closure of the 02-02-02 anigig. 6.5 and 5.6; Table 5.6). The second elastic
regime, described between 2.84(10) and 3.43(4) GRrédgl be a hint for the upcoming structural re-
arrangement. Between 3.24(9) and 3.43(4) GPaulfetes tetrahedron undergoes a reconfiguration,
which likely triggers the observed increase in cagspibility and clearly induces a change in the
deformation mechanisms affecting the channel pdijpulaThe refined model, from both the room-
P and the 293 and 110 K datasets (Table 5.4), stimnsulfate tetrahedra pointing the vertices of the
triangular basis more or less towards the neighigdid cations in M2, so that a single and strong
M2-Ob bond occurs (Fig. 5.1). This is the same igométion observed for the davyne samples
studied in this work (see chapter 7) and for dastngctures reported in the literatueeg.Bonaccorsi

et al. 1990, 1995; Hassan and Grundy 1990). A ameibnfiguration was also reported for the long-
range ordered pitiglianoite (Merlino et al. 199d)emically analogous to vishnevite. On the contrary
in cancrinite and balliranoite (see chapters 4 @ted references), the triangular carbonate group
point their edges towards the neighboring Wad C&' cations i e. the Qo3 0xygen are rotated of
about 60° with respect to thes€), in order to have two (Na,Ca)-Oc bonds (see #ig.and 6.2).
The sulfate configuration in vishnevite, at roonm@idions, likely prevents both the shortening a th
M1-O1 bond and the displacement of the cations tdsvéne channel center. An increasing instability

of the resulting cations coordination environmeotlld lead to the re-arrangement of the sulfate
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tetrahedron into a single upward configuration,hwiihe triangular basis resembling that of the
carbonate groups in cancrinite (Fig. 5.3). Thisagparently, confirmed by the strong displacement
of the M1 and M2 sites towards the channel centdP a 3.43(4) GPa, likely in order to fit
energetically favorable bonds (Table 5.4). An imsijp|g of the P-evolution of the cage-Na
coordination environment shows a compression oftioeter Na-O2 bond lengths (Table 5.6), within
the entire P-range investigated, which reinforce the mainlyraieédral character of the Na-
coordination shell. The longer Na-O1 bonds are tzonsup to the sulfate re-arrangement and, later,
undergo a clear elongation. We propose this beh&vibe a consequence of the interaction between
01 and"?Na’, previously discussed. It is interesting to ndtat the re-configuration of the channel
extraframework population is followed by a stromgrease in the rate of several deformation
mechanisms, in particular: the increase in the [§6801] ditrigonal rotation anglessrjooo1, the
01-O1i2r channel diameter and the 03-04-0O3 angle compresgieig. 5.5; Table 5.6). These
features and the anomalously low compressibilitgwsih by the studied vishnevite Bt> 3.83(9)
GPa, likely suggest that, though the apparentlgtabp to 7.40(4) GPa, the structural configuratio
following the channel population re-arrangementrisbably metastable and unlikely to occur in a

natural geological environment.

Despite a comprehensive analysis of the Tostructure evolution of vishnevite is impossibla, a
inspection of the change in the structural pararedietween 293 and 110 K (Table 5.6) reveals that,
though with a different magnitude, the bulk volum@ntraction is accommodated by the same

deformation mechanisms which accommodate the strdfre previously described loR+egime.

5.1.5 Conclusions

The elastic behavior of vishnevite in the |&®vregime (e. P < 2.47(2) GPa) reveals strong
similarities to the volume compressibility and @laanisotropy shown by cancrinite in the safe
range. In addition, the same framework deformati@chanisms were found to govern the structure
evolution at pressure up to 3.24(9) GPa. An appanerease in compressibility in the range 2.84(10)
< P (GPa)< 3.43(4), possibly suggests the onset of structinstibility, likely related to the
occurrence of too short cation-oxygen contacts iwithe channels. Between 3.24(9) and 3.43(4)
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GPa, a structural re-arrangement affects the sutittahedra and, more in general, the channel
extraframework population. As a consequence, aandr of the cations towards the channel center
occurs aP > 3.43(4) GPa. This reconfiguration of the chanmeirnment is followed by a strong
increase in compressibility, as shown by the smallies of the refine&o andK'. The elastic
softening, coupled with the strong rate of defoiorabf several structure parameters, suggests a
metastable nature of the high-pressure vishnetritetsre.
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Figure 5.1 (Left side) The Na-coordination environment within the can unit. A 4+4 coordination is shown, with
a strong tetrahedral shell involving the three O2 and the closer Ow' sites. (Right side) The K (M1) and Na (M2)
coordination environments within the channel. The upward (S1-Ob1) and downward (S2-Ob2) sulfate anions
(without the apical oxygen) are also shown. In both the pictures, dashed lines represent mutually exclusive
bonds.
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Figure 5.2 (A) Difference-Fourier map of electron density, phased without the sulfate anion, at the center of
the channel, from the room-P dataset. The modeled positions for the S1 and S2 sites are shown. (B)
Difference-Fourier map of electron density, phased without the sulfate anion, showing a section perpendicular
to [10.0] at x = 0.06. Modeled positions for the Ob sites are shown. (C) Difference-Fourier map of electron
density, phased without the sulfate anion, at the center of the channel, from the P11 [3.43(4) GPa] dataset. The
modeled positions for the S and Oa sites are shown.
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Figure 5.3 The configuration of the channel extraframework population at P11 [3.43(4) GPa]. The modeled
upward sulfate tetrahedron, pointing an edge towards the neighboring Na* cations in M2, is shown (see the
text for further details).

123



Chapter 5

Figure 5.4 (Left side) The experimental V-P data. The blue line represents the fit with a 11I-BM EoS in the
range Pi1-Ps. The red line represents the fit with a IlI-BM EoS in the range Pi2-P22. The increase in
compressibility is evident. (Right side) The experimental a/ap1 (blue) and c/cp1 (green) vs. P data. The fits with
“linearized” 11I-BM Eo0S, in the same P-ranges described above, are shown.
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Figure 5.5 P-induced evolution of: (A) the Si-O-Al intertetrahedral angles; (B) the S6R[0001] ditrigonal
rotation angle assrojooo1}; (C) the O1-Oliz2r and O3-0O412r channel diameters, normalized to their P2 values; (D)
the 02-02-02 can unit flattening angle; (E) the channel- and cage-volumes, normalized to their P2 values.
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Figure 5.6 (Left side) The [CAN]-framework of vishnevite viewed down [0001]. (Right side) Two base-sharing
can units. In both the pictures, relevant structural parameters are shown.
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Chapter 6

6.1 BALLIRANOITE BEHAVIOR AT LOW TEMPERATURE

The experimental findings reported in the followpayagraphs have been published in the following

paper:

G.D. Gatta, P. Lotti, V. Kahlenberg (2013) The lamperature behavior of balliranoite (CAN
topology): ann situ single-crystal X-ray diffraction studiicroporous and Mesoporous Materials
174, pp. 44-53.

6.1.1 Materials and experimental methods

The natural sample of balliranoite used in thidgtis from Dattaw, Mogok metamorphic belt,
Myanmar (#108339, collection of the American Museafmlatural History, New York, USA), in an
assemblage of corundum (ruby), marialite (mizzQrated, presumably calcite (sample was trimmed
before acquisition). Balliranoite likely crystalid in a skarn-like environment by the interactién o
granite and its fluids with the marble wallrockglarorundum inclusions (Harlow and Bender 2013,
and references therein). Some fragments have baeoted from a centimeter-size gem-quality

crystal for the chemical analysis and Idvdiffraction experiments.

Chemical analysis was performed with a JEOL 82@@tsdn microprobe in wavelength dispersive
mode with 15 kV acceleration voltage, 5 nA incide@am current andi@n beam size. The following
natural standards were used: hornblende (F), ontph@da), realgar (S), anorthite (Ca, Al), K-
feldspar (K), wollastonite (Si) and scapolite (Cl).

A single-crystal (180*160*13um?) free of defects at the optical scale was seleftethein-situ
low-temperature single-crystal X-ray diffractionpeximents. Six intensity data collections were
performed at 293 (roonh), 250, 220, 180, 140 and 108 K (Table 6.1) usmgaford Diffraction
Gemini Ultra diffractometer equipped with a Ruby@@etector, operating at 50 kV and 40 mA with
a graphite-monochromatized MazKadiation. The low-temperature conditiols< 293 K) were
obtained by cooling the crystal with an Oxford ystems 700 Plus open-flow nitrogen gas device
(temperature stability 0.2 K, absolute uncertainithin 2 K at the crystal position). A combination
of w-scans, with 1° step scan and 30 s/frame exposuneg Was used to maximize data coverage and
redundancy. The unit-cell was found to be metrychkkxagonal within thd-range investigated,

absence conditions always compatible with P8e space group and no evidence for superstructure

128



Balliranoite

reflections. The measured unit-cell parameter9atkwere:a = 12.6701(3) Ac = 5.3178(1) A and
V = 739.30(3) A Intensities from all the datasets were integraded corrected for Lorentz-
polarization effects using the Crysalis softwaregi{ént 2012). Further details about the data

collection protocol and unit-cell parameters atedtént temperatures are in Table 6.1.

6.1.2 Results
Chemical composition and structure refinements

Table 6.2 reports the chemical composition of oallifanoite, yielding the following crystal-
chemical formula: (Neu7Car.86K0.11)(Sis.96Al 6.04024) Cl2.0CO3)0.7dSu)o.33 based on (Si + Al) = 12
a.p.f.u..

The balliranoite structure refinements at differiamhperatures were performed using the SHELXL-
97 software (Sheldrick 1997, 2008) integrated m WinGX suite (Farrugia 1999). Neutral atomic
scattering factors for O, Si, Al, Na, Ca, Cl andw@re taken from thénternational Tables for
Crystallography vol. C(Wilson and Prince 1999). The structure refinemeated on the data
collected at 293 K (roori) was performed starting from the framework cooatis reported by
Chukanov et al. (2010b). The extraframework sitesenocated by inspection of the difference-
Fourier maps of electronic density. Teéen unit content is given by a Ca site (Ca), locatedhe 3-
fold axis (1/3,2/%) at the center of the SGRO001] (Fig. 6.1), and by three symmetry-related an
mutually exclusive Cl sites (Cl), out of the 3-afftsg. 6.1). Their site occupancy factosefs) were
initially refined, giving a full occupancy (1/3 feach CI site), and then fixed to 1.0 (Ca) and(Ci3

in the late stages. Two mutually exclusive catites (M1 and M2) were found close to the channel
walls (Fig. 6.2) as reported also by Chukanov e(20110b), whereas GO groups were located at
the center of the channel in two mutually exclusteafigurations (C1-O5 and C2-0O6 sites) (Fig.
6.2), where carbon atoms lie on thea&is (0,0z) and the oxygen atoms out of it in a symmetry-
induced triangular configuration, as in cancrirfitkapter 4) and in holotype balliranoite (Chukanov
et al. 2010b). A diffuse electronic density alohg & axis in the difference-Fourier maps (Fig. 6.3)
did not allow to locate unambiguously the/5@roup, expected on the basis of the chemical aisaly
A test refinement was performed with the configiarabf the S@* group reported by Chukanov et
al. (2010b), but unsuccessfully. In other wordg, 802 configuration found for the holotype of
Chukanov et al. (2010b) is not applicable to odliraaoite. The first cycles of refinement were
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conducted with isotropic displacement parametadg$), which were set anisotropic in the last
stages; only the M2 site was modeled as isotr@mth M1 and M2 were refined using the scattering
factor of Na, since a mixed Na/Ca scattering cutice not improve the figure of merit of the
refinement. No constraints on the carbon (C1 anda@a related oxygen (O5 and OB6) site occupancy
factors were applied, in order to consider any migaécontribution due to the S®groups. In order

to get a stable refinement, O5 and O6 were congiiiaio share the same anisotropdps. The
refinement converged to & = 0.0301 for 2544 reflections with Fo »(@#o0) (Table 6.1), with no
significant correlation between the refined parareand with highest residuals in the difference-
Fourier maps of electron density equal to +@&9&° and -0.5&/A3 (Table 6.1). A racemic twinning
with ratios of the twin components equal to 0.5Z(3)8(3) was found. However, the refined twinning
did not affect the quality of the structure refiramts both at room and loWwconditions. The same
refinement strategy was applied to the low-tempeeantensity data, restraining M1 and M2 to keep
the total occupancy refined at room conditions emstraining the (C€3)-group sites to the room-

T occupancies. No change of the extraframework gardition was detected at IoWw-All the
refinements converged with no significant correlatibetween the refined parameters and with
highest residuals in the difference-Fourier mapsis22e/A3 (Table 6.1). Atomic coordinates, site
occupancy factors and equivalent/isotropic dispteer® parameters of all the structure refinements
are in Table 6.3. Anisotropic displacement paramsedee in Table 6.4.

Thermoelastic behavior

Figure 6.4 shows the evolution of the balliranaitet-cell volumevs temperature, which follows a
monotonic trend with no evidence of phase transito change of the thermal behavior. These
experimental data were fitted with the equation @@ectly derived from the thermodynamic
definition of the thermal expansion coefficient, (= 1Mo*(0V/0T)p), already to describe theTL
behavior of cancrinite (section 4.N(T) = Vro*exp(av*AT), whereay is assumed to be constant
within the temperature range investigated and eferencefo was fixed to the lowest experimental
temperatureife. 108 K). The fit yielded the following refined pamaters:Vro = 732.7(3) A andav

= 4.6(4)*10° K1 The experimenta andc unit-cell edgews temperature (Fig. 6.4) were, in turn,
fitted with the same “linearized” equatioh(T) = Iwo*exp(u*AT)], giving the following refined
parametersaro = 12.636(3) A andi = 1.4(2)*10° K%, o = 5.300(1) A ande = 1.7(2)*10° K™,

The resultingra:ac ratio, describing the anisotropic thermal volumpansion, is then 1:1.21.
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A fit of the experimental data by the equation (Jtbposed by Pawley et al. (1996), was also done,
yielding the following refined parametehé:= 733.5(3) &, aov = 1.6(2)*10* K'V% a = 12.640(3) A,

aga = 4.6(7)*10° K'¥2 ¢ = 5.3015(4) Ajanc = 6.1(3)*10° KV, The calculated thermal expansion
coefficients at roon¥- are:ay, 203k = 6.7(8)*10° K2, 0ta,203k = 1.9(3)*10° K%, 0,203k = 2.6(1)*10° K-

1 from which the elastic anisotropy 2esk: oc 203k = 1:1.37 is derived.

Low- T structure evolution

The balliranoite framework is built by perfectlydered SiQ and AlQ; tetrahedra as in cancrinite and
almost all of the cancrinite-group minerals (Borascand Merlino 2005; Pekov et al. 2011a). The
low T-induced evolution of the intertetrahedral Si-Oahgles is reported in Table 6.5 and Figure
6.5, which show that all but the Si-O2-Al angle @&se with decreasing temperature. The mean <Si-
O> and <AI-O> bond lengths are constant within rttestimated standard deviations (Table 6.5),

suggesting a rigid behavior of the 7t@trahedra.

Within the (0001) plane, several non-independefdrdeational mechanisms can be described. The
S6RJ[0001] (.e. the cage basis) shows a small increase of thigahl rotation angl@ssrioooy
(section 4.1.2; Fig. 6.6; Table. 6.5). This mechanileads to a limited shortening of the O2-
O2ser0001; ring diameter (Fig. 6.6; Table 6.5). The “cage twid described by the three
symmetrically related (02-Ogy) diameters (dashed lines in Fig. 6.6), decreasés décreasing
temperature (Fig. 6.5; Table 6.5), coupled withhargening of both the independent channel
diameters (O1-O1)r and (O3-O4kr (Fig. 6.5 and 6.6; Table 6.5), where (O1-Odlis calculated

as the projection onto the (0001) plane of the Qld8tance.

A low-T induced shortening of the T@ouble zigzaghains running along the [0001] direction, well
described by the closure of the 03-04-0O3 angle |€T&LD), reflects the ditrigonalization of the
S6RJ(000I) windows and a decrease of the hexagonalrdayeorrugation” Az = (Z(O)max —
Z(O)min)*c) (Fig. 6.6; Table 6.5).

The channel- and cage-volumes (calculated accotditige protocol in section 4.2.2) behaviors with
temperature have been described by the same eq@d}i(v(T) = Vro*exp(av* AT)) previously used
to fit the unit-cell volume. The refined thermogiagparameters ar&/cho = 321.1(1) & andaven =
6.0(4)*10°% K, Vego = 205.9(1) & andaveg = 3.4(4)*10° K1, respectively.
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Table 6.3 shows that the equivalent\isotropic dispinent parameters of both framework and
extraframework sites undergo a decrease with deingatemperature. The Ca coordination
environment within theanunit is a ditrigonal bipyramid (C.N. = 8), whetetS6RI(0001) oxygen
atoms define the ditrigonal basis and two Cl atdrekave as apical verteces (Fig. 6.1). A small
shortening of the Ca-Cl bond lengths can be obgemth decreasing temperature, whereas Ca-O1
and Ca-0O2 do not show any appreciable deviatiam ftee room¥ values (Table 6.5). The channel-
cations M-O bond lengths with are given in Table 6.5. For both M1 and M2, a srong of the
average <M-O> bond lengths with framework-O atomshiown at lowF (Table 6.5), whereas no

appreciable decrease is observed for the averadeGbond lengths with carbonate oxygen atoms.

6.1.3 Discussion

Low- T structure evolution

The low-T induced structure evolution in balliranoite canrhainly described in terms of rigid
tetrahedra rotation, as the average <T-O> bondhenguggest (Table 6.5). The shortening of the
structure within the (0001) plane can be ascriloetvd independent mechanisms: 1) the cage width
shortening along (02-0g) and 2) the S6R(0001) ditrigonal rotation through the O2-€3210001
shortening (Fig. 6.5 and 6.6; Table 6.5). At thenedime, the “compression” of tltouble zigzag
chains (Fig. 6.6, Table 6.5) fully describes thertgming along the [0001] crystallographic direntio
The refined cage- and channel-volume thermal expansoefficients show that the highest
contribution to the lowF induced unit-cell volume contraction is given by tthannel voids, being
Ocgioich = 1:1.76.

A straightforward description of the channel extnaiework population is not trivial, since both
cations and anions occupy several mutually excdugi@sitions, giving rise to multiple possible
configurations. Both the “M” sites have been refinssing the neutral scattering curve of Na, giving
site occupancy factors equal to 0.854(4) and 04)d0¢ M1 and M2 at roonT-, respectively, which
correspond to [(0.854+0.160)*11]*6 = 66.82per unit-cell. Assuming a full occupancy of the Ca
site (Ca) within the cage, the chemical analys&h(& 6.2) shows that the channel cationic popuiatio
is given by NasCa.sdKo.11, corresponding to 68.4€ per unit-cell, in good agreement with the
structure refinement. The channel-anions electrooitent from the structure refinement (Table 6.3)
is [(0.49+0.24)*6]*2 = 8.7& /unit-cell for C and [(0.54+0.13)*8]*6 = 32.1&/unit-cell for O, giving
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a total of 40.92/unit-cell. On the basis of the chemical analyis,channel anionic composition is
(CO3)0.7dSMy)0.33, which corresponds to 40.38unit-cell, in good agreement with the structure
refinement. All the anionic sites show significgndnisotropic displacement parameters, with
unrealisticUss values (Fig 6.2; Table 6.4), which represent tbsitmnal disorder along [0001]
suggested by the difference-Fourier maps (Fig.. &8)already proposed for cancrinite (Ballirano
and Maras 2004, Della Ventura et al. 2009; sectidrnof the present study), this is likely due te th
displacing of C atoms from their average positionerder to avoid too short C-C distances. If the
C-C distance in aragonite (2.88 A) (De Villiers 197s assumed to be the shortest in minerals
(Bonaccorsi and Merlino 2005), a positional dispigcalong with the occurrence of vacancies are
needed in balliranoite, being C1-C1 and C2-C2 etpaR = 2.6589(1) at roori-

An inspection of the refined M-O bond lengths aimal conditions (Table 6.5) highlights the M2
proximity to the channel walls (Fig. 6.2), and soghorter bond lengths with the framework-oxygen
atoms. On the contrary, M1 is slightly closer te {€Q?%)-oxygen sites and likely too far from O1
for an effective bond when it is occupied by Nagading to the bond-valence method (Brown 2002).
If we assume that all the channel Ca and K occhpyM1 site, because of more favourable bond
lengths (Table 6.5), it follows that M1 would becapied by 57% Na, 14% Ca and 2% K, while 27%
of vacancies occur. As a consequence, the 16%edthsite is occupied by the remaining Na atoms,
possibly associated with vacancies in the closgsh& sites. A decrement of the distance between
M1 and M2 is shown (Table 6.5), suggesting a teoglefithe two sites to merge with decreasiing
though an apparent saturation of the decreaseed¥lh- M2 distance at the lowe$tdo not allow a

clear interpretation of the phenomenon.

Thecanunits extraframework configuration is more simplleains of alternated Ca and Cl develop
along the [0001] direction. Three mutually exclesupwards and three downwards Ca-Cl bonds can
occur (Fig. 6.1), due to the CI positioning outtleé 3-fold axis, though the highly anisotropic ClI
displacement parameters (Table 6.4) suggest a Muare disordered configuration. Both the
independent Ca-Cl bond lengths decrease with dgiagek (Table 6.5), showing a shortening of the

Ca-Cl chains in response to the deformation otétr@hedral framework.

Thermoelastic behavior and comparison with the canc rinite evolutionatL T

To the best of our knowledge, this is the firsdgton the thermoelastic and structural behavior of

the CQ? end-member of davyne subgroig, balliranoite, at non-ambient conditions. Howezer,
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comparison with the natural cancrinite thermoetalséhavior at lowF conditions (section 4.1) can
be carried out. In cancrinite, the refined volurhermal expansion coefficient is 3.8(7)*1&™
within the range 1068 T (K) < 293, which corresponds withirs 1to theayv refined for balliranoite.

If the linear thermal expansion coefficienis and ac are compared, a different thermoelastic
anisotropy between these two isotypic materials loanfound: theoa:ac ratio being 1:1.21 in
balliranoite and 1:3 in cancrinite. This differensalue to a weaker thermal expansion along [0001]
and a stronger expansion within the (0001) plar®aihiranoite with respect to cancrinite(Can) =
0.7(2)*10° K%, ac(Can) = 2.1(3)*1¢ K1). However, the low number of data points and tiatering

of the data lead to high estimated standard dewiatiof the refined axial thermal expansion

coefficients.

Both these isotypic materials show, as expecteddearease of the magnitude of the
equivalent/isotropic atomic displacement parametgrdow-T. However, if in cancrinite the
equivalentadps of the (CQ?)-sites are kept constant within balliranoite C1, C2 and (05,06) all

show a decrease of their equivaladps, suggesting a higher influence of the thermsbrier.

The largest difference between the ldvstructural evolution of cancrinite and balliramodan be
found within the (0001) plane. In balliranoite, theformation is mostly accommodated by the cage-
width shortening along O2-Q(Fig. 6.5, Table 6.5). On the contrary, in caniteiifsection 4.1) the
cage-width is constant witif and the deformation is completely accommodated thoy
ditrigonalization of the S6R(0001), which leads to the shortening of the O2dR%o01) diameter.

A different behavior of the channel diameters sabbserved: in balliranoite both (O1-@k)and
(03-0O4)rdecrease with (Fig. 6.5; Table 6.5), while in cancrinite onletlongest (O1-O1)rdoes
(section 4.1). As a consequence, a continuous aeermef the shortest free diameter (along the (O3-
O4)2r direction) occurs in balliranoite, whereas in gamte it remains constant with. A different

can unit behavior is also observed: in balliranoitee tage-width shortening is accompanied by a
same-magnitude “compression” along [0001], as cordd by the constant value of the 02-02-02
flattening angle (Fig. 6.6, Table 6.5); in candenin contrast, the shortening along thaxis is not
counterbalanced within the (0001) plane, so leathng pronounced flattening of the cage through
the decrease of the 02-02-02 angle.

Appreciable differences can be observed betweethand Na coordination environments within
thecanunits of balliranoite and cancrinite, respectivétyballiranoite, no changes are shown by the

Ca-0O1 and Ca-02 bond lengths at Idywhereas in cancrinite a considerable shortenirgaeO2
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is due to the S6R(0001) ditrigonalization. Furthermore, in cancrendll the T-O-T intertetrahedral
angles, including Si-O2-Al, undergo a closure wikbcreasingl. We do not observe a similar
behavior in balliranoite, suggesting that the comtion environments of thean unit cations likely

play a key role in lowr deformation of the [CAN] framework. No considemdifferences are

observed between the deformation mechanisms aaitmgy [0001].

6.1.4 Conclusions

The thermoelastic behavior of balliranoite, thes€®nd-member of davyne subgroup, in the range
108<T (K) <293, has been studied for the first time, showitigermal expansion coefficient similar
to that of cancrinite. A different thermoelastiasatropy, between these isotypic materials, can be

inferred from the linear expansion coefficients.

The low-T structure evolution of balliranoite is driven hytation of the framework rigid tetrahedra,
which accommodate the unit-cell deformation throtigh shortening of thean cage “width” and
channel diameters within the (0001) plane, alorit Wiedouble zigzaghains “compression” along
[0001]. A comparison with the lovii- cancrinite behavior shows significant differenadsthe
mechanisms acting within the (0001) plane, whefeerdint cage and channel deformations are

observed.

These results suggest that the nature oté#meunit population and the coordination environments

could influence the type of the [CAN] framework dehation at lowT.
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Figure 6.1 The can unit extraframework population, showing the Ca site and three mutually exclusive Cl sites
(out of the 3-fold axis). The Ca-coordination environment is drawn. Dashed lines represent mutually exclusive
bonds.
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Figure 6.2 (A) Coordination shells of M1 and M2 channel-cations sites. Dashed lines represent mutually
exclusive bonds. The C atoms show a triangular coordination perpendicular to the [0001] axis. (B) The channel
extraframework population viewed down [0001]. Blue sticks at the center of the channel represent the CO3%
groups.
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Figure 6.3 Difference-Fourier map of the electron density, phased without the COs? groups, showing the
positional disorder along the 63 axis at the center of the 12R-channel, from the room-T (left side) and the room-
P (right side) refinements.
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Figure 6.4 (Top) The unit-cell volume of balliranoite as a function of T. The solid line represents the fit using
the equation (8) V(T) = Vro*exp(av*AT). (Center and bottom) The unit-cell edges a and c of balliranoite as a
function of T, respectively. The solid lines represents the fit using the linearized equation I(T) = lro*exp(a/*AT)
For all the diagrams the experimental errors are of the same magnitude as the symbols.

740 T T T T T

739- .
738 ]
737- ]
< 736 :
> B <4

735- 1

734- 1

7334 .

100 150 200 250 300
T(K)

12.67 4 . -

12.66 e

12.65 .

12.64 1 .

T L\l T * T )
100 150 200 250 300
T (K)

5.320

T ¥ T ¥ T

5.315

1
1

5.305 . .

5.300 T T T T
100 150 200 250 300

T(K)

139



Chapter 6

Figure 6.5 (Top) The intertetrahedral Si-O-Al angles, normalized to their values at 293 K, with T. (Center) The
02-02.w cage-width variation with T. (Bottom) The (O1-O1)12r and (03-04)12r channel diameters, normalized
to their values at 293 K, evolution with T.
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Figure 6.6 (Left side) The [CAN] framework viewed down [0001]. (O1-O1)12r is calculated as the projection
onto the (0001) plane of the O1-O1 distance, as the involved O1 atoms are shifted along [0001] of 1/2*z. (Right
side) A column of can units.
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6.2 BALLIRANOITE BEHAVIOR AT HIGH PRESSURE

The experimental findings reported in the followpayagraphs have been published in the following

paper:

P. Lotti, G.D. Gatta, N. Rotiroti, F. Camara, GHarlow (2014) The high-pressure behavior of
balliranoite: a cancrinite-group mineraeitschrift fur Kristallografie DOI 10.1515/zkri-2014-
1626.

6.2.1 Materials and experimental methods

The same sample of balliranoite from Mogok (Myanmesed for lowT experiments (section 6.1)
has been used for the highexperiments. A single-crystal (160*100*7@n%), optically free of
defects, was selected for the high-pressure difta@xperiments of this study. The crystal-chelnica
formula, from electron microprobe analysis in wavgjth-dispersive mode, is reported in section
6.1.1 and in Table 6.2.

An X-ray diffraction intensity data collection wéisst performed with the crystal in air using an
Oxford Diffraction Xcalibur diffractometer, operag at 50 kV and 40 mA, with a monochromatized
Mo-Ka radiation and equipped with a CCD detector , 80 famfrom the sample position. A
combination ofo/¢ scans, with step scan 1° and exposure time 60fsgpee, was used to maximize
redundancy and data coverage. A total of 19175sured reflections showed a metrically hexagonal
lattice with: a = 12.680(1) A,c = 5.3141(5) A and/ = 739.9(1) A. Systematic absences were
compatible with thé>63 space group and no superstructure reflections wleserved. Intensity data
were then integrated and corrected for Lorentz#prdtion effects using the Crysalis software
(Agilent 2012). Absorption due to the crystal waarfd to be not significant.

In-situ HP-experiments were performed with an ETH-type diachanvil cell with Be backing plates
(Miletich et al. 2000). A T301 steel foil was usasla gasket, with a micro-hole (diame&iB00 um)
drilled by spark-erosion aB-chamber, after a pre-indentation to a thicknesabmfut 120um. A
nominally anhydrous mixture (methanol:ethanol =)4nas used as hydrostatietransmitting
medium (Angel et al. 2007), whereas a standardalrg$ quartz, loaded along with the balliranoite
sample in thd>-chamber, was used as pressure calibrant (Angel @097). The balliranoite unit-

cell parameters were measured from 0.0001 (crystale DAC withoutP-medium) to 6.77(2) GPa
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(Table 6.6), by centering a list of 32 Bragg reilees with a KUMA-KM4 point-detector
diffractometer. Operating conditions were 50 kV at@ mA with a monochromatized MoeK
radiation. X-ray intensity data were collected &001, 0.85(3), 1.73(3), 2.62(4), 3.80(5), 4.95(3),
5.95(4) and 6.77(2) GPa using the Oxford Diffracticalibur CCD-diffractometer at the same
operating conditions used for the crystal in aicgnbination ofo/¢ scans was used for all the high
pressure data collections, with step scan 0.5®a&pdsure time 60 s per frame. Reflections condition
compatible withP6z space group were always observed fo all the datasihin the P-range
investigated. Intensity data were integrated andected for Lp-effects with the Crysalis software
(Agilent 2012) and for absorption effects, duen® DAC, with the ABSORB software (Angel 2004).

Further details pertaining to the data collectiaresin Table 6.7.

6.2.2 Structure refinement protocol

All the structure refinements were performed usigSHELXL-97 software (Sheldrick 1997, 2008),
integrated in the WIinGX suite of crystallographiograms (Farrugia 1999). The neutral atomic
scattering factors of O, Si, Al, Na, Ca, Cl and @revtaken from thénternational Tables of
Crystallography Vol. QWilson and Prince 1999). The balliranoite stroeteefinement was first
performed from the data collected with the crystadir. First cycles were carried out starting from
the framework coordinates reported by Chukanol. €@10b). The extraframework population was
localized from the difference-Fourier synthesishaf electron density. Thean units were filled by a
Ca site (Ca), at the center of the EHB001] on the 3-fold axis, and a Cl site (Cl), ofithe 3-fold
axis in three mutually exclusive positions (Fidl)6.The channel population was represented by two
mutually exclusive cation sites (M1 and M2) near tihannel walls, as also found by Chukanov et
al. (2010b) and in low- experiments (section 6.1), and two mutually exgkisonfigurations for the
COs? groups (C1-O5 and C2-06), with carbon atoms lyinghe 6 axis at the channel center (Fig.
6.2). The difference-Fourier synthesis, calculatathout the anionic groups, showed a highly
disordered distribution of the electron densityngldéhe G axis (Fig. 6.3). This disorder hindered an
unambiguous allocation of the $Ogroup, expected from the chemical analysis, @&ady reported

in section 6.1 even from X-ray single-crystal difftion data collected at 108 K. The configuration
of the sulfate group in the holotype mineral (Cmdwaet al. 2010b) was used, but unsuccessfully,
suggesting that this configuration is not applieatol the balliranoite of this study. The M1 and M2

site occupancy factorsdfs) were refined using the Na scattering factarcsia mixed Na/Ca curve

143



Chapter 6

did not improve the figure of merit of the refinemieNo restriction was applied tofs of the
carbonate groups (C1-O5 and C2-06, respectivelyrder to refine any potential contribution from
the sulfate group. The Ca and CI sites were satftdl occupancy (1.0 and 1/3, respectively, since
only one of the three ClI sites out of the 3-axis lsa simultaneously occupied), as suggested by thei
early refinement. The first cycles were conducteth wsotropic atomic displacement parameters
(adps), which were subsequently set to anisotropiceex for the M2 site because of significant
correlation between the refined parameters. Th€Z&and O5-06 atomic displacement parameters,
respectively, were constrained to be equal in otdemprove the refinement stability. A racemic
twinning with components ratio 0.53(4):0.47(4) i@asnd. A test refinement excluded the possibility
that the material had the corresponding centrosyengpace groupgP6z/m. Convergence was
achieved leading to ar: factor of 0.0447 for 1405 reflections wila > 4o(Fo) and highest/lowest
residual peaks in the difference-Fourier maps: 3-@8d -0.6 &/A3,

The high-pressure structure refinements were peddr starting from the model previously
described. A set of restraints was applied in otdeeduce the number of refined parameters, so as
to compensate for the reduction in the number afeoled reflections mainly due to the acces
restrictions of the DAC. The site occupancy fagtaere all constrained to the values refined with
the crystal in air and the atomic displacement patars were all refined isotropic and constraining
Si-Al, the framework oxygen sites, M1-M2, C1-C2 dD8-O6 to share the same values, respectively.
Additionally, the C-O bond lengths were restraited.300(5) A and the carbonate oxygen sites (O5-
0O6) were constrained to share the sarandy coordinates, as they were found to be equal wi&in
from the refinement with the crystal in air. Conyence was always achieved with highest residual
peaks in the difference-Fourier maps1.18€e/A3. Further details pertaining to the high-pressure
structure refinements are in Table 6.7. Atomic dowtes, site occupancy factors and isotropic or
equivalent atomic displacement parameters are bieT@ 8. Anisotropic displacement parameters
from the refinement &o.-ar are in Table 6.9.

6.2.3 Results

Elastic behavior

The balliranoite of this study is stable up to kinghest pressure here investigatiesl,6.77(2) GPa,

with no evidence of phase transition or changénefdompressional behavior. The unit-cell volume
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evolution as a function d® is shown in Fig. 6.7. The experimental data weted with a Birch-
Murnaghan equation of state (Birch 1947; Angel 206Qncated to the third order (llI-BM EoS) and
weighted for the experimental uncertaintyfmndV, using the EoSFit v5.2 software (Angel 2000).
The following parameters were obtain&t:= 735(1) &, Kvo = 48(3) GPa an&y' = 4.0(10). The
refinedKy' value, supported by the horizontal trend of theradized pressure as a function of the
Eulerian strain Ke-fe plot) (Fig. 6.7), suggests that a truncation & BM-EoS to the ll-order, for
which aKy' = 4 is assumed (section 2.1.6), is adequate twibegshe elastic behavior of balliranoite.
The fit to the experimental data of a [I-BM EoS eg\the following parametersy = 735.5(7) &,
Kw = 48.1(8) GPa, which compare well with the weightmear regression of thEe-fe data,
intercepting thd=e axis at 49(2) GPa (Fig. 6.7). The unit-cell edgeslution as a function d? is
reported in Fig. 6.7: fitting the data with a “lamé&zed” 11I-BM EoS (Angel 2000), weighted for the
uncertainty inP andl, we obtained the following refined parametes= 12.654(6) AKao = 54(4)
GPa andKy' = 4.6(14);co = 5.305(2) A Ko = 40(2) GPaK¢' = 3.3(6). The elastic anisotropy at
ambient conditions can be represented by the Kati&co = 1.35:1. The fit with a [I-BM-EoS yielded
the following parametersio = 12.652(4) AKao = 55(1) GPago = 5.306(2) AKe = 37.6(5) GPa.

High-pressure structure evolution

The high-pressure structure evolution of this redthalliranoite can be described as mainly governed
by the mutual tilting of the quasi-rigid framewor&trahedra. All of the Si-O-Al intertetrahedral
angles decrease with pressure, though this defmmiatsignificantly less intense for Si-O2-Al (Fig
6.8; Table 6.10). The average <Si-O> and <Al-O>dtangths at different pressures do not vary
within the calculated standard deviations, evemgioa slight compression, especially for the AlO
tetrahedra, can be inferred (Table 6.10).

The pressure-induced tetrahedral tilting is refldctby several non-independent deformation
mechanisms. Among those, within the (0001) plamebzarepresented by: 1) the ditrigonal rotation
of the S6RI(0001) (described by the ditrigonal rotation anglesripooo1)), which induces the
shortening along the SGR0001) O2-OZ2eriooo1 axis (Fig. 6.6; Table 6.10); 2) thean unit
compression through the “cage width” O2w@lashed lines in Fig. 6.6) shortening (Fig 6.8;&ab
6.10); 3) the channel compression through the shory of both the symmetrically independent
diameters O3-Odr and O1-O1L:r (the latter being calculated as the projectiomané (0001) plane
of the O1-0O1 distance, as the involved O1 atomslaifeed along [0001] of 1/2*) (Fig 6.6 and 6.8;
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Table 6.10). Along the [0001] direction, the clasof the O3-04-0O3 angle (Table 6.10) reflects the
compression of the double chain of tetrahedra (Bi§). Thedzc compression also induces a
ditrigonal deformation of the S6RO0001) windows and a decrease of the hexagonalr laye
corrugationAz (Fig 6.6; Table 6.10).

The contribution of the cage- and channel-voidgh&unit-cell volume evolution with pressure has
been calculated following the same protocol regbiesection 4.2.2. Their evolution with pressure
has been fitted with a 1I-BM-Eo0S, yielding the faMling refined elastic parametekéich = 326.6(5)

A3 andKvoch = 36.0(8) GPaYocg = 206.7(4) & andKvocg = 66(3) GPa, for channel and cage volumes,

respectively.

The Ca coordination shell within thean unit is a ditrigonal bipyramid (C.N. 8), where the
S6R[0001] oxygen atoms act as the basis and the neigithCl atoms as the apical vertices. A
slight decrease with pressure of the three symoadiiyirelated Ca-O2 and of both the independent
Ca-Cl bond lengths is observed, whereas no sigmfideviation from the room-conditions value of
the Ca-O1 bond distances occurs (Fig 6.1; Tablg)6The pressure-induced evolution of the channel
cations M-O bond lengths is also reported in T&bl®. Both the average <M1#® and <M2-Q>
bond lengths with framework oxygen atoms, alonghwite average <M1-8 bond lengths with

carbonate oxygen, undergo a shortening with inanggeessure (Fig 6.2; Table 6.10).

6.2.4 Discussion

Elastic behavior: balliranoite and cancrinite

To the extent of our knowledge, this is the firgtdy on the high pressure behavior of a davyne-
subgroup mineral, specifically the (&)-analogue balliranoite. No evidence of phase ttiams
structure collapse or change of the compressioglad\ior has been observed within the pressure
range investigated (0.0001-6.77(2) GPa). The rdfisethermal bulk modulus at ambient conditions
(Kvo = 48(3) GPa) falls in the range so far reportedofeen-framework silicates.¢. 18-70 GPa,
Gatta 2008) and is comparable to that reporteddtural cancrinite (45(2) GPa, section 4.2).

Balliranoite shows an anisotropic elastic behawath Kao:Keo = 1.35:1 at ambient pressure. It is

worth noting that the [CAN]-framework can be sesradlayered structure”, as described in section
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1.1, and the most compressible direction is thgtgredicular to the stacking plane of the hexagonal

layers.

Cancrinite showed an apparent subtle change afdhmpressional behavior at 4.623P (GPa)<
5.00(2), as reported in section 4.2, with refinkabc parameterkvo = 45(2) GPa an&y' = 6(1)
(within 0.0001-4.62(3) GPaKwo = 40(2) GPa an&y' = 4 (fixed) (within 5.00(2)-6.62(3) GPa).
Besides the refined isothermal bulk moduli, thelitzadoite and cancrinite normalized unit-cell
volumes {.e. VIVioomp) evolution with pressure, shown in Fig. 6.9, swgigdhat these isotypic
minerals share a similar volume compressibility.wdeer, as shown by the pressure-induced
evolution of the normalizedh and ¢ unit-cell parameters|/{come) (Fig 6.9), balliranoite is
characterized by a less pronounced anisotropienpaite., compared to cancrinite, it presents a
higher compressibility within the (0001) plane amdhigher stiffness along the most compressible
direction [0001]. These combined features lead ke taforementioned similar volume

compressibility.
High-pressure structure evolution

Although a slight compression of the Al@trahedra can be inferred from the average <AbGrd
lengths (Table 6.10), tHe-induced structure evolution of balliranoite is migidriven by the tilting
of the perfectly ordered framework, as shown by3h©-Al intertetrahedral angles (Fig 6.8; Table
6.10).

The shrinking of the unit-cell volume is accommaahtlong the softest [0001] crystallographic
direction by the compression of the double chainetfahedradzc unit) (Fig 6.6, Table 6.10),
whereas within the (0001) plane is accommodatedth®y combination of two concomitant
mechanisms: 1) thean unit compression, through the O2-Q3hortening (Fig 6.6 and 6.8; Table
6.10) and 2) the S6R0001] ditrigonal rotation, through the O2-€3&70001; contraction (Fig 6.6;
Table 6.10). The refined elastic behavior of thgecaand channel-volumes shows that the bulk

volume compression is mainly governed by the chiavwids, asKvoch: Kvocg= 1 : 1.83.

If we assume a full occupancy of the Ca and Césitighin thecanunits, as suggested by the structure
refinements, the chemical analysis of our ballirnndicates that the composition of the channel
population can be expressed as.N@a.sKo0.10(COz)o.7SM)o.33, Which corresponds to 68.46 and

40.33€/unit-cell, for cationic and anionic populationspectively. The structure refinement, based
on the data collected with the crystal in air, haen performed using the neutral scattering cufve o
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Na for both the M1 and M2 sites, yielding the fallag site occupancy factors: 0.881(6) and 0.160(6),
respectively. These values correspond to ((0.8868)*6)*11 = 68.71e/unit-cell, in excellent
agreement with the chemical data. Assuming thaCalt and K occupy the M1 site, because of
more favorable bond lengths (Table 6.10), the faithg composition is derived for M1: 59% Na,
14% Ca and 2% K with 25% of vacancies, whereasdM®% occupied by Na. The refined electrons
content from the modeled anionic groups (C1-O5 @2d0O6) is given by ((0.56+0.22)*2)*6 +
((0.575+0.165)*6)*8 = 44.88&/unit-cell. The slight discrepancy between thenedi anionic content
and that expected from the chemical analysis issagarising if we consider the highly disordered
distribution of the electron density along thea&is, as shown by the difference-Fourier maps. (Fig
6.3). A comparable disorder was also reported diaDéentura et al. (2007) for a natural sample of
vishnevite, the Sg end-member of the cancrinite subgroup, along withimilar discrepancy
between structure refinement and chemical anafgsithe anionic groups. The refined anisotropic
displacement parameters of the carbonate grougs sitow unrealistically highss values (Table
6.9). This feature was already reported for caiteriiBallirano and Maras 2004; Della Ventura et al.
2009; section 4.1 of the present study) and in@e&.1 is shown that, in balliranoite, it is press

at low-temperature at least down to 108 K. As psapioby several authors for cancrinigg( Gatta

et al. 2012; Grundy and Hassan 1982) and discussaeéction 6.1 for balliranoite, the strong
anisotropy exhibited by the displacement parametieitse (CQ?)-groups, along with the aplanarity
between the average positions of the carbon aateckbxygen atoms (Table 6.8), is a further hint of
their positional disorder along tleeaxis. The disorder of the extraframework populatnders a
realistic refinement of the site occupancy factord, thus, of the total electron content of th@aiai

groups.

The M1 and M2 cationic sites have the same cordigum reported in section 6.1 and by Chukanov
et al. (2010b). M1 lies closer to the channel ceat is likely too far from O1 for an effectiveriab
when it is occupied by Na. As a consequence co@dinated by 4 framework oxygen atoms on one
side (5 with O1) and up to 3 carbonate oxygen atomshe other side. However, the statistical
distribution, the occurrence of vacancies and thatjpnal disorder of the anionic population result
in a non-univocal coordination environment. Conebrsthe M2 site is closer to the channel walls
and is coordinated by 5 framework oxygen atoms,redee according to the bond valence method
(Brown 2002), the M2-(05,06) distances are too lmmgffective bonds. The loss of the contribution
given to the total bond valence by the M-(O5,06hd®would be partially compensated by the

shorter M2-@ distances with framework oxygen atoms, suggedtiegoccurrence of M2 likely
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coupled with vacancies within the neighboring armdaites. An inspection of the pressure-induced
evolution of the M-O bond lengths (Table 6.10) shothat with increasing pressure: 1) Ol

progressively falls within the Na(M1) coordinatishell and 2) O5-O6 are more bound to M2.

Furthermore, the distance between the M1 and MBageepositions continuously decreases (Table
6.10). In this light, test refinements have beerigomed in order to investigate a potential merging
of the M sites. Although the full merging in a dmgite cannot be unambiguously proved, the
decrease of the M1 M2 distance and the very similar coordination emwiment shown by the M1

and M2 cations at the higher pressures suggedketmiency.

The configuration of theanunits population is simpler than the channel dmee upwards and three
downwards mutually exclusive Ca-Cl bonds can ocdug to the CI positioning out of the 3-fold
axis, but the ditrigonal bipyramid coordination abvays preserved (Fig. 6.1). ThHeinduced
evolution of the Ca-O and Ca-Cl bonds (Table 6dl)ws a slight re-arrangement related to the
S6RJ[0001] ditrigonalization and a compression of thee@ chains which follows that of trazc

units.

It is worth noting that, though with a significantbwer magnitude and, hence, without the effects
pertaining to the channel cations coordinationIshéte same deformation mechanisms have also
been described for the low temperature (£0B(K) < 293) structure evolution of the same natural
balliranoite (section 6.1). A similar analogy beémethe effects induced by these “compressive”
regimes ie. low-T and highP), has been already reported for the isotypic ¢aier(sections 4.1
and 4.2).

Comparison with the cancrinite behavior at high pre ssure

The occurrence of Ca-Cl chains within e units of balliranoite, in place of the Na® chains
occurring in cancrinite, gives rise to an expansbthe [CAN]-framework, as shown by the higher
unit-cell volume and by the higher values of a# ®i-O-Al intertetrahedral angles in balliranoite a
room conditions. The influence of the extraframewoopulation is not only limited to the structure
configuration at ambient conditions, but apparepthys a role also on the high-pressure structure
evolution. In cancrinite, in fact, all the inter@hedral angles decrease with pressure, whereas in
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balliranoite only a slight deviation from the rodPrwalue of the Si-O2-Al is shown (Fig 6.8; Table
6.10). The resulting different tetrahedral tiltisjows the largest effects within the (0001) plane.
Compared to cancrinite, the SBR001] ditrigonal rotation angle in balliranoitesmaller at ambient
conditions ¢saL = 1.2(1)°,acan = 8.8(2)°) and its increase with pressure is pessounced. This is
correlated to the differef-induced behavior shown by the cations-framewongex bonds of the
cage population. In cancrinite, a strong compressiothe shorter Na-O2 and a stretching of the
longer Na-O1 bonds are observed at high pressaotida 4.2). In balliranoite, a less pronounced
shortening of the Ca-O2 bonds occurs, whereas grifiseant changes of the Ca-O1 distances is
observed (Table 6.10).

