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Abstract

A series of high-quality single crystals of the formula Na K,_, AlSiO, were synthesized using a high temperature hydrother-
mal method. This enabled the detailed single crystal study of four examples of this class of compounds, namely KAISiO,,
Nay 10K 90AlSiO, Na;KAlL,Si,0, and NaAlSiO,. The potassium-containing species all had fully ordered AlO, and SiO,
tetrahedral sites that led to formation of polar acentric structures. In contrast NaAlSiO, displayed the unusual feature of an
exceptionally large and complex unit cell along with complete disordering of the Al and Si sites. This led to the formation of
a centrosymmetric structure, that is also a new polymorph of the NaAlSiO, composition. The polymorphism of hydrothermal
KAISiO, was also examined in light of the crystal’s synthetic and thermal histories. The study also revealed a structural
sensitivity toward the degree of Na/K substitution in the lattice. The strong tendency to form polar acentric structures makes
understanding these structures of great interest. These detailed structures resolved a considerable degree of previous structural
ambiguity within this nominally simple class of compounds.

Graphical Abstract
Structural subtleties are examined in the nepheline—kalsilite series of Na,K,_,AlSiO,, revealing changes in the resulting
structure according to synthetic method, thermal history, and alkali metal substitution.
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void spaces of the silicate rings. Such stuffed species not
only exist in the tridymite family, but also in silica poly-
morphs such as quartz, keatite, and cristobalite [1, 3]. With
the addition of a stuffing cation, a charge compensation must
be made. Because of its relative crystallographic similarity
to Si** and high terrestrial abundance, AI** often fulfills
this charge compensating role through substitution of a Si**
site in natural minerals leading to compositions such as
NaAlISiO, and KAISiO, for these stuffed tridymites. These

types of minerals, which include nepheline and kalsilite,
form a plethora of structures and formulas, not only on
earth, but even in samples analyzed on Mars [4]. Despite
the natural abundance of these materials, accurate structural
determination is often challenging, and highly sensitive to
subtle structural modifications, minute changes in chemical
composition, thermal history, and origin. As a result, there
is a wide range of structural variations within the AAISiO,
(A =Na, K) formulation (Table 1).

Table 1 Structural variations for compounds in the nepheline—kalsilite series

Composition Space group a (;A) b (;A) c (;A) Source References
o () B v ()

NaAlSiO, Po;4 9.958 9.958 8.341 Flux, 1100 °C [5]
90 90 120

NaAlSiO, P2, 17.23 25.06 27.23 Flux [6]
90 119.75 90

NaAlSiO, Pna?2, 8.660 14.940 25.140 HT/HP [7]
90 90 90 Hydrothermal

NaAlSiO, P2,/n 8.589 8.146 15.033 HT/HP [7]
90 89.89 90 Hydrothermal

NaAlSiO, P6, 10.046 10.046 25.140 HT/HP [8]
90 90 120 Hydrothermal

NaAlSiO, Pn 14.991 8.625 25.110 HT/HP [9]
90 90.2 90 Hydrothermal

NaAlSiO, P6, 9.995 (2) 9.995 (2) 24.797 (4) Flux, 1100 °C [10]
90 90 120

Na; gsAl; ¢5Sig 1503, P112, 9.9897 (6) 9.9622 (6) 24.979 (2) Flux, 1150 °C [11]
90 90 119.788 (4)

NaAlSiO, P2,/n 14.9612 (7) 8.6234 (4) 25.1167 (12) HT/HP This work
90 90.133 (2) 90 Hydrothermal

Na,_,K,Al,Si,04 Po; 9.9774 (2) 9.9774 (2) 8.3634 (2) Volcanic [12]
90 90 120 Mineral

Naj; 45K 43Al5 96514 04016 P64 9.989 (3) 9.989 (3) 8.380 (5) Flux, 1100 °C [13]
90 90 120

Na;KAL,Si,O 4 P6,4 10.0155 (2) 10.0155 (2) 8.3944 (4) HT/HP This work
90 90 120 hydrothermal

Nay 533K 717A1S10, Po; 20.496 (5) 20.4969 (5) 8.549 (3) Volcanic [14]
90 90 120 Mineral

Na, ;(Kp.90AISiOy4 P6; 5.1543 (7) 5.1543 (7) 8.6927 (17) HT/HP This work
90 90 120 Hydrothermal

KAISiO, P3lc 5.1636 (3) 5.1636 (3) 8.7179 (6) HT/HP this
90 90 120 Hydrothermal work

KAISiO, P3lc 5.157 (1) 5.157 (1) 8.706 (3) Metamorphic [15]
90 90 120 Mineral

KAISiO, P6; 5.151 (5) 5.151 (5) 8.690 (8) HT/HP [16]
90 90 120 Hydrothermal

KAISiO, Po,4 5.1666 (1) 5.1666 (1) 8.7123 (1) Hydrothermal, 300 °C [17]
90 90 120

