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ABSTRACT

In our modern world, lasers are used every day, from the mundane task of playing
a DVD to the innovative implementation of laser surgery. Nonlinear optical (NLO) crystals
are crucial to laser technology for their ability to modify the frequency of a beam. The
development of new NLO crystals is necessary for the advancement of laser technology,
in order to reach wavelengths that are not currently accessible due to the limitations of
current materials. Of particular importance to semiconductor photolithography, laser
micromachining, and scientific instrumentation are the ultra-violet (UV, 200 nm > λ > 400
nm) and deep-UV (λ < 200 nm) portions of the optical spectrum.
This dissertation delves into the synthesis of new potential NLO materials by means
of hydrothermal crystal growth. In this study, tetrahedral oxides are utilized due to their
likelihood of producing noncentrosymmetric (NCS) crystals, a necessity for NLO
materials. Silicates are also employed in this study due to their particularly deep absorption
edge into the UV. The addition of a spectroscopically silent rare earth ion which is capable
of being doped with a lasing ion into a NCS crystal may lead to a single crystal that is both
capable of lasing and frequency doubling. In the pursuit of such a crystal, the novel
syntheses of Cs3YSi6O15 and LiRESiO4 (RE = Er, Tm, Yb, Lu) were established. Although
these materials proved not to be NCS, their structures proved very intriguing and in the
case of Cs3YSi6O15 is the parent structure to a family of structures that otherwise exhibits
structural disorder or modulation.
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In expanding the range of mixed oxoanion species, the rare earth ion was replaced
with a tetrahedral trivalent oxoanion. The appeal of a series with the general formula
ABCO4, (A = alkali ion, B = trivalent metal, and C = tetravalent metal) is its prevalence to
produce NCS crystals, notably having a tridymite-type framework. Tridymite is a high
temperature variant of quartz that forms six-membered rings propagating through the
structure, creating vacant channels. In a stuffed variation of this structural type, rings
having negative charge are balanced by the “stuffing” of an alkali or alkaline earth cation
into the vacant channels. While the archetype of the stuffed tridymites forms in the
centrosymmetric (CS) space group setting of P63/mmc, there are four degrees of freedom
that evolve as small variations in the structure are made, often leading to the removal of
the inversion center. With the synthesis of a wide array of crystals in this family, those that
were found to be NCS were analyzed for their potential use as NLO materials.
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CHAPTER ONE

INTRODUCTION

Importance of Crystals

Crystals have captivated mankind longer than almost any other material possession.
Pliny the Elder stated in his encyclopedic Naturalis Historia, “it is quite sufficient to have
some single gem or other before the eyes, there to behold the supreme and absolute
perfection of Nature’s work.”1 The use of crystals in jewelry and trade, irrespective of
culture, dates to the earliest days of antiquity. In our modern age, crystals have excelled
beyond man’s hedonistic indulgences into the realm of technological necessities. Once
considered things of wealth and beauty, crystals are used in virtually every part of modern
technological society, from a watch keeping the time to a laser intercepting a missile. As
precious gemstones are often admired for their color, quality, and facets, so too are
technologically crucial crystals. Part of the British Crown Jewels, the Stuart Sapphire is
admired for its deep hue, clarity, size, and cut, while a modern titanium doped sapphire in
a tunable laser is prized for its dopant percentage, lack of inclusions, and the Brewster’s
facets.
While some natural crystals exhibit desirable properties for practical applications,
the production of these crystals through synthetic means is advantageous. A crystalline
mineral, mined from the earth, may have formed in a different environment than a crystal
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of the same type from another location. Small differences, such as contamination and oxide
defects can play a large role in the physical properties for why the crystals were sought.
Through synthetic techniques, control over purity, doping, morphology, and uniformity is
achieved. Synthetic techniques can also lead to the formation of new materials with
properties that are unique, or can improve upon from those seen in natural specimens.
One of the earliest synthetic pursuits of a crystal for practical applications was
spurred on by the evolution of warfare in the two World Wars. With the development of
cutting-edge SONAR, crucial to war beneath the waves, a steady supply of piezoelectric
material was needed. Naturally occurring α-quartz was known to possess this property, and
it was highly sought by both the Allied and Axis powers. Due to the limited availability of
high-quality quartz, which was primarily mined in Brazil and under embargo, synthetic
pursuits were necessary.2–4
But necessity has not always driven the need for synthetic crystal growth. Since the
early 1900s, ruby had been produced synthetically.5 It was not until 55 years later that ruby
was discovered to be useful as a lazing material.6 This shows that sometimes advances in
crystal growth technology may not be immediately applicable, but may prove their
resourcefulness as new demands arise.