A considerably different deformation of tlean unit can also be described between these isotypic
compounds. In balliranoite, the shortening alorg@2-O2w (“cage width”) is coupled with a same
magnitude compression of thecunit along [0001]. As a consequence, no signiticisange of the
cage flattening angle 02-02-02 (Fig 6.6 and 6.&d&.10) is observed, so that the cage undergoes
a homogeneous shrinking. In cancrinite, tla@ unit behavior is opposite: the compression of the
double chain of tetrahedra is not counterbalanged $hortening along O2-@2and the closure of
02-02-02 reflects the “flattening” of tlwmnunit with pressure (section 4.2). Significant eifnces

are also observed in the channel deformation. frballiranoite, both the independent diameters are
compressed with increasing pressure (Fig 6.8; Taldl@), leading to a continuous shortening of the
channel “free diameter” along O3-Q4 (sensuBaerlocher et al. 2007): from 5.58(1) A at roéne
5.25(1) A at 6.77(2) GPa). Conversely, in canceinionly the O1-Oikr diameter undergoes a
significant shortening, keeping almost constantdih@nnel “free diameter” at the lower pressures,
since, along the O3-04 direction, compression ismlpaccommodated by the S4R deformation
(section 4.2). Furthermore, the differeain units population leads to a stretching of the Sdiidg
03-0O4%rat ambient conditions in balliranoite, which istgly counterbalanced with a shorter O3-
O42r (i.€. a shorter channel free diameter, 5.58(1) A itiraabite, 5.78(1) A in cancrinite).

Besides the significant differences observed witthie (0001) plane, the same deformation
mechanism is shown along [000L§. the compression of the double chain of tetrahétiraunit),

even though with a different magnitude.
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6.2.5 Conclusions

This study of a natural balliranoite from Mogok (&hymar) represents, to the best of our knowledge,
the first investigation on the high-pressure betiaaf a davyne subgroup mineral. The studied
sample is stable up to the highest pressure heestigated (6.77(2) GPa). TReinduced structure
evolution is mainly governed by the tilting of tramework tetrahedra, acting as quasi-rigid units.
This tilting is reflected within the (0001) plang the ditrigonal rotation of the SGIR0001] and by
the cage compression through the O2whortening, and along [0001] by the compressiothef
double chain of tetrahedrazc unit). An apparent slight re-arrangement of tharctel cationic
population occurs, described by the tendency ofwioeM sites to merge.

The comparison with the isotypic cancrinite (satt#b2) shows a similar volume compressibility,
but a less pronounced elastic anisotropy. The wbddiifferent elastic behavior is due to different
deformation mechanisms. The largest differencesosiserved within the (0001) plane, where

different evolution otanunits and channels occur.

The results obtained in this study and those from low-T investigation of natural balliranoite
(section 6.1) suggest that the nature of the e=mafwork population of thean units has a
considerable influence on the structure deformati@chanisms at non-ambient conditions and,
hence, on the thermo-elastic behavior of the caitergroup minerals. A discussion on this topid wil

be given in the chapter 8.
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Figure 6.7 (Top) On the left: unit-cell volume evolution as a function of pressure. The solid line represents the
fit with a 1I-BM Eo0S. On the right: the normalized stress (Fe = P/[3fe(1 + 2fe)>2]) vs. the Eulerian finite strain
(fe = [(Vo/V)?? - 1]/2) plot. The estimated standard deviations have been calculated according to Heinz and
Jeanloz (1984). The solid line represents a weighted linear fit through the data. (Bottom) The a and c unit-cell
parameters evolution as a function of pressure. The solid lines represent the fit with “linearized” 11I-BM E0S
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Figure 6.8 (Top) On the left: P-induced evolution of the intertetrahedral Si-O-Al angles, normalized to their
room-P values. On the right: evolution as a function of pressure of the normalized O1-Ol12r and O3-O412r
channel diameters. (Bottom) The can unit width O2-O2.w and flattening angle 02-02-02, normalized to their
values at 0.0001 GPa, as a function of pressure in balliranoite (left side) and cancrinite (righ sidet).
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Figure 6.9 P-induced evolution of the normalized unit-cell volume, a and ¢ parameters in balliranoite (circles)
and cancrinite (triangles).
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7.1 DAVYNE BEHAVIOR AT LOW TEMPERATURE

The experimental findings reported in the followpayagraphs have been published in the following

paper:

G.D. Gatta, P. Lotti, G. Nénert, V. Kahlenberg (2DOn the crystal structure and low-temperature

behavior of davyne: A single-crystal X-ray and ment diffraction study.Microporous and
Mesoporous Materialsl85, pp. 137-148.

7.1.1 Experimental methods

A large crystal of davyne (0.7 éirfrom Mt. Vesuvius, Naples, Italy, free of defectder polarized
microscope, was selected for this multi-methodaalgstudy. The crystal was cut in three fragments
in order to perform the chemical analysis, the Ibw-ray diffraction and the roor- neutron
diffraction experiments. Electron microprobe analys wavelength dispersive mode was performed
using a JEOL 8200 microprobe operating at 15 k\éksration voltage, 5 nA incident beam and 3
um beam size. The following natural standards weegluomphacite (Na), realgar (S), anorthite (Ca,
Al), K-feldspar (K), wollastonite (Si) and scapeli¢Cl). The crystal (400*400*200m?%) was found

to be chemically homogeneous. The average cherfaoalula, based on 20 point analyses and
calculated on the basis of (Si + Al) = 12 atoms pgermula unit, is the following:
(Nag.ogK1.79Ca1.89VIg0.0F&.01) (Al 5.96S16.01024) (SQu)0.65Cl1.96 (Table 7.1).

A further fragment of the original crystal (220*#830 pm®) was used in order to investigate the
low-T behavior of davyne bin situ single-crystal X-ray diffraction. Six intensity @acollections
have been performed at 293 (rodm-250, 220, 180, 140 and 110 K using an OxfordrBition
Gemini Ultra diffractometer, equipped with a Rub§@ detector and operating at 50 kV and 40 mA
with monochromatized Mé&w radiation.In situ low-T conditions were generated by cooling the
crystal in air with a nitrogen gas flux using anf@x Cryosystems 700 Plus device (temperature
stability better than 0.2 K, absolute uncertaintthim 2 K at the crystal position). No adsorptidn o
nitrogen from the atmosphere, nor desorption oewatere detected at loW- A combination oto
scans, with 1° step and 10 s exposure time perefraras used to maximize the redundancy and data
coverage. The diffraction pattern collected at dhghowed weak, but indexable, superstructure
reflections, compatible with the microsommite wretl. Least-squares refinement of the peak
positions leads to the following super-cell pararetat room conditions = 22.1543(9) Ac =
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5.3469(2) A and/ = 2272.8(2) A The corresponding davyne subcell at robis-given byagay =
amic*(V3) = 12.7908(5) Acdav = Cmic = 5.3469(2) A andgay = 757.59(6) A The 000 reflections
were always found to be absent for 2n + 1, suggesting space gro&ss within the T-range
investigated, and so discarding the transitioh&®8 (see sections 1.2.1 and 1.2.2 for further détails
Intensity data at any were integrated and corrected for Lorentz-poldionaeffects and absorption
of the crystal (based on the empirical SCALE3 AB&KAalgorithm) using the CrysAlis software
package (Agilent 2012). Analysis of all the inteépsilatasets showed that all the superstructure
reflections (.e., those havindp —k # 3n) were systematically “unobserved’q, Fo < 46(F0)). As a
consequence, a structure refinement in the microsmmsuper-cell cannot be performed. The
intensity datasets were then re-indexed accordiniget davyne sub-cell, keeping only the reflections

fulfilling the following condition in the microsomite metric:h —k = 3n.

Neutron intensity data were collected at 293 Klma ltigh resolution four-circle diffractometer D9
at the Institut Laue Langevin, Grenoble (Francelg a wavelength of 0.8242(1) A obtained using
the (220) reflection of a diamond monochromatorrapeg in transmission geometry. Diamond
crystal plates of high quality with dimensions 06*1.5*0.17 cni¥ have a mosaic distribution of
0.15°. Composite diamond crystals, by stackingtatysates on top of each other, were used. Such
a technique allows the production of sufficienthyck diamond crystals with a controlled mosaic
spread adapted to the instrument requirements. Wfitlactive area of 6*6 cinit consists of 4
columns of 4 composite crystals that are approxeiya0.55 cm thick with a global mosaic
distribution of 0.3°. The crystals are mounted aspiecific holders cut from a perfect silicon crysta
in order to reduce instrumental background (Cosratial. 2013). The wavelength was calibrated
using a germanium single crystal. D9 is equippethva small two-dimensional area detector
(Lehmann et al. 1989), which allowed optimal sepanaof the peaks from the background. A
preliminary X-ray data collection of the crystabddor the neutron diffraction did not show evidenc
of superstructure reflections expected for the asommite metric. Accordingly, the neutron
diffraction pattern did not show superstructurdeefons. The data collection was then completed
according to the davyne metric. A total number 862 reflections were collected up t6max =
75.54°, giving 1351 unique reflections. For allajdtackground corrections following Wilkinson et
al. (1988) and Lorentz corrections were appliedeAtorrections, the reliability factor among the
symmetry related reflections wd&: = 0.0305 (Laue class ). Least-squares matching of the

observed and calculated centroids of the 482 sésingflections gave a metrically hexagonal unit
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cell with:a=b=12.7615(7) A and = 5.3416(3) A, with a primitive lattice. The reftéon conditions
agreed with the space groBfs.

A summary of the details pertaining to the X-rayl areutron diffraction experiments are given in
Table 7.2.

7.1.2 Results
Structure refinements

The X-ray structure refinements have been perforosdg the SHELXL-97 software (Sheldrick
1997, 2008). Neutral scattering factors for Si, @J,Na, K, Ca, Cl and S have been taken from the
International Tables for Crystallography Vol. @Vilson and Prince 1999). The framework site
positions of balliranoite, from the refinement &32K (section 6.1), have been used as starting
structure model for the first refinement cycleseTdxtraframework population was identified by
difference-Fourier synthesis of the electron dgndihe cage content was found to be similar to that
previously reportede(g Bonaccorsi et al. 1990, 1995, 2001; Hassan amnchdyr1990): a Ca site
(Ca), centered on the SEI®001] cage-basis, alternated with a Cl anion ogmgpthree symmetry-
related and mutually exclusive positions (Cl), apmately at the center of the cage (Fig. 7.1). The
channel content is given by cationic sites neamtaks and sulfate groups at the center. A maximum
(at 0.11, 0.22, 0.23) was interpreted as the “MdBrK site (K, Table 7.3), whereas a slightly more
broad distribution of electron density (Fig. 7.2asumodeled with two “external” Na sitése(, Nal

at 0.15, 0.31, 0.23; Na2 at 0.17, 0.35, 0.24) (Fi8; Table 7.3). The short distances between these
cationic sites suggest their mutual exclusivitysthong maximum on thes@xis (0, 0, 0.22) was
assigned to a S atom (S, Table 7.3), while threemmaslightly out of the $axis atz = 0.47 were
interpreted as three mutually exclusive positiohthe apical oxygen atoms of the HSt@trahedron
(OA, Fig. 7.3; Table 7.3). Three coplanar and swtriwally related maxima were locatedzat 0.12
andz = 0.38 and assigned to the oxygen atoms of thet&&ahedral basis (OB1 and OB2, Table
7.3), suggesting the presence of two possible gordtions of the SPtetrahedron: upward and
downward (Fig. 7.3), as previously reported (Bowasicet al. 1990, 1995, 2001). The first cycles of
refinement were conducted with isotropic atomigltiisement parameteradgs), which were then
set anisotropic for all the framework, Ca and kesitThe two Na sites€., Nal-Na2, Table 7.3) and

all the sulfate oxygen atomsg(, OA, OB1 and OB2, Table 7.3) were restrainedn@ares the same
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isotropicadps, respectively. The refinements converged fottedllow-T datasets, with no significant
correlation between the refined parameters. Themmaain the difference-Fourier maps of electron
density were lower than + 1.G9A2 for all the datasets (Table 7.2). For the strictafinements
based on the intensity data collected at 140 K Bl K, the three mutually exclusive OA sites
converged into a single site lying on thea&is on a 8 Wyckoff position (0,(&) (Table 7.3). Refined
atomic coordinates, occupancies and isotropic/edemt atomic displacement parameters are listed

in Table 7.3. Anisotropic atomic displacement pagtarsare in Table 7.4.

The neutron structure refinement was performedguie SHELXL-97 software, starting from the
previously refined X-ray structure model. The nentscattering lengths of Si, Al, O, Na, K, Ca, ClI
and S were used according to Sears (1986). Caredtir secondary isotropic extinction was
performed according to the protocol of Larson ()96Mter the first cycles of refinement, the
difference-Fourier map of the nuclear density stobtmat the configuration of the $@roups was
more complex than that previously obtained by thayrefinement. S atoms appeared to be partially
disordered along 0,0(Fig. 7.2). One apical oxygen sitee(, OA) and three other independent
oxygen sitesi(e., OB1, OB2 and OB3, Table 7.5) suggest the presefithree possible, and mutually
exclusive, configurations of the $Q@etrahedron: one upward.g,, OB1*3 and OA) and one
downward {e., OB2 *3 and OA) as also observed by the X-rajneghent, and a third one upward
(i.e.,, OB3*3 and OA) with the 3*OB3 sites in a configtion similar to that observed in GQroup

in balliranoite (Fig. 7.4). The first cycles of teucture refinement were then conducted witlCa)
Cl, Si, Al and all the framework oxygen siteise( O1, O2, O3 and O4, Table 7.5) refined
anisotropically; b) K, Nal, Na2, S and all the oaggites belonging to the $Q@roup (.e., OA, OB1,
OB2 and OB3) refined isotropically, ¢) unconstrais#e occupancy for K, Nal, Na2, S, OA, OB1,
OB2 and OB3. The convergence was rapidly achievath non-significant residuals in the
difference-Fourier map of the nuclear density. Hesve a significantly high correlation between
some of the refined parameters forced us to fixvtiees of théJ; components in the last cycles of
refinement. With such a configuration, the convamgewas achieved and the shifts in all parameters
were less than theg.s.d.values, the variance-covariance matrix showedgrafieant correlations,
and the residuals in the difference-Fourier syrithethe nuclear density were < + 1.05 frivive
obtained a finaR; = 0.0684 for 1185 reflections witho > 4o0(Fo). Site coordinates, occupancy
factors and isotropic atomic displacement pararaedee given in Table 7.5. Anisotropic atomic

displacement parametease in Table 7.4. Relevant bond lengths and aragke$isted in Table 7.6.
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Low-temperature elastic behavior

The evolution of the unit-cell parametess €, V) of davyne with temperature is shown in Fig 7.5.
The volume contraction follows a monotonic trenithwo evidence of phase transition nor change
of the compressional behavior. The experimentad tatve been fitted to the equation (8) directly
derived from the thermodynamic definition of thduroe thermal expansion coefficiente(, av =
IN*(oVIOT)p): V = Vi*exp(owv*(T-Tr)), whereT; is the reference temperature (in this case thedow
experimentall = 110 K) andV, the volume at the reference temperature. Thisopobtwas already
to describe the lowW-elastic behavior of the isotypic cancrinite antlitaoite (sections 4.1 and 6.1).
The fit converged to the following refined paramstd/r = 751.0(3) &, av = 4.2(4)*10° K%,
Similarly, thea- andc-edges evolution trends with temperature have liged to the “linearized”
equation derived from the thermodynamic definitidnthe linear thermal expansion coefficiemt¥
11*(al1aTe), | = Ixexp(au*(T-Tv)), leading to the following refined parametesis= 12.754(2) Apa

= 1.4(1)*10° K'%; ¢ = 5.3300(7) Apc = 1.6(1)*10° KX, The resulting thermoelastic anisotropyds
coc =1 :1.14. Afit using the equation (14) propobgdPawley et al. (1996) yielded the following
refined parameterd/ = 751.4(2) R, apy = 1.59(9)*10* K¥2 a = 12.757(1) Aaga = 4.9(3)*10° K-

12 ¢ = 5.3311(4) Aaoe = 5.8(2)*10° K2, The calculated thermal expansion coefficient®ain-T
are:av.293k = 6.6(4)*10° K2, 0203« = 2.0(1)*10° K™ andac 203k = 2.41(8)*10° KX, The resulting
thermoelastic anisotropy at roomis isaa: oc=1:1.21.

Low-temperature structure evolution

As expected in open-framework silicates under “carspional”’ regimesi.g€., low temperature or
high pressure, Gatta 2008, 2010), the main defeomahechanisms observed in davyne at low
temperature can be described in terms of tiltinghefrigid (Al,Si)Q tetrahedra, suggested by the
average <(Si,Al)-O> bond lengths reported in Tabée This tilting is reflected by the intertetrahaid
Si-O-Al angles, which all experience a closure vtk exception of the Si-O2-Al angle (Fig. 7.6;
Table 7.6). The effects of tetrahedral tilting bie framework can be followed through the behavior
of the secondary building units. A slight increadehe ditrigonal rotation anglessriooo1; Of the
S6RL[0001] (Fig. 7.7, section 4.1.2) can be deducenhftbe data in Table 7.6, in analogy with the
behavior shown by cancrinite (section 4.1) anditaalbite (section 6.1), even though this behavior
is partially hindered by the experimental uncetias1 A deviation from planarity in response to

cooling is also shown by the S&R001], as suggested by the increasing ofdhbetween O1 and
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02 [dzserijoooy = (Z(O1) —2z(O2))*c, Table 7.6]. In the [0001]-channel, a contractairboth the
independent diameters O1-0d (projection on the (0001) plane) and O3:&x4with decreasing
temperature is observed (Fig. 7.6 and 7.7; Tal@g Whereas the O3-Q4k diameter of the S4R
(Fig. 7.7; Table 7.6) do not vary withims1The closure of the 0O3-04-0O3 angle (Fig. 7.7; €abb)
reflects the contraction of the doulzigzagchains of tetrahedra along [0001]. Consistentiyneiur
previous studies on cancrinite-group minerals, veéingé as “corrugation” the deviation from
planarity shown by the A- and B-planes of $§8001] (Fig. 7.7, section 4.1.2). The “corrugation”
parameterAz shows a clear decrease towards the lowest tetnpesgTable 7.6). Thean unit
deformation is described by the shortening of thiee symmetrically related O2-@2Xliameters on
the (0001) plane (dashed lines in Fig. 7.7) (Fig; Table 7.6), which can be referred to as “cage
width”, as also reported in previous chapters, #edcontraction of the double chains of tetrahedra

alongc-axis.

With the exception of the merging of the symmetlyceelated (and mutually exclusive) OA sites
into a single position on thes Gxis at 140 and 110 K, no other significant chang#ecting the
configuration of the extraframework population areserved in response to Iow-However,
contractions and elongations of several bond leng#m be followed with decreasing temperature.
The Na bond distances with the framework oxygen@& and O4 undergo a shortening, whereas
an elongation of Nal,2-O3nd Nal,2-O4is observed (Table 7.6). Overall, the average sMal
Orramewor® bond lengths decrease with decreasing temperéiiadgle 7.6). A similar behavior is
shown by the bond lengths between K and framewryken sites, but in this case no significant
dependent changes of the average <Km@ore occurs (Table 7.6). For the extraframework

population of the cage, only a shortening of thegkr Ca-Cl bond length is significant (Table 7.6).

7.1.3 Discussion

This is the first study in which the crystal sturet of davyne is refined on the basis of singlestaly
X-ray and neutron diffraction data, and its |dvibehavior is described by situ single-crystal X-ray
diffraction.

The davyne used in this study showed superstrucgiiections, observed by the X-ray diffraction

pattern only, which suggests a potential partideang of the extraframework population toward the

structure model of microsommite. Moreover, as peasly reported (section 7.1.1), all the

superstructure reflections were systematically hessved” (.e., Fo < 46(F0)). X-ray and neutron
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structure refinements confirm the perfectly ordes#\l-distribution in the tetrahedral framework
(Fig. 7.7; Tables 7.3 and 7.5). The extraframeveankfiguration is similar to that previously repatte
for davyne (Bonaccorsi et al. 1990, 1995; Hassah@mindy 1990) and microsommite (Bonaccorsi
et al. 1995, 2001). The cages are occupied by studialternated Caand Cl almost equally spaced.
In the channel, the “internal” K site is located fieam the oxygen walls, in a position slightly sér

to the centre if compared to the M1 site in batioiée (.e., at 0.12 0.25 0.30 and occupied by Na
and C&", sections 6.1 and 6.2), likely in order to fit foager K-O bonds. The broad distribution of
electron and nuclear density closer to the chawad#ls (observed by X-ray and neutron diffraction
data, Fig. 7.2) has been modelled with two Na gites Nal and Na2, Tables 7.3 and 7.5). The K
cation is coordinated with 5 framework oxygen at@nd up to two OA apical oxygen (if adjacent
upward and downwad SQetrahedra occur), whereas the"Nations are coordinated by 4-5

framework oxygen and one OB basal oxygen of thiagutetrahedron at the same height (Fig. 7.3).

The crystal chemical formula deduced on the badisthe X-ray structure refinement is
(Nag.sK2.70Ca) (Al 6Sis024)(SOw)o6eClo,  whereas that  from  neutron  refinement s
(Nag.1K2.65Ca) (Al 6Sis024)(SOy)o.7Cl. A good agreement between the EMPA-WDS chemical
analysis {.e., (Nas.ogK1.7dCa.8dVIQ0.0FF€0.01) (Al 5.96Si6.01024)(SCu)0.65Cl1.9¢ and structure refinements
is shown for the cage population and the channehanThe slight deficiency in Ca and Cl in EMPA-
WDS data is not detected by the diffraction dataictvlead to a full occupancy of the cage sites. As
previously shown, the SQetrahedron can occur in at least two configuretiaupward (involving
the OB1 basal sites) and downward (involving OBEs3i If the maximum amount of 1 $@.f.u. is
reached, each channel is internally ordered, asiss&ed by Bonaccorsi et al. (2001) who pointed out
that this is a necessary (but not sufficient) cbadito lead toward the microsommite-like ordering.
In our case, both the chemical analysis and thetsire refinement show ~ 0.65-0.70 a.p.f.u. of S,
allowing a disordered distribution of the anioniowgp into the channel due to site vacancies. An
apparent discrepancy between the chemical formagad on the EMPA-WDS analysis and those
from structure refinements is shown for the catopopulation of the channel, suggesting an
underestimation of the Na content and, in turng@egrestimation of K by the structure refinements.
However, if the number of electrons at the catitesss calculated, we obtain: (3.98*11) + (1.79)1

= 77.8¢€ for theEMPA-WDS analysis and (2.59*11) + (2.70*19) = 7@ 8or the X-ray structure
refinementshowing an excellent agreement. This suggestshbaliscrepancy between the crystal
chemical formulae is likely due to a partial sutegibn of K" by Na" at the K site and by a strong

positional disorder of the Nal-Na2 population, @ghlighted by the difference-Fourier map of
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electron and nuclear density (Fig. 7.2). The neutstructure refinement leads to (3.13*11) +
(2.65*19) = 84.& for the cationic population.

The Nal-Na2 positional disorder leads to a diffecemrdination environment at a local scale. Is thi
respect, the presence and the configuraiien (ipward or downward) of the sulfate tetrahedram c
control the Napositioning in order to fit the bonding environmhenergetically more favorable, with
the cation closer to the walls when coupled wig+aacancy. In this scenario, Nal and Na2 positions
should be considered as “virtual” sites, locatedroter to model an actually broad electron or rarcle
density distribution. Similarly, the static disord# the S site along 04),as well described by the
nuclear density map shown in Fig. 7.2, leads taraterestimated S-O bond distances with the apical
oxygen of the tetrahedrond,, S-OA, Tables 7.3 and 7.5).

Low-temperature elastic behavior

The low number of datasets results in quite langeettainties of the refined parameters. A good
agreement is observed between the mean linear @heexpansion coefficients reported by
Bonaccorsi et al. (1995) for a davyne up to 473.&,(0a = 1.51(8)*10° K ando. = 1.6(4)*10° K-

1y and the experimental findings of this study. Alilgh the linear thermal expansion coefficients of
davyne and balliranoite are almost identical (0 = 1.4(1)*10° K%, ac = 1.6(1)*10° K in davyne;

oa = 1.4(2)*10° K* andac = 1.7(2)*10° K in balliranoite), it is interesting to note thaey are
significantly different from those of cancrinitieg(, oa = 0.7(2)*10° K2, ac = 2.1(3)*10° KY). These
data offer several potential interpretations: Igriithe crystal chemical point of view, davyne and
balliranoite show strong structural similarities, lzoth belong to the davyne subgroup, and, in this
respect, their similar elastic behavior is not sigipg; 2) The ordering of the extraframework
population within adjacent channels, giving ris¢ht® microsommite superstructure, does not appear
to affect the elastic behavior of davyne-like maisy as shown by Bonaccorsi et al. (1995); 3) The
significantly different elastic anisotropy shown ¢gncrinite, observed not only varying temperature
(sections 4.1 and 4.3; Hassan et al. 2006) butwaisler isothermal high-pressure regime (section
4.2), suggests that thean units content might influence significantly theagtic behavior of the

compounds sharing the [CAN]-topology.

The compatibility to th&6s space group, shown by the systematic absences withentirel-range
investigated in this study, suggests that no odigsrder phase transitions occurs in davyne at leas
down to 110 K.
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Low-temperature structural evolution

The low-T induced structural evolution of davyne is mainlgntolled by tilting of the rigid
framework tetrahedra (Table 7.6). As in the&@d-member balliranoite (section 6.1), all but the
Si-O2-Al intertetrahedral angles undergo a closuth decreasing temperature (Fig. 7.6, Table 7.6).
A different behavior is observed in cancrinitec{gsen 4.1).

The deformation mechanisms observed in davynenafllare similar to those previously described
in balliranoite (section 6.1). In the (0001) platee following non-independent mechanisms can
explain the unit-cell contraction: the shortenirigng the O2-O2 direction through 1) the “cage
width” contraction and 2) the decrease of the Sf@R01] diameter (Figs. 7.6 and 7.7, Table 7.6), 3)
the shortening of both the symmetrically independdrannel diameters O1-@k and O3-O4r
(Fig. 7.6 and 7.7, Table 7.6) and 4) the §f®O01] deviation from planarity, as reflected by th
increase of the@lzssripoo1) (Table 7.6). The constant values shown by the @3«iameter (Fig.
7.7; Table 7.6) suggest that this secondary bugldimt does not contribute to thanduced decrease
of the a-edge. Along the [0001]-axis, the deformation isaumodated by the contraction of the
doublezigzagchains of tetrahedra, which is correlated to SERO01] windows ditrigonalization and
to the decrease of A- and B-planes “corrugatidn(Fig. 7.6 and 7.7; Table 7.6). If we consider the
T-induced deformation of theanunit, it can be described as governed by the Oz-@2ge width”
shortening and by the double chains contractionga]6001], both showing the same magnitude, as
confirmed by the constant value of the O2-O2-O2tdlang angle (Fig. 7.7, Table 7.6). As in
balliranoite (section 6.1), treanunit of davyne undergoes a homogeneous shrinkitigdecreasing
temperature; a different behavior is observed incdaite and vishnevite, where a significant

flattening of the cage occurs (section 4.1, chapyer

A comparison between our loW-structure evolution with the high-behavior of davyne and
microsommite (Bonaccorsi et al. 1995) shows, asetgul, similar deformation mechanisms but
opposite in signife. same mechanisms but with opposite trends if coegp@o the roomF
conditions). In particular, at high-davyne and microsommite show an expansion of th®Q2r
channel diameter, of the O2-g22'cage width” and, in addition, of the double clsaof tetrahedra
towards the maximum geometrical limit, above whadakisplacive phase transition to P@&/m space
group occurs. The inverse phase transition fR¥m to P63 will be discussed in the next section,

where the high-pressure behavior of davyne wiltdported.
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The analysis of the evolution of the cation-oxygend lengths at loW-(Table 7.6) suggests that no
significant change of the configuration of the ektimework population occurs, except for the

apparent merging of the $@trahedron apical oxygen into a single positintodhe G axis (Table
7.3).
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Figure 7.1 The Ca coordination environment within the can unit of davyne. Dashed lines represent the mutually
exclusive Ca-Cl bonds.
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Figure 7.2 Difference-Fourier map of electron (A, in e/A3) and nuclear (B, in fm/A3) density on the (0001) plane
at z ~ 0.23, phased without the channel population. The maxima of the “internal” and “external” cation sites
and the broad distribution of electron/nuclear density are shown. (C) Difference-Fourier map of nuclear density
along the 63 axis at the center of the 12R-channel, phased without the SO4?- groups.
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Figure 7.3 (Left side) The davyne channel population viewed down [0001]. (Right side) Bonding environment
of the channel cations in davyne structure. Dashed lines represent the mutually exclusive bonds
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Figure 7.4 The complex (and mutually exclusive) configurations of the SO4 group in davyne deduced from the
neutron structure refinement. Two upwards (i.e., S-OB1*3 and S-OB3*3, with the OA at the top) and one
downward (i.e., S-OB2*3 with the OA at the bottom) configurations occur.

OA
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Figure 7.5 Evolution of the unit-cell parameters of davyne with temperature. The solid line represents the fits
using the equations V(T) = Vyr*exp[av*(T-Tr)] and I(T) = lw*exp[a*(T-Tv)], respectively.
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Figure 7.6 Evolution with T of: (A) the intertetrahedral Si-O-Al angles, normalized to their values at 293 K; (B)
the 12R-channel independent diameters O1-O112r and O3-0O412r, normalized to their room-T values; (C) the

02-02w "can cage width”; (D) the Az “corrugation” of the A- and B-layers.
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Figure 7.7 (Top) The [CAN]-framework viewed down [0001]. The 12mR channel is centred on the 63 axis and
its symmetry-independent diameters are shown. The channel is surrounded by six columns of can units, of
which, in this projection, are shown the S6RO[0001] bases and the S4R. The O1-O1li2r diameter represents
the projection onto the (0001) plane. (Bottom) A column of base-sharing can units. Relevant structural
parameters are shown
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7.2 DAVYNE BEHAVIOR AT HIGH PRESSURE

7.2.1 Materials and experimental methods

A gem-quality crystal of davyne, found in a cawtya skarn lithic block within volcanic deposits at
Monte Somma (Naples, Italy), was selected for kigh-pressure study. A fragment (~ 70*60*40
um?®) was cut and used for the diffraction data coitecat roomP. The diffraction experiments were
performed at the IDO9A beamline, at the EuropearcBrotron Radiation Facility (ESRF), Grenoble,
France. A parallel monochromatic bean{(30 KEv\ = 0.414 A) was used. The beam was vertically
focused by a spherical mirror and horizontally blgeat silicon-(111) monochromator, in order to
have a beam-size at the sample of 30f8¢. The diffraction pattern was collected by a MAR555
flat panel detector. The data collection strategysested in a rotation of the crystal about theivalr
w-axis, within the range -452 » < +45°, with 1° step scan and 1 s of exposure tierefpame. The
diffraction data were then indexed, showing a maltly hexagonal lattice, and integrated using the
CrysAlis software (Agilent 2012). The unit-cell pameters were calculated by least-squares
refinement from the indexed peak positions, leading = 12.7931(4) Ac = 5.3495(1) A and/ =
758.23(5) &, the systematic extinctions were compatible whthR6s/m or P63 space groups (see
next paragraphs for a discussion on the space gpoymetry). The intensity of the peaks was
corrected for Lorentz-polarization effect and coted for absorption effects using the ABSPACK
routine implemented in the CrysAlis software.

A further smaller fragment (~ 40*40*20m°) was cut from the davyne crystal and loaded into a
membrane-controlled diamond anvil cell, with BoetAdmax design, diamond culet-size 60
and cone-aperture of 60°. A stainless steel fod;ipdented to ~ 7(m, was used as a gasket; a hole,
250 um in diameter, was drilled by spark-erosion to eemg a pressure chamber. Few ruby chips
were loaded, along with the davyne crystal, ine¢hamber aB-calibrant (Mao et al. 1986). A 4:1
mixture of methanol:ethanol was used as hydrogeatiansmitting fluid (Angel et al. 2007). Twenty-
one data collections have been performed from R)3Bf) to 7.18(6) GPaR.1). At anyP-point, the
diffraction data were collected after 20 minutesorder to reach the strain relaxation. The same
strategy was adopted for all the collections: atioh about the vertical axis, within the range -30°
< o < +30°, with 1° step scan and 1 s exposure timefrpene. Unit-cell parameters, at different
pressures, were refined by least-squares method the indexed peak positions and are listed in
Table 7.7. Intensity data were always integratedgughe CrysAlis software (Agilent 2012) and
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corrected, for absorption using the ABSPACK routimgplemented in the CrysAlis software.
Systematic extinctions were always compatible ®R6& space group (see next paragraphs for a
comprehensive discussion). Ten datasets have leémntes] to perform structure refinements. More

details regarding the data collections are in Tale

A third fragment was cut from the large davyne slamio order to perform the chemical analysis,
using a JEOL 8200 microprobe operating at 15 k\éksration voltage, 5 nA incident beam and 3
um beam size. The following natural standards weegluomphacite (Na), realgar (S), anorthite (Ca,
Al), K-feldspar (K), wollastonite (Si), scapolit€l), olivine (Mg), celestine (Sr) and sanbornite)B
The average chemical formula, based on 1liit poalyses and calculated on the basigSof

+ Al) = 12 atoms per formula unit, is the lldwving: [(Naz.7K1ise
S10.04Mg0.0B20.01) (Su)o.51[Car1.97Cl2.00|[Sis.03Al 6.07024] (Table 7.9).

7.2.2 Structure refinements and P-induced displacive phase transition

Structure refinements based on the rd®@mdataset and on the selecte®-#atasets have been
performed using the SHELXL-97 software (Sheldri®®1, 2008) implemented in the WinGX suite
of crystallographic programs (Farrugia 1999). Naluscattering factors of O, Si, Al, Na, K, Ca, Cl
and S have been taken from th&ernational Tables for Crystallography, Vol.(@/ilson and Prince
1999).

Systematic absences of the ro®ndataset showed ODfeflections to be always absent for 2n+1,
with internal agreement factor for thev6laue clas&in: = 0.0621. Two space groups are compatible
with these conditiondrfternational Tables for Crystallography, Vol, Bahn 2002): th®63/m and

the P63, both reported in the literature for davyne sammpBonaccorsi et al. 1990, 1995; Hassan and
Grundy 1990). The Sheldrick'€%1| criterion (calculated value: 0.932; ideal valu.968 for
centric, 0.736 for acentric structures) and théisdies of distribution of the normalized structure
factors (‘E statistics”), calculated using the WinGX suiteppbgrams (Farrugia 1999), suggest as
highly likely the centrosymmetric space groB@/m (with 86.3% likelihood), for which a mirror
plane is expected at= 0.25 andz = 0.75 (Fig. 7.8). A structure refinement has bperformed in
this space group, starting from the framework comatgs of Bonaccorsi et al. (1990). The
extraframework population has been identified tgrodifference-Fourier synthesis of the electron
density. The CH site (Ca) was found to occupy a special positiothe 3-fold axis at (1/3,2/3,3/4),

whereas a diffuse electron density around the @-dais atz = 1/4 was modeled as three mutually
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exclusive Clsites k,y,1/4). The configuration of the [Ca-ClIghains filling thecanunit columns is,

in this way, reproduced (see Fig. 7.1). Two symygtdependent peaks were found near the channel
walls: the “internal site” (M1, closer to the chahoenter) was assigned td,Kvhereas the “external
one” (M2) was assigned to Nas thoroughly reported in the literature for dagubgroup minerals
(Bonaccorsi et al. 1990, 1995, 2001; Balliranolefl@98; Chukanov et al. 2010b; sections 6.1, 6.2
and 7.1 of the present study). An intense peaR,8tq.25) was assigned t6'$S), whereas another
peak at (0,0,0), slightly displaced from thea&is, was assigned to the apical oxygen of the#SO
tetrahedron (OA). The refinement of the OA sitefoorn the screw axis was tried, but unsuccesfully.
A peak at ~ (0.06,0.11,0.36) was assigned to tballmxygen atom (OB). The 6crew axis and the
mirror plane at = 0.25 generate triangular symmetry-equivalenttjpos atz ~ 0.14 andz ~ 0.36,
suggesting the existence of two mutually exclusieefigurations for the sulfate group: downward
and upward (see Fig. 7.3). In the first cyclestlad sites have been refined with isotropic atomic
displacement parameteisds), whereas in the last cycles, thégs of the framework sites and Ca
were set to anisotropic. The OA and OB sites wemesitained to share the saradp. Early
refinements suggested a full occupancy for ther@alze split Cl sited.€. 1.0 and 1/3, respectively).
The analysis of the difference-Fourier maps of tebecdensity, phased without the sulfate anion,
showed a slight positional disorder of the tetrabedlong the axis (Fig. 7.9). The real position of
the $* atom could be slightly above or below the mirrtang atz = 0.25 (andz = 0.75), for the
downward and upward configurations, respectivelyttee short S-OA bonds also suggest. The
refinement converged to a finRL = 0.0733 for 557 unique reflections wifla > 40(Fo), with no
significant correlations between refined parametérs highest residuals in the difference-Fourier
maps were +1.65 and -2.23A3. A discussion on these apparently high valueslvélbiven in the
next paragraphs. Details on the structure refinésnare in Table 7.8. Refined atomic occupancies,
coordinates and isotropic/equivalent atomic disgptaent parameters are in Table 7.10. Relevant

distances, bond angles and structural parametdighie 7.11.

A test refinement in the space grdefs was also performed. The refinement convergedittahR:

= 0.0783, for 939 unique reflections wig > 40(Fo), and no significant correlations between the
refined parameters. Apparently, there is no sigaift difference in the quality of the structure
refinements using th6s or theP6s/m space group. However, in the structure model eeffim the
P63 space group, all the sites which are expectéid tm the mirror planes in the space gréé/m
(i.e.all with the exception of O3, 04, OB1 and OB2)r&mund to have~ 0.25 (or 0.75). Moreover,

unusually pronounced anisotropic atomic displacdrmparameters were obtained for the framework
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oxygen sites, in particular for O3 and O4. In tight, and considering the distribution of tke
statistical parameters the centrosymmeRigm appears to be the most likely space group.

A significant contraction along the [0001] crystajfaphic direction is only possible if a compressio
through tetrahedra tilting, of thdzcunit occurs (Fig. 7.8). This tilting necessaritgluces a closure
of the 03-03-03 angle (03-04-03 in tlRé3 space group, Fig. 7.8). However, this angle is
constrained by symmetry to 180° in tA6:/m space group. Therefore, aRyinduced compression
along [0001], driven by tetrahedra tilting, mustlilce a displacive phase transition from Bte/m

to theP63 space group. This has been confirmed by the sieicefinements and by tlkestatistics
calculations for the high-pressure datasets. Trhetsire refinement from tHey [0.38(2) GPa] dataset
was performed starting from the framework coordisatported by Hassan and Grundy (1990) for a
P6s-davyne. The extraframework content was localizgddifference-Fourier synthesis of the
electron density. The cage population showed @rmifit configuration, if compared to the roém-
structure model. The Glite (Cl) was found to be split into three mutya&kclusive positions around
the 3-fold axis az ~ 0.25, as at roorR; but two distinct peaks were found for the?Caation, at ~
(1/3,2/3,0.71) and ~ (1/3,2/3,0.77), and modeletivasmutually exclusive split sites (Cal and Ca2).
The configuration of the channel sites was founliéimilar to that refined at rooRheonditions:
two mutually exclusive cationic sites (M1 assigned" and M2 to N&) and a tetrahedral sulfate
group with upward or downward configurations (Fig3). The upward and downward triangular
bases of the (SB)-tetrahedron are generated, in B space group, by two symmetry-independent
oxygen sites: OB1 (&~ 0.15) and OB2 (&~ 0.35). The structure refinement was performeti wi
isotropic atomic displacement parameters for &l sites, restraining Cal-Ca2, M1-M2 and OA-
OB1-OB2 to share the sanaédp respectively. The Cand C&" sites were constrained to the full
allowed occupancy, modeling Cal and Ca2 as eqoetlypied ice. site occupancy factor = 0.5). The
occupancy factors of the sulfate oxygen sites wesgained to that of the sulfur site, assuming the
same probability for the upward (OB1) and downw@®&2) configurations. In order to stabilize the
refinement, the S-OA and S-(OB1,0B2) bond lengtlesewestrained to 1.35(1) and 1.45(2) A,
respectively, and thex,)-coordinates of the OB1 and OB2 sites were fixedoading to peak
positions in the difference-Fourier maps of thewt density. The refinement converged to a final
R. = 0.0804, for 565 unique reflections wkb > 4c(Fo), and no significant correlations between the
refined parameters. Residuals in the differencetele density were < + 1.38/A3. Structure
refinements from the selected high-pressure datdmsate been performed starting from the model

refined atP; (0.38(2) GPa), using the same strategy and camisigeall the occupancies to the values
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refined atP:. All the refinements converged with no significaarrelations between the refined
parameters and no significant residuals in theetbfice-Fourier maps of electron density. Further
details on the high-pressure structure refinemanés given in Table 7.8. Atomic coordinates,
occupancy factors and isotropic atomic displacenmarameters are in Table 7.10. Relevant

structural parameters in Table 7.11.

7.2.3 Results

Elastic behavior

The unit-cell volume evolution as a function of gsere is shown in Fig. 7.10 and the unit-cell
parameters, refined at 21 pressures, are repor{Ealle 7.7. The studied sample of davyne is stable
up to the highest pressure investigated of 7.18a, with no significant evidence of change in the
compressional behavior, nor of phase transitioar dftat involving the symmetry change between
roomP and 0.38(2) GPa. The elastic behavior of the studample of davyne has been modeled
through the fit of a Birch-Murnaghan equation datst truncated to the third order (11I-BM EoS,
Birch 1947, Angel 2000), to the experimeri¥aP data collected between 0.38(P.) and 7.18(6)
GPa P21). The refined parameters ak& = 761.6(5) &, Kvo = 46.5(11) GPa andy' = 3.7 (3). The
refinedKy' = 3.7(3) suggests that the truncation of the BN® Emthe second order (1I-BM EoS), for
which Kv' = 4 is assumed, is adequate for the studied daugaeing to the following elastic
parameterVo = 761.9(3) &, Kvo = 45.6(3) GPa. The same protocol was appliedéa tmdc unit-

cell edges, for which the experimentd? data have been fitted by “linearized” BM-EoS (Ahge
2000). The fit with linearized 11I-BM EoS led todHollowing parameters fa andc, respectively:

ap = 12.814(2) AKao = 50.3(9) GPa anHlls’ = 4.0(3);co = 5.3561(9) AKce = 40.3(7) GPa anH.’
3.2(2). The fit with linearized I-BM EoS yeldeds = 12.814(1) A andx = 50.4(3) GPago =
5.3582(8) A anKw = 38.2(3) GPa. Therefore, the elastic anisotrapyamP conditions can be
expressed aSao : Ko = 1.25 : 1. Figure 7.10 and the refingdvalues from linearized 11I-BM EoS
show that the elastic anisotropy of davyne undedysincreases with increasing pressure. All the

eqguation of state fits have been performed usiad=tbSFit v5.2 software (Angel 2000).
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P-induced structure evolution

The response of the [CAN]-framework of the studdalyne to the applied pressure is mainly
controlled by the tilting of tetrahedra. The averagtratetrahedral Si-O and Al-O bond lengths are
reported in Table 7.11 and suggest a quasi-rignder, even though a slight compression, partially
hindered by thesds, can be inferred. The evolution of the intedbtdral Si-O-Al bond angles is
shown in Fig. 7.11 and reported in Table 7.11rangf closure of Si-O1-Al occurs, coupled with a
less pronounced decrease of the Si-O3-Al and SADWhereas no unambiguous decreasing trend
can be described for the Si-O2-Al. The tetrahedtiag can also be described in terms of the
deformation of the secondary and composite buildmts. The S6R[0001] ditrigonal rotation angle
assr0001 (Fig. 7.7) slightly increases in response todpplied pressure, inducing a shortening of
the O2-OZer0001) diameter. The cage-basis deformation is also destiby the deviation from
planaritydzssrojoooy = |2(O1) — z(O2), which strongly increases at low pressure andstéoards

a saturation at the highest pressures (Table 7ThE).compression within the (0001) plane is also
achieved through the shortening of both the O1:@&Bnd 03-O4r symmetry-independent
diameters of the 12-ring channel (Fig. 7.11, Tablgl), whereas a less pronounced shortening with
pressure is shown by the O3-€4(Fig. 7.7; Table 7.11). The contraction alongdlagis is described

by the closure of the 03-04-03 angle (Fig. 7.7. &&j Table 7.11), related to the compression of
the dzcunit. As a consequence, a decrease of the “cdramjaof the (A,B)-planes of single six-
membered rings (Fig. 7.7, section 4.1.2) is obsemweh pressure (Table 7.11). Tireinduced
deformation of thean unit can be described as a homogenous “shrinkexgthe constant O2-O2-
02 angle (Fig. 7.7., Table 7.11) suggests.

Following the protocol already applied to the otbancrinite-group minerals, the channel volume
(fraction occupying a unit-cell) and the cage votuaf davyne have been modeled according to the
protocol described in section 4.2.2 and their valaee listed in Table 7.11. The channel and cage
contributions to the bulk compressibility have beafculated by fitting theMch, Veg) vs.P data to a
[I-BM Eo0S using the EoSFit v.5.2 software (AngelDR). The refined parameters for channel and
can unit are:Veno = 338.2(6) A, Kveno= 35.7(8) GPaVego = 212.1(4) A, Kvego = 56(2) GPa,
respectively.

The displacive phase transition from #@&/m to theP63 space group leads to a split of the Ca site
into two subsites (Cal and Ca2), assumed to bdlgaqezupied. These split sites show a similar

behavior with increasing pressure. The Ca-O1 bendths do not vary within estimated standard
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deviations, while a slight compression of the Cal®Rd lengths occurs (Table 7.11). The shorter
Cal-C} and Ca2-Gli2 bond lengths are constant with pressure, whehsalohger Cal-Gli2 and
Ca2-C} undergo a compression at the IBwegime and, then, reach a saturatioR at3.07(2) GPa
(Table 7.11). The M1 channel site, assumed todoemed by K, shows a slight decrease of the
shorter M1-O3and M1-O4bonds, while the longer M1-O&nd M1-O4 are constant within thie-
range investigated. A clear shortening of the Madlengths with the OA sulfate apical oxygerz at

— 0.5 andz+ 0.5 is also observed (Table 7.11). The M2 sissumed to be occupied by Nahows

a strong compression of its bonds to O1; @& O4 coupled with a slight elongation of the bonds
to O3’ and O4. The M2-OB bonds, to the neighboring sulfate baggen atoms, clearly decrease
with pressure (Table 7.11).

7.2.4 Discussion
Davyne structure model and  P-induced displacive phase transition

The structure model refined from the roéhdataset is consistent with those so far reporidtie
literature (Bonaccorsi et al. 1990, 1995; Hassad @wundy 1990; Rozenberg et al. 2009;
Sapozhnikov 2010; Gatta et al. 2014). Tha unit columns are stuffed by chains of equally sgac
(by symmetry) C&-CI, with the anion at one of three mutually exclugiesitions out of the 3-fold
axis. The channel population can be ideally desdriny the occurrence of two alternated clusters:
[M23(SQu)] and [M13], where M1 and M2 are assumed to be occupied bard N4, respectively
(Fig. 7.3). The occurrence of vacancies in bothdagon and anion sites prevents a long-range
ordered alternation of these clusters and, thezettwes not allow the occurrence of a microsommite-

type superstructure (Bonaccorsi et al. 2001).