KAISiO, P6ymc 5.153 (5) 5.153 (5) 8.682 (9) Alkali exchange [18]
90 90 120

KAISiO, P2, 15.669 (2) 9.057 (1) 8.621 (1) Dry synthesis [19]
90 90.16 (1) 90

KAISiO, P6,4 18.1111 (8) 18.1111 (8) 8.4619 (4) Volcanic [20]
90 90 120 Mineral
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The synthetic pursuit of tridymites dates back to the late
1800s in the gold lined autoclaves of von Chroustshoff [21]
A key current interest in pursuing synthetic studies of stuffed
tridymites lies in their tendency to crystallize in noncen-
trosymmetric (NCS) space groups, which often result in
interesting physical and optical properties, including piezo-
electric behavior and second harmonic generation [22, 23].
Indeed, during WWII, the synthesis of acentric nepheline,
NaAlSiO,, was pursued as an alternative to quartz in Ger-
many, due to the high demand brought on by the embargo of
high purity of quartz from Brazil [24-26]. It is statistically
rare for a material to crystallize without a center of sym-
metry, with only about 13% of known inorganic structures
lacking an inversion center [27]. Certain classes of com-
pounds break this tendency to varying degrees. For exam-
ple, borates, comprised of trigonal planar and tetrahedral
building blocks (which themselves lack a center of symme-
try), have been reported to have a nearly threefold greater
tendency to crystallize without a center of symmetry [27].
While the aluminosilicates lack the ability to form trigo-
nal planar oxo groups, it has been demonstrated that NCS
arrangements of tetrahedral oxides, such as those containing
(AIO4)5_ and (SiO4)4_ oxyanions, are also favorable [22].
Furthermore the ability to stack the tetrahedra also makes
for a high tendency of polar acentric crystals. It can be
noted that of the 21 reported structural examples of sodium
and potassium stuffed tridymites listed in Table 1, 19 are
polar acentric, a ratio far above other material categories to
our knowledge. In this regard, the stuffed tridymites in the
nepheline and kalsilite systems provide an excellent test bed
for studying the design and physical properties of acentric
and polar structures, as subtle compositional and synthetic
factors may drive the parent centrosymmetric (CS) structure
into one of the lower symmetry NCS modifications. Struc-
tural variations include ordering of the tetrahedral sites, dis-
tortion of the six-membered rings that form the structures,
eclipsed orientation of the tetrahedra between layers, and
variations in the orientation of the tetrahedra with respect
to the c-axis [1, 3]. These variations in the aluminosilicate
network are often influenced by changes in the size and com-
position of the stuffed alkali metals. In some instances, the
structural perturbations result in larger unit cells, such as
is the case in trinephelines, where an expansion of the cell
along the c-axis is required to accommodate the orientation
of the layers on the ab-plane [6, 10, 11].

Given the numerous structural variations reported in the
NaAISiO,-KAISiO, system (Table 1), we sought to apply a
high temperature hydrothermal synthetic approach to exam-
ine how this synthetic approach affects the structures that
are formed, and within this approach, how compositional
factors further influence phase formation. This method is
particularly useful in this system, because it offers a closed
reaction with stoichiometric control, is well-known to be

amenable to a wide variety of silicates, and often produces
large, high quality single crystals [28—33]. The synthetic
hydrothermal conditions may also approximate some con-
ditions under which these phases form in nature, and thus
the resulting structures may provide a useful frame of ref-
erence for understanding the formation of natural samples
and identify conditions which preferentially stabilize certain
polymorphs. Herein we explore the synthetic and structural
aspects of a series of Na,K,_,AlSiO, compounds synthe-
sized via a high-temperature, high-pressure hydrothermal
technique.

Experimental
Synthesis

Single crystals of the Na,K;_,AlSiO, series were synthe-
sized via hydrothermal reaction of 0.05 g (0.83 mmol)
SiO, (Strem, 98%) and 0.042 g (0.415 mmol) Al,O; (Alfa
Aesar, 99.5%). To aid crystallization and act as the alkali
nutrient source, a mineralizer fluid of 0.4 mL of a 10 M
AOH (A =Na, K) was used. The stoichiometry of the min-
eralizers was controlled accordingly to achieve the desired
alkali metal content in the final products. The powders and
mineralizer solutions were placed within silver ampoules,
2.5 in. in length with an OD of 3/8 in. and welded shut at
both ends. These ampoules were then loaded into a Tuttle
cold seal autoclave, with the remaining volume filled with
water to serve as the counterpressure. The reactions were
heated at 650 °C and 200 MPa for 7 days. After cooling the
autoclave to room temperature, the resulting crystals were
washed with deionized water and allowed to air dry. Crystals
produced by this method with a greater sodium content pos-
sessed a hexagonal column-shaped habit with sizes as large
as 1.0 mm in length and 0.2 mm in diameter. As potassium
was substituted in the place of sodium a hexagonal plate-like
habit was observed, with sizes as large as 3 mm in diameter
and 0.3 mm in thickness.