Traditional Crystal Growth
Crystals in nature can related to two broad groupings based upon how they are
formed. Historically, the theories on their formation were the subject of debate
between the vulcanists, who argued that minerals are created through magmatic
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processes, and the neptunists, arguing that crystallization originates from the
oceans.7 These competing theories were even represented in the 19th century tale
Faust, where in Act Two of the second part ends with a debate between Anaxagorus
(a vulcanist) and Thales (a neptunist).8 In our modern understanding of geology, we
know that these arguments are not mutually exclusive, but a combination of these
theories.
The field of crystal growth is similar to its natural counterpart. There are two
main approaches to crystal growth. One of the more common approaches is the broad
field of solid state techniques. These methods include Czochraslki (Cz), flux, and topseeded solution growth. The first of these techniques, the Cz method, is used to
produce much of the optical crystals available today. Crystals commonly grown by
this technique include Y3Al5O12 (YAG)9 and silicon10. The technique involves placing
a seed crystal of known orientation on a rod that is placed above a molten charge like
that of the seed.11 The rod is then lowered until contact is made with the surface of
the melt and is then slowly raised and rotated. As the rod is lifted, the molten material
crystalizes onto the seed, creating a large boule of the desired crystal by the end of
the process.12 This method is very useful, in that very large single crystals may be
produced in a relatively short period of time.13 However, this method does require
that the desired crystal melt congruently, due to how Cz growth is performed, and
very high temperatures (>1000 °C) are typically used.14
For crystals that do not melt congruently, another possible growth technique
is by flux methods. This technique utilizes a molten solvent (fluxing agent) to act as a
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medium in which crystal growth may occur.11 In this method the desired material and
fluxing agent are heated in a crucible and then cooled. The cooling process allows for
nucleation and growth of crystals and proceeds at a slow rate (1 °C/hr).15 After
returning to room temperature the fluxing agent is then removed by washing, leaving
the desired crystals behind. While the use of a fluxing agent allows for the growth of
non-congruently melting materials and typically lower temperatures than Cz growth,
it is not without its disadvantages. In this technique there is a possibility that the
fluxing material may become incorporated into the grown crystal, creating defects
that may hamper the usefulness of the crystal. The rate at which these crystals are
grown can also be a major setback when compared with other techniques, such as Cz
growth.
The remaining solid-state technique is a marriage of the two previous
methods. In top seeded solution growth (TSSG), a pulling rod with a mounted seed
crystal is used in tandem with a molten solvent.16 This technique serves as an
extension of traditional flux growth in that a seed crystal is grown onto, rather than
relying upon the spontaneous nucleation of the desired crystals. This allows for the
growth of one large crystal rather than many small crystals. The TSSG technique has
been used to grow large single several crystals including BBO (BaB 2O4), LBO (LiB3O5),
and CLBO (CsLiB6O10).17–19 However, this technique carries with it the disadvantage
of possible contamination by the fluxing agent.
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Hydrothermal Crystal Growth

If the traditional solid-state techniques are those that would be preferred by
Anaxagoras, then Thales would delight in the use of hydrothermal techniques. In its
simplest form, hydrothermal crystal growth is like the grade school experiment of
growing sugar crystals onto a string as a supersaturated solution is cooled. However,
the hydrothermal technique uses elevated temperatures and pressures so that even
some of the most resilient metal oxides may be solubilized. Within nature crystals of
quartz and amethyst grow to relatively large sizes and striking clarity (Figure 1.1).
The development of hydrothermal crystal growth has in many ways been a mimicry
of nature.
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Figure 1.1 – Hydrothermally synthesized quartz (left) and naturally occurring
amethyst (right)