The chemical formula deduced from the roBm-refinement is the following:

[Naz.0K 3.0 S)o.6d[CaxCl2](SisAl6024). Compared to the EMPA-WDS chemical formula, an
overestimated Kcoupled with an underestimated ‘Nantent are shown. However, if we compare
the calculated number of channel cations electfmm the EMPA-WDS analysis and the X-ray
structure refinement, 78.5 and 81&6espectively, a good matching is shown. A pasgiddstitution

of K* by Na in the M1 site can be suggested. The slight mismbetween the cations electronic
content from chemical and X-ray refinement formutzen be affected by the partial positional

disorder of the Nacation occupying the M2 site, as shown by theeddifice-Fourier map, phased
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without the channel content, in Fig. 7.9. The posdl disorder reflects the several potential
configurations of the Nlacoordination shell: the cation position closeotdarther from the channel
wall likely depends on the presence of the neighigosulfate anion occupying the same cluster, as
discussed in the section 7.1. This positional disors also likely responsible for the high residua
in the difference-Fourier map of electron denstyy attempt to model ie(g.by applying anisotropic
adps or by splitting the M2 site into two positiongd to unrealistic models of the channel
extraframework configuration. The slight overestima of the refined sulfate anion content, if
compared to the EMPA-WDS value, can be due to séfattors. The positional disorder shown by
the sulfate tetrahedron along [0001] can partiaffect the refinement of theof parameter.
Moreover, a contribution from channeb® molecules and C£ groups, which were found to be
common in davyne subgroup minerals (Ballirano etl@b6b, 1998; Binon et al. 2004), cannot be
excluded. Therefore, the refined structure modehefstudied davyne has to be considered as an
“average model”, based on a number of slightlyedéht local configurations of the channel

extraframework population.

As already discussed in the section 7.2.B-iaduced compression along tlkeaxis, driven by
tetrahedra tilting, is only possible by breaking thirrors az = 0.25 and = 0.75, allowing the closure
of the 03-03-03 angle (03-04-03 in tRé3 space group) and, therefore, the compressioneof th
dzcunit (Fig. 7.8). This is confirmed by the displaeiphase transition from thHe6s/m to the P63
space group observed at the first pressure pé&int=(0.38 GPa) investigated. Thizinduced
displacive phase transition leads to the splithef tage-C4 into two sites, Cal and Caz2. If in the
P6s/m structure the equally spaced®G&l" chains are constrained by symmetrg. ooth Ca and Cl
lie on the mirror planes), in the6s structure the downward (if Cal is occupied) or tpgvard (if
Caz2 is occupied) Ca-Cl bonds are found to be $jigittorter, suggesting this configuration to be
energetically more stable. A slightly different fi@wning of electron density between the M1 and
M2 sites is shown, if compared to the ro®dataset (Table 7.10). However, the calculatedreleic
content refined from roorR-andP: datasets shows an excellent matching, being &h8@2.40e-

, respectively. The-induced displacive phase transition leads, akaweP regime, to a migration of
the sites out of the planes previously occupiethieymirrors ¢ = 0.25 andz = 0.75). This migration

is particularly intense for the O1, ClI, M1, M2 a&dfor which the 2’ coordinates show a non linear
trend, characterized by a decreasing rate withspres(Fig. 7.11; Table 7.10). The deviation from

planarity of thecan unit basesdzserjooo1) and the compression of the longer Ca-Cl bondbléTa
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7.11), which show the same non linear trend, aretlgtrelated to the migration of these sites and
can be, therefore, at least partially related &PHfnduced symmetry breaking.

High-pressure elastic behavior

If we exclude thé>-induced change of symmetry (frdP6s/mto P63), observed between roofand
0.38(2) GPa, no other phase transition and notstreicollapse or evident decrease of crystallinity
are shown, suggesting the phase stability of dawytien the investigate®-range (0.0001 — 7.18(6)
GPa). The 1I-BM EO0S refined compressibilikag = 45.6(3) GPa) falls in the middle of the range so
far reported for zeolites and zeolite-like matexifl8-70 GPa, Gatta 2008). Moreover, the refined
isothermal bulk modulus is identical, within expeental uncertainty, to those reported for the
isotypic balliranoite (48(3) GPa, section 6.2), a@amte (45(2) GPa, section 4.2) and vishnevite
(49(4) GPa, chapter 5).

The refined unit-cell linear elastic parameters #relderived elastic anisotropy at room conditions
(Kao : Keo = 1.25 : 1) is almost overlapped with those regmbifior the carbonate end-member of
davyne-subgroup,e. balliranoite Kz : Ko = 1.35 : 1). On the contrary, a more pronouncedtil
anisotropy is shown by the cancrinite-subgroup mamsbe. cancrinites.s.and vishnevite. It is worth
noting that davyne and balliranoite share a sin@lastic behavior and the same difference in elasti
anisotropy, compared to cancrinite-subgroup miseedllowT conditions too (sections 4.1, 5.1, 6.1
and 7.1). These data strengthen the hypothesabhé&axtraframework population filling tleanunit
columns affects the elastic behavior of the compsusharing the alumino-silicate [CAN]-

framework). A thorough discussion on this subjeititlve given in chapter 8.

The refined channel- and cage-volume elastic paemsisuggest that tHe-induced bulk volume
compression is mainly accommodated by the charmdsy

High-pressure structure evolution

The high-pressure framework evolution is governgdthe tilting of the quasi-rigid (Si,Al)©
tetrahedra, described by the closure of all th®-&i angles, excluding Si-O2-Al. It is worth noting
that the same Si-O-Al evolution with pressure wascdibed for the (C€¥)-term balliranoite (section
6.2) and, even if with a lower magnitude, in resgmto lowd (down to 110 K) in balliranoite and
davyne (sections 6.1 and 7.1). A different Si-Ob&havior is shown by the isotypic cancrirgensu
stricto and vishnevite, at both high{section 4.2 and chapter 5) and ldwsection 4.1 and chapter
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5). This suggests that the different elastic anigyt shown by the compounds belonging to these
subgroups, is governed by different tilting meckars of the tetrahdera. The unit-cell volume
contraction within the (0001) plane is accommoddbgdseveral non-independent deformation
mechanisms: 1) along the O2-02 axis by the shorgeoi the O2-Ogsro001;, iINduced by the slight
ditrigonal rotation of theanunit basis, and by the compression of the O2,0&ge width” (dashed
lines in Fig. 7.7) (Table 7.11); 2) by the compres®f both the independent channel diameters O1-
Olior and O3-0O4kr (Fig. 7.7 and 7.11, Table 7.11) and 3) by thehslgpmpression of the S4R
diameter O3-O4r (Fig. 7.7, Table 7.11). The contraction along t#@901] direction is
accommodated by the compression ofdheunit, described by the closure of the 03-04-O3&ng
which apparently follows a non linear trend witdexreasing rate at increasing pressure (Fig. 7.11),

consistent with the elastic behavior of thaxis.

The channel andan unit evolution is governed by the safénduced deformation mechanisms in
both davyne and balliranoite. For tb@n unit, the compression within (0001) (through theQ2Z.w
shortening) and along [0001] (through the compogssif thedzc unit) have the same magnitude,
leading to a homogeneous “shrinking” of the cage;anfirmed by the constant value of the O2-O2-
02 angle (Table 7.11). On the contrary, the difie®-O-Al vs. Pbehavior shown in cancrinite and
vishnevite (chapters 4 and 5) leads to differdimd mechanisms of the tetrahedra and to a sicpnifi

flattening of thecan unit.

As in balliranoite, also in davyne no significahtages of the configuration of the channel popartati
occur in response to pressure. Both the M1 andifthsites tend to move towards the center of the
channel with increasing pressure (Table 7.10)oAtrP, the Nd at M2 is bonded to four framework
oxygen (O3 04, 03’ and O4) and one sulfate oxygen on the other side, whetreak" or Na at

M1 are bonded to the aforementioned framework oxyggems and to one or two OA apical oxygen
of the (SQ%)-group atz - 0.5 orz + 0.5. At increasing pressure, the O1 framewongex rapidly
falls within the coordination shells of both M1 akt2 cations, while at higher pressuresiK M1
progressively shows potential bond distances wagabsulfate oxygen atoms (OB1 and OB2) &t
0.5 orz - 0.5. More in general, both the (Na,K}z0work and (Na,K)-Quirate bOnds decrease with
pressure (Table 7.11).
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7.2.5 Conclusions

To the best of our knowledge, this is the firstigton the high-pressure behavior of davyne. Davyne
is reported to crystallize in both the cent8/m (Bonaccorsi et al. 1990, 1995) and acerfGe
(Hassan and Grundy 1990; Bonaccorsi et al. 199%eRumerg et al. 2009; Sapozhnikov 2010) space
groups. Bonaccorsi et al. (1995) reported the beghperature behavior of two samples of davyne,
the first showing?63 symmetry, the lattelP6s/m. These Authors reported different elastic behavior
along thec axis of the two samples. Th&6/m)-davyne was almost unexpandable along that
direction, due to the symmetry-induced O3-03-0388°1 On the contrary, thé>6s)-sample was
highly expandable along [0001], until the O3-O4-#&gjle reached the geometric limit of 180° value,
after which a further expansion driven by tetrabetidting was no more allowed (Bonaccorsi et al.
1995). The Authors suggested this correspondeditspdacive phase transition frofbs to P63/m.

As consequence, the “inverse” phase transition evaglcur if pressure is applied on R6¢/m)-

davyne.

Due to geometrical constraints, the compressiongatbe [0001] direction in a@@z/m)-davyne is
only possible by breaking the symmetry mirrorgat.25 and = 0.75 (Fig. 7.10). Thim situsingle-
crystal diffraction study confirmed thatRainduced displacive phase transition, from B&/m to

the P63 space group, occurs between roBrand 0.38(2) GPa, which corresponds to the firstgure
point of this experiment. The structural constrmilgading to this phase transition suggest that it
would likely occur at a very low-pressure, as ithe only possible way to accommodate the strain
through tetrahedra tilting, which is reported tothe most common mechanism in open-framework
materials (Gatta 2010). The post-transitiBs}-davyne showed a large isothermal (293 K) stabilit
field as function of pressure, being stable attlegsto 7.18(2) GPa. The high-pressure elastic
behavior has been described a 11-BM EoS fit toskgerimental data. The elastic anisotropy at room-
P conditions can be describedkg : Ko = 1.25 : 1, and was found to increase with pressline
unit-cell volume compression is accommodated by NGAkamework of davyne mainly by
tetrahedra tilting. The same deformation mechanigimeady reported for balliranoite (section 6.2)
were found for the studied davyne. On the contragdjifferent different tilting mechanisms have been
reported for cancriniteensu strictdchapter 4) and vishnevite (chapter 5). These sta¢agthen the
hypothesis that the nature of the population ofcdr@unit columns affect thel(P)-induced tilting

mechanisms and, therefore, the elastic behavitireofancrinite-group compounds.
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The role played by the extraframework populatiottenstructure and elastic evolution of cancrinite-
group compounds at non-ambient conditions shoulthken into account if these materials will be
used in future technological applications. In gautar, concerning davyne, a special attention shoul
be paid to thd”6s/m = P63 displacive phase transition occurring at very Bwegime and to the
“inverse” phase transition occurring with incregstemperature at about 473 K (Bonaccorsi et al.
1995).
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Figure 7.8 A contraction along the c axis (governed by tetrahedral tilting) in the P63/m davyne is only possible
by breaking the mirror planes at z = 0.25 and z = 0.75, for the symmetry-induced 03-03-03 = 180°

P6s/m
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Figure 7.9 (Top) Difference-Fourier map of electron density along the 63 axis, at the center of the 12R-channel,
phased without the SO4? groups. (Bottom) Difference-Fourier map of electron density on the (0001) plane at
z = 0.25, phased without the channel population. The maxima of the “internal” and “external” cation sites and
the broad distribution of electron density related to the Na* cation in M2 are shown. Both the syntheses have

been obtained from the room-P dataset in the P6s/m space group.
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Figure 7.10 (Left side) The experimental unit-cell volume vs. pressure data, from P1 (0.38(2) GPa) to P21
(7.18(6) GPa). The solid line represents the fit with a 1I-BM Eo0S. (Right side) The unit-cell a and ¢ parameters
normalized to their P1 values, plotted against pressure. The solid lines represent the fit with IlI-BM “linearized”
BM equations of state.
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Figure 7.11 The pressure-induced evolution of: (A) the intertetrahedral Si-O-Al angles normalized to their P
values; (B) the O1-O112r and O3-O412r channel diameters normalized to their P1 values; (C) the channel and
can unit volumes (see text for further details) normalized to their P1values; (D) the z coordinates of the sites
01 [z(01)-0.5], CI, M1, M2 and S.
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Chapter 8

8.1 ISOTHERMAL ELASTIC BEHAVIOR

Figure 8.1 shows the evolution of the unit-cellumaks and linear parameters with pressure,
normalized to the roorR- values, of the studied cancrinite-group minerdlse refined elastic
parameters, based on Birch-Murnaghan equatiornsiaf fits are reported in Table 8.1. The analysis
of these parameters show that all the studied mlisishare the same bulk compressibility, within 1
e.s.d., at ambient conditions. This compressibflig. ~ 47 GPa) falls in the middle of the range so
far reported for zeolites, 18-70 GPa (Gatta 2008 ddition, all the studied compounds show an
anisotropic elastic behavior, where [0001] is thestncompressible direction. Although they are
tectosilicates, the cancrinite-group compoundsatembe described as made by a “layered” structure,
since the [CAN]-framework can be viewed as givently stacking of planes made single six-
membered rings (see section 1.1). It is interegbngpte that the most compressible and expandable

direction (further details are given later) coiresdo the direction of layers stacking.

A visual inspection to Figure 8.1 and Table 8.1hhghts that the minerals belonging to the two
subgroups are characterized by different elastiso&mopy. The refined linear bulk modufio
underline that the anisotropic behavior is morenptmced for the cancrinite-subgroup minerals,
beingKao/Keo equal to 1.53 (cancrinite), 1.51 (vishnevite),51(Balliranoite) and 1.25 (davyne). In
addition, Figure 8.1 and Table 8.1 show that, t@hkimo account the estimated standard deviations,
balliranoite and davyne share the same elasticvomh#n the contrary, a comparison among the
cancrinite-subgroup minerals is not so simple Hapter 5 it has been reported that vishnevite lgiear
undergoes a strong increase in compressibility ®jtfollowing a structural re-arrangement,Pat
3.43(4) GPa. A subtle change in the elastic belawith a slight increase in compressibility, is@l
shown by cancrinite, in particular along @@xis, but at a higher pressure(between 4.62(3) and
5.00(2) GPa). However, in the latter case no cdtrarctural re-arrangement supports the change in
the elastic behavior. As reported in section Ah2,dccuracy and precision of the data likely hinder
an unambiguous interpretation of the phenomenonth@rbasis of the results later obtained for
vishnevite, an accurate re-investigation, focusethéP-range of interest, could help to clarify the
scenario. Nevertheless, Figure 8.1 underlines that two elastic discontinuities are barely
comparable. In fact, the increase in compressgibihown by all the unit-cell parameters of
vishnevite, is higher if compared to cancriniteggesting the onset, if any, of a less pronounced
structural re-arrangement in the cancrinite stmecatP > 4.62(3) GPa. Beside the different high-

pressure elastic behavior, cancrinite and vishaeshare similar volume and linear compressibilities
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at ambient conditions, as shown by the bulk mogydorted in Table 8.1 and, more in general, these

minerals share a similar elastic behavior at loespure regime.

Overall, the davyne-subgroup minerals showed aifgignt stability at high pressure, somewhat
surprising considering their nature of microporonaterials widespread in the surface geological
environments (see section 1.3). They appear ttadesup to ~ 7 GPa, with no evidence of structure
collapse nor change in the compressional beha®@arthe other hand, the cancrinite-subgroup
minerals showed, at least vishnevite, a changehe dlastic behavior with an increase in
compressibility; the increase of pressure couldagca destabilizing factor. However, taking into
account their typical geological environments ameirtpotential technological applicatiorsd. as
waste-storage materials), it should be considenatithe observed elastic discontinuities occur at
very high pressures, beig > 2.47(2) GPa in vishnevite arRl> 4.62(3) GPa in cancrinite. In
addition, despite the observed change in the elastiavior, both cancrinite and vishnevite arelstab
under the elastic regime, up to the highest presswestigated (~ 7 GPa), showing only at the very
high pressures a decrease of the peak intensitiearaincrease of the peak halfwidths. Moreover, it
seems worth noting that the reported phase stahb#ids at high pressure have been determined at
293 K. For an evaluation of the stability of a mraden a real geological environment, the combined
effect of temperature and pressure should be takeraccount.

A comparison with the elastic parameters reportgdGatta and Lee (2008) for the isotypic
NasC9[GasGes024*Ge(OH)s shows that this compound has a higher compreisgibil ambient
conditions. Therefore, the results obtained in #tigly confirm the hypothesis of Gatta and Lee
(2008), who suggested a higher stiffness for thmalosilicate cancrinites, for which a rigid behavi

of the framework tetrahedra was expected, as coafirby this study. Based on the elastic behavior
of cancrinite and vishnevite at the I®wegime, the significantly high 'Kalues reported by Gatta
and Lee (2008) could in part be related to thdestihg of the (Ga,Ge)tetrahedral compression
with increasing pressure and in part to structom@thanisms, possibly comparable to those observed
for the cancrinite-subgroup minerals. Oh et al1@0eported the high-pressure elastic behavior of
a synthetic hydroxycancrinite, with a bulk modubfs46(5) GPa (calculated by a 1I-BM EoS fit
applied to the entird?-range investigated). Interestingly, the Authorporéed that a subtle
discontinuity was observed in tReV data between 1.9 and 2.5 GPa, after which a IlIHB3 could

be fitted (assuming a fixedo) yielding the following parameter&vo = 46.9(9) anKyv' = 4.0(4).

Despite not reported by the Authors, a calculatiom the published unit-cell parameters shows that

191



Chapter 8

hydroxycancrinite shares the same elastic anisptodgancrinite and vishnevit&{o:Keo ~ 54:31,
1.74:1), consistently to its nature of cancrinidgroup compound.
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8.2 THERMOELASTIC BEHAVIOR AT CONSTANT PRESSURE

The refined thermo-elastic parameters of the stuchimerals are reported in Table 8.2 and in chapter
4-7. For the lowF datasets of cancrinite, balliranoite and davyhe,experimental\{,l) vs. T data
have been fitted by both the thermal equationsadé€£8), derived from the thermodynamic definition
of the thermal expansion coefficiemt, and (14), as proposed by Pawley et al. (1996)aaloghted

by Holland and Powell (1998) for their thermodynandatabase (see section 2.1). A significant
disagreement between the refined parameters frertwii fits was found, showing systematic higher
expansivities, at ambient conditions, from thewfith equation (14). A comparison to the thermo-
elastic data reported by Hassan et al. (2006th®highT behavior of cancrinite, and Bonaccorsi et
al. (1995), for the higA-behavior of davyne and microsommite, revealed dHattter agreement is
obtained by the constami coefficients refined by equation (8) and reportedable 8.2. If the large
uncertainties, due to the low number and the soagteof the experimental data, are taken into
account, similar conclusions to those reported antisn 8.1 can be carried out. Cancrinite,
balliranoite and davyne share the same volume exgan within 1c, but with a different anisotropy,
being higher in cancrinite. Theeaxis corresponds to the most expandable directionsistently to
what reported in section 8.1. Despite the systeniagjher values, the same conclusions, defining a
different elastic anisotropy for the cancrinitedaavyne-subgroups, can be drawn by the analysis of
the thermo-elastic parameters refined from equatld), including the average thermal expansion
coefficients calculated for vishnevite. Table 8i@ws that davyne and balliranoite share an almost
identical elastic behavior at loW-down to ~ 110 K, whereas the lack of IGvadata from vishnevite
(chapter 5) makes a comparison between the twaioéeesubgroup minerals impossible. A slight
mismatch can be shown if the thermal coefficieritsamcrinite (Table 8.2), refined from the Iolw-
(section 4.1) and the high{section 4.3) datasets, are compared, beipgk, 1barequal to 3.8(7)*10

> and 4.88(8)*10 K™, respectively. However, an excellent agreemesh@vn between our high-
data and those calculated from Hassan et al. (2f206bhe range 298-769 Ke(g av293k 1bar =
4.7(8)*10° K1), Due to the higher number, accuracy and precisioexperimental data and the
consistency to the literature data reported abtheehighd parameters more likely represents the

thermo-elastic behavior of cancrinite.
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8.3 HIGH-TEMPERATURE BEHAVIOR

The high-temperature behavior of cancrinite, regmbih section 4.3, is characterized by a strong and
slow dehydration process occurring at 748 K, afteich a quasi-anhydrous phase was found to be
stable up to the highest temperature investigaed23 K. However, a decrease in the intensity and
a broadening of the peaks suggested an impedirapgesition of the crystal. An interesting result
was that the dehydration was found to be irrevérsibthe time scale of the experiment. The stgbili
of the quasi-anhydrous form of cancrinite, which etxserved at least in the range 748-823 K and,
then, at roomF after the cooling of the crystal, has also beetlelyi reported in the literature (see
section 3.1) and is confirmed by the occurrenca watural sample in volcanic deposits (Zubkova et
al. 2011). Zubkova et al. (2011) described theis&itution of Nd cations along the 3-fold axes,
likely to minimize the electrostatic repulsion esponse to the absence effHnolecules. Such a re-
distribution was not directly observed by us, etreugh a strong increase in the anisotropic atomic
displacement parameter of the cage-Na site couldodréially explained by a positional re-
arrangement coupled with an enhanced thermal dispiant. The structure refinement performed at
748 K, when the dehydration was completed, clestttywved that a minor amount 0$®I molecules
were still present within the cages. This couldsgady be a necessary condition for the stability of
the (quasi)-dehydrated form of cancrinite. Thedtrte collapse, not observed in our experiment, is
always reported in the literature to occur at higieenperatures than the dehydration and could be
related both to the loss of channel anions “backbbrand/or to the loss of the residual cag&®H
molecules. Overall, since the occurrence of nat(gabksi)-anhydrous samples of cancrinite in
volcanic deposits would likely be ascribable to leating induced by the effusive process (Zubkova
et al. 2011), a rigorous characterization of thieydeation process in cancrinite could allow a lrette

characterization of the effusive process itself.

The results obtained in this study show a stromgistency to those reported by Sirbescu and Jenkins
(1999) from a manual thermogravimetric study atildgrium conditions. The temperature of the
main dehydration peak that we obseniesl {48 K) is almost overlapped to that reported bip&kicu

and Jenkins (1999). In addition, the most intengsfieature is likely the slow kinetics of the
dehydration, since the isothermal process at 7480K 12 days to be complete in our experiment,
whereas Sirbescu and Jenkins (1999) reportedhbdutl manual TG-analysis needed a total of 10
days. The results reported in section 4.3 allowedaeeful determination of the dehydration

temperature, which could be considered in the ex@ln of cancrinite-group compounds as suitable
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waste-disposal materials. Based on our resultsetbbd Sirbescu and Jenkins and others reported in
the literature (section 3.1), it appears that 780-K is the dehydration temperature of cancrinite a
ambient pressure. A more detailed description ef gtructural re-arrangements induced by the

dehydration in cancrinite will be given in sectidhs and 8.6.

The high-temperature behavior of vishnevite hasoeen studied here. However, a thermal study of
the chemically analogous pitiglianoite is availale the literature (Bonaccorsi et al. 2007).
Bonaccorsi et al. (2007) reported a dehydratioth winit-cell shrinking, in the range 499-676 K, but
the most striking effect is the dehydration-inducationic exchange between cage-bad channel-

K*. The larger K cation was found to fully occupy thean unit in the dehydrated pitiglianoite,
approximately at its center (Bonaccorsi et al. 308@d having as the major consequence the
inhibition of a long time-scale re-hydration of fleeunits at ambient conditions. This suggetss the
thermal transformation of pitiglianoite into a neampound. These data underline the fundamental
role played by the extraframework constituentsmy(i,P)-induced re-arrangements. In particular,
an interesting goal would be the characterizatibthe possibly enhanced thermal stability of the
new (quasi)-anhydrous compound, havingdae units mainly occupied by the large Kations. In
addition, the reproducibility of this thermal-indect cationic exchange in K-bearing cancrinite-
subgroup compounds should be also investigated.

The high-temperature behavior of three davyne-sagminerals has been studied by Bonaccorsi et
al. (1995). The Authors reported that davyne ar@sommite samples, both sharfPg symmetry,
showed a comparable elastic behavior, which watsirm consistent to the low-elastic parameters
refined in this study. However, both the sampledemwent an abrupt decrease in expansivity along
thec-axis at 473 and 433 K, respectively, fropr 1.6(4)*10° K to 0.2(1)*10° KX, This behavior
was ascribable to a displacive phase transitiom 63 to P6s/m, for which the structural expansion
along [0001], governed by tetrahedral tilting, wasibited by the symmetry-constraint 03-03-03 =
180°, as already described in the previous chafgers for example, Fig. 3.1). This was confirmed
in Bonaccorsi et al. (1995) by the elastic behasi@mwn by a davyne sample haviP@/m symmetry
at room conditions. This sample showed an insigaift linear thermal expansion coefficient along
[0001] within the entireT-range investigated, likely due to the limited abedral expansion
(Bonaccorsi et al. 1995). If the dehydration carnvi@eved as a destabilizing factor for cancrinite-
subgroup compounds at high-temperature, in the maligianhydrous davyne-subgroup compounds
thermal instability is governed by the symmetrytined limited expansion of tlizcchains, possibly
influencing their potential use as storage wasterfo(Riley et al. 2012). In fact, davyne-subgroup
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compounds show an expanded [CAN]-framework at amitwenditions, if compared to cancrinite-
subgroup, with the 03-04-03 angle (Fig. 3.1) clmsthe highest allowed value of 180°. At O03-0O4-
03 =180°, a displacive phase transitiof&/m occurs. In particular, thédzcchains are so expanded
in davyne that both naturB6s andP6s/m samples can be found in Nature (see section 1IR2i&)an
obvious consequence that if the thermal-inducedcaesipn will cause thé6z to P6:/m phase
transition, the pressure-induced compression willse the inverse phase transition, as it will be

discussed below.
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8.4 P-INDUCED P6s/m TO P63 PHASE TRANSITION

The structural reasons for tReinduced displacive phase transition from B&a/m to theP6z space
group in davyne have been thoroughly describe@atian 7.2. The studied crystal was found to be
stable within the entir®-range investigated, up to 7.18(6) GPa. The digmaghase transition to
the P63 space group causes a structural re-arrangemehtftvei migration of the sites far from the
mirror planes az = 0.25 and 0.75 inP63/m, Fig. 7.11). However, the most striking effecttioé
symmetry change is the split of the cagé:Csite, giving rise to two mutually exclusive and
equivalent bonding configurations (Tables 7.10 @ridl). In theP6s/m structure, both the upward
and the downward Ca-Cl bonds (Fig 7.1) are comstthio be equal by symmetry; whereas in the

P63 split configuration, one of the two Ca-Cl bondslwrter.

8.5 THE DEFORMATION MECHANISMS OF THE [CAN]-FRAMEWO RK

The [CAN]-framework deformation mechanisms at namaent conditions can be inferred from the
relevant structural parameters reported in Tabks49 and 4.16 (cancrinite), 5.6 (vishnevite}, 6.
and 6.10 (balliranoite), 7.6 and 7.11 (davyne).

First of all, as already discussed in the previchapters, the substitution of [Na®]" clusters (in
cancrinite subgroup) by [Ca-Cl{in davyne-subgroup minerals) induces a framewaqansion,
which is reflected by several structural parametéhe different coordination environment of the
cage-N3, when compared to €2 leads to a more pronounced ditrigonalizatiorhef $6RI][0001]
basis of thecan unit, as well described by the ditrigonal rotatemgles: 8.44(3)° and 10.2(1)° in
cancrinite and vishnevite, 1.02(3)° and 3.00(2)3aliranoite and davyne, respectively (rodrdata;
Fig. 4.4, 5.6, 6.6 and 7.7). The expansion alo®®10 is well represented by the values of the O3-
04-03 angles, being 144.84(5)°, 152.6(2)°, 162.88@&nd 171.51(4)° in the four studied minerals,
respectively. It is interesting to note the expanslue to the S& anions (and the related ations)

in vishnevite and davyne, when compared to thestg@ich terms. The framework expansion along
the c-axis in the davyne-subgroup minerals also caudessar flattening of thean units at room
conditions, as shown by the higher values of theG2202 angles (Fig. 4.4, 5.6, 6.6 and 7.7). In
addition, an expansion of tliecchain width in (0001) is shown in davyne-subgrauperals, by an
elongation of the O3-G4dr diameters of the S4R units, which is partially mi@nbalanced by shorter
03-0O42r channel diameters, with respect to the cancrsutegroup minerals. In the latter, longer
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03-042r also shorter O1-Qir lengths are observed. The different O1-01/03-@dsaf channel
diameters between the two subgroups have alsodatglns in the shape of the channel sections. In
fact, if in cancrinite-subgroup minerals the simialues of O1-Oikr and O3-O4r give rise to an
almost circular channel, in davyne-subgroup mirsetié higher 01-01/03-04 ratio results in an
almost perfect hexagonal shape, with slightly sroeffective pore widthsensuBaerlocher et al.
(2007), as is evident in Figures 4.4, 5.6, 6.6 &ad

As can be observed on the basis of the structatal the structure deformations induced by high and
low temperature and by high pressure do not sutisligraffect the intratetrahedral (Si,Al)-O length

Id est the temperature- and pressure-induced structokiteon of the studied cancrinite-group
minerals is governed by the tilting of the substdiyt rigid (Si,Al)O4 tetrahedra about the shared
oxygen hinges. This mechanism is typical of opemwork materials showing a tridimensional
tetrahedral structure and has been proposed andrgetically less costly way for accommodating
the T- andP-induced strain (Gatta 2008, 2010).

An inspection of the Si-O-Al intertetrahedral arlersustemperature or pressure (Fig. 4.14, 5.5,
6.5, 6.8, 7.6 and 7.11) shows that two clearlyedéht trends can be defined for the cancrinite- and
davyne-subgroup minerals, respectively. In the §ubgroup, all the four symmetry-independent Si-
O-Al angles vary withl or P. In the second subgroup, no significant variatioihthe Si-O2-Al angle
are observed and the Si-O1-Al angle always showstitongest change withor P. These different
trends are the basis of the different deformati@cimanisms between the two subgroups, which will
be thoroughly described and discussed below artdemext sections. It is worth noting that the
effects of the thermal-induced dehydration on taecdnite structure evolution is clearly reflected
by a change in the Si-O2-Al trend (Fig. 4.14), a$lve discussed in section 8.6.

The framework deformation along [0001] is contrdlkey the tilting of the tetrahedra forming tthzc
chains, around the O3 and O4 hinges (Fig. 4.4,86and 7.7), which is reflected by the Si-O3-Al
and Si-O4-Al intertetrahedral angles. The behawbrthese angles does not show significant
differences between the two subgroups of minelrafsct, the same deformation mechanism is found
to accommodate the strain along thaxis: the expansion or compression ofdaechains bordering
thecan units (see section 1.1), well described by thengkan the 03-04-03 angle (see Fig. 3.1),
which also causes the hexagonalization or ditrigpatgon of the S6RI[0001] linking channels and
cages (Fig. 4.4, 5.6, 6.6 and 7.7) . When the maxirexpansion limit of 180° for the 03-04-03
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angle is reached, the displacive phase transitidheP63/m space group occurs, as has been already
discussed above.

The main differences between the two subgroupstare/n by the mechanisms accommodating the
strain within the (0001) plane, mainly governedls tilting of the tetrahedra around the O1 and O2
hinges, reflected by the Si-O1-Al and Si-O2-Al mé¢t¢rahedral angles. In cancrinite and vishnevite,
a strong variation in the ditrigonal shape of tf&#&RS[0001] occurs in response ToandP, as well
described by the evolution of the ditrigonal rasatiangle (Fig. 4.5, 4.9 and 5.5). The channel
deformation is mainly accommodated by the Oks@diameter, whereas the O3-dshows none

or significantly lower change (Fig. 4.5, 4.9 an8)50n the other hand, along the O3-04 direction
the strain is clearly accommodated by the O3-@diameter of the S4R units, in response to the
rotation of the tetrahedra around the O2 hinges. &b and 4.9). On the contrary, in balliranoite a
davyne, beside a significantly lower ditrigonal gbat room conditions, a less intense variation in
the ditrigonal rotation angle occurs, if comparedhe cancrinite-subgroup minerals at the same
conditions. A consequence of the constant Si-O2nfdrtetrahedral angle is represented by the
inhibited rotation of the tetrahedra around O2 dnelefore, by the almost constant values of the O3
O4ssr diameters of the S4R units. On the other handauyne-subgroup minerals, both the channel

diameters show similar changes in respondedoP (Fig. 6.5, 6.8, 7.6 and 7.11).

The different deformation mechanisms acting on@@®1) have a large effect on the behavior of the
can unit at non-ambient conditions. In cancrinite amshnevite, the expansion/contraction along
[0001], governed by th@zcchain, is not counterbalanced within the (000&phplby a similar change
in the O2-02, diameter (“cage width” in chapters 4-7, Fig. &4, 6.6 and 7.7). Therefore, tban
unit undergoes a flattening (when compressed) astietching (when expanded) as well described
by the variation in the 02-02-02 angle (Fig. 4.6 &rb). On the contrary, in balliranoite and dayyne
the strain along [0001] is counterbalanced by alaimstrain in the (0001) plane of the cage, rdédc

by the variation in the 02-Qg “cage width” (Fig. 6.5, 6.8 and 7.6), leading tdh@mogeneous
shrinking of thecanunit at lowT and highP. The different behavior of th@an unit, at non-ambient

conditions, in cancrinite and balliranoite is shawrrigure 6.8.

The analysis of the evolution against temperatma @essure of the modeled chann®kn)(and
cage-volumes\(g) shows that the bulk volume strain is mainly acowdated by the channel voids
(Fig. 4.14, 5.5 and 7.11).
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8.6 THE can UNIT EXTRAFRAMEWORK CONTENT

Two different kinds of extraframework populatiol the can units of the species belonging to the
cancrinite and davyne subgroups, respectively.déwyne-subgroup minerals show chains made by
[Ca-CI] clusters. The C4site lies close to the SGR001] “plane” (even though O1 and O2 are not
exactly coplanar) an is bounded to the three OZlamthree O1 atoms, showing similar bond lengths.
Therefore, only a small deviation from the perfeexagonal shape of the SB[R001]canunit basis

is shown (Fig. 6.1 and 7.1), as reflected by the diitrigonal rotation angles in these minerals. The
Cl anion is placed approximately at the center ofctige in three mutually exclusive positions out
of the 3-fold axis (Fig. 6.1 and 7.1). Each?Ceation is bonded to the two neighboring, @lving

rise to a slightly distorted hexagonal bipyramidabrdination shell (C.N. = 8). Despite the lengths
of the two Ca-Cl bonds are similar in value, onslightly shorter that the other and the splittaig
Ca* sites, following theP6s/m to P6; displacive phase transition in davyne, suggesis th
configuration as energetically more favorable théth an equal displacement betweerf Gand Ci

in an expanded framework. In cancrinite-subgrouperdals, chains of [Na-#]" clusters occur. The
Na" site is slightly displaced form the SBRO001] “plane” with a stronger bond to one of the
neighboring water-oxygen sites, positioned outhef 3-axis approximately at the cage center (Fig.
4.3 and 5.1). Therefore, each®molecule shows a shorter bond to oné &&ion and a longer bond
to the other Na-neighbor, which, in turn, will keosgly bonded to the next:B@ molecule (Fig. 4.3
and 5.1). Similarly, Nashows shorter bonds to the three O2 oxygen sitissraspect to the three
O1’s. As a consequence, significant deviation ftbenhexagonal shape is shown by the [SGR01],

as reflected by the higher ditrigonal rotation &sgif compared to those in balliranoite and davyne
(Fig. 4.3 and 5.1). The Na&oordination environment can, therefore, be dbedras made by a first
tetrahedral shell (3*O2 + O)wplus a second weaker tetrahedral shell (3*O2 +)Qgiving rise to a
distorted ditrigonal bipyramid (C.N. = 4 + 4). Théshnevite structure refined from the high-
datasets shows the cage-Na modeled in two sp, dior which the same considerations reported
above can be carried out.

The different coordination environments shown bg ttage cations in cancrinite- and davyne-
subgroup members not only are the source for tfiereint framework configurations at ambient
conditions (described in the previous section), &isb affect significantly their distortion with

temperature or pressure. The higtand lowT structure refinements of cancrinite and vishnevite

showed that, in response to pressure or decretsimgerature, a compression of the shorter Na-O2
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and an elongation of the longer Na-O1 bonds ocdumeucing an increase in the ditrigonal character
of the S6RJ0001]. The substantially constant value of the ®la-bond atP < 3.43(4) GPa in
vishnevite, discussed in chapter 5, has tentativebn ascribed to be a secondary effect of the shor
contacts involving the channel cations shells, #éisbe further discussed in the next section. Asles
clear behavior is shown by the Na-Ow bonds, forclwha constant or very low compression is
observed from the low-and highP datasets. Overall, under “compressive” regimes nder low
temperature and high pressure), a strong compressithe first tetrahedral shell of the cage-Na
coordination environment occurs along with a distexpansion of the second shell. In other words,
the distortion of the ditrigonal bipyramidal polyen is further enhanced at highand lowT

conditions, leading to an increasingly tetrahedraracter of the Na-coordination environment.

On the contrary, an inspection of the Ca-O bondiser in balliranoite and davyne shows that only
very minor changes occur at lolveonditions, whereas at high pressure only a stigbtease in the
Ca-02 bonds can be unambiguously described. Theredoly a slight deviation from the room-
conditions configuration of the SGIRO001] is observed, as confirmed by the slightease in their
ditrigonal rotation angles. The shortening of btite Ca-Cl bonds follows the compression of the
cages along theaxis. The markedly different behavior betweenNlaeG; and the Ca-©(Ox stands

for framework-oxygen) reflects the differehtandP evolution of the Si-O2-Al intertetrahedral angle
between the two subgroups. In fact, the inhibietdahedral rotation around the O2 hinge prevents
the migration of this oxygen toward the?Caation (Tables 4.2, 4.8, 5.4, 6.3, 6.8, 7.3 ad@)7and,
therefore, a marked compression of the Ca-O2 bdixa=n though an unambiguous assignment is
not straightforward, the different behavior coulldscribed to the nature of the channel cations. In
fact, the longer ideal Ca-O bond length, if compai® Na-O, and the Gahigher valence hinders
the compression of the Ca-O2 bonds and a signtfichange of the quasi-hexagonal bipyramidal
coordination, inhibiting the tetrahedral rotatioroend O2. Consequently, the observed marked
differences in the framework deformation mechanisgntkin the (0001) plane (section 8.5) can be
mainly ascribed to the different nature of taa units extraframework population and, in particular

to the different nature of the cations coordinagorwironments.

The analysis of the high-temperature behavior atdaite showed that the same mechanisms, but
opposite in sign, observed at Iahand highP occur. In particular, in the hydrous regime precgd
the dehydration, the increase in intertetrahedngles reflects a distortion toward the hexagonal

shape of the SEH0001]. As a consequence, an increase in Na-Oz2aatetrease in Na-O1 occur.
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One of the most interesting features emerging ftoenhigh-temperature study of cancrinite is the
change in the trend of the Si-O2-Al intertetrahédragle, following the dehydration process. In fact
the structure refinement based on the post-dehgdrdataset suggested an inversion of this trend,
with a closure of the intertetrahedral angle. Tihtuces a compression of the O3s@ddiameter
after an expansion in the hydrous regime, confignive dependence of this parameter on Si-O2-Al
(section 8.5). The change in the tilting mechanistmch apparently affects only Si-O2-Al, is likely
driven by the tendency to minimize both the Na-@dl &la-O2 bonds, in order to compensate the
loss in bond valence due to theGHdesorption. The availability of a mechanism ablgartially
counterbalance this loss could possibly concunécstability (or metastability) of the observed gjua

anhydrous form of cancrinite.

In this light, we can conclude that the extraframgipopulation filling thecan units has the largest
impact on the type of the framework deformation hatisms in response to temperature and
pressure and, therefore, on the bulk elastic behafithis class of minerals. However, a markedly
different configuration, from those here studiedn @ccur. In section 1.4 are reported synthetic
cancrinite-group compounds having the cages fillethrge monovalent cations.§ K" or Cs) (Lee

et al. 2000; Colella and de’ Gennaro 1989). Bagsedhe results obtained in this study, it can be
predicted that further different deformation meabkars of the framework can govern the structure

evolution in these materials at non-ambient coodgi
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8.7 THE CHANNEL EXTRAFRAMEWORK CONTENT

If only two kinds of “geometrically simple” configations occur in thean units of the studied
minerals, the arrangement of the channel extrafwarie population is, by far, more complex. As
described in sections 8.5 and 8.6, the differemfecaontent results in a different framework
configuration at ambient conditions. In particulardifferent ratio between the O1-Gd and O3-
O41ordiameters leads to a markedly different shapbethannel section between the two subgroups
(4.4, 5.6, 6.6 and 7.7). The cations sites lieelwssthe channel walls in one (cancrinite) or two
mutually exclusive sites (vishnevite, balliranated davyne). However, an inspection of the Fourier-
syntheses of the electron density, phased withauthannel population (Fig. 5.2, 6.3, 7.2 and 7.9),
shows that a disordered distribution is often foanound the site maxima, suggesting a positional
disorder (at least partial) of the cations. Inipbatloite, two sites (Fig. 6.2 and 6.3) partiallopied

by both N& and C&" have been found: even though a clear picture ¢doendrawn, it is highly likely
that C&" and the minor Koccupy the internal one (M1, Tables 6.3 and @8}tie more favorable
bond lengths (Tables 6.5 and 6.10). In cancribitéfy N& and C&* share the same single site (Tables
4.2, 4.8 and 4.15). Nevertheless, the same codioimanvironment can be described for all these
cations: four or five bonds to the framework oxyggoms on a side (2*O3 + 2*0O4 + O1) and up to
three carbonate oxygen on the other side, for wimole details are in chapters 4 and 6 (Fig. 4.3 and
6.2). The triangular (C¢9)-groups occupy the center of the channel in twaoually exclusive and
iso-oriented configurations with the C site on @exis, for which the neighboring cations face an
edge of the anionic group, giving rise to two botwthe closer oxygen atoms (Fig. 4.3 and 6.2). Due
to the resulting short C-C contacts, not all thie-sells can be occupied by the carbonate anions and
thus vacancies and positional disorder occur allbeghannel (Fig. 4.12 and 6.3), as already regorte
in the literature (see sections 1.2.1, 4.1, 4.248Y In vishnevite and davyne, two distinct ctust
can be defined. The first is given by the"Nations occupying the “external” M2 site, closethe
channel walls, and the sulfate tetrahedral groufhatcenter of the channel. For both the studied
minerals at ambient conditions, the triangular $asithe sulfate tetrahedron was found to point a
vertex toward the neighboring Natoms, so that a single Na-Os bond occurs. Oottier side, the
Na" cations are bonded to four or five framework oxygéoms (depending on the distance between
M2 and O1), as described above. In the bstudy of davyne, the structure has been model&d wi
two mutually exclusive external Naites, in order to account for the observed pmsiti disorder
(Fig. 7.2, more details are in section 7.1). Theord cluster is made by the “internal” M1 sites
partially occupied by both Kand N4, sharing the same coordination to the frameworger as
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M2. In order to avoid too short K-O bonds, a vagaimcthe anionic sites is typically associated to
these clusters and up to two M1-O bonds with thiatsuapical oxygen in the neighboring sub-cells
can occur. Graphical representations of the abosetioned clusters in the (38-rich terms are in
Fig. 5.1, 5.3 and 7.3.

The construction of a model of the channel popaoitaliehavior is also not straightforward. However,
a general trend can be defined. The ditrigonabratif the S6RI[0001] windows (Fig. 4.4, 5.6, 6.6
and 7.7), following the compression of ttizcunit at lowT and highP, induces a migration of the
01, O3 and 04 oxygen sites, from which a compressiothe shorter M-O3and M-O4 and a
stretching of the longer M-O3&nd M-O4' bonds occur. A compression of the M-O1 is alseole,

so that, if too far at ambient conditions, a pregree fall within the cation coordination shelhagh-

P occurs for the O1 oxygen.

In cancrinite, balliranoite and davyne, no subsséhichange in the bonds between the cations and the
carbonate- and sulfate-oxygen atoms is observegiambient conditions. Therefore, for these three
studied mineralogical species, the channel exiradreork population apparently does not have any
significant influence on the structure deformatiachanisms in response to the applied temperature

Oor pressure.

On the contrary, in vishnevite a re-arrangemenhefchannel population occursRat 3.43(4) GPa,
coupled with a drop in the bulk modulus of the mateAn interpretation of the source for such a re
arrangement is provided in the section 7.2. Theamity of the lowP channel configuration has
been ascribed to the cations coordination enviranigné\n inspection of the parameters reported in
Table 7.11 shows that possibly too short Na-O (@)K contacts occur with increasing pressure. At
P> 3.43(4) GPa, an inspection of the Fourier-synthe$electron density revealed that a rotation of
the sulfate tetrahedron of approximately 60° aratineds axis occur, toward the GO configuration
described above. Furthermore, a marked migratidrotf the M1 and M2 sites toward the channel
center followed the re-configuration of the aniogioup. The latter could be interpreted as a
structural response to allow the migration of thgans far from the channel walls and so from the
framework oxygen, which was possibly previouslyverged by the facing sulfate basal oxygen
atoms (Fig. 5.1, 5.3 and 7.3). In this light it @dso be interpreted the constant Na-O1 bonds shown
by the cage-Na before the structural re-arrangentieatO1 migration toward the channel cations

(therefore far from the cage-Na, Fig. 4.4, 5.6,&81@ 7.7) could also be prevented to avoid a piaient
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overbonding of those cations. However, an inspectid the post-structural re-arrangement
parameters, in Table 7.11, shows that unusuallgt $8® bonds occur with increasing pressure.

The results from the higR-study of vishnevite suggest that the channel &=ireework population
plays a key role on the structure evolution, etabehavior and even on the phase stability of
vishnevite at high pressure. In particular, théocest coordination environment seems to be the sourc
for the instability which leads the structural reamgement at high- However, as already mentioned
in the previous chapters, the pressure at whicllig@ntinuity occurs is very high if compared to
the typical geological environments of these milsegiad their potential applications as waste-s&@rag

forms.

205



Chapter 8

Figure 8.1 The pressure-induced evolution of the unit-cell volume, a and ¢ parameters of cancrinite, vishnevite,
balliranoite and davyne, normalized to their room-P values. The estimated standard deviations are of the same
order of magnitude of the symbols.
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Chapter 9

Thein situ high-pressure and low-temperature single-crystahdiffraction studies of cancrinite,
vishnevite, balliranoite and davyne, coupled witk in situ high-temperature single-crystal X-ray
diffraction study of cancrinite, allowed to derimemodel of the elastic and structural behavior of

these cancrinite-group minerals. The following dading remarks can be carried out.

» All the studied minerals share the same comprdsggiand, though with higher uncertainties

on the refined parameters, the same thermal expgnat ambient conditions.

» All the studied minerals show an anisotropic bebgwvhere thec-axis corresponds to the
most expandable/compressible direction. It is ggBng to note that the-axis also
corresponds to the stacking direction of the plariesngle six-membered rings typical of the

ABC-6 family of frameworks.

» Despite the similar elastic behavior at ambientaions, the studied minerals show different
elastic anisotropy, more pronounced for the cartersubgroup minerals. In addition, both
cancrinite and vishnevite show, in the I®wegime, higheK’ = (0Ko/0P)t values, with

respect to davyne and balliranoite.