Structure Determination

A summary of the crystallographic data for Na,K;_,AlISiO,
series is provided in Table 2. Single crystal X-ray diffrac-
tion was performed on a Bruker D8 Venture equipped with
an Incoatec Mo Ka (A=0.71073 IOA) microfocus source and
Photon 100 CMOS detector. All data were collected at room
temperature using phi and omega scans. Data collection, pro-
cessing, and scaling were performed using Apex3 [34]. Data
collection strategies yielded a multiplicity of observations
exceeding ten in all structures. The structures were solved
by direct methods and refined by full-matrix least-squares on
F? using the SHELXTL software suite [35]. All atoms were
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Table 2 Crystallographic data

for the hydrothermally-grown Empirical formula KAISiO, Nay oK 9AISiO, Na;KAlL,Si,0 4 NaAlSiO,
Na,K,_,AlSiO, series Formula weight (g/mol) 158.17 156.56 584.35 142.06
Space group P3lc P64 P6,4 P2,/n
a(A) 5.1636 (3) 5.1543 (7) 10.0155 (2) 14.9612 (7)
b (A) - - - 8.6234 (4)
c (A) 8.7179 (6) 8.6927 (17) 8.3944 (4) 25.1167 (12)
B - - - 90.133 (2)
Volume (A?) 201.33 (7) 200.00 (7) 729.23 (5) 3240.5 (3)
Z 2 2 2 36
Density (calculated) (g/cm3) 2.609 2.600 2.661 2.621
Parameters 24 23 93 573
0 range (°) 4.56-28.18 4.57-25.15 2.35-26.00 2.12-28.00
Reflections
Collected 1950 1724 8375 170,082
Independent 331 248 969 7823
Observed, 1>20(1) 312 217 904 7566
R, int 0.0267 0.0359 0.0385 0.0506
Final R, obs. data
R1 0.0189 0.0339 0.0204 0.0378
wR2 0.0447 0.0832 0.0445 0.1050
Final R, all data
R1 0.0205 0.0386 0.0235 0.0392
wR2 0.0452 0.0857 0.0456 0.1056
Goodness of fit of F2 1.178 1.259 1.064 1.277

refined anisotropically. The structure of KAISiO, was refined
as an inversion twin, having an absolute structure parameter
of 0.40(3). The NCS nature of KAISiOy4, Nag oK 99AlSiOy,
and Na;KAI,Si,O,¢ was verified by observation of second
harmonic generation, with Flack parameters supporting the
correct absolute structure. The structure of Na;KAl1,Si,0¢
was additionally refined as a merohedral twin with a batch
scale factor of 0.41. The structure of NaAISiO, was refined
as a pseudo-merohedral twin with a batch scale factor of
0.19. Figures of the crystal structures were drawn using
VESTA [36]. Structural data have been deposited with the
joint CCDC/FIZ Karlsruhe deposition service, deposition
numbers 2106945-2106948. Verification of the structures
and phase purity was made by powder X-ray diffraction
(PXRD) performed using a Rigaku Ultima IV diffractometer
with Cu Ka radiation (A=1.5406 A) at 0.02° intervals at a
rate of 1°/min from 5 to 65°.

Additional Characterization

Elemental analysis of the crystals used for structural anal-
ysis was carried out using energy dispersive X-ray analy-
sis (EDX). To perform these measurements, a Hitachi
S-3400N scanning electron microscope (SEM) equipped
with an Oxford INCA EDX detector was employed. Crys-
tals selected for analysis were attached to a carbon disc using

@ Springer

double-sided carbon tape. This disc was then placed onto a
51 mm stage that was then placed into the SEM chamber.
After the chamber was evacuated, the electron beam was
activated with an acceleration voltage of 20 kV. Measure-
ments taken in this fashion were completed as an average of
multiple measurements over a selected flat region of each
crystal.

The structural phase transformation behavior of KAISiO,
was studied using differential scanning calorimetry (DSC).
These measurements were performed using a TA Instru-
ments SDT Q600 DSC/TGA. Powdered samples of the
analyte were placed in an alumina crucible, along with an
empty reference sample pan. The heating profile for the
study proceeded from 25 to 1000 °C at a rate of 10 °C/min
in a nitrogen atmosphere.