The hydrothermal technique, in its most basic definition, is the production of
crystals in an aqueous solution above the boiling point of water. 2 This may take place
via synthesis or recrystallization. To prevent loss of the aqueous solvent, reactions
must be carried out in a sealed vessel, commonly referred to as an autoclave. Perhaps
the most commonly recognized type of autoclave is the commercially available,
fluoropolymer-lined digestion vessel. However, reactions performed in these
autoclaves are limited to below 240 °C, due to the flow temperature of their liners.
The temperature limitations of these commercial autoclaves make them undesirable
for large single crystal growth and for the use of many metal oxides. For higher
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temperatures (400 – 700 °C) and their related pressures (15 – 45 psi) more resilient
autoclaves are constructed using nickel base superalloys. 20 Due to the reactivity of
the hydrothermal solvent at these conditions, a noble metal liner is necessary. The
solubility of inorganic materials under hydrothermal conditions may be greatly
modified with the addition of a mineralizer. These mineralizer solutions are typically
a hydroxide, carbonate, fluoride, or chloride dissolved in water with varying
concentrations.21
One of the key benefits of the hydrothermal crystal growth technique is the
quality of the crystalline products. Thermal strain and its associated defects are
minimized due to the relatively low temperatures used, in comparison with
traditional solid-state techniques.20 Hydrothermal methods also allow for the growth
of incongruently melting phases without the risk of fluxing agent inclusion. New
synthetic paths to phases that may be otherwise difficult to obtain or may be
metastable are also possible to establish using hydrothermal methods. However, this
technique is not without its disadvantages. The growth rates under hydrothermal
conditions are typically slower than those that may be seen with the Cz technique.
Additionally, the reaction process is unobservable due to the nature of the sealed
vessel. If there is a complication with the reaction, it can only be identified upon
reaching the completion of the reaction time.
The first publication of hydrothermally synthesized crystals was reported in
1845 by Schafhäutl. In using silicic acid within a Papin’s digester, Schafhäutl
inadvertently produced microcrystals of quartz. This sparked interest amongst the
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mineralogical community. Within three years Bunsen had successfully grown crystals
of BaCO3 in thick-walled glass tubes. However, these reactions could only reach 2.2
kpsi without the tubes rupturing. de Sérnarmont improved upon the technique by
growing crystalline solids in superheated water within fused tubing that had been
placed into rifle barrels that were welded shut. To counter pressure the tubes and
prevent them from shattering, a portion of water was also added to the sealed rifle
barrels. This improvement allowed mineralogists to simulate natural conditions and
target the growth of a great number of oxide, carbonate, fluoride, sulfate, and sulfide
minerals. As researchers began to experiment with different mineralizers, glass
reactions were often no longer suitable, as many solutions would corrode the tubing.
This led to the use of gold lined autoclaves by von Chroustshoff in 1873 to prevent
corrosion. By 1900 approximately 80 silicate minerals had been synthesized using
these early hydrothermal techniques. The next major advancement in autoclave
design came about in 1914 with Morey’s cold seal design. The simplicity of this design
and its ability to be used at 450 °C and 3 kpsi over sustained periods greatly increased
its popularity. 2,21–23
The major turning point in hydrothermal research was brought on by World
War II. Until this point, the hydrothermal technique had primarily been used by
mineralogists. However, the embargo of natural, high quality α-quartz from Brazil
and the development of modern warfare led to an ever-increasing demand as it was
globally

recognized

a

valuable

piezoelectric

crystal

necessary

for

telecommunications and SONAR systems.4 With this growing need for high quality
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quartz crystals, Nacken began to pursue the first hydrothermal means of producing
quartz for Germany’s war effort.3 Even in the post-war period the demand for quartz
continued to rise as more and more technologies relied upon it. This led to large scale
production efforts in the USA, Germany, Japan, and the Soviet Union. Bell Labs
continued to make improvements to the process and could consistently grow single
crystals of quartz one kilogram in size. 24 The commercialization of quartz became so
successful that at its peak over 500,000 kg were produced globally each year. 21 With
the hydrothermal technique demonstrating its prowess as a method suitable on a
production scale, the syntheses of other crystals were pursued. In time,
hydrothermally grown crystals such as AlPO4, KTiOPO4, and emeralds were made
available commercially.20