* In vishnevite, a clear change in the compressibehhvior, with a pronounced increase in
compressibility, occurs between 2.47(2) and 3.8&Pa, which appears to be governed by a
structural re-arrangement of the channel populatiét™> 3.43(4) GPa. In cancrinite, a subtle
increase in compressibility is observed betweeB(@)sand 5.00(2) GPa, but no concomitant

change in the structural evolution was found.

» The structural evolution of the studied mineralsfaund to be mainly governed by the tilting

of the rigid framework tetrahedra around the shavegen hinges.

* The extraframework population filling the columrfscan units and, in particular, the nature
of the cation coordination environment were fouid afffect not only the framework
configuration at ambient conditions, but also gfodmation in response to the appliednd
P.

o In cancrinite-subgroup minerals, a changeTior P induces a change in all the
intertetrahedral Si-O-Al angles. Under “compressikegimes (.e. LT and HP) a
shortening of the (shorter) Na-O2 and a stretcbirthe (longer) Na-O1 bonds occur,

leading an increase in the ditrigonal shape ofS6BJ[0001] and a compression of
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the 03-O44r diameter. Those, along with the strong compreseiatiie O1-O1:r
channel diameter, accommodate the deformationan(@01) plane. In the high-

temperature hydrous regime, the same mechanismsppasite in sign, occur.

o0 In davyne-subgroup minerals, the nature of the @aedination environment likely
prevents a strong compression of the Ca-O2 bontiiiing the tetrahedral rotation
around the O2 hinge. Consequently, only a minareiase in the ditrigonal shape of
the S6RI0001] and none or minor O3-@k compression occur. The strain in the
(0001) plane is accommodated by the compressidheafan unit along the 02-02
diameters (“cage width”) and by both the channairditers.

The strain along the [0001] direction is goverigdhe tetrahedral rotation around the O3
and O4 hinges, which does not significantly ditbetween the two subgroups of minerals.
The same mechanism has been observed: the conmpresgiansion of thdzcunit, which
induces a ditrigonalization/hezagonalization of &R 1[0001] windows, linking channels

and cages.

In cancrinite, balliranoite and davyne, the charmedlaframework population apparently

does not influence thB- andP-induced structural evolution.

In vishnevite, aP > 3.43(4) GPa, coordination environment of the clehmmations likely
induces a re-arrangement of the channel populatigalving both the cations and the sulfate
tetrahedra. However, short contacts and an ungsealg increase in compressibility suggest

a metastable nature of the higreonfiguration of vishnevite.

For all the studied minerals, the bulk strain waisnid to be mainly accommodated by the

channel voids, rather than by tt&n units.

Despite the change in the compressional behavawistoy cancrinite and vishnevite, all the
studied minerals proved to be stable and keep tmgstallinity up the highest pressures
investigated (~ 7 GPa), at roofreonditions, which is somewhat surprising consiagtheir

nature of microporous open-framework materials.

Beside the previously described model of elastiw@ber and structural evolution, this study
allowed to determine the elastic parameters fothalstudied minerals. These parameters

could be implemented in the thermodynamic databases
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* The high-temperature study of cancrinite showedaatat and slow dehydration process at
748 K, after which a quasi-anhydrous form was fotmbde stable (or metastable) at least up

to 823 K and, then, at room conditions after theliog of the crystal.

* The dehydration leads to a change in the tiltingmaism of the framework tetrahedra,
likely governed by the tendency to minimize the edga-O1 and Na-O2 bonds to

counterbalance the loss in bond valence due@ dé¢sorption.

» The characterization of the thermo-elastic pararaateuld improve the study of the phase
stability fields of cancrinite-group minerals irethatural geological environments, in which
they occur. In conjunction with a thorough speatopsc analysis of the volatiles
composition, it could allow the characterizationtloé pressure, temperature and chemical

conditions of crystallization environment.

* In the light of potential technological applicatmrior example as waste-storage forms, the
obtained results revealed an apparent high stalofithe studied compounds at the (low)
pressures of interest. A careful evaluation oftilgdh-temperature stability should be taken
into account, in consideration of the dehydratibaven by cancrinite-subgroup compounds
at ~ 700-750 K. In addition, the stability of thawyne-subgroup compounds, related to the
displacive phase transition from the P63 to P63/ats group, should also be evaluated. The
structural characterization of the compressiorhefdzc unit at ambient conditions (through
the O3-04-03 angle), coupled with the characteomatf the thermoelastic behavior, could

improve significantly such an evaluation.
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Table 4.1 Details of data collections strategy and structure refinements of cancrinite at 293, 250, 220, 180,
140, 100 and 293 K (after the low temperature experiment).

K 293 250 220 180 140 100 293+
(To) (Ty) (T2) (Ts) (Ta) (Ts) (To)

a2 A) 12.6018(3) 12.5885(3) 12.5887(3) 12.5827(3) 12.5792(5) 12.5821(2) 12.6013(4)

¢ 5.1204(2)  5.1091(1)  5.1110(1)  5.0998(2)  5.1003(2)  5.0960(1)  5.1205(2)

v () 704.21(2)  701.17(4)  701.46(4)  699.25(4)  698.93(6)  698.66(3)  704.16(6)
Masimum 26 () 77.88 77.67 77.48 77.72 7755 77.62 77.78

-22<h<14 -18<h<21 -19<h=<21 -21<h<18 -22<h<15 -17=h<22 -20<h<22
-18<k<21 -21<k<21 -21<k<18 -21<k<21 -20<k<21 -22sks21 -21<k<15

-8<I<8 -8<I<8 -8<I<8 -8<I<8 -8<I<8 -8<I<8 -9<I<8
Measured 11305 10843 11277 10761 11203 11670 11235
reflections

Unique 2617 2518 2596 2509 2596 2614 2572
eflections

Unique 2260 2187 2303 2222 2292 2318 2163

reflections with
Fo > 40(Fo)
R 0.0407 0.0408 0.0422 0.0433 0.0446 0.0451 0.0486
int
Number of |.s. 99 97 97 97 97 97 99
parameters
Re, Fo> 40(Fo) 0.0378 0.0362 0.0339 0.0346 0.0346 0.0348 0.0381
0.0478 0.0468 0.0421 0.0435 0.0441 0.0419 0.0512
R1, all data

WR? 0.0586 0.0584 0.0571 0.0570 0.0576 0.0579 0.0614

R?;i/d/gg's +0.94/-0.67 +0.99/-0.68 +0.93/-0.75 +0.95/-0.73 +1.07/-0.82 +0.98/-0.73 +0.93/-0.70

w/¢-scans; step scan = 1°; exposure time = 29 s; space group: P63; Z =1
Rim = Z | Fobs2 - Fobsz(mean) | / Z [ Fobs2 ]
R1 = Z(|Fobs| - |Featc|)/Z|Fobs|; WR2 = [Z[W(F?bs - Fcaic)?// Z[W(FZbs)?]]%°, W= 1/ [0%(Fobs?) + (0.01*P)?], P = (Max (Fops?, 0) +2*Fcac?)/3
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Table 4.2 Refined atomic coordinates, site occupancy factors (sof) and equivalent/isotropic atomic
displacement parameters (A2) of cancrinite at 293, 250, 220, 180, 140, 100 and 293 K after the low temperature
experiment. Ow site was refined with isotropic atomic displacement parameter.

T (K) Site Occ. X y z Uiso/ Ueg
293 Si 1.0 0.08266(3) 0.41076(3) 0.73332(8) 0.00694(6)
Al 1.0 0.33706(3) 0.41216(3) 0.7342(1) 0.00695(7)
o1 1.0 0.20182(9) 0.4050(1) 0.6425(2) 0.0139(2)
02 1.0 0.1145(1) 0.55067(9) 0.7108(3) 0.0187(2)
03 1.0 0.0444(1) 0.3589(1) 0.0278(2) 0.0148(2)
04 1.0 0.3210(1) 0.3509(1) 0.0450(2) 0.0144(2)
Nal 0.957(6) 2/3 1/3 0.1177(3) 0.0275(5)
Na2 0.894(4) 0.87422(5) 0.75144(6) 0.7765(1) 0.0246(3)
Ca2 0.106(4) 0.87422(5) 0.75144(6) 0.7765(1) 0.0246(3)
c1 0.345(9) 0 0 0.893(3) 0.032(3)
Ocl 0.345(9) 0.0601(5) 0.1189(3) 0.880(2) 0.050(3)
c2 0.472(9) 0 0 0.649 (3) 0.055(4)
Oc2 0.472(9) 0.0616(3) 0.1193(3) 0.658(2) 0.052(2)
Ow 0.33 0.3148(5) 0.6177(4) 0.168(1) 0.049(2)
250 Si 1.0 0.08271(3) 0.41078(3) 0.73328(8) 0.00602(6)
Al 1.0 0.33708(3) 0.41223(3) 0.73431(9) 0.00606(7)
o1 1.0 0.20144(9) 0.4043(1) 0.6410(2) 0.0120(2)
02 1.0 0.1150(1) 0.55100(9) 0.7102(3) 0.0167(2)
03 1.0 0.0447(1) 0.3592(1) 0.0285(2) 0.0135(2)
04 1.0 0.3208(1) 0.3511(1) 0.0455(2) 0.0127(2)
Nal 0.957(6) 2/3 1/3 0.1172(3) 0.0227(3)
Na2 0.894(4) 0.87411(5) 0.75142(6) 0.7768(1) 0.0223(2)
Ca2 0.106(4) 0.87411(5) 0.75142(6) 0.7768(1) 0.0223(2)
c1 0.36(1) 0 0 0.892(3) 0.030(3)
Ocl 0.36(1) 0.0608(5) 0.1193(3) 0.878(2) 0.053(3)
c2 0.46(2) 0 0 0.654(3) 0.055(5)
Oc2 0.46(2) 0.0614(3) 0.1198(3) 0.657(2) 0.048(2)
Ow 0.333 0.3143(5) 0.6165(4) 0.168(1) 0.043(1)
220 Si 1.0 0.08273(3) 0.41081(3) 0.73330(7) 0.00567(6)
Al 1.0 0.33701(3) 0.41223(3) 0.73421(8) 0.00568(6)
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o1 1.0 0.20117(9) 0.40403(10) 0.6402(2) 0.0113(2)
02 1.0 0.1151(1) 0.55111(9) 0.7092(2) 0.0157(2)
03 1.0 0.0452(1) 0.3595(1) 0.0288(2) 0.0126(2)
04 1.0 0.3207(1) 0.3516(1) 0.0465(2) 0.0120(2)
Na1l 0.957(6) 213 1/3 0.1170 (3) 0.0204(3)
Na2 0.894(4) 0.87414(5) 0.75131(6) 0.7766(1) 0.0211(1)
ca2 0.106(4) 0.87414(5) 0.75131(6) 0.7766(1) 0.0211(1)
c1 0.349(9) 0 0 0.892(3) 0.029(3)
Ocl 0.349(9) 0.0604(4) 0.1195(3) 0.882(2) 0.046(2)
c2 0.480(8) 0 0 0.656(3) 0.057(4)
oc2 0.480(8) 0.0616(3) 0.1196(3) 0.660(2) 0.048(2)
ow 0.333 0.3139(5) 0.6157(4) 0.1673(9) 0.038(1)
180 Si 1.0 0.08277(3) 0.41074(3) 0.73330(8) 0.00509(6)
Al 1.0 0.33699(3) 0.41216(3) 0.73423(9) 0.00510(7)
o1 1.0 0.20122(9) 0.4039(1) 0.6392(2) 0.0102(2)
02 1.0 0.1156(1) 0.55122(8) 0.7086(2) 0.0142(2)
03 1.0 0.04549(9) 0.3598(1) 0.0301(2) 0.0117(2)
04 1.0 0.3206(1) 0.3517(1) 0.0471(2) 0.0109(2)
Nal 0.957(6) 213 1/3 0.1155(3) 0.0171(2)
Na2 0.894(4) 0.87426(5) 0.75151(5) 0.7765(1) 0.0191(1)
ca2 0.106(4) 0.87426(5) 0.75151(5) 0.7765(1) 0.0191(1)
c1 0.384(9) 0 0 0.897(3) 0.036(3)
Ocl 0.384(9) 0.0598(4) 0.1193(3) 0.882(2) 0.050(2)
c2 0.447(9) 0 0 0.646(3) 0.047(4)
oc2 0.447(9) 0.0617(3) 0.1197(3) 0.657(1) 0.043(2)
ow 0.333 0.3131(4) 0.6153(3) 0.163(1) 0.034(1)
140 Si 1.0 0.08282(3) 0.41073(3) 0.73337(8) 0.00456(6)
Al 1.0 0.33696(3) 0.41221(3) 0.73425(9) 0.00452(7)
o1 1.0 0.20081(9) 0.4031(1) 0.6383(2) 0.0095(2)
02 1.0 0.1158(1) 0.55134(8) 0.7082(2) 0.0129(2)
03 1.0 0.0459(1) 0.3603(1) 0.0304(2) 0.0106(2)
04 1.0 0.3204(1) 0.3519(1) 0.0474(2) 0.0100(2)
Nal 0.957(6) 2/3 1/3 0.1156(3) 0.0146(2)
Na2 0.894(4) 0.87428(5) 0.75139(5) 0.7763(1) 0.0173(1)
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ca2 0.106(4) 0.87428(5) 0.75139(5) 0.7763(1) 0.0173(1)
c1 0.325(8) 0 0 0.894(3) 0.025(3)
Oc1 0.325(8) 0.0602(4) 0.1194(3) 0.883(2) 0.037(2)
c2 0.501(9) 0 0 0.659(3) 0.056(4)
Oc2 0.501(9) 0.0620(3) 0.1203(3) 0.659(1) 0.047(2)
ow 0.333 0.3128(4) 0.6135(3) 0.1666(8) 0.028(1)
100 Si 1.0 0.08284(3) 0.41078(3) 0.73323(8) 0.00408(6)
Al 1.0 0.33696(3) 0.41222(3) 0.73433(9) 0.00404(7)
o1 1.0 0.20081(9) 0.40302(9) 0.6379(2) 0.0087(2)
02 1.0 0.11593(9) 0.55152(8) 0.7072(2) 0.0120(2)
03 1.0 0.04640(9) 0.3606(1) 0.0307(2) 0.0100(2)
04 1.0 0.32062(9) 0.3523(1) 0.0480(2) 0.0093(2)
Nal 0.957(6) 2/3 1/3 0.1152(2) 0.0119(2)
Na2 0.894(4) 0.87431(5) 0.75147(5) 0.7765(1) 0.0159(1)
ca2 0.106(4) 0.87431(5) 0.75147(5) 0.7765(1) 0.0159(1)
c1 0.348(8) 0 0 0.894(3) 0.026(3)
Oc1 0.348(8) 0.0606(4) 0.1196(3) 0.884(2) 0.039(2)
c2 0.475(8) 0 0 0.658(3) 0.056(4)
Oc2 0.475(8) 0.0616(3) 0.1199(2) 0.662(1) 0.044(2)
ow 0.333 0.3120(4) 0.6125(3) 0.1668(8) 0.0232(8)
293* Si 1.0 0.08265(3) 0.41077(3) 0.7335(1) 0.00682(7)
Al 1.0 0.33712(3) 0.41216(3) 0.7344(1) 0.00692(8)
o1 1.0 0.2016(1) 0.4048(1) 0.6422(3) 0.0137(2)
02 1.0 0.1146(1) 0.55073(9) 0.7098(3) 0.0184(3)
03 1.0 0.0444(1) 0.3591(1) 0.0277(2) 0.0148(2)
04 1.0 0.3211(1) 0.3509(1) 0.0447(2) 0.0139(2)
Nal 0.957(6) 2/3 1/3 0.1176(4) 0.0272(5)
Na2 0.894(4) 0.87408(6) 0.75135(6) 0.7764(2) 0.0251(3)
ca2 0.106(4) 0.87408(6) 0.75135(6) 0.7764(2) 0.0251(3)
c1 0.37(1) 0 0 0.896(3) 0.030(3)
Oc1 0.37(1) 0.0603(5) 0.1190(3) 0.879(3) 0.055(4)
c2 0.47(1) 0 0 0.651(4) 0.052(4)
Oc2 0.47(1) 0.0616(4) 0.1195(3) 0.659(2) 0.053(3)
ow 0.333 0.3147(6) 0.6162(4) 0.169(1) 0.054(2)
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* After the low-T experiment
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Table 4.3 Anisotropic atomic displacement parameters (A2) of cancrinite sites at 293, 250, 220, 180, 140, 100
and 293 K after the low temperature experiment.

To =293 K
Atom Ui Uz Uss Ui Uis Uzs
Si 0.0064(1) 0.0077(1) 0.0073(1) 0.0039(1) 0.0002(2) 0.0006(2)
Al 0.0064(2) 0.0078(2) 0.0072(2) 0.0039(1) 0.0003(2) 0.0007(2)
o1 0.0111(4) 0.0201(5) 0.0138(4) 0.0104(4) 0.0025(4) 0.0027(4)
02 0.0194(5) 0.0105(4) 0.0290(6) 0.0094(4) 0.0039(6) 0.0020(5)
03 0.0131(5) 0.0229(5) 0.0098(5) 0.0100(4) 0.0027(4) 0.0034(4)
04 0.0164(5) 0.0222(5) 0.0097(5) 0.0134(4) 0.0009(4) 0.0036(4)
Nal 0.0201(5) 0.0201(5) 0.0424(9) 0.0101(3) 0.00000 0.00000
Na2 0.0158(3) 0.0274(4) 0.0342(5) 0.0134(3) -0.0001(3) 0.0013(3)
Ca2 0.0158(3) 0.0274(4) 0.0342(5) 0.0134(3) -0.0001(3) 0.0013(3)
c1 0.007(3) 0.007(3) 0.08(1) 0.003(1) 0.00000 0.00000
0oC1 0.028(3) 0.011(2) 0.104(8) 0.005(2) -0.002(4) -0.004(3)
c2 0.014(2) 0.014(2) 0.14(1) 0.007(1) 0.00000 0.00000
T1=250 K
Atom Ui Uz Uss Uiz Uss Uz
Si 0.0055(1) 0.0067(1) 0.0063(1) 0.0034(1) 0.0002(2) 0.0004(2)
Al 0.0057(2) 0.0068(2) 0.0062(2) 0.0035(1) 0.0001(2) 0.0002(2)
o1 0.0101(4) 0.0187(5) 0.0110(4) 0.0101(4) 0.0016(4) 0.0020(4)
02 0.0174(5) 0.0093(4) 0.0259(6) 0.0085(4) 0.0032(5) 0.0013(5)
03 0.0113(5) 0.0208(5) 0.0087(5) 0.0084(4) 0.0024(4) 0.0041(4)
04 0.0142(5) 0.0195(5) 0.0088(5) 0.0118(4) 0.0015(4) 0.0042(4)
Nal 0.0168(4) 0.0168(4) 0.0346(8) 0.0084(2) 0.00000 0.00000
Na2 0.0141(3) 0.0249(3) 0.0312(4) 0.0123(2) 0.0000(3) 0.0015(3)
Ca2 0.0141(3) 0.0249(3) 0.0312(4) 0.0123(2) 0.0000(3) 0.0015(3)
c1 0.010(3) 0.010(3) 0.070(9) 0.005(2) 0.00000 0.00000
0oC1 0.026(3) 0.010(2) 0.117(9) 0.004(2) -0.005(4) -0.005(3)
c2 0.011(2) 0.011(2) 0.14(2) 0.006(1) 0.00000 0.00000
T>=220K
Atom Ui Uz Uss Uiz Ui Uz
Si 0.0050(1) 0.0063(1) 0.0060(1) 0.0031(1) 0.0001(2) 0.0003(1)
Al 0.0052(1) 0.0063(2) 0.0059(1) 0.0031(1) 0.0001(2) 0.0003(2)
o1 0.0091(4) 0.0170(5) 0.0111(4) 0.0090(4) 0.0013(3) 0.0017(3)
02 0.0162(5) 0.0087(4) 0.0243(5) 0.0078(4) 0.0028(5) 0.0014(4)
03 0.0101(5) 0.0203(5) 0.0082(4) 0.0082(4) 0.0025(3) 0.0036(3)
04 0.0138(5) 0.0183(5) 0.0083(4) 0.0114(4) 0.0015(3) 0.0037(3)
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Nal 0.0152(4) 0.0152(4) 0.0307(6) 0.0076(2) 0.00000 0.00000
Na2 0.0127(2) 0.0238(3) 0.0298(4) 0.0114(2) 0.0000(2) 0.0015(2)
Ca2 0.0127(2) 0.0238(3) 0.0298(4) 0.0114(2) 0.0000(2) 0.0015(2)
c1 0.006(2) 0.006(2) 0.075(8) 0.003(1) 0.00000 0.00000
oc1 0.019(2) 0.010(2) 0.103(7) 0.005(2) -0.003(3) -0.008(2)
C2 0.016(2) 0.016(2) 0.14(1) 0.008(1) 0.00000 0.00000
T3=180 K
Atom Ui Uz Uss Ui Uis Uzs
Si 0.0046(1) 0.0056(1) 0.0053(1) 0.0029(1) 0.0000(2) 0.0003(2)
Al 0.0048(1) 0.0057(1) 0.0051(1) 0.0028(1) 0.0001(2) 0.0002(2)
o1 0.0081(4) 0.0162(5) 0.0092(4) 0.0084(4) 0.0013(3) 0.0015(4)
02 0.0149(4) 0.0078(4) 0.0218(6) 0.0070(3) 0.0020(5) 0.0012(5)
03 0.0098(4) 0.0189(5) 0.0074(4) 0.0080(4) 0.0021(3) 0.0036(4)
04 0.0130(4) 0.0169(5) 0.0071(4) 0.0106(4) 0.0015(3) 0.0034(4)
Nal 0.0126(3) 0.0126(3) 0.0262(6) 0.0063(2) 0.00000 0.00000
Na2 0.0112(2) 0.0218(3) 0.0275(4) 0.0108(2) -0.0002(2) 0.0011(3)
Ca2 0.0112(2) 0.0218(3) 0.0275(4) 0.0108(2) -0.0002(2) 0.0011(3)
c1 0.014(3) 0.014(3) 0.08(1) 0.007(1) 0.00000 0.00000
0oC1 0.022(2) 0.008(2) 0.115(8) 0.005(2) -0.005(3) -0.004(3)
c2 0.004(2) 0.004(2) 0.13(1) 0.0021(9) 0.00000 0.00000
0cC2 0.014(2) 0.015(2) 0.102(6) 0.009(1) 0.004(2) 0.008(2)
T4=140 K
Atom Ui Uz Uss Uiz Ui Uz
Si 0.0041(1) 0.0051(1) 0.0047(1) 0.0025(1) 0.0001(2) 0.0004(2)
Al 0.0041(2) 0.0050(2) 0.0047(1) 0.0025(1) 0.0001(2) 0.0002(2)
o1 0.0087(4) 0.0141(5) 0.0084(4) 0.0078(4) 0.0014(3) 0.0015(4)
02 0.0134(4) 0.0071(4) 0.0199(5) 0.0063(4) 0.0025(5) 0.0011(4)
03 0.0095(5) 0.0178(5) 0.0062(4) 0.0082(4) 0.0017(3) 0.0030(4)
04 0.0112(5) 0.0160(5) 0.0069(4) 0.0098(4) 0.0009(3) 0.0026(4)
Nal 0.0111(3) 0.0111(3) 0.0214(6) 0.0056(2) 0.00000 0.00000
Na2 0.0099(2) 0.0202(3) 0.0249(4) 0.0098(2) 0.0001(2) 0.0011(2)
ca2 0.0099(2) 0.0202(3) 0.0249(4) 0.0098(2) 0.0001(2) 0.0011(2)
C1 0.004(3) 0.004(3) 0.065(8) 0.0021(13) 0.00000 0.00000
oc1 0.012(2) 0.003(2) 0.090(6) -0.001(2) -0.004(3) -0.002(2)
Cc2 0.009(2) 0.009(2) 0.15(1) 0.005(1) 0.00000 0.00000
oc2 0.019(2) 0.017(2) 0.105(5) 0.010(1) 0.000(2) 0.001(2)
Ts =100 K
Atom Ui Uz Uss Uiz Ui Uz
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Si 0.0038(1) 0.0046(1) 0.0041(1) 0.0022(1) 0.0002(2) 0.0002(2)
Al 0.0038(1) 0.0045(1) 0.0041(1) 0.0023(1) 0.0001(2) 0.0003(2)
o1 0.0071(4) 0.0136(4) 0.0080(4) 0.0071(4) 0.0014(3) 0.0017(4)
02 0.0125(4) 0.0067(4) 0.0181(5) 0.0058(3) 0.0022(4) 0.0009(4)
03 0.0084(4) 0.0170(5) 0.0057(4) 0.0071(4) 0.0016(3) 0.0027(4)
04 0.0107(4) 0.0147(5) 0.0062(4) 0.0092(4) 0.0015(3) 0.0029(4)
Nal 0.0092(3) 0.0092(3) 0.0174(5) 0.0046(2) 0.00000 0.00000
Na2 0.0089(2) 0.0192(3) 0.0230(4) 0.0096(2) -0.0004(2) 0.0011(2)
Ca2 0.0089(2) 0.0192(3) 0.0230(4) 0.0096(2) -0.0004(2) 0.0011(2)
c1 0.005(2) 0.005(2) 0.067(8) 0.003(1) 0.00000 0.00000
oct 0.017(2) 0.007(2) 0.088(6) 0.002(2) -0.002(3) 0.001(2)
c2 0.009(2) 0.009(2) 0.15(1) 0.005(1) 0.00000 0.00000
0C2 0.014(2) 0.012(1) 0.107(6) 0.008(1) 0.002(2) 0.008(2)
To = 293 K (after L T experiment)

Atom Uns Uz Uss Uiz Uis Uzs
Si 0.0062(1) 0.0075(2) 0.0072(2) 0.0038(1) 0.0000(2) 0.0002(2)
Al 0.0063(2) 0.0074(2) 0.0076(2) 0.0038(1) 0.0000(2) 0.0006(2)
o1 0.0109(5) 0.0205(5) 0.0135(5) 0.0108(4) 0.0017(4) 0.0021(5)
02 0.0188(5) 0.0101(4) 0.0286(8) 0.0089(4) 0.0041(6) 0.0022(6)
03 0.0132(5) 0.0224(6) 0.0101(6) 0.0098(5) 0.0026(4) 0.0038(5)
04 0.0152(5) 0.0214(6) 0.0097(6) 0.0127(5) 0.0013(4) 0.0034(5)
Nal 0.0194(6) 0.0194(6) 0.043(1) 0.0097(3) 0.00000 0.00000
Na2 0.0157(3) 0.0268(4) 0.0359(6) 0.0130(3) -0.0004(3) 0.0013(3)
Ca2 0.0157(3) 0.0268(4) 0.0359(6) 0.0130(3) -0.0004(3) 0.0013(3)
c1 0.011(3) 0.011(3) 0.07(1) 0.006(2) 0.00000 0.00000
oct 0.031(3) 0.016(3) 0.113(10) 0.008(2) -0.004(4) -0.004(3)
c2 0.014(3) 0.014(3) 0.13(2) 0.007(1) 0.00000 0.00000
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Table 4.4 Relevant bond distances (A), diameters (A), angles (°), S6RO[0001] ditrigonal rotation angle
assroooo1)(®), hexagonal layers corrugation Az(A) and cage/channel-volumes (A3) of cancrinite at different
temperatures.

T 293 K 250 K 220 K 180 K 140 K 100 K 2938 K
(To) (T1) (T2) (Ta) (Ta) (Ts) (To)
Si- o1 1608(1)  1.608(1)  1.608(1)  1.609(1)  1.609(1)  1611(1)  1.607(1)
02 1605(1)  1.606(1) 1607(1)  1.607(1)  1.607(1)  1.609(1)  1.605(1)
03 1618(1)  1.617(1) 1618(1)  1619(1)  1.618(1)  1618(1)  1.616(1)

04 1.617(1) 1.618(1) 1.619(1) 1.618(1)  1.620(1)  1.618(1)  1.618(1)

<Si-0> 1.612(1) 1.612(1) 1.613(1) 1.613(1)  1.614(1)  1.614(1)  1.612(1)
Al- o1 1.726(1) 1.727(1) 1.729(1) 1.728(1)  1.729(1)  1.730(1)  1.729(1)
02 1.722(1) 1.720(1) 1.720(1) 1.723(1)  1.723(1)  1.723(1)  1.722(1)

03 1.745(1) 1.744(1) 1.747(1) 1.742(1)  1.744(1)  1.747(1)  1.745(1)

04 1.736(1) 1.733(1) 1.737(1) 1.735(1)  1.735(1)  1.735(1)  1.734(1)

<Al-0> 1732(1)  1731(1)  1733(1)  1.732(1)  1733(1)  1734(1)  1.733(1)
Si-01-Al 147.02(9) 146.46(8)  146.14(8)  145.85(8) 145.42(8) 14532(7) 147029
Si-02-Al 151.79(7) 15145(10) 151.27(10) 150.9(9)  150.74(9)  150.56(9) 1571 79(7)
Si-03-Al 133.46(7)  133.26(7)  133.05(6)  132.83(7) 132.78(7) 13255(7) 133 46(7)
Si-04-Al 13355(7) 133.26(7)  133.02(6) 132.85(7) 132.72(7) 13266(7)  13355(7)

Nal- ~ OL(x3) 2.858(1)  2.863(1)  2.866(1)  2.866(1)  2.873(1)  2.875(1)  2.860(1)

02(x3)  2.437(1) 2.429(1) 2.427(1) 2.421(1)  2.418(1)  2.416(1)  2.435(1)
ow' 2.364(6) 2.359(6) 2.366(5) 2.377(5)  2.364(4)  2.361(4)  2.364(7)

ow" 2.870(6) 2.869(6) 2.868(5) 2.847(5)  2.870(4)  2.873(4)  2.878(7)

Na2/Ca2-  O1 2.535(1) 2.519(1) 2.514(1) 2.508(1)  2.499(1)  2.495(1)  2.533(2)

03’ 2.457(1)  2.453(1) 2.449(1)  2444(1)  2442(1)  2441(1)  2.458(1)
o4 2.439(1)  2.432(1) 2.429(1)  2425(1)  2.422(1)  2.423(1)  2.438(1)
03" 2.922(1)  2.921(1) 2.927(1)  2931(1)  2937(1)  2942(1)  2.922(1)
04" 2.891(1)  2.893(1) 2.899(1)  2.900(1)  2.903(1)  2.907(1)  2.892(1)

Ocl'  2.474(9) 2.476(9) 2.461(7) 2.457(8)  2.449(7)  2.445(7) 2.48(1)

Ocl"  2.408(4) 2.409(4) 2.409(4) 2.400(4)  2.407(4)  2.409(4)  2.409(5)
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Oc1™

Oc2'

Oc2"

Oc2™

Na2/Ca2- C1

Cc2

02-02s6r0j0001]
02-02cw
02-02-02
03-04-03
01-O112r*
03-0412r
03-0O4s4r

OS6RI[0001]

Az

2.411(5)
2.411(7)
2.442(4)
2.412(4)
2.778(4)

2.791(4)

4.142(2)
8.467(2)

91.16(5)
144.84(2)
8.841(2)
8.486(1)
4.129(3)
8.45(3)

0.937(3)

2.400(5)
2.395(7)
2.435(4)
2.418(4)
2.773(3)

2.781(4)

4.126(2)
8.466(2)
90.97(5)
144.42(5)
8.815(2)
8.471(1)
4.123(2)
8.66(3)

0.928(3)

2.410(4)
2.411(5)
2.437(3)
2.411(4)
2.774(3)

2.781(3)

4.123(2)
8.469(2)
90.91(3)
143.98(4)
8.810(2)
8.475(1)
4.120(2)
8.75(3)

0.922(2)

2.413(4)
2.395(6)
2.437(4)
2.409(4)
2.777(4)

2.789(4)

4.112(2)
8.474(2)
90.57(3)
143.71(5)
8.802(2)
8.472(1)
4.117(2)
8.87(3)

0.910(2)

2.411(4)
2.401(5)
2.434(3)
2.407(3)
2.775(3)

2.774(4)

4.108(2)
8.476(2)
90.48(3)
143.37(5)
8.783(2)
8.474(1)
4.111(2)
9.05(3)

0.907(2)

2.408(4)
2.412(6)
2.429(4)
2.406(4)
2.774(3)

2.775(4)

4.106(2)
8.480(2)
90.37(3)
143.05(5)
8.783(1)
8.480(1)
4.108(2)
9.09(3)

0.899(2)

Tables

2.408(5)
2.413(9)
2.439(4)
2.414(4)
2.781(4)

2.788(4)

4.137(2)
8.468(2)
91.21(5)
144.8(5)
8.837(2)
8.481(1)
4.127(2)
8.50(3)

0.932(3)

*calculated as the projection on the (0001) plane;

§ after the low-temperature experiment
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Table 4.5 Frequencies of Raman bands of cancrinite at room conditions

Bands | Frequency (cm™)

%1 108

V2 115

V3 161

V4 231

Vs 277

ve 293 Intra-tetrahedral
V7 338 O-T-O bending and
Ve 350 rotational modes,
V9 364 and lattice modes
V10 401

Vi1 418

V12 440

V13 460

V14 469

%13 499

Vie 631 Inter-tetrahedral
Va7 685 strse)'[/cr;rrllrirr]lztrrir?og-e(')s-ja-nd
Vig 768 in-plane bending
Vio 816 modes of COsz-group
V20 938

V21 960 Inter-tetrahedral
Vaa 981 and symmetric
V25 1002 stretching modes of
vis | 1042 COs-group

V27 1057

V28 3536 O-H stretching
Vi | 3647 modes
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Table 4.6 Details of the data collections strategy and structure refinements of cancrinite at different pressures.

Tables

P (GPa) 0.0001 0.0001* 0.76(2) 0.99(2) 1.39(2) 2.33(2) 3.59(2) 4.30(3) 5.00(2) 5.73(3) 6.16(2) 6.63(3)
e Mo-Ka Mo-Ka Mo-Ka Mo-Ka Mo-Ka Mo-Ka Mo-Ka Mo-Ka Mo-Ka Mo-Ka Mo-Ka Mo-Ka
X-ray radiation
) 1 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Scan width (°/frame)
a(d) 12.5976(6) 12.620(9) 12.580(9) 12.530(9) 12.514(9) 12.447(5) 12.386(3) 12.347(6) 12.322(4) 12.278(2) 12.266(3) 12.240(4)
¢ A) 5.1168(2) 5.083(4) 5.058(3) 5.072(5) 5.034(2) 5.006(2) 4.954(2) 4.935(3) 4.905(2) 4.876(1) 4.864(2) 4.843(2)
. 69.96 60.91 64.02 64.05 64.05 64.05 63.42 63.64 63.96 63.66 64.00 63.85
Maximum 26 (°)
. 19933 1545 1858 1932 2034 1838 1937 2238 2019 2000 2111 1945
Measured reflections
. . 1980 685 789 769 771 722 728 834 780 752 799 704
Unique reflections
. . ) 1092 327 374 396 356 343 325 402 350 337 373 327
Unique reflections with Fo > 40(Fo)
R 0.0581 0.1068 0.0958 0.1177 0.0936 0.0964 0.1088 0.0961 0.0900 0.0972 0.0884 0.0995
int
) 87 45 45 45 45 45 45 45 45 45 45 45
N. of refined parameters
0.0560 0.0833 0.0888 0.0777 0.0656 0.0549 0.0634 0.0696 0.0606 0.0733 0.0830 0.0694
Ry, Fo> 40(Fo)
WR? 0.0634 0.0925 0.1025 0.1192 0.0946 0.0775 0.0890 0.0958 0.0855 0.1045 0.0958 0.0881
. +0.77/ +0.71/ +0.65/ +0.66/ +0.70/ +0.77/ +0.66/ +0.60/ +0.61/ +0.79/ +0.76/ +0.89/
Residuals (e’ A%)
-0.55 -0.85 -0.74 -0.72 -0.73 -0.51 -0.69 -0.87 -0.63 -0.96 -0.80 -0.72

* With the crystal in the DAC without any P-medium; w/¢-scans; exposure time = 60 s; space group: P6;; Z =1
Rint = Z | Fops® - Fobs?(Mean) | / = [ Fops® [;  Ri = Z(|Fobs| - [Feaic])/Z|Fobsl; WR2 = [Z[W(F?0bs - F2caic) [/ Z[W(F%os)?]]*°, W= 1/ [0%(Fops?) + (0.01*P)?], P = (Max (Fobs®, 0) +2*Fcac?)/3
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Table 4.7 Unit-cell parameters of cancrinite at different pressures measured using a KUMA diffractometer

P (GPa) a (A) c (R) V (A3)

0.0001* 12.598(8) 5.114(4) 702.6(8)
0.74(2) 12.550(7) 5.077(3) 692.5(7)
0.96(2) 12.530(9) 5.072(5) 690.0(9)
1.30(2) 12.515(6) 5.054(3) 685.6(6)
1.99(2) 12.466(8) 5.028(4) 676.6(8)
2.33(2) 12.447(5) 5.006(2) 671.7(5)
2.63(2) 12.434(6) 4.994(2) 668.7(5)
2.96(2) 12.415(7) 4.978(7) 664.0(9)
3.27(2) 12.393(5) 4.974(3) 661.6(5)
3.59(2) 12.386(3) 4.954(2) 658.3(3)
3.60(2) 12.378(6) 4.961(3) 658.5(6)
3.93(2) 12.367(4) 4.944(2) 654.9(4)
4.30(3) 12.347(6) 4.935(3) 651.5(6)
4.44(2) 12.346(4) 4.925(2) 650.1(4)
4.62(3) 12.340(3) 4.919(2) 648.6(3)
5.00(2) 12.322(4) 4.905(2) 645.0(4)
5.16(2) 12.310(3) 4.898(2) 642.9(3)
5.51(2) 12.294(2) 4.886(1) 639.6(2)
5.75(2) 12.278(2) 4.876(1) 636.6(2)
5.98(2) 12.269(5) 4.866(3) 634.2(5)
6.14(2) 12.266(3) 4.864(2) 633.7(3)
6.30(3) 12.250(3) 4.852(2) 630.5(3)
6.63(3) 12.240(4) 4.843(2) 628.3(4)

* With the crystal in the DAC without any P-medium.
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Table 4.8 Atomic fractional coordinates, site occupancy factors (sof), and equivalent/isotropic atomic
displacement parameters (A2) of cancrinite at different pressures.

Sites occupancies at Po-AIR

Site sof Site sof Site sof
Si 1.0 04 1.0 Ocl 0.421(7)
Al 1.0 Nal 0.960(9) c2 0.459(6)
01 1.0 Na2(Na) 0.854(6) Oc2 0.459(6)
02 1.0 Na2(Ca) 0.146(6) Ow 1.0
o3 1.0 C1l 0.421(7)

Site fractional coordinates and displacement paramet ers

P (GPa) Site X v z Uisol Ueg
0.0001 Si 0.08267(7) 0.41096(7) 0.7338(2) 0.0090(2)

(Po-AIR) Al 0.33709(7) 0.41224(7) 0.7342(2) 0.0087(2)
o1 0.2014(2) 0.4043(2) 0.6419(4) 0.0155(5)

02 0.1145(2) 0.5507(2) 0.7109(5) 0.0198(5)

o3 0.0443(2) 0.3588(2) 0.0276(4) 0.0164(6)

04 0.3212(2) 0.3508(2) 0.0442(4) 0.0148(6)

Nal 2/3 1/3 0.1159(5) 0.0294(9)

Na2 0.8742(1) 0.7516(1) 0.7764(2) 0.0287(5)

C1 0 0 0.914(4) 0.048(6)

OC1 0.0562(7) 0.1184(4) 0.888(2) 0.052(3)

Cc2 0 0 0.649(3) 0.021(4)

0ocC2 0.0639(5) 0.1196(3) 0.664(1) 0.030(2)

Oow 0.315(1) 0.6171(6) 0.171(1) 0.048(3)

0.0001 Si 0.0824(3) 0.4106(3) 0.7244(8) 0.0082(9)

(Po-DAC) Al 0.3372(3) 0.4126(3) 0.7231(9) 0.0087(9)
o1 0.2007(7) 0.4027(7) 0.634(1) 0.013(2)

02 0.1140(6) 0.5520(7) 0.698(2) 0.019(2)

03 0.0462(8) 0.3590(8) 0.020(2) 0.012(3)

04 0.3199(8) 0.3517(7) 0.036(1) 0.007(2)

Nal 2/3 1/3 0.108(2) 0.038(3)

Na2 0.8746(4) 0.7519(4) 0.7673(5) 0.027(1)

C1 0 0 0.91(2) 0.006(9)

OC1 0.058(2) 0.1182(8) 0.881(6) 0.038(5)

c2 0 0 0.652(9) 0.006(9)

0ocC2 0.062(2) 0.1190(5) 0.662(4) 0.038(5)

Ow 0.316(4) 0.617(2) 0.173(4) 0.039(9)

0.76(2) Si 0.0828(3) 0.4112(3) 0.7347(7) 0.0095(7)

Al 0.3373(3) 0.4126(3) 0.7348(9) 0.0111(8)
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o1 0.2009(7) 0.4022(7) 0.639(1) 0.015(2)
02 0.1175(6) 0.5542(6) 0.704(1) 0.019(2)
03 0.0491(7) 0.3632(7) 0.034(2) 0.014(2)
04 0.3212(7) 0.3540(7) 0.048(2) 0.010(2)
Nal 2/3 1/3 0.112(1) 0.041(3)
Na2 0.8754(4) 0.7517(4) 0.7779(6) 0.032(1)
C1 0 0 0.90(2) 0.04(1)
OC1 0.061(2) 0.1190(8) 0.883(6) 0.048(5)
Cc2 0 0 0.672(4) 0.04(1)
0ocC2 0.062(2) 0.1193(5) 0.672(4) 0.048(5)
Ow 0.306(4) 0.613(2) 0.181(4) 0.054(9)
0.99(2) Si 0.0826(3) 0.4108(3) 0.7376(6) 0.0139(7)
Al 0.3374(2) 0.4121(3) 0.7389(7) 0.0133(8)
o1 0.2000(7) 0.4017(7) 0.644(1) 0.020(2)
02 0.1163(6) 0.5513(6) 0.707(1) 0.020(2)
03 0.0457(7) 0.3588(7) 0.034(1) 0.015(2)
04 0.3191(7) 0.3512(7) 0.053(1) 0.017(2)
Nal 2/3 1/3 0.115(1) 0.036(2)
Na2 0.8733(3) 0.7497(4) 0.7820(6) 0.032(1)
Ci 0 0 0.91(1) 0.05(1)
OC1 0.056(3) 0.119(1) 0.864(7) 0.069(6)
Cc2 0 0 0.66(1) 0.05(1)
oc2 0.063(2) 0.1200(5) 0.657(5) 0.069(6)
Ow 0.309(3) 0.608(2) 0.173(4) 0.05(1)
1.39(2) Si 0.0829(2) 0.4109(2) 0.7342(6) 0.0105(7)
Al 0.3372(2) 0.4121(3) 0.7356(7) 0.0112(7)
o1 0.2004(6) 0.4006(7) 0.635(1) 0.017(2)
02 0.1180(5) 0.5533(6) 0.702(1) 0.022(2)
03 0.0484(6) 0.3620(6) 0.035(1) 0.013(2)
04 0.3183(6) 0.3535(6) 0.054(1) 0.015(2)
Nal 2/3 1/3 0.110(1) 0.040(2)
Na2 0.8743(3) 0.7508(3) 0.7784(5) 0.032(1)
Ci 0 0 0.90(1) 0.028(9)
OC1 0.058(2) 0.1200(6) 0.886(6) 0.052(5)
c2 0 0 0.671(4) 0.028(9)
oc2 0.063(2) 0.1203(5) 0.671(4) 0.052(5)
Ow 0.305(3) 0.614(2) 0.178(4) 0.056(8)
2.33(2) Si 0.0829(2) 0.4111(2) 0.7340(7) 0.0103(6)
Al 0.3369(2) 0.4123(3) 0.7357(8) 0.0092(7)
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o1 0.2004(6) 0.4010(7) 0.634(1) 0.016(2)
02 0.1174(5) 0.5525(5) 0.699(1) 0.021(2)
03 0.0494(6) 0.3629(7) 0.0390(1) 0.014(2)
04 0.3181(6) 0.3529(6) 0.058(1) 0.016(2)
Nal 2/3 1/3 0.107(1) 0.042(2)
Na2 0.8749(3) 0.7524(3) 0.7792(5) 0.0283(9)
c1 0 0 0.90(1) 0.032(8)
oc1 0.052(2) 0.1193(7) 0.870(5) 0.053(5)
c2 0 0 0.655(9) 0.032(8)
oc2 0.067(2) 0.1198(6) 0.672(3) 0.053(5)
ow 0.319(4) 0.617(2) 0.176(3) 0.047(6)
3.59(2) Si 0.0831(3) 0.4112(3) 0.7360(7) 0.0101(7)
Al 0.3367(3) 0.4124(3) 0.7393(8) 0.0105(7)
o1 0.1988(7) 0.3977(7) 0.631(1) 0.017(2)
02 0.1232(6) 0.5556(6) 0.697(1) 0.020(2)
03 0.0529(7) 0.3664(6) 0.047(1) 0.014(2)
04 0.3189(6) 0.3581(6) 0.062(1) 0.015(2)
Nal 2/3 1/3 0.100(1) 0.038(2)
Na2 0.8755(3) 0.7523(3) 0.7785(6) 0.028(1)
c1 0 0 0.91(1) 0.05(1)
oc1 0.066(3) 0.119(1) 0.860(5) 0.054(5)
c2 0 0 0.686(9) 0.05(1)
oc2 0.057(2) 0.1210(6) 0.664(4) 0.054(5)
ow 0.308(3) 0.615(2) 0.159(3) 0.031(7)
4.30(3) Si 0.0835(2) 0.4111(3) 0.7345(7) 0.0120(6)
Al 0.3369(2) 0.4126(3) 0.7366(8) 0.0125(7)
o1 0.1981(6) 0.3957(7) 0.628(1) 0.019(2)
02 0.1243(5) 0.5566(6) 0.691(1) 0.020(2)
03 0.0539(6) 0.3675(6) 0.046(1) 0.015(2)
04 0.3181(6) 0.3579(6) 0.063(1) 0.017(2)
Nal 2/3 1/3 0.095(1) 0.040(2)
Na2 0.8754(3) 0.7523(3) 0.7756(6) 0.0291(9)
c1 0 0 0.90(1) 0.026(8)
oc1 0.055(2) 0.1204(9) 0.867(5) 0.053(5)
c2 0 0 0.682(7) 0.026(8)
oc2 0.067(2) 0.1216(5) 0.669(4) 0.053(5)
ow 0.311(3) 0.617(2) 0.155(2) 0.031(6)
Si 0.0841(2) 0.4116(2) 0.7369(7) 0.0127(6)
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5.00(2) Al 0.3372(2) 0.4131(3) 0.7384(8) 0.0123(7)
o1 0.1984(6) 0.3978(6) 0.626(1) 0.016(2)
02 0.1235(6) 0.5554(6) 0.691(1) 0.024(2)
03 0.0546(7) 0.3666(6) 0.048(1) 0.014(2)
04 0.3182(6) 0.3584(6) 0.067(1) 0.017(2)
Nal 2/3 1/3 0.094(1) 0.039(2)
Na2 0.8757(3) 0.7527(3) 0.7795(6) 0.0276(9)
C1 0 0 0.918(9) 0.025(8)
oc1 0.054(2) 0.118(1) 0.857(5) 0.050(4)
C2 0 0 0.659(8) 0.025(8)
0oC2 0.065(2) 0.1218(5) 0.665(4) 0.050(4)
ow 0.314(3) 0.614(2) 0.151(3) 0.045(8)

5.73(3) Si 0.0839(3) 0.4118(3) 0.7377(8) 0.0123(7)

Al 0.3377(3) 0.4137(3) 0.7415(9) 0.0131(8)
o1 0.1955(7) 0.3916(8) 0.625(1) 0.020(2)
02 0.1259(7) 0.5560(7) 0.686(1) 0.027(2)
03 0.0574(8) 0.3702(6) 0.058(1) 0.014(2)
04 0.3196(7) 0.3617(7) 0.072(2) 0.017(2)
Nal 2/3 1/3 0.085(2) 0.049(3)
Na2 0.8760(4) 0.7531(4) 0.7764(7) 0.030(1)
c1 0 0 0.90(1) 0.024(9)
oc1 0.060(3) 0.121(1) 0.855(6) 0.047(5)
c2 0 0 0.67(1) 0.024(9)
0oC2 0.064(2) 0.1226(5) 0.668(4) 0.047(5)
ow 0.308(4) 0.614(2) 0.151(3) 0.048(9)

6.16(2) Si 0.0842(3) 0.4119(3) 0.7387(8) 0.0130(6)

Al 0.3375(2) 0.4139(3) 0.7405(9) 0.0125(7)
o1 0.1960(7) 0.3931(7) 0.627(1) 0.020(2)
02 0.1267(6) 0.5590(6) 0.686(1) 0.027(2)
03 0.0578(7) 0.3721(6) 0.055(1) 0.014(2)
04 0.3193(6) 0.3613(6) 0.070(1) 0.017(2)
Nal 2/3 1/3 0.084(1) 0.047(2)
Na2 0.8761(3) 0.7530(3) 0.7774(7) 0.031(1)
c1 0 0 0.92(1) 0.016(8)
oc1 0.060(2) 0.119(1) 0.853(5) 0.045(4)
c2 0 0 0.676(7) 0.016(8)
oc2 0.062(2) 0.1228(5) 0.666(4) 0.045(4)
ow 0.311(3) 0.614(2) 0.146(3) 0.048(9)
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6.63(3) Si 0.0841(2) 0.4123(3) 0.7392(8) 0.0126(6)
Al 0.3373(2) 0.4142(3) 0.7424(9) 0.0137(7)
o1 0.1959(6) 0.3910(7) 0.626(1) 0.022(2)
02 0.1302(6) 0.5576(6) 0.687(1) 0.027(2)
03 0.0572(7) 0.3721(6) 0.061(1) 0.018(2)
04 0.3199(6) 0.3620(6) 0.073(1) 0.019(2)
Nal 2/3 1/3 0.077(2) 0.065(3)
Na2 0.8762(3) 0.7527(3) 0.7758(7) 0.034(1)
Ci 0 0 0.90(1) 0.031(8)

OC1 0.061(4) 0.121(1) 0.854(5) 0.055(4)
c2 0 0 0.684(8) 0.031(8)
oc2 0.062(3) 0.1225(6) 0.661(4) 0.055(4)
Ow 0.308(3) 0.615(2) 0.141(3) 0.045(9)

233

Tables



Appendix

Table 4.9 Relevant bond distances (A), diameters (A), angles (°), S6RO[0001] ditrigonal rotation angle assrooooy)(°), hexagonal layers corrugation Az(A) and
cage/channel-volumes (A3) of cancrinite at different pressures.