Results and Discussion
The Crystal Structure of KAISiO,

The stuffed tridymite structural family contains a number
of structural transitions, caused often by only very minor
changes in their formulaic composition or synthetic route.
There is perhaps no greater example of this than in the
Na,K,_,AlSiO, series. Depending on the ratio of sodium
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to potassium ions within the same aluminosilicate frame-
work, four distinct phases are observed in the present study
of hydrothermally-grown crystals. Although these alkali ions
only have a radius difference of 0.25 A, the change has a
remarkable effect on the structural framework.

The mineral kalsilite, KAISiO4’ is the largest end mem-
ber of this series and is most commonly observed in the
hexagonal setting of P65 [1, 37, 38], while some samples
from southern India have been found to occur in the trigo-
nal setting of P31c [15]. The two key differences between
the occurrence of these polymorphs is the environment in
which they are formed and the amount of sodium impuri-
ties reported within the crystal. The hexagonal phase is pre-
dominantly found in volcanic rocks or with a minor amount
of sodium impurities in metamorphic rocks. The trigonal
specimens have been found in metamorphic granulite facies
gneiss with nearly no sodium contamination. Synthesis of
KAISiO, by traditional solid-state methods is known to pro-
duce the hexagonal phase [16]. However, when crystalized
under hydrothermal conditions in the present study (650 °C,
10 M KOH), the trigonal phase is produced exclusively,
yielding an excellent refinement (R1=0.0189) in P31c
(Table 2).

A useful way to understand the differences between the
various polymorphs of Na,K,_,AlSiO, is to compare the
aluminosilicate framework to that of high tridymite. In each
of this series, small distortions in the framework reduce the
symmetry to variety of unique structures. An illustration of
these changes in presented in Fig. 1.

In trigonal KAISiO, specifically, the symmetry is reduced
from the ideal tridymite P6,/mmc to P31c by the ordering
of the tetrahedral cations and by the way in which the tetra-
hedra connect to one another within the ab-plane. The AlO,
and SiO, tetrahedra that form the aluminosilicate framework
of this structure are built up of layers of ditrigonal six-mem-
bered rings parallel to the ab-plane, where the orientations
of threefold axes of the neighboring tetrahedra are alternat-
ing up and down along the c-axis. The potassium ions reside
in the channels, hence the “stuffed” terminology (Fig. 2).
These layers are then connected to one another along the
c-axis by the O, atom bridging the Si; atom of one layer with
the Al, atom of the next layer, thereby creating channels
formed by the six membered rings in all three principal axes
(Fig. 3). The orientation of the all the SiO, tetrahedra along
the c-axis and all of the AlO, tetrahedra along c establish
the polar axis. Importantly, the basal oxygen atoms of the
bridged tetrahedra are eclipsed along the c-axis in the P31c
setting of KAISiO, (Fig. 2a), whereas they are staggered
in the P65 setting (Fig. 2b). In the trigonal structure here,
the three basal oxygen atoms for each of the SiO, and AlO,
tetrahedra are accounted for by one unique oxygen site. The
average Si—O and Al-O bond distances are 1.647(12) A and
1.700 (12) A, respectively, as is typically expected [39].

< 4
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by b v'
N VAV
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NaAlSiO, KAISiO,
(hydrothermal)
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v Vv V‘ Si0,
v
Av v
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Nay 25K 75A18i0y, Na;KAL,Si,06
KAISiO, (hydrothermal

after phase transition)

Fig. 1 Structural modifications of the tridymite framework as seen in
the hydrothermal Na K,_, AlSiO, series. Yellow tetrahedra represent
SiO, groups, blue represents the AlO, groups, and green represent
disorder between the two (Color figure online)

Since the majority of the literature reports for natural
KAISiO, are in the hexagonal setting, and given the sim-
ilarity between these space groups, a test refinement was
performed on our synthetic crystals in P65. This solution
led to a less desirable R-value (0.0599), disorder of the basal
oxygen sites, and poor anisotropic displacement parameters
in the P6; setting (Supporting Information, Table S1). This
is related to the eclipsed nature of the trigonal structure ver-
sus the staggered arrangement of the hexagonal structure,
as illustrated in Fig. 2. A prior study of KAISiO, prepared
hydrothermally at 600 °C and 14 kpsi suggested a disordered
structure in space group P65 having a high R1 value of 0.084
[16], with the disordered domains giving the appearance of
P6;mc symmetry. Indeed, P6; crystals have been thermally
converted to the P6ymc structure at 865 °C, and the P6;mc
structure verified at 950 °C [40]. Naturally-occurring kalsi-
lite having P31c symmetry has been thermally converted to
P65 symmetry at 500 °C [41]. This is interesting since the
present synthetic study was performed at 650 °C, and yet the
P31c structure was isolated in good crystalline quality. Thus,
we were interested to study the thermal behavior of these
metastable P31c crystals having this specific hydrothermal
synthetic history.