The Development of SHG Crystals for Application in the UV and Deep-UV

In the year following the demonstration of the first laser, a discovery was made that
would be indispensable to the laser field. This discovery was the production of frequencydoubled light as the beam of a ruby laser was passed through a quartz crystal. 25 This
doubling of frequency is now known as second harmonic generation (SHG). Frequency
conversion by non-linear optical (NLO) effects such as SHG greatly expanded the range
of available and future lasers.26 One of the most common examples of the use of an NLO
crystal to produce SHG is in 532 nm lasers. In such systems, the 1064 nm emission of a
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Nd:YAG crystal is frequency-doubled to 532 nm as the beam propagates through the NLO
crystal KTiOPO4 (KTP).27 Applications for these NLO crystals span from medicine to
optical communications, and integrated optics.28 In order to improve our understanding of
NLO crystals and their uses, we must first look into how SHG works. As a beam propagates
through a medium, electric dipoles are established resulting in a specific orientation, or
polarization (P). The overall polarization within the medium is the sum of the polarizations
of the incident beam and any generated harmonics (Equation 1.1). For each of these integral
polarizations the intensity is dependent on the applied electric field (E) and the
susceptibility (χ). The equation for the overall polarization may then be rewritten as a series
of powers (Equation 1.2) where ε0 is the permittivity of free space.

𝑃 = ∑𝑃

+ 𝑃

+ 𝑃

𝑃 = 𝜀 ∑ 𝜒( )𝐸 + 𝜒( )𝐸 + 𝜒( )𝐸 + …

+ …

(1.1)

(1.2)

The susceptibilities of each polarization component relate to linear dielectric
susceptibility in the case of χ(1), and the nonlinear dielectric susceptibilities of the second,
third, etc. order for χ(2), χ(3), etc. respectively. This term is reliant on the crystal lacking a
center of symmetry, as in all centrosymmetric materials χ(n) = 0 for all terms when n is an
even number.28,29 The acentricity of a crystal may also give rise to other interesting physical
properties aside from SHG, such as: piezoelectricity, pyroelectricity, ferroelectricity, and
optical activity.29,30 However, it is not enough for a material to be acentric to be useful as
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a second-order NLO crystal. Any prospective crystal must possess a large second-order
susceptibility, phase matching ability, wide transparency window, high optical damage
threshold, and good thermal and mechanical stabilities. 31,32 The first two of these
characteristics, and most important for a SHG material can be investigated by use of the
Kurtz experiment.33,34