P (GPa) 0.0001  0.76(2) 0.99(2) 1.39(2) 2.33(2) 3.59(2) 4.30(3) 5.002) 5733) 6.16(2) 6.63(3)
Po-DAC
Si-01 1.613(9)  1.620(8) 1.603(8) 1.618(7) 1.610(7) 1.611(8) 1.607(7) 1.598(7) 1.604(9) 1.596(8) 1.610(7)
Si-02 1.627(8)  1.631(8) 1.600(7) 1.617(7) 1.599(6) 1.607(8) 1.619(7) 1.601(7) 1.598(8) 1.629(7) 1.595(7)
Si-03 1.612(8)  1.604(8) 1.611(7) 1.610(6) 1.617(7) 1.621(8) 1.609(7) 1.603(7) 1.624(8) 1.597(8) 1.616(8)
Si-04 1.628(8)  1.624(9) 1.615(8) 1.622(7) 1.602(7) 1.615(8) 1.615(7) 1.613(7) 1.604(9) 1.612(8) 1.603(8)
<Si-0> 1.620(8) 1.620(8) 1.607(8) 1.617(7) 1.607(7) 1.613(8) 1.613(7) 1.604(7) 1.608(9)  1.609(8) 1.606(8)
Al-O1 1.725(8)  1.723(8) 1.728(8) 1.721(7) 1.711(7) 1.709(8) 1.706(7) 1.716(7) 1.723(8) 1.716(8) 1.703(7)
Al-02 1.701(9)  1.701(8) 1.723(7) 1.713(7) 1.708(6) 1.719(7) 1.711(7) 1.711(7) 1.719(8) 1.687(8) 1.730(7)
Al-03 1.752(9)  1.755(9) 1.741(8) 1.736(8) 1.727(7) 1.729(8) 1.727(8) 1.734(8) 1.729(9) 1.734(8) 1.718(8)
Al-04 1.734(8)  1.718(8) 1.734(8) 1.731(7) 1.742(7) 1.704(8) 1.715(8) 1.716(8) 1.708(9) 1.702(8) 1.697(9)
<Al-0> 1.728(9)  1.724(8) 1.732(8) 1.725(7) 1.722(7) 1.715(8) 1.715(8) 1.719(8) 1.720(9) 1.710(8) 1.712(8)
Si-O1-Al 147.5(7) 145.4(7) 145.9(7) 143.9(6) 143.6(6) 141.4(7) 140.7(6) 139.6(6) 137.6(7) 138.3(6) 137.3(6)
Si-02-Al 151.8(6) 149.0(5) 149.5(5) 148.3(5) 148.5(4) 144.2(5) 143.3(5) 143.6(5) 140.9(5) 140.7(5) 138.6(5)
Si-03-Al 131.4(6) 131.3(6) 132.2(5) 131.3(4) 130.4(4) 128.9(5) 128.6(5) 127.7(4) 126.0(5) 126.8(5) 126.4(5)
Si-04-Al 132.5(5) 132.6(5) 131.5(5) 129.9(5) 129.4(4) 128.6(5) 127.8(5) 127.2(4) 1265(5) 126.9(5) 126.8(5)

Nal-O1 (x 3) 2.888(8) 2.883(8) 2.879(8) 2.886(7) 2.867(7) 2.894(7) 2.902(7) 2.874(7) 2.931(8) 2.914(7) 2.932(7)

Nal-0O2 (x 3) 2.441(7)  2.397(6) 2.403(6) 2.380(6) 2.374(6) 2.312(6) 2.286(7) 2.291(6) 2.262(7) 2.252(6) 2.219(6)
Nal-Ow' 2.28(2) 2.26(2) 2.34(2) 2.25(2) 2.23(2) 2.25(1) 2.24(1) 2.25(1) 2.19(2) 2.20(2)  2.18(1)
Nal-Ow" 2.92(2) 2.94(2) 290(2) 291(2) 290(2) 2.83(1) 2.81(1) 2.79(1) 2.82(2) 2.79(2)  2.79(1)

234



Na2-01

Na2-03'
Na2-04'
Na2-03"
Na2-04"
Na2-Ocl'
Na2-Ocl"
Na2-Ocl1™
Na2-Oc2'
Na2-Oc2"
Na2-Oc2™

Cl-C1,C2-C2

Cl-C2

02-02s6Rr0I00011
0SERON0011
02-02-02
*O1-Ol1r
03-0O412r
03-0O4s4r
03-04-03
Az

2.515(9)

2.436(9)
2.429(9)
2.930(10)
2.903(9)
2.40(3)
2.44(3)
2.42(3)
2.39(2)
2.43(2)
2.45(2)

2.542(2)

3.85(7)

4.15(1)
8.8(2)
91.1(3)
9.16(1)
8.48(1)
4.15(1)
142.9(4)
0.90(2)

2.479(8)

2.426(9)
2.437(8)
2.980(9)
2.905(9)
2.42(3)
2.38(3)
2.44(3)
2.37(2)
2.43(2)
2.44(2)

2.529(2)

3.8(1)

4.07(1)
9.6(2)
89.3(2)
9.12(1)
8.51(2)
4.08(1)
141.1(4)
0.86(2)

2.467(8)

2.419(8)
2.390(8)
2.902(8)
2.884(8)
2.34(4)
2.41(3)
2.56(3)
2.41(3)
2.46(3)
2.37(2)

2.538(3)

3.81(9)

4.08(1)
9.5(2)
90.2(2)
9.08(1)
8.41(1)
4.13(1)
143.1(3)
0.88(1)

2.432(7)

2.406(7)
2.375(7)
2.947(8)
2.910(7)
2.38(3)
2.43(3)
2.42(3)
2.38(2)
2.42(2)
2.42(2)

2.517(1)

3.63(7)

4.04(1)
10.0(2)
89.0(2)
9.04(1)
8.432(9)
4.09(1)
140.3(3)
0.84(1)

2.425(6)

2.397(6)
2.359(6)
2.949(8)
2.902(7)
2.26(3)
2.46(3)
2.48(2)
2.29(2)
2.45(2)
2.40(2)

2.503(1)

3.71(7)

4.03(1)
9.8(2)
89.3(2)
9.00(1)
8.388(8)
4.07(1)
140.1(3)
0.80(1)
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2.371(7)

2.357(7)
2.355(7)
2.995(8)
2.940(7)
2.44(3)
2.23(3)
2.50(3)
2.41(3)
2.34(3)
2.34(2)

2.477(1)

3.55(8)

3.91(1)
11.6(2)
86.2(2)
8.88(1)
8.405(8)
3.99(1)
136.5(3)
0.74(1)

2.353(7)

2.351(7)
2.327(7)
2.999(8)
2.940(7)
2.27(3)
2.14(3)
2.43(3)
2.28(3)
2.42(3)
2.37(2)

2.468(2)

3.56(6)

3.87(1)
12.2(2)
85.7(2)
8.81(1)
8.380(8)
3.97(1)
135.7(3)
0.72(1)

2.337(6)

2.334(7)
2.324(7)
2.985(8)
2.937(7)
2.25(3)
2.39(3)
2.49(2)
2.31(2)
2.40(2)
2.32(2)

2.453(1)

3.72(6)

3.88(1)
11.6(2)
85.8(2)
8.837(9)
8.351(8)
3.98(1)
135.1(3)
0.70(1)

2.294(8)

2.310(8)
2.315(8)
3.040(10)
2.976(8)
2.30(3)
2.32(3)
2.45(3)
2.30(3)
2.36(3)
2.32(2)

2.438(1)

3.59(8)

3.82(1)
13.2(2)
84.5(2)
8.68(1)
8.377(9)
3.91(1)
133.1(4)
0.62(1)

2.301(7)

2.329(7)
2.316(7)
3.043(9)
2.960(7)
2.30(3)
2.31(3)
2.47(2)
2.33(2)
2.34(2)
2.31(2)

2.432(1)

3.60(6)

3.80(1)
13.2(2)
84.2(2)
8.70(1)
8.386(8)
3.89(1)
132.8(3)
0.64(1)

2.280(7)

2.308(7)
2.308(7)
3.051(9)
2.964(8)
2.31(5)
2.29(5)
2.44(3)
2.33(4)
2.34(4)
2.29(2)

2.422(1)

3.46(7)

3.73(1)
14.3(2)
82.4(2)
8.636(9)
8.379(8)
3.87(1)
133.0(3)
0.61(1)
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Veh 298(1) 296(1) 292(1) 289.4(8) 285.0(7) 278.7(7) 274.6(8) 273.0(7) 267.1(7) 267.5(7) 264.1(7)
Veq 157(3) 155(2) 154(3) 153(2) 151(2) 150(2) 150(2) 147(2) 149(2) 147(2) 148(2)

* calculated as the projection on the (0001) plane
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Table 4.10 Anisotropic atomic displacement parameters (A2) of cancrinite sites from the structure refinement
based on the data collected with the crystal in air

Po-aRr
Atom U Uz Uss Uiz Uis Uos

Si 0.0090(4) 0.0098(4) 0.0088(4) 0.0052(3) 0.0006(5) 0.0006(5)
Al 0.0081(4) 0.0091(4) 0.0089(4) 0.0043(4) 0.0005(6) 0.0018(6)
o1 0.012(1) 0.021(1) 0.018(1) 0.012(1) 0.0013(9) 0.0028(10)
02 0.021(1) 0.010(1) 0.030(1) 0.010(1) 0.004(1) 0.0009(14)
03 0.016(1) 0.022(1) 0.010(1) 0.009(1) 0.002(1) 0.0025(10)
04 0.016(1) 0.023(1) 0.011(1) 0.014(1) 0.0020(9) 0.0031(10)
Nal 0.020(1) 0.020(1) 0.047(2) 0.0102(6) 0 0
Na2 0.0199(7) 0.0301(8) 0.0392(9) 0.0147(6) 0.0012(7) 0.0041(7)
ca2 0.0199(7) 0.0301(8) 0.0392(9) 0.0147(6) 0.0012(7) 0.0041(7)
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Table 4.11 Unit-cell parameters of cancrinite with temperature

T (K) a (A) c(A) Vv (A3)

201*  12.6207(3) 5.1260(1)  707.10(3)
303 12.6251(4) 5.1249(1)  707.43(4)
303  12.6243(4) 5.1260(1)  707.50(4)
323 12.6279(4) 5.1282(1)  708.20(4)
348  12.6310(4) 5.1317(2)  709.03(4)
373 12.6345(5) 5.1354(1)  709.93(5)
398  12.6378(5) 5.1398(1)  710.92(4)
423 12.6426(4) 5.1435(1)  711.97(4)
448  12.6454(6) 5.1468(2)  712.74(5)
473 12.6480(5) 5.1504(1)  713.54(5)
473 12.6485(5) 5.1501(2)  713.55(5)
498  12.6530(6) 5.1540(2)  714.61(6)
498  12.6525(6) 5.1545(2)  714.61(6)
498  12.6524(4) 5.1537(1)  714.49(4)
523  12.6564(6) 5.1578(2)  715.51(6)
548  12.6614(6) 5.1623(2)  716.70(6)
573  12.6647(4) 5.1658(2)  717.55(4)
508  12.6699(5) 5.1700(2)  718.73(5)
623  12.6737(5) 5.1742(2)  719.75(5)
648  12.6771(5) 5.1793(2)  720.84(5)
673  12.6817(6) 5.1829(2)  721.87(5)
698  12.6867(5) 5.1873(2)  723.06(5)
723 12.6909(5) 5.1915(1)  724.12(4)
748  12.6942(6) 5.1931(3)  724.72(6)
748" 12.6814(6) 5.1720(2)  720.32(6)
773t 12.6850(10) 5.1761(2)  721.29(9)
7731 12.6848(4) 5.1755(2)  721.19(4)
798" 12.6914(5) 5.1791(2)  722.44(5)
823t  12.6957(5) 5.1833(2)  723.52(5)
773" 12.690(1) 5.174(4)  721.6(6)

673"  12.658(8) 5.168(8)  717.1(1.3)
573"  12.658(4) 5.154(11) 715.2(1.5)
473" 12.645(9) 5.140(14) 711.7(2.1)
373" 12.626(4) 5.123(5)  707.4(8)

201"  12.611(6) 5.118(10)  705.0(1.4)
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Note: *data collected with the crystal in air (no
furnace, no silica vial), Tdata collected after the
dehydration process, ** data collected during
temperature decrease.
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Table 4.12 Unit-cell parameters of cancrinite with time at 748 K.

Time (min)  a(A) c(®) V (A3)

0 12.6942(6)  5.1931(3) 724.72(6)
131 12.6942(6)  5.1928(3) 724.67(6)
254 12.6933(5)  5.1927(2) 724.56(5)
334 12.6933(5)  5.1927(2) 724.56(5)
488 12.6933(7)  5.1913(3) 724.36(7)
1270 12.6933(5)  5.1910(2) 724.33(5)
1378 12.6935(5)  5.1897(3) 724.15(6)
1570 12.6907(5)  5.1894(2) 723.80(5)
1692 12.6911(5)  5.1886(3) 723.73(6)
2912 12.6870(6)  5.1817(3) 722.30(6)
3210 12.6870(4)  5.1815(2) 722.28(5)
3391 12.6869(5)  5.1812(3) 722.23(5)
3601 12.6868(4)  5.1807(2) 722.14(5)
4536 12.6871(6)  5.1798(3) 722.06(7)
5782 12.6860(6)  5.1791(3) 721.82(6)
5931 12.6851(5)  5.1782(3) 721.61(6)
6337 12.6843(10) 5.1779(2) 721.47(8)
6337 12.6857(5)  5.1779(2) 721.63(5)
6419 12.6825(9)  5.1775(2) 721.22(7)
6419 12.6849(5)  5.1774(2) 721.47(5)
12099 12.6849(5)  5.1774(2) 721.47(5)
15000 12.6824(1)  5.1786(8) 721.35(11)
15180 12.6820(5)  5.1730(2) 720.52(5)
15360 12.6812(5)  5.1727(2) 720.39(5)
15540 12.6807(6)  5.1726(2) 720.32(6)
15720 12.6814(6)  5.1726(2) 720.39(6)
15900 12.6798(5)  5.1718(2) 720.11(5)
16080 12.6787(5)  5.1722(2) 720.05(6)
16260 12.6822(5)  5.1727(2) 720.50(5)
16440 12.6801(5)  5.1725(2) 720.23(4)
16620 12.6812(5)  5.1726(2) 720.37(5)
16800 12.6821(5)  5.1723(2) 720.44(5)
16980 12.6803(6)  5.1718(2) 720.16(5)
17100 12.6814(6)  5.1720(2) 720.32(6)
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Table 4.13 Results of the thermal equation of state fits, using the EoSFit software (courtesy of RJ Angel).
Further details are given in the text.

Volume a-axis c-axis
Pawley et al. (1996), T <478K
lo(R), Vo (A3  707.51(5) 12.6237(5) 5.1265(4)
asosbar(KL)  4.6(2)*105  1.14(7)*10°  2.5(1)*10°
ao (K1) 8.63(4)*10° 1.7(1)*10°  5.2(3)*10°
a1 (K1) -1.7(5)*10° -0.7(2)*10% -2.7(6)*10*
Berman (1988), T < 478K
lo(A), Vo (A%  707.50(5)  12.6237(3)  5.1264(3)
asos,1bar = @0 (K1)  4.88(8)*10° 1.16(3)*105 2.58(8)*105
ai1(K1)  3.2(4)*108  4.9(8)*10°  2.3(3)*10°
Berman (1988), T > 478K
lo(A), Vo (A%)  705.5(1.0)  12.618(9) 5.116(6)
Ozo3bar = a0 (K1)  3.1(6)*10°  0.6(3)*10°  1.9(5)*10°
a1(K1) 6.4(1.4)*108 2.1(9)*10° 2.1(1.0)*10°
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Table 4.14 Details pertaining to the data collection protocol and structure refinements of cancrinite at different

temperatures
T (K) 303 478 748
(To) (T1) (T2)
a(A) 12.6261 (4) 12.6554 (5) 12.6849 (5)
c (A 5.1257 (2) 5.1468 (1) 5.1774 (2)
V (A3) 707.66 (4) 712.74(4) 721.47 (5)
Maximum 26 (°) 59.90 59.97 59.88
0O<h<11 0<h<12 0<h<11
-17<k <15 -17<k <14 -17< k<14
-7 17 -7 17 -7 17
Measured reflections 3408 3542 3470
Unique reflections 1366 1385 1393
Unique reflections with Fo > 40(Fo) 1057 1003 949
Rint 0.0696 0.0718 0.0679
Number of I.s. parameters 90 84 84
R1, Fo> 40(Fo) 0.0525 0.0567 0.0596
R, all data 0.0743 0.0905 0.1016
WR2 0.1330 0.1436 0.1587
Residuals (eA-3) +0.64/-0.53 +1.09/-0.54 +0.85/-0.47

Note: Rint = ZIonbs - (mean)|/Z[onbs]; Ri1= ZHFobSI - |Fcalc||/Z|Fobs|; WR2 = {Z[W(onbs -

cmalc)2]/Z[W(F20bs)2]}o'5, w = 1/[02(F20bs) + (001P)2], P= [MaX(onbs,O) + 2'F2calc]/3.
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Table 4.15 Atomic fractional coordinates, site occupancy factors (sof) and isotropic/equivalent atomic
displacement parameters (A2) of cancrinite at different temperatures.

Atom site T (K) Occupancy X y z Ueq/Uiso
Si 303 1.0 0.32814(9) 0.41065(9) 0.7019(8) 0.0079(2)
478 1.0 0.3284(1) 0.4108(1) 0.6945(4) 0.0107(2)
748 1.0 0.3286(1) 0.4119(1) 0.7304(4) 0.0163(3)
Al 303 1.0 0.0754(1) 0.4124(1) 0.7027(8) 0.0081(2)
478 1.0 0.0748(1) 0.4121(1) 0.6952(4) 0.0106(2)
748 1.0 0.0747(1) 0.4133(1) 0.7596(8) 0.0165(3)
01 303 1.0 0.2038(3) 0.4052(3) 0.611(1) 0.0159(7)
478 1.0 0.2040(2) 0.4064(3) 0.6089(7) 0.0199(7)
748 1.0 0.2047(3) 0.4083(4) 0.6516(8) 0.032(1)
02 303 1.0 0.1147(3) 0.5641(3) 0.679(1) 0.0205(7)
478 1.0 0.1133(3) 0.5630(2) 0.6720(8) 0.0249(7)
748 1.0 0.1157(4) 0.5641(3) 0.710(1) 0.038(1)
03 303 1.0 0.0303(3) 0.3508(3) 0.013(1) 0.0147(7)
478 1.0 0.0286(3) 0.3496(3) 0.0033(6) 0.0197(7)
748 1.0 0.0247(4) 0.3483(4) 0.0331(8) 0.029(1)
04 303 1.0 0.3142(3) 0.3585(3) -0.005(1) 0.0144(6)
478 1.0 0.3144(3) 0.3567(3) -0.0143(6) 0.0192(7)
748 1.0 0.3174(4) 0.3562(4) 0.0164(7) 0.0290(9)
Nal 303 1.0 2/3 1/3 0.088(1) 0.035(1)
478 1.0 2/3 1/3 0.081(1) 0.048(1)
748 1.0 2/3 1/3 0.111(2) 0.071(2)
ow 303 1.0 0.315(2) 0.699(2) 0.137(4) 0.062(5)
478 1.0 0.312(2) 0.697(2) 0.142 (4) 0.082(6)
748 1.0 0.286(13) 0.696(13) 0.20(5) 0.082
Na2/Ca2 303 Na, 0.88(1) 0.1232(2) 0.2499(2) 0.2451(9) 0.0265(7)
Ca, 0.12(1)
478 “ 0.1233(2) 0.2500(2) 0.2377(5) 0.0355(5)
748 0.1240(2) 0.2516(3) 0.2693(7) 0.0554(8)
c1 303 0.37(1) 0 0 0.358(5) 0.044(5)
478 0.351(9) 0 0 0.309(4) 0.042(3)
748 0.36(1) 0 0 0.415(5) 0.035(4)
oc1 303 0.37(1) 0.1189(4) 0.061(1) 0.351(5) 0.059(4)
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478 0.351(9) 0.1175(4) 0.058(1) 0.347(2) 0.044(2)

748 0.36(1) 0.1175(5) 0.062(2) 0.394(4) 0.069(4)

Cc2 303 0.47(1) 0 0 0.113(6) 0.044(5)
478 0.451(9) 0 0 0.099(4) 0.042(3)

748 0.46(1) 0 0 0.142(5) 0.035(4)

oc2 303 0.47(1) 0.1191(4) 0.061(1) 0.125(4) 0.059(4)
478 0.451(9) 0.1183(4) 0.0623(9) 0.128(2) 0.044(2)

748 0.46(1) 0.1179(5) 0.061(1) 0.161(3) 0.069(4)
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Table 4.16 Relevant bond distances (A), diameters (A), angles (°), ditrigonal rotation angle assrojooo; (°) of the
S6R[0001], and cage/channel-volumes (A3) of cancrinite at different temperatures.

T (K) 303 (To) 478 (Tw) 748 (T2)
Si- o1 1.605(3) 1.607(3) 1.603(4)
02 1.608(3) 1.608(3) 1.610(4)
03 1.626(3) 1.624(3) 1.624(4)
04 1.614(3) 1.620(3) 1.616(4)
<Si-O> 1.613(3) 1.615(3) 1.613(4)
Al- o1 1.734(3) 1.730(3) 1.732(4)
02 1.726(3) 1.722(3) 1.717(4)
03 1.735(3) 1.737(3) 1.730(4)
04 1.756(3) 1.747(3) 1.746(4)
<Al-O> 1.738(3) 1.734(3) 1.731(4)
Si-O1-Al 147.2(2) 148.0(2) 151.2(3)
Si-02-Al 151.2(2) 152.5(2) 151.0(3)
Si-03-Al 133.4(2) 134.0(2) 136.1(3)
Si-04-Al 133.3(2) 134.1(2) 136.6(3)
Nal- 01(x3) 2.862(3) 2.854(2) 2.846(3)
02(x3) 2.437(4) 2.455(3) 2.446(4)

ow' 2.38(2) 2.33(2) 2.3(2)

ow" 2.87(2) 2.94(2) 3.2(3)
Na2/Ca2 o1 2.532(6) 2.566(4) 2.623(6)
o3 2.432(6) 2.446(5) 2.476(7)
03" 2.893(5) 2.880(4) 2.863(6)
o4 2.456(5) 2.466(4) 2.498(5)
04" 2.914(6) 2.895(5) 2.885(7)

oct 2.418(17) 2.421(8) 2.44(2)

oc1” 2.456(14) 2.439(11) 2.45(2)
oc1"” 2.48(2) 2.514(12) 2.48(2)
oc2' 2.416(18) 2.409(12) 2.449(18)
oc2" 2.440(14) 2.474(9) 2.504(16)
ocz2" 2.451(9) 2.467(7) 2.471(11)
<Na2/Ca2-Os> 2.645(6) 2.651(4) 2.669(6)
<Na2/Ca2-Oco®> 2.441(15) 2.451(10) 2.471(16)
C1-0C1 1.301(5) 1.302(5) 1.296(6)
C2-0C2 1.304(5) 1.305(5) 1.299(6)
02-02ssr0j0001] 4.143(6) 4.176(6) 4.143(8)
02-02cu 8.487(6) 8.473(5) 8.545(7)
02-02-02 91.1(2) 92.0(1) 90.9(2)
*01-Ol12r 8.862(5) 8.901(5) 8.971(7)
03-0O412r 8.487(4) 8.485(4) 8.536(5)
03-O4sar 4.145(6) 4.166(6) 4.155(8)
03-04-03 144.6(3) 146.39(16) 149.8(2)
QIS6RO[0001] 8.48(9) 7.99(8) 8.19(12)
Veg 202.4(2) 203.8(2) 204.9(3)
Ven 302.9(3) 305.2(3) 311.6(5)

* Calculated as the projection on the (0001) plane
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Table 4.17 Site anisotropic displacement parameters (A2) of cancrinite at different temperatures

Atom site Un U2 Uss U2 Uis Uz2s
To (303 K)
Si 0.0077(4) 0.0096(4) 0.0067(4) 0.0046(4) 0.0009(5) 0.0016(5)
Al 0.0078(5) 0.0083(5) 0.0077(4) 0.0036(4) 0.0007(6) 0.0013(6)
01 0.012(2) 0.027(2) 0.013(1) 0.013(1) 0.001(12) 0.003(1)
02 0.023(2) 0.011(1) 0.030(2) 0.010(2) 0.002(2) 0.004(2)
03 0.014(2) 0.022(2) 0.008(1) 0.009(1) 0.002(1) 0.003(1)
04 0.015(2) 0.021(2) 0.009(1) 0.010(2) 0.001(1) 0.004(1)
Nal 0.027(1) 0.027(1) 0.052(2) 0.0134(6) 0 0
Na2/Ca2 0.019(1) 0.031(1) 0.034(1) 0.0153(8) -0.0007(8) -0.0011(8)
C1-C2 0.014(3) 0.014(3) 0.10(2) 0.007(2) 0 0
0OC1-0C2 0.026(3) 0.030(4) 0.12(1) 0.014(3) 0.005(7) 0.000(7)
T1 (448 K)
Si 0.0107(4) 0.0121(4) 0.0099(4) 0.0063(3) 0.0017(5) 0.0014(5)
Al 0.0100(4) 0.0115(4) 0.0100(4) 0.0052(3) 0.0019(6) 0.0018(6)
01 0.013(1) 0.030(1) 0.018(1) 0.013(1) 0.000(1) 0.003(1)
02 0.027(1) 0.016(1) 0.034(2) 0.013(1) 0.005(2) 0.003(2)
03 0.018(1) 0.030(2) 0.011(1) 0.012(1) 0.004(1) 0.004(1)
04 0.023(1) 0.027(1) 0.013(1) 0.016(1) 0.001(1) 0.007(1)
Nal 0.036(1) 0.036(1) 0.073(3) 0.0179(7) 0 0
Na2/Ca2 0.0248(7) 0.0378(9) 0.048(1) 0.0184(6) -0.0017(8) -0.0016(9)
T2 (748 K)
Si 0.0159(5) 0.0181(6) 0.0157(5) 0.0091(4) 0.0009(9) 0.0034(9)
Al 0.0159(6) 0.0181(6) 0.0150(6) 0.0083(5) 0.0022(9) 0.0030(9)
o1 0.020(2) 0.048(3) 0.034(2) 0.022(2) 0.001(2) 0.005(2)
02 0.045(2) 0.025(2) 0.052(3) 0.023(2) 0.007(3) 0.006(3)
03 0.027(2) 0.039(2) 0.020(2) 0.016(2) 0.009(2) 0.008(2)
04 0.037(2) 0.038(2) 0.019(2) 0.024(2) 0.000(2) 0.008(2)
Nal 0.052(2) 0.052(2) 0.111(6) 0.026(1) 0 0
Na2/Ca2 0.041(1) 0.060(2) 0.072(2) 0.030(1) -0.006(2) -0.007(2)

246



Tables

Table 5.1 Chemical analysis of vishnevite (in wt.%) and atoms per formula unit, based on (Si + Al = 12),
averaged from 5 point analyses

SiO2 37.82
Al203 30.77
CaO 0.42
Na20 16.64
K20 7.94
SOs 4.80
SrO 0.06
Total 98.45

Number of atoms per formula unit on the basis (Si+Al=12)

Si 6.13
Al 5.87
Ca 0.07
Na 5.22
K 1.64
S 0.58
Sr 0.01
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Table 5.2 Unit-cell parameters of vishnevite measured at different pressures.

P (GPa) a(h) c® vV (33
0.0001* 12.7684(6) 5.2089(3) 735.44(9)
0.20(2) 12.750(2) 5.1935(5) 731.2(3)
0.52(2) 12.727(2) 5.1777(5) 726.3(3)
0.86(2) 12.700(1) 5.1622(5) 721.1(3)
1.20(3) 12.682(1) 5.1510(4) 717.4(3)
1.50(5) 12.660(1) 5.1374(5) 713.0(3)
1.78(5) 12.645(2) 5.1276(5) 710.0(3)
2.17(6) 12.619(2) 5.1137(5) 705.3(3)
2.47(2) 12.601(2) 5.1014(5) 701.5(3)
2.84(10) 12.562(1) 5.0810(5) 694.3(2)
3.24(9) 12.536(1) 5.0646(4) 689.3(2)
3.43(4) 12.517(1) 5.0536(4) 685.6(3)
3.83(9) 12.466(1) 5.0260(3) 676.4(3)
4.23(7) 12.427(1) 5.0034(4) 669.2(3)
4.55(5) 12.398(1) 4.9851(3) 663.6(4)
4.74(6) 12.385(1) 4.9765(4) 661.1(3)
5.03(6) 12.359(1) 4.9619(3) 656.3(3)
5.30(5) 12.3331(8) 4.9472(3) 651.7(3)
5.75(7) 12.2964(9) 4.9272(3) 645.2(3)
6.11(4) 12.2628(9) 4.9104(3) 639.5(3)
6.60(10) 12.2183(8) 4.8852(3) 631.6(3)
7.00(5) 12.190(1) 4.8704(4) 626.7(3)
7.40(4) 12.154(1) 4.8552(4) 621.1(4)
0.0001** 12.667(2) 5.1415(5) 721.2(2)

* Unit-cell parameters from the crystal collected in air
** Unit-cell parameters from the crystal collected in DAC at room-P after the HP-experiment
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Table 5.3 Details of the data collections strategy and structure refinements of vishnevite at different pressures and temperatures

Tables

P (GPa) 0.0001 0.52(2) 1.20(3) 1.78 (5) 2.47(2) 3.24(9) 3.43(4) 4.23 (7) 4.74(6) 5.30(5) 6.11(4) 7.40(4) 0.0001
(Po-air) (P2) (Pa) (Ps) (Ps) (P10) (P11) (P13) (P1s) (P17) (P19) (P22) (Po-pos)
a(h) 12.7684(6) 12.727(2) 12.682(1) 12.645(2) 12.601(2) 12.536(1) 12.517(1) 12.427(1) 12.385(1) 12.3331(8) 12.2628(9) 12.154(1) 12.667(2)
c(A) 5.2089(3) 5.1777(5) 5.1510(5) 5.1276(5) 5.1014(5) 5.0646(4) 5.0536(4) 5.0034(4) 4.9765(1) 4.9472(3) 4.9104(3) 4.8552(4) 5.1514(5)
V (A% 735.44(8) 726.3(3) 717.4(2) 710.0(2) 701.5(2) 689.3(2) 685.6(1) 669.2(1) 661.1(1) 651.7(3) 639.5(1) 621.1(1) 715.8(2)
Maximum 37.92 37.48 37.66 38.08 37.98 38.10 37.14 37.84 37.66 37.86 38.14 37.42 37.80
26(°)
1<h=<19 2<h=<15 2<h<1l5 2<h<14 2<h<14 2<h<1l5 2<h<l1l5 2<hs<l1l5 2<hs<14 2<h=<15 2<h=<15 2<h=<14 0<h<19
-16<k<0 -10<k=<0 -10=<sk<0 -9sk=<0 -10=sk=<0 -9=<k=0 -9<k=0 -9<k=0 -9<k=0 -9<k=0 9<k=0 -9<k=s0 -15=<k=<0
-7<1<6 6<1<6 6<1<6 6<1<6 6<1<6 6<1<6 6<1<6 6<1<6 6<1<6 6<1<6 6<1<6 6<1<5 -8<1<s7
Measured 3138 1082 1051 1036 1018 1037 1064 1114 998 996 969 888 1111
reflections
Unique 1294 743 726 712 685 699 705 697 659 661 623 586 720
reflections
Unique 758 479 474 444 441 484 524 498 454 448 384 270 514
reflections
with Fo >
30(Fo)
Rint 0.0489 0.0443 0.0461 0.0479 0.0421 0.0413 0.0421 0.0450 0.0314 0.0325 0.0333 0.0486 0.0344
Number of |.s. 85 41 41 41 41 41 40 40 40 40 40 40 40
parameters
Ry, 0.0548 0.0922 0.0844 0.0840 0.0869 0.0856 0.0865 0.0839 0.0847 0.0925 0.1008 0.1256 0.0797
Fo > 40(Fo)
R;, all data 0.1048 0.1293 0.1198 0.1241 0.1193 0.1173 0.1092 0.1157 0.1120 0.1179 0.1376 0.2053 0.1069
wR? 0.0538 0.0896 0.0836 0.0866 0.0877 0.0871 0.0988 0.0938 0.0920 0.1001 0.0976 0.1224 0.0889
Residuals +0.74/ +0.88/ +0.98/ +0.75/ +0.78/ +0.85/ +0.76/ +0.90/ +1.53/ +0.70/ +0.74/ +1.27/ +0.84/
(el A3 -0.84 -0.86 -0.81 -0.80 -1.31 -1.10 -1.13 -0.86 -0.83 -1.28 -0.85 -1.21 -1.13
A =0.414 A; w-scan; step scan = 1°; exposure time = 1 s; space group P63; Z = 1
T (K) 293(2) 110(2)
a(A) 12.7613(7)  12.7223(6)
c (A) 5.2231(2) 5.1918(3)
V (A% 736.63(9) 727.75(8)
Maximum 62.53 62.63
26(°)
-5<h<18 -18<h<11
-10sk<12 -10sk<15
6<1=<7 717
Measured 2575 2634
reflections
Unique 1404 1431
reflections
Unique 1221 1280
reflections

249



Appendix

with Fo >

40'(Fo)

Rint 0.0369 0.0368
Number of |.s. 86 82
parameters

Ry, 0.0536 0.0518
Fo > 40(Fo)

R;, all data 0.0638 0.0614
wR? 0.1234 0.1199
Residuals +0.82/ +1.05/
(e A®) -0.63 -0.77

A =0.71073 A; w-scan; step scan = 1°; exposure time = 90 s; space group P6s; Z =1
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Table 5.4 Atomic fractional coordinates, site occupancy factors (sof) and isotropic/equivalent atomic
displacement parameters (A2) of vishnevite at different pressures and temperatures

Site P (GPa) sof X y z Uiso/ Ueg
5T (K)

Si 0.0001% 1.0 0.0827(2) 0.4143(3) 0.740(2) 0.020(1)

0.52(2) 1.0 0.0815(5) 0.4115(5) 0.735(2) 0.0252(6)

1.20(3) 1.0 0.0819(5) 0.4115(5) 0.732(2) 0.0240(5)

1.78(5) 1.0 0.0792(5) 0.4159(6) 0.730(2) 0.0252(6)

2.47(2) 1.0 0.0801(6) 0.4154(6) 0.725(2) 0.0270(6)

3.24(9) 1.0 0.0788(5) 0.4158(6) 0.733(2) 0.0219(5)

3.43(4) 1.0 0.0780(5) 0.4154(5) 0.717(2) 0.0218(6)

4.23(7) 1.0 0.0787(5) 0.4165(5) 0.723(2) 0.0212(6)

4.74(6) 1.0 0.0789(5) 0.4158(5) 0.730(1) 0.0239(6)

5.30(5) 1.0 0.0796(6) 0.4169(6) 0.710(2) 0.0289(7)

6.11(4) 1.0 0.0838(6) 0.4102(6) 0.715(2) 0.0342(7)

7.40(4) 1.0 0.0808(6) 0.4175(6) 0.764(4) 0.043(1)

0.0001# 1.0 0.0829(5) 0.4113(5) 0.742(2) 0.0176(6)

§203 K 1.0 0.0841(1) 0.4144(2) 0.7415(4) 0.0093(3)

§110 K 1.0 0.0840(2) 0.4143(2) 0.7408(4) 0.0058(3)

Al 0.0001% 1.0 0.3377(3) 0.4160(3) 0.738(2) 0.020(1)

0.52(2) 1.0 0.3381(6) 0.4163(6) 0.735(2) 0.0252(6)

1.20(3) 1.0 0.3385(6) 0.4165(6) 0.732(2) 0.0240(5)

1.78(5) 1.0 0.3312(7) 0.4125(7) 0.729(2) 0.0252(6)

2.47(2) 1.0 0.3324(8) 0.4127(7) 0.724(2) 0.0270(6)

3.24(9) 1.0 0.3302(7) 0.4121(6) 0.733(2) 0.0219(5)

3.43(4) 1.0 0.3287(6) 0.4113(5) 0.714(2) 0.0218(6)

4.23(7) 1.0 0.3280(6) 0.4095(6) 0.721(2) 0.0212(6)

4.74(6) 1.0 0.3281(6) 0.4098(6) 0.728(1) 0.0239(6)

5.30(5) 1.0 0.3276(7) 0.4099(7) 0.706(2) 0.0289(7)

6.11(4) 1.0 0.3396(6) 0.4179(6) 0.714(2) 0.0342(7)

7.40(4) 1.0 0.3326(6) 0.4143(7) 0.763(4) 0.043(1)

0.0001%# 1.0 0.3391(5) 0.4154(5) 0.739(2) 0.0176(6)

§293 K 1.0 0.3387(2) 0.4149(2) 0.7415(4) 0.0096(4)

§110 K 1.0 0.3387(2) 0.4153(2) 0.7408(4) 0.0066(4)

o1 0.00017# 1.0 0.1996(8) 0.4044(4) 0.668(1) 0.031(3)

0.52(2) 1.0 0.2012(8) 0.4073(8) 0.658(2) 0.031(1)

1.20(3) 1.0 0.2009(8) 0.4058(8) 0.651(2) 0.031(1)

1.78(5) 1.0 0.1960(9) 0.4051(9) 0.645(2) 0.033(1)

2.47(2) 1.0 0.1965(9) 0.4039(9) 0.637(2) 0.036(1)

3.24(9) 1.0 0.1950(9) 0.4037(8) 0.644(2) 0.030(1)

3.43(4) 1.0 0.1940(8) 0.4029(9) 0.620(2) 0.035(1)

4.23(7) 1.0 0.1922(8) 0.3993(8) 0.621(2) 0.034(1)

4.74(6) 1.0 0.1901(9) 0.3964(9) 0.629(2) 0.039(1)

5.30(5) 1.0 0.1892(9) 0.3954(9) 0.612(2) 0.043(2)

6.11(4) 1.0 0.1932(9) 0.389(1) 0.610(2) 0.050(2)

7.40(4) 1.0 0.188(1) 0.389(1) 0.651(5) 0.058(3)

0.0001%# 1.0 0.2012(8) 0.4052(8) 0.657(2) 0.025(1)

§293 K 1.0 0.2006(5) 0.4040(3) 0.6710(6) 0.0191(8)

§110 K 1.0 0.2001(6) 0.4017(3) 0.6667(6) 0.0133(7)