The DSC measurements (Fig. 4) indicate a single-phase
transition occurring at 882 °C upon heating and 872 °C upon
cooling, which is in agreement with a phase transition from
P31c— P6;mc upon heating. Purity of the material prior
to heating was verified by PXRD (Fig. 5), and the absence
of hhl, I=o0dd reflections combined with the single crystal
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Fig.2 Crystal structures of

a KAISiO, (hydrothermal),

b Na, ;0K 9pAlSiO, (and
hydrothermal KAISiO, after
phase transition, where alkali
ions would be all black, as pure
K*), ¢ Na;KALSi, 0,4, and

d NaAlSiO, as viewed down
the c-axis. Yellow tetrahedra
represent SiO, groups, blue
represents the AlO, groups,
and green represent disorder
between the two. Silver atoms
represent sodium and black
atoms represent potassium
(Color figure online)

Fig.3 Crystal structures of

a KAISiO, (hydrothermal),

b Na, ;0K 99AlSiO, (and
hydrothermal KAISiO, after
phase transition, where alkali
ions would be all black, as pure
K™), ¢ Na;KAL,Si,O¢, and

d NaAlSiO, as viewed down
the a-axis. Yellow tetrahedra
represent SiO, groups, blue
represents the AlO, groups,
and green represent disorder
between the two. Silver atoms
represent sodium and black
atoms represent potassium
(Color figure online)

measurements indicates the starting material was entirely
P31c prior to the phase transition. PXRD analysis of the
same sample after cooling indicates that the phase transition
is only pseudo-reversible, as the resultant material does not

@ Springer

(d)

have P31c symmetry, but instead has P6, symmetry, exhibit-
ing the characteristic weak /hl, [ =odd reflections such as
(111), (113), and (115). To verify this P6;mc — P65 transi-
tion upon cooling, we performed a single crystal structure
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Fig.4 DSC of hydrothermally-
grown KAISiO,

——KAISIO,

Heat Flow (mW/mg)

—
——

"

T T T 1
870 880 890 900

-70 - 8;30

T
200

analysis on a single crystal retrieved from the DSC experi-
ment, and found it could be best refined in P6;, with less
satisfactory results in P31c and P6;mc (SI, Table S2). The
basal oxygen sites were found to be well-ordered, as is seen
in other P65 examples of KAISiO,, while the basal oxygen
sites of the P31c and P6;mc test refinements were disordered
and required restraints to prevent them from becoming non-
positive definite. While it was clear that kalsilite structures
were already sensitive to compositional and synthetic fac-
tors, it appears their thermal behavior is also influenced in
subtle ways by the synthetic history of the samples. The
P31c kalsilites appear to be kinetically stable phases that
may not be easily recovered once they have experienced
thermal treatment.

The Crystal Structure of Na, ;,K, o0AISiO,

As sodium ions are intentionally added to the reaction
mixture in a 1:3 Na:K ratio under hydrothermal conditions,
the common, naturally occurring hexagonal P6, phase of
kalsilite is produced, albeit with substitutional disorder
of Na/K ions. Single crystal X-ray diffraction data from
the resultant crystals was refined as Na,, ;oK 99AISiO, in
the polar acentric setting of P65 (Figs. 2b, 3b). While the
size of the stuffing cation in Na (K, 9oALlSiO, has been
reduced by the partial substitution of smaller sodium into
the potassium sites, the overall unit cell dimensions have
only slightly decreased in comparison to KAISiO,. The
significant difference between these two structures relates

T T T 1
400 600 800 1000

Temperature (°C)

more to the structural arrangement of the tetrahedral
framework. In trigonal KAISiO, the aluminosilicate frame-
work is coordinated in an eclipsed fashion with respect to
the c-axis. In hexagonal Na, ;K 99AlSiO,4, however, the
tetrahedra are rotated into a staggered conformation. The
difference in the K—O bond lengths of P31c kalsilite ver-
sus the K/Na—O bond lengths of P65 kalsilite, is nearly
negligible (SI, Tables S3, S4), and it appears the sodium
ion is allowed greater mobility within the cation site, as
the potassium ions present in the majority prevent the
channels from becoming too narrow. To account for this
change, the framework must twist from an eclipsed confor-
mation to a staggered one to maintain a minimal coordina-
tion distance to the countercharging alkali. An illustration
of the alkali site coordination in Na, (K 9oAlSiO, and
KAISiO, is provided in Fig. 6.