02 0.00017# 1.0 0.1215(3) 0.5549(9) 0.720(2) 0.036(3)
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0.52(2) 1.0 0.1183(6) 0.5518(7) 0.710(2) 0.031(1)
1.20(3) 1.0 0.1185(6) 0.5515(7) 0.703(2) 0.031(1)
1.78(5) 1.0 0.1209(7) 0.5581(8) 0.698(2) 0.033(1)
2.47(2) 1.0 0.1218(6) 0.5577(9) 0.694(2) 0.036(1)
3.24(9) 1.0 0.1235(7) 0.5596(8) 0.694(2) 0.030(1)
3.43(4) 1.0 0.1217(7) 0.5594(8) 0.679(2) 0.035(1)
4.23(7) 1.0 0.1229(8) 0.5605(8) 0.682(3) 0.034(1)
4.74(6) 1.0 0.1256(8) 0.5620(8) 0.692(2) 0.039(1)
5.30(5) 1.0 0.1252(8) 0.5619(9) 0.660(2) 0.043(2)
6.11(4) 1.0 0.1292(9) 0.5549(9) 0.666(2) 0.050(2)
7.40(4) 1.0 0.143(1) 0.5691(9) 0.708(5) 0.058(3)
0.0001# 1.0 0.1175(7) 0.5520(7) 0.713(2) 0.025(1)
8293 K 1.0 0.1212(3) 0.5535(5) 0.7177(8) 0.0240(8)
8110 K 1.0 0.1221(3) 0.4143(2) 0.7408(4) 0.0170(8)
03 0.0001% 1.0 0.0353(6) 0.3598(7) 0.020(2) 0.031(4)
0.52(2) 1.0 0.039(1) 0.363(2) 0.023(2) 0.031(1)
1.20(3) 1.0 0.040(1) 0.364(2) 0.023(2) 0.031(1)
1.78(5) 1.0 0.041(1) 0.364(2) 0.022(2) 0.033(1)
2.47(2) 1.0 0.042(1) 0.364(2) 0.017(2) 0.036(1)
3.24(9) 1.0 0.045(1) 0.366(1) 0.032(2) 0.030(1)
3.43(4) 1.0 0.044(1) 0.368(2) 0.011(2) 0.035(1)
4.23(7) 1.0 0.0491(9) 0.372(1) 0.027(2) 0.034(1)
4.74(6) 1.0 0.052(1) 0.372(2) 0.035(2) 0.039(1)
5.30(5) 1.0 0.054(1) 0.373(2) 0.018(2) 0.043(2)
6.11(4) 1.0 0.052(1) 0.368(2) 0.030(2) 0.050(2)
7.40(4) 1.0 0.060(1) 0.382(2) 0.084(4) 0.058(3)
0.0001# 1.0 0.0443(9) 0.364(1) 0.033(2) 0.025(1)
8203 K 1.0 0.0362(4) 0.3607(5) 0.0237(6) 0.017(1)
8110 K 1.0 0.0381(4) 0.3624(5) 0.0267(7) 0.012(1)
04 0.0001% 1.0 0.3318(6) 0.3541(6) 0.042(2) 0.024(3)
0.52(2) 1.0 0.328(1) 0.357(2) 0.046(2) 0.031(1)
1.20(3) 1.0 0.327(1) 0.358(2) 0.046(2) 0.031(1)
1.78(5) 1.0 0.325(1) 0.358(2) 0.044(2) 0.033(1)
2.47(2) 1.0 0.326(1) 0.359(2) 0.039(2) 0.036(1)
3.24(9) 1.0 0.321(1) 0.357(1) 0.053(2) 0.030(1)
3.43(4) 1.0 0.322(1) 0.360(2) 0.037(2) 0.035(1)
4.23(7) 1.0 0.317(1) 0.357(1) 0.048(2) 0.034(1)
4.74(6) 1.0 0.320(1) 0.361(2) 0.056(2) 0.039(1)
5.30(5) 1.0 0.319(1) 0.361(2) 0.041(2) 0.043(2)
6.11(4) 1.0 0.324(1) 0.367(2) 0.051(2) 0.050(2)
7.40(4) 1.0 0.319(2) 0.367(2) 0.105(4) 0.058(3)
0.0001# 1.0 0.328(1) 0.355(1) 0.052(2) 0.025(1)
5293 K 1.0 0.3304(6) 0.3517(5) 0.0416(6) 0.018(1)
8110 K 1.0 0.3303(6) 0.3526(5) 0.0465(7) 0.015(1)
Nal 0.0001% 0.46(3) 1/3 2/3 0.573(4) 0.021(2)
0.52(2) 0.41(3) 1/3 213 0.567(5) 0.013(3)
1.20(3) 0.46(4) 1/3 2/3 0.567(6) 0.016(3)
1.78(5) 0.43(5) 1/3 23 0.560(6) 0.018(3)
2.47(2) 0.43(11) 1/3 213 0.56(1) 0.024(4)
3.24(9) 0.33(5) 1/3 2/3 0.542(8) 0.016(3)
3.43(4) 0.44(6) 1/3 23 0.539(7) 0.011(3)
4.23(7) 0.47(3) 1/3 23 0.543(5) 0.009(3)
4.74(6) 0.40(2) 1/3 2/3 0.529(5) 0.016(3)
5.30(5) 0.37(2) 1/3 23 0.496(6) 0.028(4)
6.11(4) 0.42(3) 1/3 23 0.518(7) 0.043(6)
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7.40(4) 0.55(6) 1/3 213 0.59(1) 0.10(1)
0.0001# 0.57(9) 1/3 213 0.590(6) 0.015(3)
8293 K 0.84(2) 1/3 213 0.611(1) 0.033(2)
$110 K “ 1/3 2/3 0.6051(9) 0.0185(9)
Na2 0.0001% 0.35(3) 1/3 23 0.661(5) 0.021(2)
0.52(2) 0.40(3) 1/3 213 0.656(5) 0.013(3)
1.20(3) 0.35(4) 1/3 213 0.654(6) 0.016(3)
1.78(5) 0.38(5) 1/3 213 0.647(6) 0.018(3)
2.47(2) 0.38(11) 1/3 23 0.64(1) 0.024(4)
3.24(9) 0.48(5) 1/3 213 0.626(6) 0.016(3)
3.43(4) 0.38(6) 1/3 2/3 0.616(7) 0.011(3)
4.23(7) 0.35(3) 1/3 213 0.641(5) 0.009(3)
4.74(6) 0.41(2) 1/3 213 0.639(4) 0.016(3)
5.30(5) 0.44(2) 1/3 213 0.626(4) 0.028(4)
6.11(4) 0.39(3) 1/3 213 0.650(6) 0.043(6)
7.40(4) 0.26(6) 1/3 213 0.74(3) 0.10(1)
0.0001# 0.24(9) 1/3 213 0.66(1) 0.015(3)
8203 K - - - - -
8110 K - - - - -
ow 0.0001% 0.31(1) 0.315(4) 0.696(4) 0.180(3) 0.064(9)
0.52(2) 0.31 0.323(5) 0.699(5) 0.170(3) 0.038(9)
1.20(3) 0.31 0.326(3) 0.702(3) 0.161(3) 0.025(7)
1.78(5) 0.31 0.299(4) 0.676(4) 0.152(4) 0.030(8)
2.47(2) 0.31 0.299(4) 0.677(5) 0.161(5) 0.04(1)
3.24(9) 0.31 0.294(3) 0.670(4) 0.149(4) 0.03(1)
3.43(4) 0.31 0.302(3) 0.676(4) 0.125(3) 0.012(7)
4.23(7) 0.31 0.332(3) 0.709(3) 0.131(4) 0.017(7)
4.74(6) 0.31 0.297(3) 0.673(4) 0.155(4) 0.03(1)
5.30(5) 0.31 0.294(9) 0.68(1) 0.19(1) 0.11(2)
6.11(4) 0.31 0.227(3) 0.716(3) 0.270(5) 0.03(1)
7.40(4) 0.31 0.263(4) 0.745(5) 0.327(8) 0.04(1)
0.0001# 0.31 0.331(3) 0.704(2) 0.177(4) 0.014(7)
§293 K 0.33(2) 0.319(3) 0.699(3) 0.180(3) 0.055(7)
8110 K “ 0.312(2) 0.695(2) 0.179(2) 0.030(3)
M1 0.0001% 0.563(4) 0.1178(8) 0.2293(4) 0.272(2) 0.029(1)
0.52(2) 0.563 0.122(2) 0.2451(9) 0.280(3) 0.047(2)
1.20(3) 0.563 0.121(3) 0.2433(9) 0.279(2) 0.044(2)
1.78(5) 0.563 0.126(2) 0.2433(9) 0.278(3) 0.043(2)
2.47(2) 0.563 0.127(3) 0.2450(9) 0.264(3) 0.045(2)
3.24(9) 0.563 0.126(3) 0.2453(9) 0.276(3) 0.043(2)
3.43(4) 0.563 0.126(3) 0.247(1) 0.252(3) 0.047(2)
4.23(7) 0.563 0.125(4) 0.244(1) 0.259(4) 0.051(2)
4.74(6) 0.563 0.122(3) 0.241(1) 0.256(4) 0.059(2)
5.30(5) 0.563 0.118(4) 0.239(2) 0.244(4) 0.066(3)
6.11(4) 0.563 0.111(4) 0.233(2) 0.245(4) 0.071(3)
7.40(4) 0.563 0.117(3) 0.230(2) 0.267(7) 0.098(5)
0.0001#* 0.563 0.119(2) 0.2476(9) 0.279(3) 0.044(2)
§293 K 0.340(6) 0.1165(6) 0.2292(4) 0.2791(3) 0.029(1)
8110 K “ 0.1150(5) 0.2282(3) 0.2782(6) 0.0192(6)
M2 0.0001% 0.519(5) 0.1528(8) 0.3029(4) 0.263(2) 0.029(1)
0.52(2) 0.519 0.150(3) 0.298(1) 0.256(3) 0.047(2)
1.20(3) 0.519 0.149(3) 0.2970(9) 0.251(3) 0.044(2)
1.78(5) 0.519 0.149(3) 0.296(1) 0.243(3) 0.043(2)
2.47(2) 0.519 0.149(3) 0.294(1) 0.243(4) 0.045(2)
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3.24(9) 0.519 0.150(3) 0.293(1) 0.245(3) 0.043(2)
3.43(4) 0.519 0.143(3) 0.287(1) 0.235(4) 0.047(2)
4.23(7) 0.519 0.140(4) 0.277(1) 0.241(4) 0.051(2)
4.74(6) 0.519 0.135(4) 0.274(1) 0.262(5) 0.059(2)
5.30(5) 0.519 0.133(4) 0.274(2) 0.235(5) 0.066(3)
6.11(4) 0.519 0.133(4) 0.276(2) 0.245(4) 0.071(3)
7.40(4) 0.519 0.155(3) 0.278(2) 0.311(8) 0.098(5)
0.0001% 0.519 0.150(2) 0.294(1) 0.263(4) 0.044(2)
8203 K 0.58(1) 0.1497(6) 0.2999(4) 0.2791(7) 0.29(1)
8110 K : 0.1489(6) 0.2987(3) 0.2687(7) 0.0184(7)
S1 0.00017 0.251(6) 0 0 0.347(3) 0.071(3)
0.52(2) 0.251 0 0 0.372(4) 0.071
1.20(3) 0.251 0 0 0.371(4) 0.071
1.78(5) 0.251 0 0 0.386(4) 0.071
2.47(2) 0.251 0 0 0.417(4) 0.071
3.24(9) 0.251 0 0 0.385(5) 0.071
5203 K 0.172(6) 0 0 0.331(3) 0.037(3)
§110 K “ 0 0 0.341(3) 0.037(2)
OB1 0.00017 0.251(6) 0.081(2) 0.116(2) 0.462(5) 0.071(3)
0.52(2) 0.251 0.081 0.116 0.493(4) 0.071
1.20(3) 0.251 0.081 0.116 0.494(4) 0.071
1.78(5) 0.251 0.081 0.116 0.511(5) 0.071
2.47(2) 0.251 0.081 0.116 0.546(5) 0.071
3.24(9) 0.251 0.081 0.116 0.517(5) 0.071
5203 K 0.172(6) 0.059(5) 0.106(2) 0.424(6) 0.066(8)
§110 K “ 0.067(3) 0.111(2) 0.419(5) 0.036(6)
S2 0.00017 0.251(6) 0 0 0.208(3) 0.071(3)
0.52(2) 0.251 0 0 0.195(4) 0.071
1.20(3) 0.251 0 0 0.207(4) 0.071
1.78(5) 0.251 0 0 0.209(4) 0.071
2.47(2) 0.251 0 0 0.194(5) 0.071
3.24(9) 0.251 0 0 0.217(5) 0.071
5203 K 0.172(6) 0 0 0.257(3) 0.037(3)
§110 K “ 0 0 0.267(3) 0.037(2)
0B2 0.00017 0.251(6) 0.028(2) 0.115(2) 0.152(5) 0.071(3)
0.52(2) 0.251 0.028 0.115 0.142(5) 0.071
1.20(3) 0.251 0.028 0.115 0.149(5) 0.071
1.78(5) 0.251 0.028 0.115 0.147(5) 0.071
2.47(2) 0.251 0.028 0.115 0.125(5) 0.071
3.24(9) 0.251 0.028 0.115 0.144(5) 0.071
5203 K 0.172(6) 0.077(3) 0.099(3) 0.158(6) 0.066(8)
§110 K “ 0.074(3) 0.097(2) 0.159(4) 0.036(6)
S 3.43(4) 0.502 0 0 0.206(3) 0.1
4.23(7) 0.502 0 0 0.216(3) 0.1
4.74(6) 0.502 0 0 0.216(3) 0.1
5.30(5) 0.502 0 0 0.289(3) 0.1
6.11(4) 0.502 0 0 0.282(3) 0.1
7.40(4) 0.502 0 0 0.192(6) 0.1
0.0001% 0.502 0 0 0.194(4) 0.1
OA 3.43(4) 0.502 0 0 0.482(3) 0.1
4.23(7) 0.502 0 0 0.495(3) 0.1
4.74(6) 0.502 0 0 0.497(3) 0.1
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5.30(5) 0.502 0 0 0.006(3) 0.1
6.11(4) 0.502 0 0 0.567(3) 0.1
7.40(4) 0.502 0 0 0.480(6) 0.1
0.0001% 0.502 0 0 0.463(4) 0.1
OB 3.43(4) 0.502 0.12 0.06 0.102(3) 0.1
4.23(7) 0.502 0.12 0.06 0.108(3) 0.1
4.74(6) 0.502 0.12 0.06 0.109(3) 0.1
5.30(5) 0.502 0.12 0.06 0.173(3) 0.1
6.11(4) 0.502 0.12 0.06 0.165(3) 0.1
7.40(4) 0.502 0.12 0.06 0.068(6) 0.1
0.0001% 0.502 0.12 0.06 0.116(4) 0.1

#From the structure refinement based on the dataset collected with the crystal in air

# From the structure refinement based on the dataset collected with the crystal in DAC after the HP-experiment
§ From the structure refinements based on the LT-experiment datasets
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Table 5.5 Site anisotropic displacement parameters (A2) of vishnevite from the room-P, room-T and 110 K
datsets

Po-ar
Atom site Ui11 U22 Uiz U2 Uiz U2s
Si 0.017(2) 0.020(2) 0.022(2) 0.009(1) 0.004(2) 0.003(2)
Al 0.019(2) 0.018(2) 0.022(2) 0.009(1) 0.003(2) 0.003(2)
o1 0.026(4) 0.038(2) 0.032(3) 0.018(4) 0.003(4) -0.001(2)
02 0.036(2) 0.021(4) 0.048(3) 0.012(3) 0.006(3) 0.000(5)
03 0.026(4) 0.050(5) 0.018(5) 0.020(3) -0.003(3) 0.007(3)
o4 0.025(4) 0.021(4) 0.021(4) 0.007(3) -0.006(3) 0.001(3)
293 K
Si 0.0071(8) 0.0081(8) 0.0116(8) 0.0031(6) -0.001(1) 0.001(1)
Al 0.0088(8) 0.0133(9) 0.0079(8) 0.0066(8) -0.001(2) 0.001(1)
01 0.014(3) 0.028(2) 0.021(2) 0.015(3) 0.000(2) -0.002(1)
02 0.026(2) 0.012(2) 0.034(2) 0.009(2) 0.007(2) 0.005(3)
03 0.013(2) 0.023(3) 0.013(3) 0.008(2) -0.002(2) 0.005(2)
04 0.023(2) 0.023(3) 0.013(3) 0.014(2) -0.004(3) 0.000(2)
Na 0.019(2) 0.019(2) 0.062(4) 0.0094(9) 0 0
110K
Si 0.0051(8) 0.0054(8) 0.0065(7) 0.0023(6) 0.002(1) 0.000(1)
Al 0.0065(8) 0.0084(9) 0.0053(8) 0.0041(8) 0.003(2) 0.001(1)
o1 0.009(3) 0.021(2) 0.012(1) 0.009(3) 0.000(2) -0.001(1)
02 0.016(2) 0.014(2) 0.026(2) 0.011(2) 0.009(2) 0.000(3)
03 0.010(2) 0.019(3) 0.006(2) 0.008(2) 0.002(1) 0.006(2)
04 0.024(2) 0.016(3) 0.011(3) 0.015(2) 0.000(3) 0.000(2)
Na 0.010(1) 0.010(1) 0.036(2) 0.0049(6) 0 0
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Table 5.6 Relevant bond distances (A), diameters (A), angles (°), ditrigonal rotation angle assrojooy (°) of the S6RI[0001], and cage/channel-volumes (A3) of
vishnevite at different pressure and temperatures

P (GPa) 0.0001 0.52(2) 1.20(3) 1.78(5) 2.47(2) 3.24(9) 3.43(4) 4.23(7) 5.74(6) 6.10(8) 6.11(4) 7.40(4)  0.0001* 293 K 110 K
(Po-ar) (P2) (Pa) (Pe) (Ps) (P10) (P11) (P13) (P1s) (P17) (P19) (P22 (Po-post)
Si o1 1.604(11)  1.602(14) 1.603(14) 1.609(15) 1.608(16) 1.604(14) 1.614(14) 1.611(14) 1594(14) 1.579(15) 1.577(16)  1.60(2)  1.600(13) 1.600(7)  1.594(5)
02 1.609(11) 1.609(12) 1.602(11) 1.608(13) 1.604(13) 1.610(12) 1.612(11) 1.602(11) 1.613(11) 1.604(13) 1.590(13) 1.626(13) 1.615(11) 1.597(6)  1.600(6)
03 1.600(11) 1.601(14) 1.600(15) 1.608(15) 1.601(16) 1.608(16) 1.581(13) 1.597(12) 1.591(12) 1.591(13) 1.616(14) 1.60(3) 1.601(15) 1.611(4) 1.611(4)
04 1.600(9) 1.608(17) 1.608(17) 1.613(17) 1.606(18) 1.616(16) 1.610(17) 1.624(15) 1.613(16) 1.610(18)  1.59(2) 161(2)  1.589(15) 1.615(5)  1.594(5)
<Si-0> 1.603(11) 1.605(14) 1.603(14) 1.610(15) 1.605(16) 1.610(15) 1.604(14) 1.609(13) 1.603(13) 1.596(15) 1.593(16)  1.61(2)  1.601(14) 1.606(6)  1.600(5)
Al- o1 1.733(11) 1.734(14) 1.733(14) 1.720(16) 1717(17) 1.706(15) 1.704(14) 1.701(14) 1.705(14) 1.689(15) 1.724(14) 1.718(18) 1.737(13) 1.735(7)  1.726(7)
02 1.718(9)  1.718(11) 1.716(10) 1.714(12) 1.714(12) 1.715(11) 1.708(11) 1.714(11) 1.709(12) 1.704(13) 1.710(13) 1.718(16) 1.707(11) 1.740(7)  1.731(7)
03 1.749(13)  1.75(2) 1.74(3) 1.74(2) 1.74(3) 1.75(2) 1.74(2) 1.73(2) 1.75(2) 1.75(3) 1.71(3) 1.74(3) 175(2)  1.737(5)  1.734(6)
04 1.753(11) 1.758(16) 1.755(16) 1.744(16) 1.731(17) 1.745(17) 1.744(15) 1.745(13) 1.728(12) 1.750(14) 1.750(15) 1.74(3) 1.761(16) 1.746(4) 1.760(5)
<Al-O> 1.738(11) 1.740(15) 1.736(18) 1.730(16) 1.726(19) 1.729(16) 1.724(15) 1.723(15) 1.723(15) 1.723(18) 1.724(18)  1.73(2)  1.739(15) 1.740(6)  1.738(6)
Si-01-Al 153.0(7)  151.9(9)  150.2(8)  149.0(9)  147.8(10)  147.49)  145.0(8)  143.1(8)  142.5(9)  143.3(9)  138.9(9) 136.2(10)  149.48) 153.3(2)  151.6(2)
Si-02-Al 147.6(6)  149.1(6)  148.6(6)  146.8(7)  146.3(7)  144.3(7)  1459(7)  1445(7)  143.4(7)  142.6(7)  140.0(7)  130.0(7)  149.4(6) 147.4(3)  146.8(2)
Si-03-Al 139.9(6)  138.3(9)  137.4(9)  135.8(8)  135.5(9)  132.6(8)  134.4(8)  131.5(7)  128.9(7)  128.0(8)  128.4(8) 125.1(13) 135.2(8) 140.6(4)  139.6(4)
Si-04-Al 141.2(6)  137.2(8)  136.009)  136.0(9)  136.2(8)  132.6(8)  133.5(7)  130.0(7)  130.7(7)  129.5(8)  128.3(8)  125.2(14)  137.7(8)  140.2(4)  139.4(4)
Nal- O1(x3)  2.942(6) 2.897(10) 2.898(10) 2.899(10)  2.892(12) 2.903(11) 2.889(10)  2.905(9)  2.943(10) 2.956(11) 2.984(11) 2.942(12) 2.889(10)  2.920(3)  2.937(3)
02(x3) 2.465(7)  2.485(10) 2.463(11) 2.432(11) 2.402(17) 2.408(15) 2.401(13) 2.367(11) 2.371(12) 2.367(13) 2.290(14) 2.078(17) 2.453(11) 2.411(4)  2.400(4)
ow(z) 2.12(3) 2.11(3) 2.15(3) 2.15(4) 2.12(6) 2.06(4) 2.14(4) 2.13(3) 1.93(3) 1.63(7) 2.08(3) 2.03(5) 2.18(4)  2.312(18)  2.279(12)
ow"
(z+1) 3.21(3) 3.16(3) 3.103) 3.08(4) 3.09(6) 3.12(5) 3.00(4) 2.99(3) 3.15(3) 3.49(6) 4.06(4) 3.89(6) 3.06(4)  3.019(17)  3.030(12)
Na2- O1(x3)  2.901(4)  2.859(9)  2.865(9)  2.866(10) 2.868(10)  2.858(9)  2.861(9)  2.881(9)  2.901(10)  2.900(9)  2.956(10)  2.96(2) 2.868(9)
02(x3) 2.363(5)  2.388(7)  2.375(7)  2.341(8)  2.327(10)  2.304(9)  2.316(9)  2.274(9)  2.244(9)  2.229(9)  2.173(9)  2.008(15)  2.384(11)
ow(z+l)  2.56(3) 2.56(3) 2.59(3) 2.47(4) 2.48(6) 2.47(4) 2.52(4) 2.51(3) 2.46(3) 2.24(6) 2.52(4) 2.54(12) 2.54(7)
ow'(2) 2.76(3) 2.71(3) 2.66(3) 2.64(4) 2.72(6) 2.70(4) 2.61(4) 2.61(3) 2.61(3) 2.83(6) 3.48(4) 3.25(13) 2.70(7)
M1 o1 2.830(9) 2.651(17) 2.619(14) 2.588(17) 2.578(17) 2.539(16) 2.513(17)  2.47(2) 2.50(2) 2.48(2) 2.44(2) 251(4)  2.604(16)  2.815(5)  2.779(5)
03 2.714(13)  2.59(3) 2.58(3) 2.63(3) 2.57(3) 2.53(3) 2.52(3) 2.51(4) 2.44(4) 2.44(4) 2.36(4) 2.44(4) 2.46(3) 2.714(9)  2.692(9)
03" 2.990(12)  2.98(3) 2.99(4) 3.01(3) 2.94(4) 2.97(4) 2.98(4) 3.03(4) 3.07(4) 3.09(5) 3.12(4) 3.22(4) 3.06(3) 3.005(8)  3.036(7)
o4 2.663(11)  2.57(2) 2.56(3) 2.50(2) 2.46(3) 2.40(3) 2.39(3) 2.33(4) 2.36(3) 2.39(4) 2.48(4) 2.31(3) 2.58(2) 2677(8)  2.668(8)
04" 3.038(13)  2.96(3) 2.96(4) 2.94(3) 3.02(4) 2.99(4) 3.01(4) 3.00(5) 3.04(4) 3.00(5) 3.02(5) 3.17(4) 2.88(2)  2985(11)  2.991(10)
OB1'
(z+1/2) 251(2)  2.528(19)  2.50(2) 2.46(2) 2.34(2) 2.42(2) 2.82(3) 2.72(2)
oB1"
(z+1/2) 2.95(3)  3.026(19)  2.99(2) 2.91(2) 2.81(2) 2.89(2) 2.92(4) 3.19(3)
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OB2'
(z-1/2) 2.68(3) 2.72(2) 2.72(2) 2.69(2) 2.66(3) 2.68(3) 2.72(3) 2.76(2)
oB2"

(z-1/2) 3.17(3) 3.3(2) 329(2)  3.282(16)  3.28(2)  3.279(19) 3.07(3) 2.98(3)
0B'(2) 2.43(2) 2.38(3) 2.35(2) 2.23(3) 2.15(3) 2.303)  2.471(15)
OB" (2) 2.45(2) 2.41(3) 2.36(3) 2.24(4) 2.22(3) 2.32(3)  2.526(18)
OA() 2.290(13) 2.877(16) 2.849(16) 2.806(18) 2.939(19)  263(3)  2.878(13)
OA
(z-1/2) 3.006(14) 2.937(16) 2.888(17) 2.858(18) 2.627(17)  2.79(3)  3.167(13)
<M1-Op> 2.851(12)  2.78(3) 2.77(4) 2.77(3) 2.75(4) 2.72(4) 2.73(4) 2.72(4) 2.73(4) 2.73(5) 2.75(4) 2.79(4) 2.75(3) 2.845(9)  2.833(8)
M2 o1 2.390(10)  2.403(18)  2.382(17) 2.386(18)  2.34(2)  2.352(18)  2.32(2) 2.32(2) 2.25(2) 2.27(2) 2.16(2) 2.04(4) 2.37(2) 2.393(5)  2.358(5)
03’ 2.338(14)  2.30(4) 2.27(4) 2.26(4) 2.26(4) 2.22(4) 2.26(4) 2.28(4) 2.24(4) 2.19(5) 2.12(5) 2.37(4) 2.27(3) 2.338(9)  2.319(9)
03" 2.851(13)  2.91(4) 2.93(4) 2.94(4) 2.93(4) 2.94(4) 2.96(4) 3.01(5) 3.02(5) 3.07(5) 3.02(5) 2.86(4) 2.92(3) 2.876(8)  2.897(9)
o4’ 2.342(12)  2.27(4) 2.25(4) 2.21(4) 2.22(4) 2.11(3) 2.19(3) 2.14(4) 2.23(4) 2.21(4) 2.24(4) 2.00(4) 227(3)  2376(10)  2.355(10)
04" 2.840(13)  2.91(4) 2.92(4) 2.94(4) 2.91(4) 2.97(4) 2.94(4) 2.95(5) 2.91(5) 2.91(5) 2.92(5) 3.10(5) 2.89(3)  2791(11)  2.804(10)
OB1 2.33(2)  2.372(17) 2.366(17)  2.42(2) 2.50(2) 2.38(2) 2.29(2) 2.22(2)
0B2 219(2)  2.121(14) 2.101(13) 2.076(14) 2.084(15)  2.045(14) 2.32(4) 2.32(2)
OB'(2) 2.783(18)  2.68(2) 2.65(2) 2.54(2) 2.55(2) 2.88(3)  2.926(15)
0B" (2) 2.79(2) 2.66(3) 2.68(3) 2.58(3) 2.60(3) 2.73(3)  2.897(17)
OB
(z+1/2) 2.59(2) 2.49(2) 2.39(2) 2.72(3) 2.65(2) 2.09(3) 2.64(2)
<M2-O> 2.552(12)  2.56(4) 2.55(4) 2.55(4) 2.53(4) 2.52(3) 2.53(3) 2.54(4) 2.53(4) 2.53(4) 2.49(4) 2.47(4) 2.54(3) 2555(9)  2.546(9)
S-0B1 1.45(2)  1.453(13) 1.452(14) 1.453(15) 1.455(15)  1.455(15) 1.46(3) 1.46(3)
S-0B2 1.36(3) 1.351(7)  1.351(7)  1.351(8)  1.354(9)  1.354(9) 1.46(3) 1.46(2)
S-0A 1.40(2) 1.40(2) 1.40(2) 1.40(2) 1.40(2) 1.40(4) 1.39(3)
S-OB 1.403(9)  1.400(9)  1.393(8)  1.404(9)  1.398(9)  1.398(17)  1.376(9)

(02-02)ssrro001] 4.059(9)  4.108(12) 4.090(12) 4.030(14) 3.999(13) 3.946(14) 3.974(14) 3.923(16) 3.859(16) 3.850(16) 3.761(17)  3.47(2)  4.104(14)  4.064(4)  4.034(4)
(02-02)cw 8.712(17)  8.623(14) 8.597(14) 8.616(16) 8.603(17) 8.590(16) 8.543(13) 8.504(16) 8.526(16) 8.483(17) 8.510(17) 8.688(18) 8.567(14)  8.702(7)  8.693(7)
02-02-02 88.1(3) 89.4(3) 89.2(3) 88.1(3) 87.6(3) 86.7(3) 87.5(3) 86.8(3) 85.4(3) 85.5(3) 83.4(3) 77.7(5) 89.8(3) 88.4(1) 87.8(1)

(01-O1)12r* 8.943(7)  8.978(13) 8.913(14) 8.874(15) 8.816(15) 8.768(14) 8.737(15) 8.596(13) 8.506(15) 8.449(15) 8.260(16)  8.18(2)  8.894(14)  8.930(5)  8.852(5)
(03-Od)12r 8.750(8)  8.725(17) 8.695(18) 8.670(18) 8.642(18) 8.558(16) 8.594(17) 8.513(15) 8.493(17) 8.473(18)  8.43(2)  8.916(16) 8.656(15)  8.726(7)  8.715(6)
(03-04)sar 4.025(12)  4.01(2) 3.99(3) 3.98(2) 3.96(2) 3.98(2) 3.93(2) 3.92(2) 3.90(2) 3.87(3) 3.84(3) 3.71(3) 4.02(2)  4.042(10)  4.015(10)

1 (01-04-03) 91.7(3) 87.4(5) 85.9(5) 84.8(5) 84.4(5) 82.2(5) 81.5(5)8 78.8(4) 77.7(5) 77.1(5) 75.4(5) 72.2(7) 86.2(5) 92.2(2) 90.5(2)

$2 (01-03-04) 91.8(3) 87.6(6) 86.1(5) 85.2(5) 84.6(5) 81.6(5) 81.1(5) 77.6(5) 76.8(5) 76.1(5) 75.9(6) 71.0(7) 85.9(5) 91.9(2) 90.3(2)

$3 (04-03-01) 152.5(4)  150.4(6)  151.6(6)  153.2(5)  153.4(6)  155.9(6)  157.0(5)  157.3(5)  159.8(5)  159.8(5)  160.9(6)  160.4(10)  152.6(6)  146.8(2)  148.0(2)

$4 (03-04-01) 152.5(4)  151.4(6)  152.8(6)  153.1(5)  153.7(6)  156.3(6)  155.6(5)  160.4(5)  160.1(5)  160.8(6)  160.1(6)  164.7(10)  152.0(5)  146.8(2)  148.5(2)
03-04-03 152.5(4)  1475(5)  146.2(5)  145.1(5)  144.8(5)  1415(5)  141.5(5)  137.7(4)  136.0(4) 135(5) 135.3(5)  129.9(10)  146.5(5)  152.6(2)  151.2(2)
Qssra0001] 10.2(2) 9.0(2) 9.3(2) 10.0(3) 10.3(3) 10.8(3) 10.5(2) 11.4(3) 12.4(3) 12.7(3) 14.4(3) 17.5(4) 9.2(2) 10.2(1) 10.8(1)
Az, corrugation 1.039(4)  1.017(5)  0.927(6)  0.902(6)  0.903(6)  0.820(5)  0.849(5)  0.772(4)  0.778(4)  0.703(5)  0.668(4)  0.602(7)  0.927(5)  1.013(2)  0.986(2)
Ven 320.2(6)  318.6(11) 313.6(12) 309.9(12) 305.3(12) 298.5(10) 298.0(11) 287.6(10) 282.3(11) 278.2(11) 268.8(12) 278.5(12) 311.5(11) 319.7(5)  314.6(4)

Veg 210.2(7)  203.8(7)  201.9(7)  200.1(7)  198.1(7)  195.4(6)  193.8(7)  190.8(7)  189.4(7)  186.8(7)  185.5(7)  171.2(8)  212.1(6)  208.5(3)  206.6(2)

*(01-O1)eh is calculated as the projection onto the (0001) plane of the O1-O1 distance, as the involved O1 atoms are shifted along [0001] of 1/2*z.

** Parameters from the structure refinement based on the data collected at room-P after the HP-experiment
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Table 6.1 Details about the data collection protocol, unit-cell parameters and structure refinements of
balliranoite at different temperatures.

T (K) 293 250 220 180 140 108
(To) (Ta) (T2) (T3) (Ta) (Ts)
a(h) 12.6701 (3) 12.6556 (4) 12.6560(3) 12.6516 (3) 12.6383(4) 12.6369 (4)
c(®) 5.3178 (1) 5.3123 (2) 5.3102 (1) 5.3048(1) 5.3020 (1) 5.3017 (2)
V (R3) 739.30 (3) 736.85(4) 736.6 (3) 735.34 (3) 733.41 (3) 733.21 (4)
Maximum 20 (°) 77.35 77.45 77.70 77.74 77.46 77.58
-17sh =21 -15< h £22 -21sh =21 -21sh <21 -14< h £22 -19< h £22
-21<k =21 -21< k 22 -22<k £16 -22<k =21 -21< k 22 -22<k =21
-9< =9 -8<1=9 -9< =9 -8<1=9 -8<1=9 -721=9
Measured reflections 11535 11622 11596 11532 11806 10075
Unique reflections 2727 2718 2721 2612 2707 2640
Unique reflections with 2544 2559 2588 2486 2593 2545
Fo > 4a(Fo)
Rint 0.0287 0.0280 0.0259 0.0258 0.0311 0.0274
Number of I.s. 105 100 100 100 100 100
parameters
R1, Fo > 40(Fo) 0.0301 0.0298 0.0281 0.0298 0.0295 0.0287
Ri, all data 0.0333 0.0328 0.0305 0.0323 0.0316 0.0301
wR2 0.0587 0.0592 0.0551 0.0577 0.0609 0.0583
Residues (eA3) +0.98/-0.57  +0.98/-0.59  +0.99/-0.60  +1.10/-0.62  +1.22/-0.57  +1.04/-0.66

A MoKa; w-scan type; step scan = 1°; exposure time = 30 s; space group: P63; Z=1

Rint = Z|F20bs - (mean)|/Z[F20bs]

R1 = Z”Fobsl — |Fcalc”/z|Fobs|;WR2 = {Z[W(onbs - cma|c)2]/Z[W(F20bs)2]}0'5, W= 1/[02(F20bs) + (OOlP)Z], P= [MaX(onbS,O) +
Z'cmalc]/?).
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Table 6.2 Chemical analysis of balliranoite (in wt%) and atoms per formula unit, based on (Si + Al = 12),
averaged from 7 points

SiO2 33.21
Al203 28.52
CaO 14.86
Na20 12.83
K20 0.46
SOs3 2.43
Cl 6.67
CO28 3.20
o=C_l -1.50
Total 100.68
Number of atoms per formula unit on the basis
(Si+Al=12)

Si 5.964
Al 6.036
Ca 2.859
Na 4.466
K 0.105
C 0.780
S 0.328
Cl 2.029
Si/Al 0.988

Scalculated from charge balance
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Table 6.3 Atomic fractional coordinates, site occupancy factors (sof) and isotropic/equivalent atomic
displacement parameters (A2) of balliranoite at different temperatures

Atom site T (K) sof X y z Ueq\Uiso
Si 293 1.0 0.32740(3) 0.40809(3) 0.75637(7) 0.00773(6)
250 1.0 0.32726(3) 0.40797(3) 0.75690(7) 0.00664(6)
220 1.0 0.32716(2) 0.40787(3) 0.75812(7) 0.00634(5)
180 1.0 0.32712(3) 0.40783(3) 0.75763(7) 0.00565(6)
140 1.0 0.32705(3) 0.40777(3) 0.75793(7) 0.00524(6)
108 1.0 0.32698(3) 0.40771(3) 0.75823(7) 0.00485(6)
Al 203 1.0 0.06954(3) 0.40823(3) 0.75770(8) 0.00798(6)
250 1.0 0.06953(3) 0.40816(3) 0.75836(8) 0.00687(6)
220 1.0 0.06949(3) 0.40804(3) 0.75961(8) 0.00665(6)
180 1.0 0.06945(3) 0.40798(3) 0.75913(8) 0.00593(6)
140 1.0 0.06949(3) 0.40794(3) 0.75949(8) 0.00542(6)
108 1.0 0.06944(3) 0.40786(3) 0.75990(8) 0.00506(6)
o1 293 1.0 0.21314(7) 0.42773(9) 0.7055(2) 0.0182(2)
250 1.0 0.21313(8) 0.42759(9) 0.7037(2) 0.0161(2)
220 1.0 0.21304(7) 0.42756(8) 0.7035(2) 0.0154(2)
180 1.0 0.21310(8) 0.42746(9) 0.7011(2) 0.0138(2)
140 1.0 0.21297(8) 0.42739(9) 0.7002(2) 0.0130(2)
108 1.0 0.21291(8) 0.42725(9) 0.6995(2) 0.0122(2)
02 203 1.0 0.09945(8) 0.55664(7) 0.7464(2) 0.0157(2)
250 1.0 0.09935(8) 0.55661(7) 0.7463(2) 0.0140(2)
220 1.0 0.09939(7) 0.55664(7) 0.7472(2) 0.0130(2)
180 1.0 0.09943(8) 0.55663(7) 0.7465(2) 0.0117(2)
140 1.0 0.09931(8) 0.55667(7) 0.7465(2) 0.0104(2)
108 1.0 0.09930(8) 0.55659(7) 0.7467(2) 0.0096(2)
03 203 1.0 0.01004(8) 0.32993(9) 0.0384(2) 0.0154(2)
250 1.0 0.01093(9) 0.33024(9) 0.0401(2) 0.0134(2)
220 1.0 0.01136(8) 0.33036(8) 0.0418(2) 0.0127(2)
180 1.0 0.01197(8) 0.33057(9) 0.0421(2) 0.0115(2)
140 1.0 0.01243(8) 0.33067(9) 0.0431(2) 0.0104(2)
108 1.0 0.01243(8) 0.33067(9) 0.0431(2) 0.0096(2)
04 203 1.0 0.31266(9) 0.33947(8) 0.0214(2) 0.0147(2)
250 1.0 0.31216(9) 0.33995(9) 0.0232(2) 0.0126(2)
220 1.0 0.31173(8) 0.33992(8) 0.0251(2) 0.0120(2)
180 1.0 0.31142(8) 0.34022(9) 0.0252(2) 0.0108(2)
140 1.0 0.31103(9) 0.34031(9) 0.0262(2) 0.0099(2)
108 1.0 0.31075(9) 0.34040(9) 0.0269(2) 0.0090(2)

261



Appendix

Ca

Cl

M1

M2

C1

05

Cc2

293
250
220
180
140
108

293
250
220
180
140
108

293
250
220
180
140
108

293
250
220
180
140
108

293
250
220
180
140
108

293
250
220
180
140
108

293
250
220
180
140

1.0
1.0
1.0
1.0
1.0
1.0

1.0
1.0
1.0
1.0
1.0
1.0

0.859(4)
0.854(4)
0.851(3)
0.850(4)
0.850(4)
0.859(4)

0.158(4)
0.160(4)
0.163(3)
0.160(4)
0.160(4)
0.155(4)

0.49(6)
0.49
0.49
0.49
0.49
0.49

0.544(4)
0.544
0.544
0.544
0.544
0.544

0.24(2)
0.24
0.24
0.24
0.24

1/3
1/3
1/3
1/3
1/3
1/3

0.3118(5)
0.3134(6)
0.350(3)
0.339(4)
0.340(2)
0.3168(5)

0.12142(6)
0.12134(7)
0.12131(6)
0.12136(7)
0.12134(7)
0.12150(7)

0.1530(4)
0.1519(4)
0.1511(4)
0.1493(4)
0.1500(4)
0.1495(4)

O O O o o o

-0.0618(3)
-0.0616(3)
-0.0614(2)
-0.0617(2)
-0.0618(2)
-0.0615(2)

O O O O o
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213
213
213
213
213
213

0.657(2)
0.658(2)
0.664(4)
0.6852(5)
0.656(2)
0.657(2)

0.24909(9)
0.2490(1)
0.24892(9)
0.2488(1)
0.2489(1)
0.2490(1)

0.3130(6)
0.3105(6)
0.3087(5)
0.3066(6)
0.3071(6)
0.3067(6)

O O O O o o

0.0561(3)
0.0565(3)
0.0563(2)
0.0565(2)
0.0560(2)
0.0563(2)

O O O O ©o

0.70754(8)

0.70540(8)
0.70518(7)
0.70301(9)
0.70195(8)
0.70123(8)

0.2105(2)
0.2085(2)
0.2081(2)
0.2062(2)
0.2054(2)
0.2044(2)

0.2994(2)
0.3014(2)
0.3032(2)
0.3036(2)
0.3044(2)
0.3049(1)

0.283(1)
0.2848(9)
0.2866(9)
0.2872(9)
0.2882(9)
0.2898(8)

0.159(2)
0.164(2)
0.164(2)
0.165(2)
0.166(2)
0.166(2)

0.163(1)
0.166(1)
0.1662(9)
0.1649(9)
0.1678(9)
0.1683(9)

0.400(5)
0.412(4)
0.411(4)
0.414(4)
0.418(4)

0.01387(8)
0.01194(8)
0.01133(7)
0.00986(7)
0.00892(7)
0.00815(7)

0.057(1)
0.052(1)
0.045(2)
0.043(2)
0.040(1)
0.037(1)

0.0230(3)
0.0199(2)
0.0185(2)
0.0165(2)
0.0148(2)
0.0141(2)

0.026(1)
0.021(1)
0.021(1)
0.019(1)
0.017(1)
0.014(1)

0.045(4)
0.042(2)
0.040(2)
0.039(2)
0.037(2)
0.035(2)

0.054(2)
0.0504(9)
0.0492(8)
0.0456(8)
0.0437(8)
0.0429(8)

0.053(8)
0.049(4)
0.047(4)
0.045(4)
0.044(4)
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108 0.24 0 0 0.418(4) 0.045(4)
06 293 0.134(5) -0.0571(11) 0.0585(11) 0.365(4) 0.054(2)
250 0.134 -0.0576(11) 0.0569(11) 0.363(4) 0.0504(9)
220 0.134 -0.0592(10) 0.0568(10) 0.362(4) 0.0492(8)
180 0.134 -0.0595(10) 0.0565(10) 0.359(4) 0.0456(8)
140 0.134 -0.0572(10) 0.0587(10) 0.364(4) 0.0437(8)
108 0.134 -0.0586(10) 0.0573(10) 0.364(4) 0.0429(8)
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Table 6.4 Site anisotropic displacement parameters (A2) of balliranoite at different temperatures

To (298 K)
Atom site Un1 U2z Uss U1z Uis Uzs

Si 0.0072(1) 0.0088(1) 0.0078(1) 0.00445(9) 0.0005(1) 0.0009(1)
Al 0.0075(1) 0.0087(1) 0.0081(1) 0.0043(1) 0.0002(1) 0.0005(1)
o1 0.0119(4) 0.0240(4) 0.0232(6) 0.0123(3) 0.0036(3) 0.0087(4)
02 0.0181(4) 0.0110(3) 0.0197(5) 0.0087(3) 0.0006(4) 0.0000(3)
03 0.0183(4) 0.0187(4) 0.0112(5) 0.0108(4) 0.0056(3) 0.0049(3)
04 0.0165(4) 0.0170(4) 0.0104(4) 0.0082(3) -0.0012(3) 0.0037(3)
Ca 0.0137(1) 0.0137(2) 0.0143(2) 0.00684(5) 0 0
Cl 0.053(2) 0.096(2) 0.0118(4) 0.031(2) -0.001(1) 0.010(3)
M1 0.0129(3) 0.0281(6) 0.0335(5) 0.0144(3) -0.0017(3) -0.0026(3)
05 0.033(1) 0.031(1) 0.108(3) 0.023(1) -0.008(2) 0.002(2)
06 0.033(4) 0.031(2) 0.108(1) 0.023(2) -0.008(2) 0.002(3)
C1 0.018(2) 0.018(2) 0.10(2) 0.009(2) 0 0
c2 0.044(7) 0.044(7) 0.07(2) 0.022(3) 0 0

T1 (250 K)
Si 0.0059(1) 0.0074(1) 0.0072(1) 0.0038(1) 0.0004(1) 0.0009(1)
Al 0.0063(1) 0.0074(1) 0.0073(1) 0.0037(1) 0.0002(1) 0.0004(1)
o1 0.0100(4) 0.0209(4) 0.0215(5) 0.0107(3) 0.0035(3) 0.0082(4)
02 0.0157(4) 0.0095(3) 0.0175(4) 0.0075(3) 0.0008(4) 0.0001(3)
03 0.0154(4) 0.0158(4) 0.0105(4) 0.0090(4) 0.0048(3) 0.0044(3)
04 0.0143(4) 0.0147(4) 0.0092(4) 0.0076(4) -0.0008(3) 0.0036(3)
Ca 0.0113(1) 0.0113(1) 0.0133(2) 0.00563(5) 0 0
Cl 0.048(2) 0.090(3) 0.0106(4) 0.029(2) -0.001(1) 0.008(4)
M1 0.0101(3) 0.0241(5) 0.0307(4) 0.0124(3) -0.0018(3) -0.0022(3)
05 0.026(1) 0.025(12) 0.107(3) 0.0175(9) -0.006(2) 0.003(2)
06 0.026(1) 0.025(1) 0.107(3) 0.0175(9) -0.006(2) 0.003(2)
C1 0.016(2) 0.016(2) 0.093(7) 0.0079(8) 0 0
Cc2 0.040(6) 0.040(6) 0.07(2) 0.020(3) 0 0

T2 (220 K)
Si 0.0056(1) 0.0071(1) 0.0070(1) 0.00362(9) 0.0005(1) 0.0009(1)
Al 0.0061(1) 0.0070(1) 0.0072(1) 0.0035(1) 0.0000(1) 0.0004(1)
o1 0.0095(3) 0.0202(4) 0.0200(5) 0.0101(3) 0.0029(3) 0.0078(3)
02 0.0150(3) 0.0087(3) 0.0167(4) 0.0070(3) 0.0006(3) -0.0002(3)
03 0.0145(4) 0.0155(4) 0.0096(4) 0.0087(3) 0.0045(3) 0.0041(3)
04 0.0135(4) 0.0143(4) 0.0089(4) 0.0074(3) -0.0004(3) 0.0035(3)
Ca 0.01065(9) 0.01065(9) 0.0127(2) 0.0053(5) 0 0
Cl 0.074(7) 0.071(4) 0.0096(3) 0.051(6) 0.002(2) 0.001(3)
M1 0.0092(3) 0.0229(5) 0.0285(4) 0.0118(3) -0.0017(2) -0.0019(3)
05 0.0249(9) 0.0251(9) 0.104(3) 0.0171(8) -0.006(2) 0.003(2)
06 0.0249(9) 0.0251(9) 0.104(3) 0.0171(8) -0.006(2) 0.003(2)
C1 0.016(2) 0.016(2) 0.086(6) 0.0082(8) 0 0
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c2 0.030(4) 0.030(4) 0.08(1) 0.015(2) 0 0

Ts (180 K)
Si 0.0052(1) 0.0065(1) 0.0060(1) 0.0035(1) 0.0004(1) 0.0009(1)
Al 0.0054(1) 0.0063(1) 0.0063(1) 0.0031(1) -0.0000(1) 0.0002(1)
o1 0.0084(3) 0.0179(4) 0.0185(4) 0.0092(3) 0.0029(3) 0.0075(3)
02 0.0135(4) 0.0081(3) 0.0149(4) 0.0066(3) 0.0006(3) -0.0002(3)
03 0.0127(4) 0.0145(4) 0.0085(4) 0.0077(3) 0.0040(3) 0.0038(3)
04 0.0125(4) 0.0130(4) 0.0078(4) 0.0070(3) -0.0004(3) 0.0030(3)
Ca 0.0093(1) 0.0093(1) 0.0109(2) 0.00466(5) 0 0
cl 0.069(4) 0.038(1) 0.0078(3) 0.0150(14) 0.000(3) 0.0016(7)
M1 0.0077(3) 0.0204(5) 0.0261(4) 0.0106(3) -0.0015(2) -0.0018(3)
05 0.0216(9) 0.0206(9) 0.099(3) 0.0138(9) -0.005(2) 0.003(2)
06 0.0216(9) 0.0206(9) 0.099(3) 0.0138(9) -0.005(2) 0.003(2)
c1 0.014(2) 0.014(2) 0.089(6) 0.0069(7) 0 0
c2 0.034(5) 0.034(5) 0.07(1) 0.017(2) 0 0

T4 (140 K)
Si 0.0048(1) 0.0062(1) 0.0055(1) 0.0032(1) 0.0004(1) 0.0010(1)
Al 0.0050(1) 0.00589(1) 0.0056(1) 0.0029(1) 0.0000(1) 0.0002(1)
o1 0.0081(4) 0.0171(4) 0.0169(4) 0.0087(3) 0.0029(3) 0.0072(3)
02 0.0120(4) 0.0073(3) 0.0129(4) 0.0056(3) 0.0005(3) -0.0001(3)
03 0.0112(4) 0.0127(4) 0.0078(4) 0.0064(3) 0.0035(3) 0.0036(3)
04 0.0111(4) 0.0118(4) 0.0073(4) 0.0061(3) -0.0002(3) 0.0027(3)
Ca 0.0084(1) 0.0084(1) 0.0100(2) 0.00419(5) 0 0
cl 0.073(2) 0.064(2) 0.0073(3) 0.053(2) -0.004(5) -0.005(4)
M1 0.0066(3) 0.0194(5) 0.0231(4) 0.0100(3) -0.0016(2) -0.0021(3)
05 0.020(1) 0.0202(9) 0.096(2) 0.0139(9) -0.005(2) 0.003(2)
06 0.020(1) 0.0202(9) 0.096(2) 0.0139(9) -0.005(2) 0.003(2)
c1 0.013(2) 0.013(2) 0.086(6) 0.0065(8) 0 0
c2 0.030(5) 0.030(5) 0.07(1) 0.015(2) 0 0

Ts (108 K)
Si 0.0045(1) 0.0057(1) 0.0050(1) 0.0030(1) 0.0004(1) 0.0008(1)
Al 0.0046(1) 0.0056(1) 0.0053(1) 0.0027(1) 0.0001(1) 0.0002(1)
o1 0.0078(4) 0.0162(4) 0.0153(4) 0.0082(3) 0.0025(3) 0.0068(3)
02 0.0109(4) 0.0070(3) 0.0119(4) 0.0052(3) 0.0011(3) 0.0003(3)
03 0.0106(4) 0.0120(4) 0.0071(4) 0.0061(3) 0.0033(3) 0.0031(3)
04 0.0103(4) 0.0110(4) 0.0067(4) 0.0060(3) -0.0001(3) 0.0025(3)
Ca 0.0076(1) 0.0076(1) 0.0092(2) 0.00382(5) 0 0
cl 0.029(1) 0.069(3) 0.0069(3) 0.019(1) -0.0017(9) -0.008(3)
M1 0.0060(3) 0.0190(5) 0.0222(4) 0.0098(3) -0.0017(2) -0.0021(3)
05 0.018(1) 0.0186(9) 0.096(2) 0.0124(8) -0.007(2) 0.002(2)
06 0.018(1) 0.0186(9) 0.096(2) 0.0124(8) -0.007(2) 0.002(2)
c1 0.012(2) 0.012(2) 0.082(6) 0.0061(8) 0 0
c2 0.029(5) 0.029(5) 0.08(1) 0.014(2) 0 0
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Table 6.5 Relevant bond distances (A), diameters (A), angles (°), S6RO[0001] ditrigonal rotation angle
assrojooo] (°), hexagonal layers corrugation Az (A) and cage/channel-volumes (A3) of balliranoite at different
temperatures.

T 293 K 250 K 220K 180 K 140 K 108 K
(To) (Ty) (T2) (Ts) (Ta) (Ts)

Si- o1 1.6098(8) 1.6083(9) 1.6101(8) 1.6079(8) 1.6098(9) 1.6099(9)
02 1.6022(8) 1.6017(9) 1.6029(8) 1.6035(8) 1.6012(9) 1.6028(9)
03 1.6213(9) 1.6213(9) 1.6224(9) 1.6225(9) 1.6221(9) 1.6222(9)
04 1617(1)  16167(9) 1.6184(9) 16176(9) 1.6184(9)  1.6186(9)
<Si-0> 16126(9)  1.6120(9)  1.6135(8)  1.6129(9)  1.6129(9)  1.6134(9)
Al- o1 1.7318(9) 1.7323(9) 1.7326(8) 1.7350(9) 1.7325(9) 1.7336(9)
02 1.7235(8) 1.7226(9) 1.7243(8) 1.7240(8) 1.7239(9) 1.7235(9)

03 1.742(1) 1741(1)  1.7406(9)  1.741(1) 1.741(1) 1.741(1)

04 1.748(1) 1749(1)  1.7488(9)  1.7488(9)  1.7489(9)  1.750(1)

<Al-O> 17363(9)  1.736(1)  1.7366(9)  1.7371(9)  1.7366(9)  1.737(1)
Si-01-Al 155.98(8)  155.27(8)  154.81(7)  154.32(8)  153.92(8)  153.65(8)
Si-02-Al 161.28(6) 161.28(7) 161.21(6) 161.17(6) 161.23(7) 161.21(7)
Si-03-Al 136.44(6) 136.13(6) 135.98(6) 135.70(6) 135.51(6) 135.40(6)
Si-04-Al 137.33(7)  137.09(6)  136.84(6)  136.65(6)  136.42(6)  136.29(7)
Ca- O1(x3)  2.6218(9)  2.620(1)  2.6207(9)  2.6209(9)  2.619(1)  2.620(1)
02(x3) 2.5761(8) 2.5752(9) 2.5753(8) 2.5746(9) 2.5738(9) 2.5741(9)

cr 2.654(1) 2.649(1) 2.650(2) 2.644(2) 2.640(1) 2.640(1)

cI 2.685(1) 2.681(1) 2.681(2) 2.677(2) 2.676(1) 2.674(1)

M1 o1 2.917(1) 2.898(1)  2.890(1)  2.877(1)  2.867(1)  2.860(1)
03’ 2.532(1) 2525(1)  2522(1)  2519(1)  2511(1)  2.509(1)

03" 2.652(1) 2.653(1)  2.654(1) 2655(1)  2.655(1)  2.654(1)

o4’ 2.568(1) 2562(1)  2.557(1) 2553(1)  2.547(1)  2.543(1)

04" 2.661(1) 2.664(1) 2.665(1) 2.669(1) 2.668(1) 2.671(1)

os' 2.493(4) 2485(3)  2.486(3)  2.488(3)  2486(3)  2.484(3)

05" 2.411(5) 2.408(5)  2.405(4)  2.392(4)  2.403(4)  2.403(4)

05" 2.460(3) 2459(3)  2.461(3)  2.460(3)  2453(3)  2.456(3)

o6’ 2.37(2) 2.38(1) 2.38(1) 2.38(1) 2.36(1) 2.37(1)

06" 2.74(2) 2.76(2) 2.76(2) 2.78(2) 2.75(2) 2.75(2)

06" 2.42(1) 2.40(2) 2.40(1) 2.38(1) 2.41(1) 2.39(1)

<M1-Or> 2.666(1) 2660(1)  2.658(1)  2.655(1)  2.650(1)  2.647(1)
<M1-Ocos> 2.48(1) 2.48(1) 2481(9)  2.480(9)  2476(9)  2.476(9)
M2 o1 2.575(6) 2569(5)  2.569(5) 2565(5)  2.551(5)  2.542(5)
o3 2.325(5) 2.320(4) 2.318(4) 2.309(4) 2.306(4) 2.305(4)

03" 2.585(5) 2.587(4) 2.590(4) 2.600(4) 2.596(4) 2.597(4)

o4 2.337(5) 2.329(5)  2.327(4)  2.333(4)  2.322(4)  2.325(4)
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04"
<M2-Osr>

M1 - M2

C1-05
C2-06
Cl-C2

02-02s6r0j0001]
02-02cw
02-02-02
*O1-O112r
03-O412r
03-O4s4r
¢1 (01-04-03)
¢ 2 (01-03-04)
¢ 3 (04-03-01)
¢ 4 (03-04-01)
03-04-03

QAS6RO0001]
Az

ch
Vch

2.605(5)
2.485(5)

0.707(6)

1.294(3)
1.28(1)
3.94(3)

4.448(2)
8.227(1)
101.06(4)
9.387(1)
8.251(2)
4.427(1)
137.55(5)
137.40(5)
101.47(5)
101.43(4)
162.68(5)

1.02(3)
1.197(2)

207.24(8)
324.8(1)

2.613(4)
2.484(4)

0.679(5)

1.295(3)
1.28(1)
3.97(2)

4.444(2)
8.215(1)
101.12(3)
9.373(2)
8.239(2)
4.424(1)
138.43(4)
138.28(4)
100.60(4)
100.56(4)
161.81(4)

1.03(3)
1.186(2)

206.7(1)
323.5(2)

2.615(4)
2.484(4)

0.661(5)

1.291(2)
1.30(1)
3.97(2)

4.444(2)
8.2162(9)
101.07(3)
9.372(2)
8.235(2)
4.430(1)
138.84(4)
138.69(4)
100.15(4)
100.12(4)
161.43(4)

1.04(3)
1.180(2)

206.68(9)
323.2(2)

2.611(4)
2.484(4)

0.639(5)

1.295(3)
1.30(1)
3.97(2)

4.442(2)
8.214(1)
101.02(3)
9.367(2)
8.231(2)
4.428(1)
139.44(4)
139.27(4)
99.53(4)
99.49(4)
160.85(4)

1.07(3)
1.174(2)

206.39(9)
322.6(2)

2.616(4)
2.478(4)

0.643(5)

1.290(3)
1.30(1)
3.99(2)

4.439(2)
8.203(1)
101.11(3)
9.356(2)
8.219(2)
4.427(1)
139.89(4)
139.75(4)
99.09(4)
99.06(4)
160.43(4)

1.06(6)
1.168(2)

205.9(1)
321.5(2)

2.613(4)
2.476(4)

0.636(5)

1.289(3)
1.30(1)
3.99(2)

4.439(2)
8.202(1)
101.12(3)
9.352(6)
8.215(2)
4.429(1)
140.20(4)
140.02(4)
98.81(4)
98.77(4)
160.18(4)

1.08(3)
1.165(2)

206.0(1)
321.2(2)

*(O1-O1)cn is calculated as the projection onto the (0001) plane
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Table 6.6 Unit-cell parameters of balliranoite at different pressures measured using a KUMA KM4 point-
detector diffractometer

P (GPa) a(h) c (A V (A?)
0.0001* 12.652(9) 5.304(3) 735(1)
0.14(2) 12.640(7) 5.298(3) 733(1)
0.85(3) 12.594(9) 5.268(3) 724(1)
1.21(2) 12.566(10) 5.255(4) 719(2)
1.41(3) 12.549(11) 5.248(4) 716(2)
1.73(3) 12.530(10) 5.233(3) 712(2)
2.00(4) 12.508(9) 5.223(2) 708(1)
2.36(4) 12.486(10) 5.210(3) 703(2)
2.62(4) 12.471(9) 5.199(2) 700(1)
3.12(3) 12.436(11) 5.183(3) 694(2)
3.24(4) 12.431(10) 5.179(3) 693(2)
3.80(5) 12.396(10) 5.160(3) 687(2)
4.14(5) 12.374(12) 5.146(3) 682(2)
4.60(5) 12.351(12) 5.131(3) 678(2)
4.95(3) 12.324(11) 5.120(3) 673(2)
5.40(4) 12.304(9) 5.108(2) 670(1)
5.74(6) 12.290(10) 5.097(3) 667(1)
5.95(4) 12.279(11) 5.090(3) 665(2)
6.22(3) 12.265(10) 5.085(3) 662(1)
6.57(2) 12.252(9) 5.075(2) 660(1)
6.77(2) 12.241(10) 5.070(3) 658(1)

*With the crystal in the DAC without P-medium
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Table 6.7 Details pertaining to the intensity data collections, unit-cell parameters and structure refinements of balliranoite at different pressures

P (GPa) 0.0001 0.0001 0.85(3) 1.73(3) 2.62(4) 3.80(5) 4.95(3) 5.95(4) 6.77(2)
(Po-AIR) (Po-pac) (P1) (P2) (P3) (P4) (Ps) (Ps) (P7)
Scan width (°/frame) 1 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
a(A) 12.680(1) 12.669(3) 12.594(5) 12.558(3) 12.502(3) 12.426(3) 12.360(4) 12.289(4) 12.277(3)
c(A) 5.3141(5) 5.3171(9) 5.284(1)  5.2518(8) 5.2199(9) 5.1780(8) 5.1348(9) 5.100(1)  5.095(1)
V (A3 739.9(1)  739.1(4)  725.6(6) 717.3(4)  706.6(4)  692.4(4)  679.4(5) 667.1(5)  665.1(4)
Maximum 26 (°) 72.61 61.01 60.64 60.98 60.97 61.01 60.95 60.75 60.82
Measured reflections 19175 3350 3300 3323 3378 3147 3183 3105 3072
Unique reflections 2085 973 964 974 952 930 903 894 884
Unique reflections with Fo > 40(Fo) 1405 444 459 495 516 488 488 460 414
Rint 0.0621 0.0859 0.0811 0.0874 0.0766 0.0858 0.1007 0.1241 0.0963
Number of I.s. parameters 103 43 43 43 43 43 43 43 43
R1, Fo > 40(Fo) 0.0447 0.0517 0.0574 0.0556 0.0536 0.0571 0.0621 0.0729 0.0600
R, all data 0.0947 0.1236 0.1217 0.1141 0.1024 0.1110 0.1196 0.1411 0.1333
wR? 0.0450 0.0682 0.0705 0.0724 0.0724 0.0698 0.0772 0.0971 0.0785
Residuals (e A%) +0.83/ +0.93/ +0.71/ +0.58/ +0.67/ +0.63/ +1.06/ +1.18/ +0.93/
-0.67 -0.90 -0.71 -0.61 -0.71 -0.77 -0.77 -1.04 -0.91

A Moka; w/ @-scan type; Exposure time: 60 s; Space group: P63; Z=1

Rint = Z|F?obs — (Mean)|/Z[F?obs]; R1 = Z||Fobs| — |Fealc||/Z|Fobs|; WR2 = {Z[W(F?obs — F2calc) 2/ Z[W(F20bs)?]}°®, W = 1/[0?(F?obs) + (0.01:-P)?], P = [Max (F?obs, 0) + 2-F?cac]/3.
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Table 6.8 Atomic fractional coordinates, site occupancy factors (sof) and isotropic/equivalent atomic
displacement parameters (A2) of balliranoite at different pressures.

Site occupancy factors at  Po-AIR

Site Occ. Site Occ. Site Ocec.
Si 1.0 04 1.0 C1 0.56(1)
Al 1.0 Ca 1.0 05 0.575(8)
o1 1.0 Cl 1/3 Cc2 0.22(2)
02 1.0 M1 0.881(6) 06 0.165(9)
03 1.0 M2 0.160(6)

Site fractional coordinates
P (GPa) Site X y z Uiso/ Ueq

0.0001 Si 0.32757(5) 0.40840(5) 0.7568(1) 0.0088(1)
(Po-aR) Al 0.06970(5) 0.40846(5) 0.7581(1) 0.0092(1)
01  0.2127(1)  0.4268(1) 0.7068(3) 0.0187(4)
02  0.0998(1)  0.5565(1)  0.7465(4) 0.0169(3)
03  0.0101(1)  0.3312(2) 0.0387(3) 0.0147(5)
04  0.3131(2)  0.3407(2)  0.0214(3) 0.0163(4)
Ca 1/3 213 0.7074(1) 0.0156(2)
cl 0.323(2) 0.683(2)  0.2115(3) 0.051(2)
M1  0.1226(1)  0.2514(2) 0.2987(2) 0.0291(6)
M2  0.1583(7) 0.324(1) 0.281(2) 0.031(2)

c1 0 0 0.148(3)  0.054(4)
c2 0 0 0.396(7)  0.054(4)
O5  -0.0626(5)  0.0548(5)  0.147(2) 0.076(3)
06 -0.062(2) 0.052(2) 0.339(6) 0.076(3)
0.0001 Si 0.3278(2)  0.4085(2)  0.7553(4) 0.0100(3)
(Po-pac) Al 0.0698(2)  0.4091(2)  0.7566(5) 0.0100(3)

O1  0.2145(4)  0.4284(4) 0.7025(7) 0.0170(6)
02  0.1010(3)  0.5575(4)  0.7477(9) 0.0170(6)
O3  0.0120(5)  0.3316(5)  0.0371(6) 0.0170(6)
O4  0.3140(6)  0.3415(5)  0.0221(7) 0.0170(6)
Ca 1/3 2/3 0.7067(3) 0.0160(7)
cl 0.322(1) 0.686(1)  0.2127(6) 0.029(2)
M1  0.1216(3)  0.2499(3)  0.3022(5) 0.029(1)
M2 0.158(2) 0.318(19)  0.267(4)  0.029(1)
c1 0 0 0.170(6)  0.080(5)
c2 0 0 0.42(1)  0.080(5)
O5  -0.0625(8)  0.0557(8)  0.166(2) 0.057(9)
06  -0.0625(8)  0.0557(8)  0.435(7)  0.057(9)

0.85(3) Si 0.3275(2)  0.4084(2)  0.7588(4) 0.0104(3)
(P1) Al 0.0696(2)  0.4085(2)  0.7593(5) 0.0104(3)
01  0.2139(5)  0.4274(4)  0.6963(7) 0.0166(6)

02  0.1006(4)  0.5560(4)  0.7456(8) 0.0166(6)

03  0.0156(5)  0.3315(5)  0.0464(7) 0.0166(6)

04  0.3115(6)  0.3433(5)  0.0289(7) 0.0166(6)

Ca 1/3 213 0.6994(3) 0.0175(7)
cl 0.319(1) 0.687(1)  0.2065(5) 0.020(1)
M1  0.1218(4)  0.2494(4)  0.3083(5) 0.028(1)
M2 0.157(2) 0.318(2) 0.274(4)  0.028(1)
c1 0 0 0.161(5)  0.041(7)
c2 0 0 0.410(8)  0.041(7)

O5  -0.0619(9)  0.0563(9)  0.182(2)  0.068(4)
06  -0.0619(9)  0.0563(9)  0.445(6)  0.068(4)

1.73(3) Si 0.3269(2)  0.4075(2)  0.7622(4) 0.0109(3)
(P2) Al 0.0689(2)  0.4078(2)  0.7630(5) 0.0109(3)
o1 0.2121(5)  0.4255(4)  0.6898(7) 0.0168(6)

02 0.1010(3)  0.5568(4)  0.7461(8) 0.0168(6)
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03 0.0190(5)  0.3333(5)  0.0554(7) 0.0168(6)

04 0.3090(5)  0.3446(5)  0.0379(7) 0.0168(6)

Ca 1/3 2/3 0.6914(3) 0.0187(7)

cl 0.322(1) 0.6885(9)  0.1981(5) 0.023(1)

M1 0.1216(3)  0.2490(3)  0.3167(5) 0.024(1)

M2 0.152(2) 0.306(2) 0.286(3)  0.024(1)

c1 0 0 0.159(5)  0.038(6)

c2 0 0 0.399(8)  0.038(6)

05 -0.0612(9)  0.0564(9)  0.196(2)  0.069(4)

06 -0.0612(9)  0.0564(9)  0.444(6)  0.069(4)

2.62(4) Si 0.3264(2)  0.4071(2)  0.7649(4) 0.0110(3)
(P3) Al 0.0688(2)  0.4072(2)  0.7661(5) 0.0110(3)
o1 0.2103(5)  0.4243(4)  0.6857(7) 0.0171(6)

02 0.1005(4)  0.5577(4)  0.7452(8) 0.0171(6)

03 0.0203(5)  0.3334(5)  0.0615(7) 0.0171(6)

04 0.3071(6)  0.3449(5)  0.0455(7) 0.0171(6)

Ca 1/3 2/3 0.6844(3) 0.0176(7)

cl 0.328(1) 0.6926(8)  0.1920(5) 0.022(1)

M1 0.1217(3)  0.2489(3)  0.3237(5) 0.022(1)

M2 0.148(2) 0.300(2) 0.286(4)  0.022(1)

c1 0 0 0.158(5)  0.042(7)

c2 0 0 0.396(8)  0.042(7)

05 -0.0621(9)  0.0557(9)  0.204(2)  0.061(3)

06 -0.0621(9)  0.0557(9)  0.439(6)  0.061(3)

3.80(5) Si 0.3259(2)  0.4064(2) 0.7677(4) 0.0118(3)
(Pa) Al 0.0693(2)  0.4070(2)  0.7693(5) 0.0118(3)
o1 0.2092(5)  0.4222(4)  0.6813(7) 0.0169(5)

02 0.1010(4)  0.5578(4)  0.7428(7) 0.0169(5)

03 0.0244(4)  0.3357(5)  0.0693(7) 0.0169(5)

04 0.3050(5)  0.3476(5)  0.0536(7) 0.0169(5)

Ca 1/3 2/3 0.6770(3) 0.0194(7)

cl 0.327(1) 0.6928(8)  0.1852(5) 0.022(1)

M1 0.1214(4)  0.2487(3)  0.3307(5) 0.0209(9)

M2 0.143(2) 0.291(2) 0.287(4)  0.0209(9)

c1 0 0 0.170(5)  0.050(7)

c2 0 0 0.443(8)  0.050(7)

05 -0.0624(8)  0.0566(8)  0.214(2)  0.051(3)

06 -0.0624(8)  0.0566(8)  0.404(6)  0.051(3)

4.95(3) Si 0.3253(2)  0.4065(2)  0.7700(5) 0.0091(3)
(Ps) Al 0.0691(2)  0.4068(2)  0.7726(6) 0.0091(3)
o1 0.2086(5)  0.4208(5)  0.6775(8) 0.0137(6)

02 0.0991(4)  0.5561(4)  0.7422(8) 0.0137(6)

03 0.0256(5)  0.3353(5)  0.0751(8) 0.0137(6)

04 0.3030(6)  0.3484(6)  0.0587(8) 0.0137(6)

Ca 1/3 2/3 0.6702(4) 0.0176(7)

cl 0.323(1) 0.691(1)  0.1789(6) 0.021(1)

M1 0.1214(4)  0.2469(3)  0.3366(6) 0.019(1)

M2 0.143(2) 0.289(2) 0.298(4)  0.019(1)

c1 0 0 0.166(5)  0.049(8)

c2 0 0 0.456(8)  0.049(8)

05 -0.0607(9)  0.0584(9)  0.222(2)  0.046(3)

06 -0.0607(9)  0.0584(9)  0.410(7)  0.046(3)

5.95(4) Si 0.3253(2)  0.4061(2)  0.7722(7) 0.0105(4)
(Pe) Al 0.0691(3)  0.4069(3)  0.7733(7) 0.0105(4)
o1 0.2083(6)  0.4200(6)  0.675(1) 0.0121(7)

02 0.1001(5)  0.5575(5)  0.7402(9) 0.0121(7)

03 0.0282(6)  0.3375(6)  0.078(1) 0.0121(7)

04 0.3011(7)  0.3477(6)  0.063(1) 0.0121(7)

Ca 1/3 2/3 0.6648(5) 0.0189(9)

cl 0.326(2) 0.694(1)  0.1753(8) 0.025(2)
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M1 0.1219(6)  0.2475(5)  0.3408(7) 0.020(1)
M2 0.137(3) 0.278(3) 0.288(6)  0.020(1)
c1 0 0 0.187(7)  0.05(1)
c2 0 0 0.45(1)  0.05(1)
05 -0.062(1) 0.059(1) 0.224(2)  0.040(4)
06 -0.062(1) 0.059(1) 0.422(8)  0.040(4)
6.77(2) Si 0.3253(2)  0.4062(2)  0.7730(6) 0.0110(3)
(P7) Al 0.0690(3)  0.4065(2)  0.7762(7) 0.0110(3)
o1 0.2082(5)  0.4198(6)  0.6731(9) 0.0146(7)
02 0.1008(4)  0.5576(5)  0.7376(8) 0.0146(7)
03 0.0296(5)  0.3372(5)  0.0794(9) 0.0146(7)
04 0.3003(6)  0.3490(5)  0.0647(9) 0.0146(7)
Ca 1/3 2/3 0.6620(5) 0.0222(8)
cl 0.319(1) 0.689(1)  0.1738(7) 0.024(2)
M1 0.1208(5)  0.2463(4)  0.3425(6) 0.020(1)
M2 0.139(2) 0.278(2) 0.288(6)  0.020(1)
c1 0 0 0.189(6)  0.06(1)
c2 0 0 0.46(1)  0.06(1)
05 -0.0625(9)  0.0583(9)  0.230(2)  0.046(4)
06 -0.0625(9)  0.0583(9)  0.423(8)  0.046(4)
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Table 6.9 Site anisotropic displacement parameters (A2) of balliranoite at 0.0001 GPa (Po-ar)

To (298 K)
Atom site U11 U2z Uss U1z Uis Uzs

Si 0.0080(2) 0.0103(2) 0.0094(3) 0.0053(2) 0.0005(3) 0.0009(3)
Al 0.0085(3) 0.0098(3) 0.0090(3) 0.0044(2) 0.0002(3) 0.0005(3)
o1 0.0128(7) 0.0253(8) 0.021(1) 0.0120(6) 0.0036(7) 0.0083(7)
02 0.0170(7) 0.0109(6) 0.0232(8) 0.0074(6) -0.0002(8) 0.0006(8)
03 0.0147(8) 0.0177(10) 0.012(2) 0.0083(8) 0.0050(6) 0.0037(6)
04 0.0182(9) 0.0194(9) 0.014(2) 0.0118(8) -0.0023(6) 0.0028(6)
Ca 0.0148(2) 0.0148(2) 0.0172(5) 0.00738(11) 0 0

cl 0.073(4) 0.069(5) 0.0146(7) 0.037(2) -0.017(3) -0.010(3)
M1 0.0178(7) 0.043(2) 0.0353(8) 0.0222(7) -0.0039(5) -0.0051(6)
05 0.044(3) 0.045(3) 0.153(8) 0.032(2) 0.003(3) 0.028(4)

06 0.044(8) 0.045(3) 0.153(3) 0.032(3) 0.003(4) 0.028(8)

Cc1 0.040(4) 0.040(4) 0.083(10) 0.020(2) 0 0

c2 0.040(5) 0.040(5) 0.083(4) 0.020(2) 0 0
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Table 6.10 Relevant bond distances (A), diameters (A), angles (°), S6R[0001] ditrigonal rotation angle
assrojoooy] (°), hexagonal layers “corrugation” Az (A) and cage/channel-volumes (A3) of balliranoite at different
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pressures.
P (GPa) 0.0001 0.85(3) 1.73(3) 2.62(4) 3.80(5) 4.95(3) 4.95(4) 6.77(2)
(Po-pac) (P1) (P2) (P3) (P4) (Ps) (Ps) (P7)
Si- o1 1.602(5) 1.599(6) 1.612(6) 1.624(6) 1.621(5) 1.611(6) 1.609(7)  1.611(6)
02 1598(5) 1.607(5) 1.606(5) 1.591(5) 1.593(5) 1595(5) 1.582(6)  1.584(6)
03 1635(5) 1.637(5) 1.628(5) 1.618(6) 1.616(5) 1.611(6) 1.612(7)  1.624(6)
04 1618(5) 1.607(5) 1.610(5) 1.619(5) 1.614(5) 1.610(5) 1.609(6)  1.607(5)
<Si-O> 1.613(5) 1.613(5) 1.614(5) 1.613(6) 1.611(5) 1.608(6) 1.603(7) 1.607(6)
Al- o1 1.748(5) 1.743(6) 1.742(6) 1.724(6) 1713(5) 1.715(6) 1.712(7) 1.716(6)
02 1718(5) 1.698(5) 1.708(5) 1.722(5) 1.717(5) 1.698(5) 1.701(6)  1.705(6)
03 1.734(5) 1.745(5) 1.743(5) 1.743(5) 1.736(5) 1.734(5) 1.721(6) 1.713(6)
04 1.743(6) 1.745(6) 1.741(5) 1.733(6) 1.740(5) 1.743(6) 1.735(7)  1.751(7)
<Al-O> 1.736(5) 1.733(6) 1.734(5) 1.731(6) 1.727(5) 1.723(6) 1.717(7)  1.721(6)
Si-O1-Al 155.4(3) 152.93) 150.3(3) 148.4(3) 146.4(3) 1446(33) 143.6(3) 142.3(3)
Si-02-Al 160.3(3) 160.2(3) 159.4(3) 159.4(3) 158.5(3) 159.3(3) 157.9(4) 156.7(3)
Si-03-Al 136.1(4) 133.7(4) 132.5(4) 131.7(4) 130.5(4) 129.0(4) 128.6(5) 127.5(4)
Si-04-Al 137.9(4) 136.4(5) 134.7(4) 133.3(4) 131.6(4) 130.2(4) 1285(5) 128.1(4)
Ca-  OL(x3) 2614(4) 2.610(5) 2.623(4) 2.624(4) 2.631(5) 2.632(5) 2.626(7) 2.625(6)
02(x3)  2.560(4) 2.551(4) 2.544(4) 2.542(4) 2.525(4) 2.536(4) 2.513(5)  2.504(5)
cr 2650(4) 2.631(3) 2.616(3) 2.596(3) 2.573(3) 2.551(3) 2.526(4)  2.519(4)
cr 2712(4) 2.705(3) 2.686(3) 2.675(3) 2.657(3) 2.639(3) 2.632(5)  2.638(4)
M1 o1 2.893(5) 2.824(5) 2.744(5) 2.679(5) 2.604(5) 2.555(6) 2.505(8) 2.499(7)
o3 2.534(6) 2.481(6) 2.456(6) 2.436(6) 2.399(6) 2.386(7) 2.372(8) 2.356(7)
03" 2.584(6) 2.542(7) 2.509(6) 2.478(6) 2.444(6) 2.415(6) 2.379(8) 2.381(7)
o4 2.658(6) 2.655(6) 2.671(6) 2.658(6) 2.675(6) 2.654(6) 2.654(8) 2.661(7)
04"  2670(7) 2.688(6) 2.703(6) 2.701(6) 2.720(6) 2.731(7) 2.716(9)  2.727(7)
05  2507(11) 2.467(11) 2.443(11) 2.440(11) 2.414(11) 2.367(11) 2.368(13) 2.350(12)
05"  2.4149) 2.437(10) 2.453(10) 2.440(10) 2.426(8) 2.405(7) 2.374(10) 2.385(9)
05"  2462(11) 2.433(11) 2.417(11) 2.395(11) 2.378(10) 2.363(12) 2.348(12) 2.328(12)
06’ 250(2) 2.481(14) 2.452(14) 2.435(14) 2.368(11) 2.323(12) 2.328(14) 2.317(13)
06" 243(3)  2.40Q3)  242(3)  246(3)  261(3) 258Q3)  2.53(4)  2.52(3)
06"  2457(14) 2.448(14) 2.426(13) 2.389(13) 2.331(11) 2.319(12) 2.308(14) 2.294(13)
<M1-Op> 2.668(6) 2.638(6) 2.617(6) 2.590(6) 2.568(6) 2.548(6) 2.525(8)  2.525(7)
<M1-Ocos> 2.462(16) 2.444(15) 2435(15) 2.427(15) 2.421(12) 2.393(14) 2.376(17) 2.366(15)
M2 o1 2.61(2) 2.53(2) 2.49(2) 2.49(2) 2.49(2) 2.40(2) 2.49(3) 2.48(3)
o3’ 2.29(2) 2.23(2) 2.22(2) 2.18(2) 2.14(2) 2.14(2) 2.11(3) 2.10(3)
03" 226(2)  2.22(2)  2202) 2.18(2)  2.14(2) 2122  2.10(3)  2.06(3)
o4 263(2)  2.63(2)  2.642) 2672 2702) 2672 2733)  2.72(Q3)
04" 269(2)  2.70Q2)  272(2)  2.73Q2) 277(2) 2.76(2)  2.79(3)  2.83(3)
<M2-O> 247(2)  2.45(Q2)  245(2)  2.44(2)  2.44(2)  2.42(2)  243(3)  2.43(3)
M1 o M2 077(2)  077(2)  064(2) 059(2)  0502)  049(2)  042(3)  0.44(3)
C1-05 1.297(4) 1.294(4) 1.294(4) 1.298(4) 1.301(5) 1.306(5) 1.300(5) 1.302(5)
C2-06 1.301(5) 1.303(5) 1.300(5) 1.296(5) 1.297(5) 1.296(5) 1.296(5) 1.296(5)
Cl-C2 3.96(6) 3.96(5) 3.87(5) 3.85(5) 4.00(5) 4.06(5) 3.90(6) 3.92(6)
02-02s6Rr00001] 4.418(7) 4.398(8) 4.379(7) 4.369(8) 4.333(8) 4.345(8) 4.302(10) 4.285(8)
02-02ew 8.255(5) 8.198(6) 8.183(5) 8.137(5) 8.097(5) 8.019(5) 7.991(6)  7.996(6)
02-02-02 1002(2) 100.5(2) 100.0(2) 100.2(2)  99.8(1)  100.7(2)  100.02)  99.7(2)
*O1-Olenzr 9.400(7) 9.323(8) 9.255(8) 9.189(8) 9.087(8) 9.008(8) 8.940(10) 8.927(8)
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03-Od12r 8.279(11) 8.202(11) 8.173(10) 8.120(11) 8.077(9) 8.015(11) 7.964(13) 7.947(11)
03-O4sar 4.400(10) 4.399(10) 4.392(10) 4.390(10) 4.357(10) 4.354(11) 4.333(12) 4.339(10)
01 (01-04-03)  138.7(2) 142.2(2) 1456(2) 147.6(2) 151.3(2) 153.4(2) 155.1(3) 156.4(2)
$2 (01-03-04)  138.2(2)  142(2)  145.6(2) 147.6(2) 151.3(2) 153.2(2) 154.8(3) 156.1(3)
03 (04-03-01)  100.3(2)  96.9(2)  93.3(2) 912(2) 87.7(2)  85.7(2) 84(3) 83(2)
04 (03-04-01)  100.6(2) 96.8(2)  93.3(2) 91.2(2) 87.6(2) 85.6(2) 841(2)  82.8(2
03-04-03 161.4(2) 157.7(2) 154.4(22) 152.8(2) 148.8(2) 146.9(2) 145.3(3) 143.8(2)
S6RO[0001] a 1.2(1) 1.4(1) 1.8(1) 1.9(1) 2.4(1) 2.3(2) 2.7(2) 2.9(2)
Az 1.2009)  1.145(8) 1.093(8) 1.042(8) 0.980(7) 0.942(8) 0.903(10) 0.881(9)
Veg 326.3(7) 318.6(8) 313.2(7) 307.1(7) 299.5(7) 292.2(7) 286.2(8)  284.8(7)
Ven 206.4(6) 203.45(7) 202.1(6)  199.8(6)  196.4(5)  193.6(6)  190.5(7)  190.1(6)

*(O1-O1)eh is calculated as the projection onto the (0001) plane
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Table 7.1 Chemical composition of the davyne used in LT X-ray and room-T neutron diffraction experiments,
averaged from 20 EMPA-WDS data points.

wt%
SiO2 33.43
Al2O3 28.33
FeO 0.07
MgO 0.07
CaO 9.82
Na20 11.43
K20 7.82
SOs 4.82
Cl 6.44
O=ClI -1.45
Total 100.78

Number of atoms per formula unit on the basis of
(Si + Al) =12 apfu

Si 6.01
Al 5.99
Fe 0.01
Mg 0.02
Ca 1.89
Na 3.98
K 1.79
S 0.65
Cl 1.96
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Table 7.2 Details pertaining to the data collection protocol, unit-cell parameters and structure refinements of
davyne based on X-ray diffraction experiments at different temperatures and neutron diffraction (N.D.) at room-

T.
T (K) 293 250 220 180 140 110 N.D.
(To) (Ty) (T2) (T3) (Ta) (Ts)

a(h) 12.7908(5) 12.7764(4) 12.7713(5) 12.7658(5) 12.7599(4) 12.7560(6) 12.7615(7)

c (A 5.3469(2) 5.3407(2) 5.3387(2) 5.3353(2) 5.3321(2) 5.3308(2) 5.3416(3)

V (A3) 757.59(6) 755.02(4) 754.13(5) 753.00(5) 751.85(4) 751.20(4) 753.36(7)

Maximum 26 (°) 63.18 63.00 63.03 63.06 63.10 63.07 75.54
-14<sh<18 -11<h<17 -18sh=<18 -18<h<14 -11<h=<17 -18<h<18 -1=h <15
-18<k<18 -18<k=<14 -17<k<11 -18<k<18 -18<k<l14 -18<k<11 -18<k<16

-751<6 -751<6 -6< 17 717 -751<6 -6<1<7 717

Measured 6128 6104 6125 6148 6139 6141 2362

reflections

Unique reflections 1544 1538 1537 1540 1535 1532 1351

Unique reflections 1428 1413 1420 1435 1451 1458 1185

with Fo > 40(Fo)

Rint 0.0245 0.0250 0.0277 0.0295 0.0264 0.0275 0.0305

Number of |.s. 95 92 92 92 90 90 69

parameters

R1, Fo > 40(Fo) 0.0422 0.0393 0.0406 0.0391 0.0367 0.0381 0.0684

R1, all data 0.0467 0.0439 0.0450 0.0425 0.0399 0.0407 0.0806

wR2 0.0756 0.0716 0.0765 0.0736 0.0705 0.0687 0.1132

Residuals +1.09/-0.95 +0.89/-0.77 +0.88/-0.79 +0.86/-0.68 +0.79/-0.69 +0.91/-0.63 +1.05/-0.91

(eA3; fmA?)

LT experiment: w-scan type; step scan = 1°; exposure time = 10 s. Space group: P63; Z =1
Note: Rint = Z|F20bs - (mean)|/Z[F20bs]; R1 = ZHFobsl - |Fca|c||/Z|Fobs|; WR2 = {Z[W(onbs - cmalc)z]/Z[W(onbs)2]}0'5, w =
l/[O'Z(onbs) + (O.Ol-P)Z], P= [MaX(onbs,O) + 2'F2calc]/3.
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Table 7.3 Atomic fractional coordinates, site occupancy factors (sof) and equivalent/isotropic atomic
displacement parameters (A2) of davyne at different temperatures. Structure refinements based on X-ray

intensity data

Atom site T (K) s.o.f. X y z Ueg/Uiso
Si 293 1.0 0.32894(2) 0.41053(2) 0.74958(8) 0.00666(7)
250 “ 0.32885(2) 0.41050(2) 0.74914(7) 0.00580(6)
220 “ 0.32880(2) 0.41039(2) 0.74844(6) 0.00539(6)
180 “ 0.32876(2) 0.41036(2) 0.74791(6) 0.00481(5)
140 0.32868(2) 0.41032(2) 0.74751(5) 0.00374(5)
110 0.32860(2) 0.41022(2) 0.74742(5) 0.00375(5)
Al 293 1.0 0.07078(2) 0.41062(2) 0.74930(9) 0.00688(7)
250 “ 0.07077(2) 0.41051(2) 0.74838(8) 0.00607(7)
220 “ 0.07076(2) 0.41050(2) 0.74778(7) 0.00541(6)
180 “ 0.07073(2) 0.41042(2) 0.74716(6) 0.00504(6)
140 0.07065(2) 0.41026(2) 0.74688(6) 0.00402(6)
110 0.07056(2) 0.41020(2) 0.74668(6) 0.00390(6)
o1 293 0.21209(6) 0.42550(7) 0.7706(2) 0.0227(2)
250 0.21188(6) 0.42536(7) 0.7758(2) 0.0201(2)
220 “ 0.21212(5) 0.42549(6) 0.7782(2) 0.0190(2)
180 “ 0.21188(5) 0.42531(5) 0.7815(1) 0.0170(2)
140 0.21207(5) 0.42532(5) 0.7832(1) 0.0151(2)
110 “ 0.21198(5) 0.42519(5) 0.7848(1) 0.0142(2)
02 293 0.10648(6) 0.55976(6) 0.7501(2) 0.0168(2)
250 0.10635(6) 0.55962(6) 0.7520(2) 0.0151(2)
220 “ 0.10653(5) 0.55977(5) 0.7521(2) 0.0140(2)
180 “ 0.10637(5) 0.55963(5) 0.7531(2) 0.0129(2)
140 0.10647(5) 0.55970(5) 0.7537(2) 0.0109(2)
110 “ 0.10645(5) 0.55969(5) 0.7542(2) 0.0106(2)
03 293 -0.01723(8) 0.32252(8) -0.0115(2) 0.0165(3)
250 -0.01867(8) 0.32205(8) -0.0131(2) 0.0148(3)
220 “ -0.01992(6) 0.32111(6) -0.0131(1) 0.0147(2)
180 -0.02096(6) 0.32059(6) -0.0145(1) 0.0138(2)
140 -0.02159(6) 0.32018(6) -0.0156(1) 0.0124(2)
110 “ -0.02216(6) 0.31977(6) -0.0162(1) 0.0116(2)
04 293 0.33092(8) 0.33027(8) -0.0271(2) 0.0177(3)
250 “ 0.33185(8) 0.32936(8) -0.0286(1) 0.0164(3)
220 “ 0.33212(6) 0.32883(7) -0.0289(1) 0.0153(2)
180 0.33262(6) 0.32808(6) -0.0301(12) 0.0148(2)
140 0.33264(6) 0.32727(6) -0.0311(2) 0.0137(2)
110 “ 0.33312(6) 0.32708(6) -0.0319(1) 0.0134(2)
Ca 293 1.0 1/3 2/3 0.7689(1) 0.0200(1)
250 “ 1/3 2/3 0.7727(1) 0.0187(1)
220 “ 1/3 2/3 0.77514(9) 0.0175(1)
180 1/3 2/3 0.77747(8) 0.0165(1)
140 1/3 2/3 0.77983(8) 0.01465(9)
110 “ 1/3 213 0.78069(8) 0.01433(9)
Cl 293 1/3* 0.3151(2) 0.6355(1) 0.2609(3) 0.0455(3)
250 “ 0.3146(2) 0.6363(1) 0.2659(2) 0.0426(3)
220 “ 0.3153(2) 0.63671(8) 0.2698(2) 0.0399(3)
180 0.3156(2) 0.63719(7) 0.2730(2) 0.0363(2)

279



Appendix

140 " 0.3163(2) 0.63772(7) 0.2757(2) 0.0326(2)

110 “ 0.3164(1) 0.63811(7) 0.2767(2) 0.0308(2)

Nal 293 0.281(1) 0.1501(1) 0.3063(1) 0.2272(4) 0.0162(3)
250 0.286(1) 0.1504(1) 0.3070(1) 0.2237(4) 0.0142(3)

220 0.2877(9) 0.1505(1) 0.3070(1) 0.2224(3) 0.0120(2)

180 0.2964(9) 0.15083(9) 0.3080(1) 0.2213(3) 0.0106(2)

140 0.2870(9) 0.15033(9) 0.3068(1) 0.2183(3) 0.0085(2)

110 0.2842(9) 0.14996(9) 0.3062(1) 0.2174(3) 0.0073(2)

Na2 293 0.152(1) 0.1692(2) 0.3475(3) 0.2386(9) 0.0162(3)
250 0.147(1) 0.1692(2) 0.3483(3) 0.2343(8) 0.0142(3)

220 0.1447(9) 0.1695(2) 0.3486(2) 0.2304(7) 0.0120(2)

180 0.1360(9) 0.1705(2) 0.3500(2) 0.2261(6) 0.0106(2)

140 0.1454(9) 0.1691(2) 0.3473(2) 0.2256(6) 0.0085(2)

110 0.1482(9) 0.1689(2) 0.3470(2) 0.2242(5) 0.0073(2)

K 293 0.4493(8) 0.11033(5) 0.22594(7) 0.2313(2) 0.0407(2)
250 “ 0.11006(5) 0.22554(6) 0.2295(2) 0.0372(2)

220 “ 0.11009(4) 0.22537(5) 0.2279(2) 0.0351(2)

180 “ 0.11000(4) 0.22502(5) 0.2267(2) 0.0328(2)

140 “ 0.10976(4) 0.22446(5) 0.2250(2) 0.0300(2)

110 “ 0.10961(4) 0.22413(5) 0.2243(1) 0.0285(2)

s 293 0.342(1) 0 0 0.2212(4) 0.0253(4)
250 “ 0 0 0.2179(4) 0.0228(4)

220 “ 0 0 0.2175(3) 0.0234(3)

180 " 0 0 0.2163(3) 0.0233(3)

140 0 0 0.2140(3) 0.0217(3)

110 “ 0 0 0.2127(3) 0.0217(3)

OA 293 0.1138(5)* 0.023(1) 0.009(9) 0.467(2) 0.090(2)
250 “ 0.025(1) 0.011(7) 0.467(2) 0.079(2)

220 “ 0.018(1) 0.008(9) 0.454(1) 0.074(1)

180 " 0.021(1) 0.009(6) 0.450(1) 0.064(1)

140 0.342(1) 0 0 0.448(1) 0.065(1)

110 “ 0 0 0.448(1) 0.065(1)

OB1 293 0.1707(7) 0.0654(9) 0.1133(9) 0.125(2) 0.090(2)
250 “ 0.0650(9) 0.1145(9) 0.114(2) 0.079(2)

220 “ 0.0635(7) 0.1124(7) 0.102(2) 0.074(1)

180 " 0.0636(6) 0.1136(6) 0.096(1) 0.064(1)

140 “ 0.0630(6) 0.1152(6) 0.091(2) 0.065(1)

110 “ 0.0623(6) 0.1156(6) 0.089(2) 0.065(1)

OB2 293 0.1707(7) 0.055(1) 0.115(1) 0.378(2) 0.090(2)
250 “ 0.0559(8) 0.1181(9) 0.364(2) 0.079(2)

220 “ 0.0591(7) 0.1181(7) 0.358(1) 0.074(1)

180 “ 0.0591(6) 0.1190(6) 0.358(1) 0.064(1)

140 “ 0.0595(6) 0.1165(6) 0.357(1) 0.065(1)

110 “ 0.0615(6) 0.1188(6) 0.356(1) 0.065(1)

* The highest occupancy for each of the three symmetrically equivalent and mutually exclusive Cl sites is 1/3
** The OA occupancy is constrained to be equal to that of S at 140 and 110 K, where both the sites lie on a 2a position; at T
> 140 K, OA is split into three symmetrically equivalent and mutually exclusive sites, being sof(OA) = 1/3*sof(S).
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Table 7.4 Site anisotropic displacement parameters (A2) of davyne from X-ray diffraction refinements at
different temperatures and from the neutron diffraction refinement at room-T

Atom site U11 U22 Uss U2 Uis Uzs
To (298 K)
Si 0.00588(9) 0.0079(1) 0.0067(1) 0.00383(7) 0.0002(2) -0.0013(2)
Al 0.0069(1) 0.0077(1) 0.0067(1) 0.00412(8) -0.0012(2) -0.0008(2)
o1 0.0112(3) 0.0239(3) 0.0376(5) 0.0122(2) -0.0039(5) -0.0073(5)
02 0.0162(3) 0.0106(3) 0.0246(4) 0.0074(2) -0.0062(6) -0.0008(5)
03 0.0258(4) 0.0179(4) 0.0086(5) 0.0131(3) 0.0024(3) -0.0012(3)
04 0.0222(4) 0.0202(4) 0.0080(5) 0.0085(3) -0.0071(3) 0.0010(3)
Ca 0.0133(1) 0.0133(1) 0.0334(3) 0.00666(6) 0 0
K 0.0234(2) 0.0570(3) 0.0516(5) 0.0277(2) 0.0029(5) 0.0055(5)
T1 (250 K)
Si 0.00525(9) 0.00676(9) 0.0057(1) 0.00326(7) 0.0004(2) -0.0009(1)
Al 0.0060(1) 0.0070(1) 0.0057(1) 0.00359(8) -0.0008(2) -0.0007(2)
o1 0.0105(3) 0.0223(3) 0.0320(5) 0.0116(2) -0.0043(4) -0.0072(5)
02 0.0142(3) 0.0092(3) 0.0217(4) 0.0057(2) -0.0031(5) 0.0008(5)
03 0.0228(4) 0.0147(3) 0.0084(5) 0.0105(3) 0.0022(3) -0.0010(3)
04 0.0212(4) 0.0200(4) 0.0054(5) 0.0085(3) -0.0063(3) 0.0013(3)
Ca 0.0121(1) 0.0121(2) 0.0321(3) 0.00604(6) 0 0
K 0.0212(2) 0.0513(3) 0.0484(4) 0.0250(2) 0.0030(4) 0.0042(5)
T2 (220 K)
Si 0.00491(7) 0.00652(8) 0.0052(1) 0.00317(6) 0.0005(1) -0.0009(1)
Al 0.00568(8) 0.00624(9) 0.0048(1) 0.00337(6) -0.0008(1) -0.0005(1)
o1 0.0104(2) 0.0201(3) 0.0298(4) 0.0103(2) -0.0037(3) -0.0072(4)
02 0.0138(2) 0.0091(2) 0.0199(3) 0.0065(2) -0.0031(4) -0.0007(4)
03 0.0211(3) 0.0136(3) 0.0101(4) 0.0092(2) 0.0038(3) -0.0004(3)
04 0.0189(3) 0.0162(3) 0.0066(4) 0.0057(2) -0.0073(3) 0.0008(3)
Ca 0.01143(9) 0.01143(9) 0.0296(2) 0.00572(5) 0 0
K 0.0194(2) 0.0490(3) 0.0454(4) 0.0235(2) 0.0020(3) 0.0038(4)
Ts (180 K)
Si 0.00449(7) 0.00583(8) 0.00447(9) 0.00285(6) 0.0004(1) -0.0007(1)
Al 0.00523(8) 0.00644(8) 0.00423(1) 0.00345(6) -0.0006(1) -0.0004(1)
o1 0.0099(2) 0.0196(2) 0.0254(4) 0.0104(2) -0.0042(3) -0.0077(3)
02 0.0118(2) 0.0079(2) 0.0184(3) 0.0046(2) -0.0009(3) 0.0007(3)
03 0.0204(3) 0.0137(3) 0.0091(4) 0.0098(2) 0.0037(3) -0.0006(2)
04 0.0171(3) 0.0149(3) 0.0089(4) 0.0054(2) -0.0060(3) 0.0013(3)
Ca 0.01073(9) 0.01073(9) 0.0281(2) 0.00537(5) 0 0
K 0.0180(2) 0.0457(2) 0.0433(3) 0.0223(2) 0.0016(3) 0.0028(3
Ta (140 K)
Si 0.00337(7) 0.00462(7) 0.00364(9) 0.00232(5) 0.0002(1) -0.0006(1)
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Al 0.00393(8) 0.00484(8) 0.0036(1) 0.00243(6) -0.0005(1) -0.0004(12)
o1 0.0097(2) 0.0158(2) 0.0228(4) 0.0086(2) -0.0033(3) -0.0068(3)
02 0.0106(2) 0.0064(2) 0.0160(3) 0.0044(2) -0.0016(3) -0.0004(3)
03 0.0178(3) 0.0131(3) 0.0079(4) 0.0088(2) 0.0043(3) 0.0000(2)
04 0.0152(3) 0.0127(3) 0.0086(4) 0.0036(2) -0.0060(3) 0.0019(2)
Ca 0.00894(9) 0.00894(9) 0.0261(2) 0.00447(4) 0 0

K 0.01487(16) 0.0423(2) 0.0398(3) 0.01960(14) 0.0016(3) 0.0034(3)

Ts (110 K)

Si 0.00344(7) 0.00431(7) 0.00370(9) 0.00207(5) 0.0005(1) -0.0005(1)
Al 0.00360(8) 0.00482(8) 0.0036(1) 0.00233(6) -0.0003(1) 0.0000(1)
o1 0.0087(2) 0.0159(2) 0.0214(4) 0.0088(2) -0.0035(3) -0.0064(3)
02 0.0103(2) 0.0063(2) 0.0147(3) 0.0039(2) -0.0013(3) -0.0003(3)
03 0.0181(3) 0.0110(2) 0.0072(3) 0.0085(2) 0.0037(2) 0.0000(2)
04 0.0146(3) 0.0137(3) 0.0075(3) 0.0038(2) -0.0057(3) 0.0017(2)
Ca 0.00830(8) 0.00830(8) 0.0264(2) 0.00415(4) 0 0