Due to the similarities of the hexagonal setting of P6;
and the trigonal P31c, a test refinement of Na,, ;K 90AISiO,
was performed in P31c. This test refinement led to an unfa-
vorable solution with an R1 value of 0.0980. This poor solu-
tion is brought about by the same line of reasoning as to
why KAISiO, could not be reasonably solved in P65. In the
trigonal solution, the basal oxygen sites are not repeated in
a staggered fashion so an additional oxygen site must be
added in P31c to ensure a staggered solution, with both basal
oxygen sites partially disordered. A test refinement was also
performed in space group P6;22, to distinguish the true sym-
metry in P65 from P6522 pseudosymmetry. The test case
again produced a less favorable refinement (R1=0.0717).
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Fig.5 PXRD of (a) hydrothermally-grown P31c¢ KAISiO,, (b) cal-
culated P31c KAISiO,, (c) experimental P6; KAISiO, after cooling
from thermal conversion at 882 °C, and (d) calculated P6; KAISiO,

The tetrahedra that make up the framework of
Nay ;K.00AISiO, are slightly distorted. In these tetrahedra
the basal oxygen atoms are distorted away from one another
leading to O-T-O (T =Si or Al) angles of 111.0 (6)° for alu-
minum and 110.9 (6)° for silicon, while the angles between
the apical oxygen atoms and the basal ones are slightly
smaller at 107.9 (6)° for aluminum and 108.0 (6)° for silicon.
This in turn also effects the bond lengths within the tetra-
hedra. The basal oxygen atom bonds are at 1.672 (7) A and
1.670 (7) A for Al and Si, respectively, though distinction
between the sites can be made from their respective bond
distances to the apical oxygen, at 1.69 (4) A for aluminum
and 1.63 (4) A for silicon.

The Crystal Structure of Na;KAI,Si,0,,
With an increase of the sodium to potassium ratio in the
reaction mixture, the phase we designate as Na;KA1,S1,0,¢

is stabilized. This phase was stabilized from a number of
reactions, ranging from the stoichiometric 3:1 sodium to

@ Springer

potassium ratio all the way to a 1:1 ratio. The structure
of the Na;KAl,Si,O,¢ phase is that of ideal nepheline in
P6,. Although it crystallizes in the same space group as
Nay ;0K 9oAlS10y, it is a structurally distinct entity with
different lattice parameters and ordered Na and K sites [12,
42-46]. Variations in naturally occurring nephelines can
lead to disorder of the aluminum and silicon sites [42, 43],
as well as potassium-poor stoichiometries [12, 46]. Like
other stuffed tridymite derivatives, the structure is built of
six membered rings composed of SiO, and AlO, tetrahedra.
In the synthetic hydrothermal material we find the aluminum
and silicon sites to be well ordered [and clearly distinguish-
able based on Al-O bond lengths of 1.71 (2) A to 1.753
(8) A and Si~O bond lengths of 1.608 (8) to 1.63 (2) 10%; SI
Table S5], connecting in an alternating manner with respect
the silicon and aluminum sites as well as the orientation of
their tetrahedra with respect to the c-axis.

Similar to P31c¢ kalsilite, subsequent layers of tetrahe-
dra are eclipsed. Where this nepheline type structure sets
itself apart from the other structures discussed thus far is
the presence of two distinct ring types (Fig. 2c). The ring
about the origin of the cell forms a nearly perfect hexagon
when viewed down the c-axis, as it resides on the 6;-screw
axis. The second ring type of the framework is an oval ring.
These rings develop along the a and b cell edges and at the
center of the cell, filling the spaces adjacent and diagonal
to the hexagonal ring types. Connectivity of the ring layers
into the framework occurs via T-O-T angles of 137.8 (2)°
and 156.5 (8)° for Si,—O,—Al, and Si,—Os—Al,, respectively.

The structural motif is directed by the composition of two
distinct alkali cations acting to charge balance the tetrahedral
ring structures, with the ordered K* and Na* cations located
in specific channels. The sodium ions are positioned in the
center of the oval-shaped six-member rings, with an average
Na-O bond length of 2.672 A, and the potassium ions are
located within the hexagonal rings, with an average K-O
bond length of 3.004 A. The environment of the oval ring is
ideal for the smaller sodium ions and resists any tendency
for potassium ion disorder at the sodium sites. It is consistent
with the observation that synthesis of potassium-rich species
having this structure type could not be obtained in our hands,
leading instead to the formation of the Na, ;K oAlSiO,
hexagonal kalsilite type phase, as well as the common
occurrence of potassium-poor, but not potassium-rich natu-
ral nepheline samples. The 3:1 Na:K ratio of the synthetic
samples, including the one used for the structure refinement,
were confirmed by EDX.