K 0.0145(2) 0.0388(2) 0.0391(3) 0.0185(1) 0.0014(3) 0.0033(3)

Neutron diffraction refinement

Si 0.0077(6) 0.0091(6) 0.0060(5) 0.0036(5) 0.0030(9) -0.0004(9)
Al 0.0066(7) 0.0081(7) 0.0080(6) 0.0041(6) -0.002(1) -0.001(1)
o1 0.015 0.03 0.03 0.016 0.004 0.007
02 0.011 0.011 0.026 0.001 0.001 0
03 0.021 0.021 0.02 0.003 0.008 0
04 0.022 0.02 0.015 0.006 0 0.008
Cl 0.063 0.061 0.03 0.017 0.004 0.006
Ca 0.0152(7) 0.0152(7) 0.035(2) 0.0076(4) 0 0
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Table 7.5 Atomic fractional coordinates, site occupancy factors (sof) and equivalent/isotropic atomic
displacement parameters (A2) of davyne from the structure refinement based on neutron diffraction intensity

data at room-T

Atom site s.o.f. X y z Ueq/Uiso
Si 1.0 0.3296(1) 0.4105(1) 0.7785(5) 0.0079(3)
Al “ 0.0709(2) 0.4100(2) 0.7779(7) 0.0074(3)
o1 “ 0.2132(1) 0.4268(2) 0.7700(5) 0.0232
02 0.4413(1) 0.5460(1) 0.7753(5) 0.0185
03 0.3297(2) 0.3307(2) 0.5461(3) 0.0240
04 “ 0.3224(2) 0.3369(2) 0.0302(2) 0.0209
Ca 1/3 2/3 0.767(1) 0.0219(6)
Cl 1/3 0.3619(5) 0.685(1) 0.272(1) 0.0577
Nal 0.241(2) 0.135(1) 0.274(2) 0.254(3) 0.022(2)
Na2 0.28(1) 0.1600(6) 0.328(1) 0.297(3) “

K 0.44(2) 0.1090(6) 0.2260(8) 0.298(2) 0.032(2)
S 0.35(2) 0 0 0.320(2) 0.015(3)
OA 0.35(2) 0 0 0.048(2) 0.081(4)
OB1 0.19(2) 0.060(2) 0.117(1) 0.191(4) “
0OB2 0.16(2) 0.060(3) 0.120(1) 0.429(5)
OB3 0.21(2) 0.108(1) 0.058(2) 0.162(3) “
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Table 7.6 Relevant bond distances (A), angles (°), diameters (A), S6RO[0001] ditrigonal rotation angle
assropooy) (°) of davyne and deviation from planarity parameter dzssroooy (A), A- and B-layers “corrugation”
parameter Az (A) based on X-ray structure refinements at different temperatures and on neutron structure
refinement (N.D.) at room-T

T (K) 293 250 220 180 140 110 N.D.
(To) (Ta) (T2) (Ts) (Ta) (Ts)
Si-O1-Al 166.15(7) 164.87(6) 164.02(5) 163.05(5) 162.45(5) 161.99(5) 165.7(2)
Si-02-Al 156.87(5) 156.96(5) 156.80(4) 156.88(4) 156.77(4) 156.73(4) 158.1(1)
Si-03-Al 141.83(7) 141.85(6) 141.43(5) 141.24(5) 141.05(5) 140.86(5) 141.0(2)
Si-04-Al 141.52(6) 141.24(5) 141.06(4) 140.73(4) 140.29(4) 140.26(4) 141.4(2)
Si- o1 1.6030(9) 1.6042(9) 1.6032(8) 1.6061(8) 1.6036(7) 1.6042(7) 1.602(2)
02 1.6067(9) 1.6062(9) 1.6063(7) 1.6067(7) 1.6066(7) 1.6073(7) 1.600(2)
03 1.6436(9) 1.6388(9) 1.6302(8) 1.6283(7) 1.6281(8) 1.6274(7) 1.607(3)
04 1.5830(9) 1.5890(9) 1.5948(8) 1.5999(8) 1.6037(8) 1.6041(7) 1.615(3)
<Si-0> 1.6091(9) 1.6095(9) 1.6086(8) 1.6103(8) 1.6105(8) 1.6108(7) 1.606(3)
Al- o1 1.7238(9) 1.7222(9) 1.7254(7) 1.7245(7) 1.7274(7) 1.7283(7) 1.721(2)
02 1.7253(8) 1.7236(8) 1.7241(7) 1.7233(7) 1.7248(6) 1.7247(6) 1.723(2)
03 1.7041(8) 1.7073(8) 1.7180(7) 1.7203(6) 1.7196(6) 1.7213(6) 1.734(4)
04 1.7645(9) 1.7557(9) 1.7506(8) 1.7464(7) 1.7457(7) 1.7435(7) 1.724(3)
<Al-0> 1.7294(9) 1.7272(9) 1.7295(7) 1.7286(7) 1.7294(7) 1.7295(7) 1.726(3)
Ca- 01(x3) 2.6715(8) 2.6701(7) 2.6675(6) 2.6685(6) 2.6670(6) 2.6677(6) 2.652(2)
02(x3)  2.5162(7) 2.5153(7) 2.5129(6) 2.5140(6) 2.5121(6) 2.5117(6) 2.529(1)
cr 2.653(2) 2.656(1) 2.662(1) 2.664(1) 2.6633(9) 2.6631(9) 2.664(10)
cl 2.738(2) 2.728(2) 2.718(1) 2.711(1) 2.7074(9) 2.7053(9) 2.716(10)
Nal o1 2.776(2) 2.728(2) 2.710(2) 2.681(2) 2.665(2) 2.655(2)  3.13(2)
o3’ 2.460(2) 2.455(2) 2.446(2) 2.437(2) 2.437(1) 2.435(1) = 2.45(2)
o4’ 2.467(2) 2.454(2) 2.450(2) 2.435(2) 2.434(2) 2.430(2)  2.42(1)
03" 2.588(2) 2.592(2) 2.597(2) 2.602(2) 2.603(2) 2.604(2)  2.71(2)
04" 2.565(2) 2.571(2) 2.571(2) 2.580(2) 2.577(2) 2.583(2) 2.72(2)
OB1 2213(11) 2.213(11) 2.251(8) 2.254(7) 2.226(7) 2.216(7)  2.41(2)
OB2 2.271(11) 2.220(10) 2.212(8) 2.213(7) 2.230(7) 2.199(7)  2.41(2)
OB3' 2.65(3)
OB3" 2.73(2)
<Nal-Oramework>  2.571(2) 2.560(2) 2.555(2) 2.547(2) 2.543(2) 2.541(2) 2.69(2)
<Na-03,04> 2.520(2) 2.518(2) 2.516(2) 2.514(2) 2.513(2) 2.513(2)  2.58(2)
Na2 o1 2.647(5) 2.594(4) 2.560(4) 2.514(3) 2.512(3) 2.497(3)  2.70(2)
03’ 2.416(4) 2.416(4) 2.413(3) 2.410(3) 2.401(3) 2.397(3)  2.46(1)
ox 2.410(4) 2.394(4) 2.398(3) 2.399(3) 2.385(3) 2.381(3)  2.47(1)
03" 2.610(4) 2.610(4) 2.611(3) 2.616(3) 2.617(3) 2.619(3)  2.53(1)
o4 2.608(4) 2.619(4) 2.612(3) 2.610(3) 2.613(3) 2.617(3)  2.52(1)
OB1 2.671(11) 2.670(10) 2.706(8) 2.707(7) 2.667(8) 2.659(8)  2.41(2)
OB2 2.686(11) 2.640(10) 2.640(8) 2.649(7) 2.647(7) 2.619(7)  2.41(2)

<Na2-Ofamewor>  2.538(4)  2.527(4) 2.519(3) 2.510(3) 2.506(3) 2.502(3)  2.54(1)
<Na2-03,04> 2.511(4) 2.510(4) 2.509(3) 2.509(3) 2.504(3)  2.504(3)  2.50(1)

K o1 3.310(1) 3.280(1) 3.266(1) 3.247(1)  3.237(1) 3.2287(9) 3.321(10)
03' 2.725(1)  2.721(1) 2.7158(9) 2.7107(9) 2.7099(9) 2.7073(8) 2.717(11)

03" 2.706(1) 2.696(1) 2.695(1) 2.689(1) 2.685(1) 2.6842(9) 2.735(11)

o4’ 2.809(2) 2.816(1) 2.817(1) 2.825(1) 2.827(1) 2.830(1) 2.777(8)

04" 2.808(1) 2.816(1) 2.8141(9) 2.8189(9) 2.8183(9) 2.8238(8) 2.758(8)

OA'() 2.81(9)  2.81(7)  277(9)  2.77(6)  2.751(3) 2.749(3) 2.832(11)

OA"@w0s5  2.88(9)  2.87(7)  2.90(8)  2.90(6) 2.887(3) 2.880(3) 2.834(11)
OBl'pios)  2.929(9)  2.900(8) 2.862(7) 2.846(7) 2.840(7) 2.839(7)  2.98(2)
OB1"(s0s 3.114(11) 3.068(11) 3.023(9) 2.998(8) 2.965(8) 2.948(8)  3.05(2)
OB2'(os 2.869(13) 2.898(11) 2.912(7) 2.912(6) 2.886(6) 2.875(6)  2.90(3)
OB2"(05 2.885(10) 2.931(8) 2.939(9) 2.928(8) 2.934(8) 2.939(8)  2.95(3)
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<K-Oframework™ 2.762(1) 2.763(1) 2.761(1) 2.761(1) 2.760(1) 2.7613(9) 2.862(10)

S OA1 1.339(12) 1.357(10) 1.277(8)  1.269(7)  1.247(6)  1.256(6)  1.22(1)

OB1 1.362(10) 1.386(9)  1.391(8)  1.413(7) 1.434(6) 1.440(6)  1.46(2)

OA2 1.382(11) 1.371(10) 1.423(8) 1.438(7) 1.419(7) 1.409(7)  1.45(1)

OB2 1.520(11) 1.521(9) 1.507(8) 1.517(7) 1.496(7) 1.521(7)  1.44(2)

OB3 1.46(2)

S6RO[0001] a 3.002) 3.00) 3.00Q2) 3.002)  3.02(2) 3.04(2)  2.35()
dzser 0.110(2) 0.127(2) 0.139(2) 0.152(2) 0.157(2) 0.163(2)  0.082(5)
02-02s6R 4355(1) 4.352(1) 4.347(1) 4.348(1) 4.345(1) 4.344(1)  4.380(2)
02-02w 8.440(1) 8.428(1) 8.428(1) 8.421(1) 8.419(1) 8.416(1) 8.385(2)
02-02-02 97.01(3) 97.08(3) 96.98(3) 97.06(3) 97.003) 97.01(3)  98.07(8)
*01-Ol12r 9.427(1)  9.413(1) 9.412(1) 9.404(1) 9.400(1)  9.394(1)  9.433(3)
03-0412r 8.467(1) 8.460(1) 8.4512(8) 8.4459(8) 8.4357(8) 8.4334(8) 8.422(3)
03-O4s4r 4331(2) 4.323(2) 4.327(1) 4.327(1) 4.331(1) 4.329(1)  4.346(4)
01 (01-04-03)  128.52(4) 130.19(4) 130.99(3) 132.13(3) 132.80(3) 133.41(3) 126.32(9)
02 (01-03-04)  128.78(4) 130.35(4) 131.23(3) 132.33(3) 133.02(3) 133.60(3) 126.09(9)
$3 (04-03-01)  110.23(4) 108.64(4) 107.76(3) 106.65(3) 105.95(3) 105.39(3) 112.81(9)
04 (03-04-01)  110.39(4) 108.74(4) 107.91(3) 106.76(3) 106.09(3) 105.50(3) 112.69(8)
03-04-03 171.51(4) 169.96(4) 169.00(3) 167.92(3) 167.22(3) 166.65(3) 173.61(8)
Az “corrugation”  1.1660(3) 1.1274(3) 1.1137(2) 1.0874(2) 1.0728(2) 1.0611(2) 1.1426(8)

* Calculated as the projection on the (0001) plane
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Table 7.7 Unit-cell parameters of davyne measured at different pressures

P (GPa) a R c®) vV (A3

0.0001* 12.7931(4) 5.3495(1) 758.23(5)
0.38(2) 12.7822(7) 5.3399(2) 755.6(5)
0.60(2) 12.7654(7) 5.3312(2) 752.3(4)
0.91(3) 12.7421(6) 5.3183(2) 747.8(4)
1.28(2) 12.7093(5) 5.3011(1) 741.6(3)
1.57(5) 12.6919(6) 5.2908(2) 738.1(5)
1.78(4) 12.6764(5) 5.2828(1) 735.2(5)
2.05(6) 12.6509(6) 5.2704(1) 730.5(4)
2.35(6) 12.6271(6) 5.2582(2) 726.1(4)
3.07(2) 12.5853(5) 5.2366(1) 718.3(4)
3.20(2) 12.5752(5) 5.2314(1) 716.4(4)
3.49(2) 12.5513(5) 5.2198(1) 712.1(3)
3.77(4) 12.5390(5) 5.2131(1) 709.8(3)
4.09(6) 12.5165(5) 5.2020(1) 705.8(4)
4.56(7) 12.4884(6) 5.1874(2) 700.6(4)
4.86(6) 12.4696(5) 5.1782(1) 697.3(4)
5.33(8) 12.4451(5) 5.1655(1) 692.8(5)
5.72(7) 12.4223(8) 5.1533(2) 688.7(4)
6.10(8) 12.3976(5) 5.1340(1) 684.2(4)
6.47(7) 12.3761(5) 5.1284(1) 680.3(4)
6.91(8) 12.3519(5) 5.1142(2) 675.7(3)
7.18(6) 12.3373(5) 5.1058(1) 673.0(3)

* Unit-cell parameters from the crystal collected in air
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Table 7.8 Details pertaining to the data collection protocol, unit-cell parameters and structure refinements of davyne at different pressures

Tables

P (GPa) 0.0001 0.38(2) 0.91(3) 1.57(5) 2.05(6) 3.07(2) 3.49(2) 4.56(7) 5.33(8) 6.10(8) 7.18(6)
(Po-aRr) (Py) (P3) (Ps) (P7) (P9) (P11) (P14) (P1s) (P1s) (P21)
Space group P63/m P63 P63 P63 P63 P63 P63 P63 P63 P63 P63
a(A) 12.7931(4) 12.7822(7) 12.7421(6) 12.6919(6) 12.6509(6) 12.5853(5) 12.5513(5) 12.4884(6) 12.4451(5) 12.3976(5) 12.3373(5)
c(A) 5.3495(1)  5.3399(2)  5.3183(2)  5.2908(2)  5.2704(1)  5.2366(1)  5.2198(1)  5.1874(2)  5.1655(1)  5.1400(1)  5.1057(1)
V (A3 758.23(5) 755.6(5) 747.8(4) 738.1(5) 735.2(5) 718.3(4) 712.1(3) 700.6(4) 692.8(5) 684.2(4) 673.0(3)
Maximum 26 (°) 37.88 34.41 34.39 34.42 34.37 34.28 34.39 34.39 34.39 34.37 34.41
-14<h<15 -17<h<17 -17<h<17 -17<h<17 -16<h<17 -16<hs<17 -16<h<17 -16<hs<17 -16<hs<17 -16<h<17 -155<h<16
-16<k<17 9<ks12 9<ks12 9<ks12 9<k<13 9=<k=13 9<k=13 -10sk=<13 -10sks<13 -10<k<13 -10<k=<13
7217 7<1<6 7<1<6 7217 -7<1<6 7217 7217 6<1<6 6<1<6 6217 6<1<6
Measured 3114 1090 1086 1016 1096 1082 1079 1043 1035 1031 1021
reflections
Unique 823 722 711 652 687 676 673 651 647 649 648
reflections
Unique 557 565 596 570 607 587 591 580 579 575 581
reflections with
Fo > 40(Fo)
Rint 0.0566 0.0440 0.0292 0.0284 0.0327 0.0324 0.0301 0.0279 0.0262 0.0281 0.0314
Number of I.s. 53 48 46 46 46 46 46 46 46 46 46
parameters
R1, Fo > 40(Fo) 0.0733 0.0804 0.0734 0.0673 0.0644 0.0593 0.0594 0.0637 0.0640 0.0693 0.0756
Ri, all data 0.1060 0.1031 0.0882 0.0772 0.0728 0.0690 0.0677 0.0706 0.0704 0.0767 0.0825
WR?2 0.1534 0.1660 0.1438 0.1308 0.1279 0.1262 0.1154 0.1213 0.1226 0.1299 0.1400
Residuals (e”/ +1.65/ +1.38/ +1.32/ +1.00/ +1.32/ +1.37/ +1.48/ +1.37/ +1.54/ +1.34/ +1.52/
A3) -2.24 -1.28 -0.88 -0.91 -0.91 -1.03 -0.79 -0.77 -0.86 -0.96 -0.81

A = 0.414 A; w- scan type; step scan; 1°; exposure time: 1s;Z =1
Note: Rint = Z|F2obs — (Mmean)|/Z[F2obs]; R1 = Z||Fobs| — |Fealc||[/Z|Fobs|; WR2 = {Z[W(F?obs — F2caic)?)/Z[W(F?obs)?]}*°, w = 1/[0%(F?0bs) + (0.01-P)?], P =

[MaX(onbs,O) + 2'F20alc]/3-
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Table 7.9 Chemical composition of the davyne used for HP X-ray diffraction experiments, averaged from 20
EMPA-WDS analyses.

SiO2 32.90
Al203 28.51
MgO 0.06
CaO 10.19
Na20 10.63
K20 8.09
SOs 3.80
BaO 0.12
SrO 0.33
Cl 6.54
O=Cl -1.48
Total 99.69

Number of atoms per formula unit on the basis (Si+Al=12)

Si 5.93
Al 6.07
Mg 0.02
Ca 1.97
Na 3.72
K 1.86
S 0.51
Ba 0.01
Sr 0.04
Cl 2.00
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Table 7.10 Atomic fractional coordinates, site occupancy factors (sof) and equivalent/isotropic atomic
displacement parameters (A2) of davyne at different pressures

Site occupancy factors at  Po-AIR

Site Occ. Site Occ. Site Occ.
Si 1.0 Ca 1.0 S 0.30(1)
Al 1.0 Cl 1/3 OA 0.30(2)
o1 1.0 M1 0.514(8) OB 0.30(2)
02 1.0 M2 0.348(10)

03 1.0

Site occupancy factors at  P;

Site Occ. Site Occ. Site Occ.
Si 1.0 Cal 1/2 S 0.26(2)
Al 1.0 Ca2 1/2 OA 0.26(2)
o1 1.0 Cl 1/3 OB1 0.132(9)
02 1.0 M1 0.454(3) OB2 0.132(9)
03 1.0 M2 0.46(2)

04 1.0

Site fractional coordinates

Site P (GPa) X y z Uiso/ Ueg
Si 0.0001 0.3289(1) 0.4105(1) 3/4
0.38(2) 0.3290(2) 0.4109(2) 0.751(1) 0.0123(5)
0.91(3) 0.3286(2) 0.4101(2) 0.7488(6) 0.0112(5)
1.57(5) 0.3278(2) 0.4098(2) 0.7511(6) 0.0113(5)
2.05(6) 0.3276(2) 0.4095(2) 0.7509(5) 0.0091(5)
3.07(2) 0.3272(2) 0.4086(2) 0.7515(5) 0.0105(5)
3.49(2) 0.3272(2) 0.4085(2) 0.7525(4) 0.0110(4)
4.56(7) 0.3269(2) 0.4082(2) 0.7530(5) 0.0105(5)
5.33(8) 0.3269(2) 0.4080(2) 0.7535(5) 0.0112(5)
6.10(8) 0.3268(2) 0.4077(2) 0.7533(5) 0.0110(5)
7.18(6) 0.3260(2) 0.4071(3) 0.7537(6) 0.0126(5)
Al 0.0001 0.0706(2) 0.4105(2) 3/4
0.38(2) 0.0708(2) 0.4110(2) 0.750(1) 0.0134(6)
0.91(3) 0.0708(2) 0.4107(2) 0.7496(7) 0.0109(5)
1.57(5) 0.0702(2) 0.4105(2) 0.7516(6) 0.0106(6)
2.05(6) 0.0707(2) 0.4104(2) 0.7515(5) 0.0096(5)
3.07(2) 0.0705(3) 0.4098(2) 0.7533(5) 0.0107(5)
3.49(2) 0.0703(2) 0.4095(2) 0.7554(5) 0.0116(5)
4.56(7) 0.0707(2) 0.4095(2) 0.7548(5) 0.0105(5)
5.33(8) 0.0699(3) 0.4095(2) 0.7560(6) 0.0120(5)
6.10(8) 0.0704(3) 0.4094(3) 0.7568(6) 0.0120(6)
7.18(6) 0.0702(3) 0.4091(3) 0.7581(7) 0.0145(6)
o1 0.0001 0.2125(4) 0.4265(4) 3/4
0.38(2) 0.2109(6) 0.4252(6) 0.751(3) 0.033(2)
0.91(3) 0.2106(6) 0.4249(6) 0.719(1) 0.027(2)
1.57(5) 0.2103(6) 0.4231(6) 0.702(1) 0.027(2)
2.05(6) 0.2107(5) 0.4235(6) 0.697(1) 0.023(2)
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3.07(2) 0.2098(5) 0.4217(6) 0.688(1) 0.025(2)
3.49(2) 0.2104(5) 0.4226(5) 0.6865(9) 0.024(2)
4.56(7) 0.2099(5) 0.4218(6) 0.682(1) 0.021(2)
5.33(8) 0.2084(6) 0.4205(6) 0.675(1) 0.023(2)
6.10(8) 0.2078(7) 0.4196(6) 0.672(1) 0.019(2)
7.18(6) 0.2080(7) 0.4190(7) 0.670(1) 0.026(2)
02 0.0001 0.1048(4) 0.5591(4) 3/4
0.38(2) 0.1062(6) 0.5599(5) 0.747(3) 0.023(1)
0.91(3) 0.1055(6) 0.5592(5) 0.747(2) 0.025(1)
1.57(5) 0.1069(6) 0.5606(5) 0.740(1) 0.027(2)
2.05(6) 0.1065(6) 0.5589(5) 0.740(1) 0.023(2)
3.07(2) 0.1078(6) 0.5602(5) 0.736(1) 0.026(2)
3.49(2) 0.1064(6) 0.5604(5) 0.736(1) 0.026(2)
4.56(7) 0.1059(6) 0.5596(5) 0.736(1) 0.028(2)
5.33(8) 0.1048(7) 0.5595(6) 0.731(1) 0.028(2)
6.10(8) 0.1054(7) 0.5603(6) 0.728(1) 0.026(2)
7.18(6) 0.1058(8) 0.5603(8) 0.727(1) 0.033(2)
03 0.0001 -0.0081(3) 0.3257(3) 0.0074(5)
0.38(2) -0.0173(9) 0.3203(8) -0.011(1) 0.019(3)
0.91(3) 0.0052(6) 0.3327(7) 0.031(1) 0.022(2)
1.57(5) 0.0109(6) 0.3361(6) 0.037(1) 0.020(2)
2.05(6) 0.0124(6) 0.3351(5) 0.0402(9) 0.015(2)
3.07(2) 0.0165(5) 0.3349(5) 0.0457(9) 0.015(2)
3.49(2) 0.0171(5) 0.3356(5) 0.0491(8) 0.018(2)
4.56(7) 0.0206(7) 0.3365(6) 0.0513(9) 0.019(2)
5.33(8) 0.0215(7) 0.3365(6) 0.055(1) 0.021(2)
6.10(8) 0.0240(8) 0.3364(7) 0.059(1) 0.023(2)
7.18(6) 0.0262(8) 0.3377(8) 0.062(1) 0.026(2)
04 0.0001 - - - -
0.38(2) 0.3343(8) 0.3312(8) -0.027(1) 0.020(3)
0.91(3) 0.3198(7) 0.3387(6) 0.016(1) 0.021(2)
1.57(5) 0.3160(7) 0.3418(6) 0.022(1) 0.020(2)
2.05(6) 0.3152(6) 0.3434(5) 0.0256(9) 0.016(2)
3.07(2) 0.3141(6) 0.3456(5) 0.0296(9) 0.017(1)
3.49(2) 0.3138(6) 0.3470(5) 0.0334(8) 0.017(1)
4.56(7) 0.3129(6) 0.3478(6) 0.0341(9) 0.018(1)
5.33(8) 0.3107(7) 0.3487(6) 0.039(1) 0.020(2)
6.10(8) 0.3102(7) 0.3495(7) 0.042(1) 0.020(2)
7.18(6) 0.3099(8) 0.3520(8) 0.047(1) 0.025(2)
Cal 0.0001 1/3 2/3 3/4
0.38(2) 1/3 2/3 0.778(2) 0.020(1)
0.91(3) 1/3 2/3 0.766(2) 0.0183(9)
1.57(5) 1/3 2/3 0.734(2) 0.023(1)
2.05(6) 1/3 2/3 0.728(1) 0.017(1)
3.07(2) 1/3 2/3 0.713(1) 0.019(1)
3.49(2) 1/3 2/3 0.706(2) 0.024(1)
4.56(7) 1/3 2/3 0.701(2) 0.022(1)
5.33(8) 1/3 2/3 0.698(1) 0.019(1)
6.10(8) 1/3 2/3 0.693(1) 0.017(1)
7.18(6) 1/3 2/3 0.683(2) 0.022(1)
Ca2 0.0001 - - - -
0.38(2) 1/3 2/3 0.714(2) 0.020(1)
0.91(3) 1/3 2/3 0.693(1) 0.0183(9)
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1.57(5) 1/3 2/3 0.681(2) 0.023(1)
2.05(6) 1/3 2/3 0.670(1) 0.017(1)
3.07(2) 1/3 2/3 0.661(2) 0.019(1)
3.49(2) 1/3 2/3 0.666(2) 0.024(1)
4.56(7) 1/3 2/3 0.658(2) 0.022(1)
5.33(8) 1/3 2/3 0.644(2) 0.019(1)
6.10(8) 1/3 2/3 0.636(2) 0.017(1)
7.18(6) 1/3 2/3 0.629(2) 0.022(1)
cl 0.0001 0.321(1) 0.6888(9) 1/4 0.042(2)
0.38(2) 0.322(1) 0.690(1) 0.256(3) 0.047(3)
0.91(3) 0.323(2) 0.690(1) 0.232(2) 0.054(3)
1.57(5) 0.322(1) 0.691(1) 0.212(1) 0.042(3)
2.05(6) 0.322(1) 0.689(1) 0.203(1) 0.042(3)
3.07(2) 0.323(1) 0.690(1) 0.193(1) 0.041(3)
3.49(2) 0.3206(9) 0.6897(9) 0.190(1) 0.036(2)
4.56(7) 0.324(1) 0.690(1) 0.184(1) 0.042(3)
5.33(8) 0.357(1) 0.6985(9) 0.177(1) 0.041(3)
6.10(8) 0.356(1) 0.6996(9) 0.171(1) 0.041(2)
7.18(6) 0.356(2) 0.7021(8) 0.166(2) 0.042(3)
M1 0.0001 0.1137(4) 0.2321(5) 1/4 0.054(2)
0.38(2) 0.1103(6) 0.2284(6) 0.251(3) 0.046(2)
0.91(3) 0.1108(5) 0.2288(6) 0.273(1) 0.043(1)
1.57(5) 0.1113(5) 0.2276(6) 0.286(1) 0.039(1)
2.05(6) 0.1104(5) 0.2262(5) 0.2924(9) 0.034(1)
3.07(2) 0.1096(5) 0.2261(5) 0.3003(9) 0.035(1)
3.49(2) 0.1104(5) 0.2266(5) 0.3037(8) 0.036(1)
4.56(7) 0.1096(5) 0.2252(5) 0.3066(9) 0.035(1)
5.33(8) 0.1095(5) 0.2252(6) 0.3133(9) 0.035(1)
6.10(8) 0.1091(6) 0.2248(6) 0.3172(9) 0.035(1)
7.18(6) 0.1082(7) 0.2210(7) 0.322(1) 0.038(1)
M2 0.0001 0.1583(7) 0.3240(9) 1/4 0.030(3)
0.38(2) 0.1585(9) 0.3224(9) 0.239(4) 0.045(3)
0.91(3) 0.1588(9) 0.3239(9) 0.264(2) 0.043(1)
1.57(5) 0.1565(9) 0.3203(9) 0.282(2) 0.039(1)
2.05(6) 0.1562(8) 0.3165(9) 0.285(2) 0.034(1)
3.07(2) 0.1550(8) 0.3132(9) 0.290(2) 0.035(1)
3.49(2) 0.1533(8) 0.3098(9) 0.293(2) 0.036(1)
4.56(7) 0.1525(9) 0.3074(9) 0.296(2) 0.035(1)
5.33(8) 0.1507(9) 0.306(1) 0.295(2) 0.035(1)
6.10(8) 0.149(1) 0.303(1) 0.299(2) 0.035(1)
7.18(6) 0.147(1) 0.294(1) 0.301(2) 0.038(1)
S 0.0001 0 0 1/4 0.046(4)
0.38(2) 0 0 0.285(3) 0.009(5)
0.91(3) 0 0 0.276(3) 0.024(3)
1.57(5) 0 0 0.290(3) 0.030(4)
2.05(6) 0 0 0.299(2) 0.023(3)
3.07(2) 0 0 0.307(2) 0.014(3)
3.49(2) 0 0 0.311(2) 0.016(3)
4.56(7) 0 0 0.317(2) 0.013(3)
5.33(8) 0 0 0.324(2) 0.017(3)
6.10(8) 0 0 0.328(2) 0.015(3)
7.18(6) 0 0 0.330(3) 0.019(4)
OB1 0.0001 0.061(4) 0.109(4) 0.365(6) 0.10(1)
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0.38(2) 0.06 0.12 0.15(2) 0.038(8)
0.91(3) 0.06 0.12 0.160(7) 0.026(6)
1.57(5) 0.06 0.12 0.176(8) 0.049(8)
2.05(6) 0.06 0.12 0.180(8) 0.057(9)
3.07(2) 0.06 0.12 0.190(8) 0.08(1)
3.49(2) 0.06 0.12 0.194(8) 0.08(1)
4.56(7) 0.06 0.12 0.196(8) 0.09(2)
5.33(8) 0.06 0.12 0.207(8) 0.08(1)
6.10(8) 0.06 0.12 0.213(9) 0.10(2)
7.18(6) 0.06 0.12 0.198(9) 0.08(6)
OB2 0.0001 - - - -
0.38(2) 0.06 0.12 0.35(2) 0.038(8)
0.91(3) 0.06 0.12 0.368(7) 0.026(6)
1.57(5) 0.06 0.12 0.390(8) 0.049(8)
2.05(6) 0.06 0.12 0.408(8) 0.057(9)
3.07(2) 0.06 0.12 0.420(9) 0.08(1)
3.49(2) 0.06 0.12 0.433(8) 0.08(1)
4.56(7) 0.06 0.12 0.434(9) 0.09(2)
5.33(8) 0.06 0.12 0.443(8) 0.08(1)
6.10(8) 0.06 0.12 0.445(9) 0.10(2)
7.18(6) 0.06 0.12 0.462(9) 0.08(6)
OA 0.0001 0 0 1/2 0.10(1)
0.38(2) 0 0 0.032(3) 0.038(8)
0.91(3) 0 0 0.023(3) 0.026(6)
1.57(5) 0 0 0.036(4) 0.049(8)
2.05(6) 0 0 0.044(3) 0.057(9)
3.07(2) 0 0 0.050(3) 0.08(1)
3.49(2) 0 0 0.053(3) 0.08(1)
4.56(7) 0 0 0.058(3) 0.09(2)
5.33(8) 0 0 0.063(3) 0.08(1)
6.10(8) 0 0 0.065(3) 0.10(2)
7.18(6) 0 0 0.066(3) 0.08(6)
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Table 7.11 Relevant bond distances (A), angles (°), diameters (A), S6RO[0001] ditrigonal rotation angle assropooy (°) and deviation from planarity parameter

dzssropooy) (A), A- and B-layers “corrugation” parameter Az (A), channel- and cage-volumes of davyne at different pressures.

P (GPa) 0.0001  0.38(2) 091(3) 157(5) 205(6) 3.07(2) 3.49(2) 456(7) 533(8)  6.10(8)  7.18(6)
(Po-aR) (Py) (P3) (Ps) (P7) (P9) (P11) (P14) (P1s) (P1s) (P21)

Si- o1 1.601(5) 1.609(9) 1.614(9) 1604(9) 1.601(8) 1.602(8) 1.599(8) 1.605(9) 1.610(9) 1.610(10) 1.593(10)
02 1.602(4) 1.598(5) 1.605(5) 1.599(5) 1.615(5) 1.611(5) 1.594(5) 1.587(6) 1.586(9) 1.579(6) 1.583(8)
03 1615(3) 1.656(9) 1.583(9) 1.601(8) 1.598(7) 1.603(7) 1.592(7) 1.607(8) 1.594(8) 1.597(9) 1.594(10)

04 u 1.588(10) 1.658(8) 1.639(7) 1.640(6) 1.627(6) 1.626(5) 1.612(6) 1.615(6) 1.619(6)  1.614(7)

<Si-0> 1.608(4) 1.613(8) 1.6158) 1611(7) 1.614(7) 1611(7) 1.603(6) 1.603(7) 1.601(8) 1.601(8) 1.596(9)
Al- o1 1.722(5) 1.707(9) 1706(9) 1.724(9) 17198) 17188) 1.720(7) 1.707(9) 1.711(9) 1.701(10) 1.703(10)
02 1.724(4) 1.722(7) 1715(7) 1721(7) 1.699(7) 1710(7) 1.716(7) 1.716(8) 1.697(8) 1.702(9) 1.697(11)

03 1.730(3) 1711(9) 1.760(8) 1.740(7) 1.750(5) 1.748(5) 1.743(5) 1.737(6) 1.742(6) 1.743(7)  1.731(7)

04 . 1.747(9) 1.695(7) 1.716(6) 1.711(5) 1.710(6) 1.707(5) 1.708(6) 1.710(6) 1.704(6)  1.699(7)

<Al-O> 1.727(4)  1.722(9) 1.719(8) 1.725(7) 1.720(6) 1.722(7) 1.722(6) 1.717(7) 1.715(7) 1.713(8)  1.708(9)
Si-O1-Al 167.7(3) 169.1(6) 164.2(6) 159.3(6) 157.5(5) 154.6(5) 153.4(5) 151.1(6) 149.9(6) 148.8(7)  148.0(7)
Si-02-Al 158.1(3) 157.1(4) 157.6(4) 156.2(4) 156.7(4) 155.2(4) 156.0(4) 155.7(5) 156.2(5) 155.6(5) 155.1(6)
Si-03-Al 142.0(2) 139.9(5) 140.1(5) 139.0(4) 137.3(4) 134.5(3) 134.4(3) 132.9(4) 131.7(4) 129.9(4) 129.2(5)
Si-04-Al . 142.6(5) 139.9(5) 138.2(4) 137.7(4) 137.2(4) 137.03) 136.0(4) 134.4(4) 133.8(4) 133.3(5)
Cal- OL(x3) 2.661(4) 2.676(7) 2.680(7) 2.683(7) 2.700(7) 2.674(7) 2.655(5) 2.649(7) 2.656(6) 2.655(6)  2.647(8)
02(x3)  2.533(4) 2.521(6) 2517(5) 2.490(5) 2.487(5) 2.462(5) 2.473(5) 2.460(6) 2.470(6) 2.455(6)  2.443(8)
Cl(z+1) 2.702(1) 2.582(19) 2.509(14) 2.561(12) 2.536(9) 2.541(9) 2.559(11) 2.520(10) 2.600(9) 2.484(10) 2.497(11)
cl'(z) . 2.814(19) 2.864(14) 2.790(12) 2.790(9) 2.749(9) 2.721(11) 2.719(10) 2.714(9) 2.706(10) 2.666(11)

Ca2-  0O1(x3) 2.681(7) 2.672(7) 2.680(7) 2.668(7) 2.674(7) 2.656(5) 2.650(7) 2.658(7) 2.659(6)  2.655(8)
02(x3) 2.522(6) 2.532(6) 2.510(6) 2.513(6) 2.491(6) 2.495(6) 2.490(7) 2.505(7)  2.494(7)  2.483(9)
Cl) 2477(19) 2.483(12) 2512(11) 2.489(9) 2.478(10) 2.514(12) 2.473(11) 2.439(10) 2.418(11) 2.395(11)
Cl"(z+1) 2.919(19) 2.890(12) 2.839(11) 2.837(9) 2.812(10) 2.766(12) 2.766(11) 2.775(10) 2.773(11) 2.768(11)
M1 o1 3.434(4) 3.446(19) 3.209(10) 3.077(9) 3.035(8) 2.944(8) 2.921(7) 2.860(8) 2.815(8) 2.774(8) 2.764(10)
03’ 2.723(8) 2.650(13) 2.646(13) 2.647(12) 2.629(11) 2.575(10) 2.571(10) 2.548(11) 2.532(12) 2.501(13) 2.513(14)
03" u 2813(17) 2.811(9) 2.812(9) 2.794(9) 2.783(8) 2.775(88) 2.768(9) 2.763(9) 2.757(11) 2.758(12)
o4’ 2.723(5) 2.641(16) 2.684(10) 2.653(9) 2.655(8) 2.650(8)  2.633(7) 2.620(8) 2.607(8)  2.597(9)  2.599(10)
04" u 2.892(13) 2.766(13) 2.792(12) 2.798(11) 2.791(11) 2.803(11) 2.805(12) 2.795(12) 2.792(13) 2.827(15)
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OA(Z)  2.899(5) 2.786(11) 2.854(10) 2.829(12) 2.803(9) 2.792(9) 2.789(9) 2.764(9) 2.750(10) 2.740(10) 2.699(10)
OA
(z+0.5) “ 2.941(13) 2.853(10) 2.831(12) 2.811(9) 2.790(9) 2.786(9) 2.772(9) 2.749(10) 2.729(10) 2.670(10)
+<M1-Of> 2.723(7) 2.749(15) 2.727(11) 2.726(11) 2.719(10) 2.700(9)  2.696(7) 2.685(10) 2.674(10) 2.662(12) 2.674(13)
M2 o1 2.906(4)  2.84(2) 2.662(13) 2.493(11) =2.467(10) 2.395(10) 2.392(10) 2.333(10) 2.319(11) 2.291(11) 2.310(13)
03’ 2.496(9) 2.386(19) 2.366(15) 2.347(14) 2.336(13) 2.287(13) 2.281(13) 2.247(15) 2.207(15) 2.182(17) 2.189(18)
03" “ 2.603(19) 2.613(15) 2.623(14) 2.600(13) 2.602(12) 2.605(12) 2.608(14) 2.629(14) 2.627(16) 2.621(17)
oa 2.503(9) 2.416(19) 2.367(15) 2.349(14) 2.312(12) 2.285(12) 2.274(12) 2.242(13) 2.223(13) 2.214(14) 2.196(15)
04" “ 2.612(19) 2.608(15) 2.615(15) 2.648(13) 2.666(13) 2.678(13) 2.695(15) 2.691(15) 2.694(16) 2.736(18)
OB1 2.46(5)  2.29(2) 2.317(13) 2.272(14) 2.223(14) 2.170(14) 2.127(14) 2.105(14) 2.056(14) 2.010(16) 1.931(18)
OB2 2.32(3) 2.317(13) 2.275(15) 2.249(16) 2.213(17) 2.189(17) =2.181(19) 2.146(18) 2.10(2)  2.03(2)
<M2-Op> 2.581(8) 2.571(19) 2.523(15) 2.485(14) 2.473(12) 2.447(12) 2.446(12) 2.425(13) 2.414(14) 2.402(15) 2.410(16)
S-OA(z+0.5) 1.3374(1)  1.32(2) 1.31(2) 1.30(3)  1.291(19) 1.273(19) 1.263(19) 1.245(19) 1.235(19) 1.218(19)  1.20(2)
S-OB1 1.36(4)*  1.51(5) 1.461(17) 1.450(19) 1.457(19) 1.444(18) 1.440(18) 1.437(18) 1.428(18)  1.42(2) 1.45(2)
S-0A(2) 1.35(2) 1.35(2) 1.34(3)  1.344(19) 1.346(19) 1.347(19) 1.349(19) 1.348(19) 1.352(19)  1.35(2)
S-0B2 1.37(3)  1.412(14) 1.421(17) 1.435(17) 1.44(2) 1.452(19) 1.44(2) 1.432(18) 1.42(2) 1.45(2)
QS6RT70001] 2.5(1) 3.02) 2.9(2) 3.6(2) 3.4(2) 4.0(2) 3.5(2) 3.6(2) 3.6(2) 3.92) 4.1(2)
(02-O2)ssrrooor;  4.388(8)  4.358(12) 4.357(12) 4.314(12) 4.306(12) 4.260(12) 4.275(12) 4.253(12) 4.269(12) 4.242(14) 4.214(16)
S6RO[0001] dz 0 0.0214(1) 0.1532(4) 0.2042(4) 0.2266(4) 0.2535(1) 0.2563(3) 0.2718(4) 0.2872(4) 0.2894(5) 0.2900(6)
(02-02)cw 8.409(8) 8.429(11) 8.389(11) 8.383(11) 8.347(11) 8.329(7) 8.280(10) 8.241(12) 8.180(12) 8.161(12) 8.128(16)
02-02-02 97.92)  97.1(5)  97.4(3)  96.6(2)  96.8(2)  96.1(2)  96.7(2)  96.6(2)  97.5(22)  97.1(2)  96.8(3)
(01-O1)12r* 9.451(6) 9.414(11) 9.377(10) 9.301(9) 9.280(9)  9.192(9) 9.187(8)  9.129(9)  9.064(9)  9.011(9) 8.953(11)
(03-04)12r 8.439(4) 8.460(11) 8.403(8) 8.373(8) 8.329(7) 8.264(7) 8.254(7) 8.207(8)  8.160(8)  8.113(9)  8.090(10)
(03-04)sar 4361(6) 4.328(11) 4.344(8) 4.325(8)  4.328(7) 4.327(11) 4.304(11) 4.287(14) 4.293(14) 4.290(15) 4.254(16)
$1(01-04-03)  119.6(1) 111.4(4) 107.2(3) 101.3(3)  99.1(2)  95.8(2)  94.5(2)  91.9(3)  90.4(3)  88.7(3)  86.7(3)
$2 (01-03-04)  119.4(1) 111.7(4) 106.8(3) 101.1(3)  99.2(2)  95.7(2)  94.6(2)  91.8(2)  90.3(2)  88.6(3)  86.9(3)
$3 (04-03-01)  119.6(1) 127.4(4) 132.1(4) 137.8(3) 139.6(3) 143.3(3) 144.2(2) 147.2(3) 148.7(3) 150.5(3)  152.3(4)
04 (03-04-01)  119.4(1) 127.6(4) 131.7(3) 137.8(3) 139.8(2) 143.0(3) 144.1(2) 146.6(3) 148.1(3) 149.7(3) 151.6(3)
03-04-03 180 170.1(4)  168.6(3) 162.6(3) 160.8(2) 157.3(2) 156.2(2) 153.2(2) 152.0(3) 150.2(3)  147.9(3)
Az 1.2978(9) 1.483(8) 1.080(4) 0.954(3) 0.902(2) 0.829(1) 0.799(2) 0.745(2) 0.705(2) 0.665(2)  0.630(2)
Veg 336.2(4) 335.009) 330.1(7) 324.5(7) 320.9(6) 313.3(6) 311.8(6) 308.0(6) 300.0(6) 295.9(6)  291.2(7)
Ven 211.0(2) 210.3(7) 208.8(5) 206.8(6) 204.8(5) 202.5(5) 200.2(4) 198.9(5) 196.0(6)  194.1(5)  190.9(5)

*(O1-O1)ch is calculated as the projection onto the (0001) plane of the O1-O1 distance
*<Mil-Of>: the M1-O1 bond distance has not been considered
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Tables

Table 8.1 Isothermal (293 K) elastic parameters of cancrinite, vishnevite, balliranoite and davyne, obtained
by fitting the high-pressure experimental data with Birch-Murnaghan equations of state, truncated to the Il- or
[lI-order
Isothermal elastic parameters
Unit-cell volume
P-range Vo Kvo Kv' P-range Vo Kvo Kv'
(GPa) (R3) (GPa) (GPa) (AR3) (GPa)
Cancrinite  0.0001-4.62  703.3(7)  45(2) 6(1)  5.00-6.63 715(4) 40(2) 4
Vishnevite ~ 0.20-2.47  733.8(8)  49(4) 5.4(33) 3.83-7.40 757(6) 30(3) 2.6(5)
Balliranoite  0.0001-6.77 735(1) 48(3) 4.0(10)
Davyne 0.38-7.18  761.6(5) 46.5(11) 3.7(3)
Unit-cell linear parameters: a
P-range ao Kao Ka' P-range ao Kao Ka'
(GPa) (A) (GPa) (GPa) (A) (GPa)
Cancrinite  0.0001-4.62 12.603(7)  52(6) 11(4) 5.00-6.63  12.63(2) 58(4) 4
Vishnevite ~ 0.20-2.47  12.765(3)  56(4)  7.3(32) 3.83-7.40 12.844(19) 40(3) 1.8(4)
Balliranoite  0.0001-6.77 12.654(6) 54(4) 4.6(14)
Davyne 0.38-7.18  12.814(2) 50.3(9) 4.0(3)
Unit-cell linear parameters: ¢
P-range Co Keco Ke' P-range Co Keo Ke'
(GPa) (A) (GPa) (GPa) (A) (GPa)
Cancrinite  0.0001-4.62  5.115(3) 34(2) 2.8(8) 5.00-6.63 5.196(16) 20.6(14) 4
Vishnevite 0.20-2.47 5.202(2) 37(2) 5.0(20) 3.83-7.40 5.33(3) 16(3) 3.6(5)
Balliranoite  0.0001-6.77  5.305(2) 40(2) 3.3(6)
Davyne 0.38-7.18  5.3561(9) 40.3(7) 3.2(2)
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Appendix

Table 8.2 Thermoelastic parameters at constant pressure (0.0001 GPa) of cancrinite, vishnevite, balliranoite
and davyne, obtained by fitting the low-temperature experimental data with the thermal equation of state (8)

derived from the thermodynamic definition of the thermal expansion coefficient (further details are in section

2.1.3). For the high-temperature experimental data of cancrinite a different protocol was used (further details
are in section 4.3)

Thermo-elastic parameters at 0.0001 GPa

Unit-cell volume

T-range Vo oy T-range Vo Olv/(303K, 1bar) *
(K) (A3) (10° K™ (K) (A3) (10° K™
Cancrinite 100-293 698.2(6) 3.8(7) 303-748 707.50(5) 4.88(8)
748-823 705.5(10) 3.1(6)
Balliranoite 108-293 732.7(3) 4.6(4)
Davyne 110-293 751.0(3) 4.2(4)
Unit-cell linear parameters: a
T-range ao Oa T-range ao Ola(303K, 1bar) *
(K) (A3) (10° K™ (K) (A3) (10° K™
Cancrinite 100-293 12.580(3) 0.7(2) 303-748 12.6237(3) 1.16(3)
748-823 12.618(9) 0.6(3)
Balliranoite 108-293 12.636(3) 1.4(2)
Davyne 110-293 12.754(2) 1.4(1)
Unit-cell linear parameters: ¢
T-range Co oc T-range Co Olc(303K, 1bar) *
(K) (A3) (10° K™ (K) (A3) (10° K™
Cancrinite 100-293 5.096(2) 2.1(3) 303-748 5.1264(3) 2.58(8)
748-823 5.116(6) 1.9(5)
Balliranoite 108-293 5.300(2) 1.7(2)
Davyne 110-293 5.3300(7) 1.6(1)

* Refined from the Berman (1988) equation of state, see section 4.3
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