The Crystal Structure of NaAlSiO,
Hydrothermal synthesis using NaOH exclusively as the min-

eralizer solution led to a new polymorph of NaAlSiO,. The
seemingly simple formula of NaAISiO, belies a variety of
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Fig.6 Alkali metal ion environ- (a)
ments in Na, ;K 9oAlSiO, (a,
¢) and KAISiO, (b, d)

crystallographic determinations reported in the literature that
are surprisingly convoluted [5—-11, 47—49]. Prominent among
these are a complex series of structures called the trinephe-
lines, where the tetrahedral layers consist of exclusively
oval-shaped channels. In the hexagonal (P6,) trinepheline
(Fig. 7), the aluminum and silicon sites are ordered, and
subsequent layers are rotated as they are stacked along the
extended c-axis [10]. This gives the appearance of hexagonal
channels in the same locations as those in nepheline, though
it is accomplished in this different manner of overlapping
oval rings. There have also been a series of orthorhombic
and monoclinic trinephelines reported in the literature [7, 9,
11]. They appear to be related to one another on the basis of
their lattice parameters, but their refinements are somewhat
ambiguous. Selker and coworkers reported several examples
with the same formula that were refined in the NCS space
groups Pn and P2, [9].

In this study we isolate a centrosymmetric (CS) modi-
fication in space group P2,/n, whereby all the tetrahedral
sites contain Al/Si disorder (SI, Tables S6, S7, S8, S9).
These crystals were prepared by a similar method to that
of Selker and have very similar unit cell constants. The
absence of any second harmonic generation in the present
sample, however, is consistent with a CS model. The beta
angle very near 90° may also be the source of the apparent
ambiguity regarding some of the previous assignments of
orthorhombic symmetry [9, 11]. Indeed, the crystals here

are subject to pseudo-merohedral twinning that often sug-
gests higher symmetry. An apparent hexagonal unit cell of
a=17.25, c=25.12 was often obtained during indexing, but
a reasonable solution was not obtained with these param-
eters. Ultimately, the monoclinic unit cell of a=14.9612 (7),
b=28.6234 (4), c=25.1167 (12), #=90.133 (2) was achieved
(itself very close to orthorhombic metric symmetry), where
the b-axis is half of the apparent hexagonal a-axis. Axial
photographs (Fig. 8) confirmed the apparent hexagonal
a-axis was due to a sparse row of reflections found along
the true b-axis and was accounted for by a 20% twin frac-
tion of the pseudo merohedral twin of twofold rotation about
the c-axis.

An important departure occurs in the tetrahedral frame-
work of the CS monoclinic polymorph relative to that of
the of the NCS trinepheline in the P6, structure. In the
monoclinic polymorph of the present study, the aluminum
and silicon atoms are substitutionally disordered across
all the tetrahedral sites. The Si/Al-O bonds range from
1.6570 (10) to 1.696 (3) A, intermediate of typical Si-O
and Al-O bond lengths. The substitutional disorder per-
sisted in test refinements in lower symmetry space groups.
The individual aluminosilicate layers adopt similar oval-
shaped channels to those in trinepheline, but there is no
incremental rotation of consecutive layers as the layers
stack along the c-axis as there is from the 6, screw axis of
trinepheline. Thus there are no nepheline-like hexagonal
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Fig.7 a—d The layers (a)
of monoclinic trinephe-

line a 1.09<z<0.90, b
0.92<2<0.75,¢0.77<2<0.57,
and d 0.60 <z<0.40. e All lay-
ers of hexagonal trinepheline,
f-h The layers of hexagonal
trinepheline f 1.03 <z<0.85,

(e) ;‘
A

20.87<z<0.68, and h
0.70<z<0.52 [10]. Green tetra-
hedra represent disordered sites
between silicon and aluminum
oxides, yellow tetrahedra repre-
sent SiO,, and blue represents
the AlO, groups (Color figure
online)

channels that are formed in the long range structure of the
monoclinic polymorph, where the oval shaped channels
of the individual layers are aligned by the 2, screw axis.
The ring coordination for the individual layers of hydro-
thermally synthesized NaAlSiO, is provided in Fig. 7a—d.
At first glance these layers appear nearly identical, with
only slight deviations in the positions of the basal oxygen
atoms that connect the rings. These layers are very similar
to those seen in hexagonal trinepheline (Fig. 7e-h) and
is particularly obvious in the second layer (Fig. 7g). The
similarity of the first and third layers (Fig. 7f, h) is not as
immediately apparent due to their rotation caused by the
hexagonal nature of the structure. As the rotation axis is
reduced in symmetry from P6, to P2,/n, minute differ-
ences from layer to layer necessitate the tripled c-axis of
the P2,/n trinepheline. These layers are arranged in an

@ Springer

ABCDCBA type fashion, with an inversion center at the
center of the D-layer. In comparison, hexagonal trinephe-
line is layered in an ABCABC ordering.

The angles within the tetrahedra of NaAlSiO, do show
some distortion from the ideal 109.5°, with angles ranging
104.31 (15)-115.88 (12)° (SI, Table S8). There does not
appear to be any discernable pattern in these deviations
and the averaging of all O—T-O angles within the tetrahe-
dral are very close to 109.5° at all eighteen sites, however,
the T-O-T angles provide some interesting information
(SI, Table S9). In viewing the cell down the c-axis, most
basal oxygen atoms within the cell are at both the corner
of one of the 6-membered rings and along the flat section
of its neighboring ring. However, this is not true for the
oxygen atoms at one corner position of the rings. Along
the a-axis of the cell, the oxygen atoms at the corner of
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Fig.8 b-Axial photograph of e
monoclinic trinepheline with
the crystal structure of mono- o
clinic trinepheline as viewed .
down the a-axis, as well as the

twin of the cell, green tetrahe- S AL L
dra represent disordered sites el e e
between silicon and aluminum L eae d
oxides (Color figure online) i, TG
o
-
- e .‘

-

‘‘‘‘‘

two neighboring rings have the largest T-O-T angles. In
fact, for two specific oxygen atoms, O3 and O,,, these
angles are exactly 180°. While such angles in silicates and
aluminosilicates are unusual [50], there have been several
examples of this occurring in the tridymite system [51,
52]. In the case of both sites this linear angle is required
by symmetry as these oxygen atoms lie at inversion cent-
ers of the cell. There was no experimental evidence for the
splitting of O,5 and O, off of the symmetry site, and only
0,4 showed any relative anisotropy when compared with
other oxygen sites within the structure.

The key distinction from ideal nepheline [44],
Na;KAl1,S1,04, is that this monoclinic trinepheline con-
tains only Na* ions. This leads to the formation of only
one general type of oval shaped aluminosilicate ring, com-
pared to Na;KAl,Si,0,4, where the larger K atoms tem-
plated hexagonal rings and the smaller Na toms templated
oval-shaped rings. The rings of hydrothermal NaAlSiO,
similarly contrast with those templated by mixed occu-
pancy Na/K sites of Nag ;oK 99AISiO, and the K sites of
KAISiO,, where the larger potassium atoms led to ditrig-
onal rings. In monoclinic trinepheline the coordination
environments of the Na™ ions range from 8 to 11 coordi-
nate at a maximum Na—O distance of 3.5 A. The variation
in coordination is due to the loose positioning within the
channels and the nearly negligible stabilizing contribu-
tion of bonds at this maximum. Probably more important
is the recurrence of 4 shorter Na—O distances at each of
the Na sites. These distances were found to be as short

8.6 A

ID
17 A

as 2.290 (4) A, making them ill-suited for a larger alkali
metal such as K*.

Summary and Conclusions

The nepheline—kalsilite (NaAlSiO,~KAISiO,) system is a
complicated series with interesting structural variations as
a function of both composition and crystal growth condi-
tions. Hydrothermal synthesis was used to access high qual-
ity crystals in the K;_,Na AlSiO, system, in order to study
these influences under common growth conditions. In the
case of KAISiO,, hydrothermal conditions led to the less
common trigonal polymorph in P31c¢ with eclipsed ditrigo-
nal rings. This is similar to metamorphic mineralogical
samples but differs from samples of either volcanic origin
or previous solid-state synthesis which form in P6; symme-
try, having staggered ditrigonal rings that create hexagonal
channels. DSC measurements suggested a phase transition
from P31c to P6;mc upon heating to 882 °C, and then a
phase transition from P6;mc to P65 at 872 °C upon cooling,
suggesting the P31c¢ form is a metastable form. Controlled
introduction of Na into the hydrothermal system led directly
to the hexagonal form of Na, ;K ¢AlSiO, in P6;. Given
the identical synthesis conditions to KAISiO,, the forma-
tion of staggered ditrigonal rings in Nag ;K 9oAlSiO, is
attributed to the presence of sodium atoms in substitutional
disorder with potassium. Further sodium substitution to
produce Na;KAl,Si,O,4 leads to an ordered arrangement of
sodium and potassium atoms in the very different nepheline
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structure type of space group P6;. Alkali metal ordering
templates the formation of distinct hexagonal and oval alu-
minosilicate rings in the framework. Hydrothermal synthesis
in the absence of potassium led to the formation of a mono-
clinic form of trinepheline, NaAlSiO,, which exhibits sub-
stitutional disorder of Al and Si atoms in P2,/n. Refinement
of high quality X-ray data accounting for pseudo merohe-
dral twinning appears to resolve several uncertainties about
monoclinic and orthorhombic trinephelines that are present
in the older literature. The structure departs from that of the
ordered hexagonal trinepheline, in that it maintains eclipsed
oval-shaped channels throughout the framework and does
not exhibit any of the hexagonal nepheline-like channels.
The study demonstrates the utility of hydrothermal synthesis
to systematically access compositions of interest in a con-
trolled fashion to gain new insights into factors directing
structural variations in complex systems. It is also clear that
in the absence of tetrahedral oxyanion disorder, the likeli-
hood of formation of polar acentric structures is very high
due to the selective orientation of the Si/Al tetrahedra. This
work may provide additional understanding of the factors
leading to designed polar acentric crystals.
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