Research Perspectives

With the growing demand for ultra-violet (UV, 200 nm > λ > 400 nm) and deepUV (λ < 200 nm) lasers in the fields of semiconductor photolithography, laser
micromachining, and scientific instrumentation, the need for new NLO materials is
growing as well.35 The current commercially available SHG crystals all lack the ideal
properties needed for use in this region. For instance, the contemporary crystals β-BaB 2O4
(BBO),17,36,37 LiB3O5 (LBO),38 and CsLiB6O10 (CLBO)19,39 do not allow for SHG below
235 nm. And experimental materials such as KBe2(BO3)F2 (KBBF),40,41 RbBe2(BO3)F2
(RBBF),41,42 and Sr2Be2B2O7 (SBBO)43,44 face issues with thermal stability or do not have
a sufficiently facile growth at this point in time.
One of the most common approaches in the development of new NLO materials is
the targeted synthesis of borates. Statistically it is rare to produce a NCS crystal, with only
13% of known inorganic structures lacking an inversion center. Borates offer significantly
better odds, with 36% of published structures forming in an acentric setting. 28 Also
beneficial to the use of borates is the improved NLO susceptibilities associated with the
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planer [BO3]3- building block. However, this comes at the cost of a slightly lower energy
absorption edge.45 The isoelectric anions [NO3]- and [CO3]2- share these tendencies and
have been discussed in a recent review of UV and deep-UV NLO crystals. 35 Also included
in the review were a collection of NCS phosphates. The phosphates are all based around
four structural features composed of tetrahedral [PO 4]3- building blocks.
Tetrahedral oxides may also be utilized in the production of new NCS crystals. In
general, tetrahedral oxides are usually coordinated to one another through corner sharing.
The sharing of a tetrahedral edge is a rare occurrence, and face sharing is not observed.
This type of coordination leads to a more stable structure as per Pauling’s third rule, as
edge and face sharing of polyhedra within a structure leads to a decrease in stability. 46
Halasyamani and Poeppelmeier have demonstrated that a NCS arrangement of tetrahedral
oxides is more favorable than an CS structure.30 The basis for this explanation refers to
Wilson’s suggestion that the occurrence of a space group depends upon how particular
symmetry elements may interfere with the packing of a crystal.47 If a particular special
position is left unoccupied, a void is left around it due to the inability of atoms to reside
there because of unfavorable interatomic interactions. The vacant space around these
special positions increases in size from mirror planes, to rotational axes, to inversion
centers. If a crystal was to contain each of these symmetry elements, a more stable packing
arrangement will be reached with the atoms residing on the mirror plane. 30 Using the
improved stability of tetrahedral oxide intracoordination, the development of NCS crystals
based upon tetrahedral frameworks would be advantageous.
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As mentioned earlier, the use of tetrahedral phosphates to produce prospective NLO
crystals is one that has historically attracted considerable interest.35 However, there are
several other tetrahedral oxides that may prove useful in the search for UV and deep-UV
SHG materials. While the first instance of SHG was observed using α-quartz, the use of
silicates as NLO materials is scarce. Silicates are known to have particularly deep band
edges; for instance, α-quartz (SiO2) is as low as 140 nm.48 When used alongside a
spectroscopically silent metal ion that is capable of being doped with a lasing ion, the
opportunity of producing a crystal that is able to act as both a laser host crystal and SHG
crystal is incredibly promising.49 A variety of alkali and alkaline-earth elements may also
be used to provide a chemical variable to lead to new materials. These s-block components
do not hold any bearing on the SHG efficiency of a crystal. 45
Another interesting direction for the production of new NLO materials using
tetrahedral oxides are the aluminosilicates. While the band edge of the basic aluminate
sapphire (Al2O3) is higher (300 nm) than that of quartz (140 nm), sapphire contains AlO 6
octahedra alongside tetrahedral AlO4 groups, raising the band edge.50 In the mineral world,
the broad classification of feldspars encompasses naturally occurring aluminosilicates.
These minerals are composed of some of the most abundant subterrestrial elements. 51 One
particular subgroup of feldspars is the “stuffed” variants of tridymite. In its ideal form
(Figure 1.2) tridymite is composed of SiO4 tetrahedra that form six-membered rings that
coordinate to adjacent rings in layers that stretch infinitely in the ab-plane.52 These layers
are interconnected to one another along the c-axis through corner sharing of the apical
oxygen atoms. The orientation of the tetrahedra, with respect to the c-axis, alternates within
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the rings and can be summarized as “UDUDUD”, where U denotes an upward facing
tetrahedron and D represents a downward facing tetrahedron. With the stacking of these
hexagonal layers in this way, large channels proceeding along the c-axis are formed. It is
within these channels that the stuffing occurs, leading to new derivatives of the tridymite
structure type.

Figure 1.2 – Ideal tridymite53
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The term stuffed derivatives was first used by Buerger to define structures that
possessed non-tetrahedral cations within the void spaces of a silica framework. 54 Stuffed
derivatives form in several silica polymorphs such as quartz, keatite, tridymite, and
cristobalite as has been discussed in detail by Palmer.52 In order for the charge balance of
a stuffed structure to be maintained, the silicon that forms the framework must be
substituted by tetrahedral ions of lesser valence. Due to its terrestrial abundance, Al 3+ is
commonly found to facilitate this substitution in minerals. In nature, stuffed derivatives of
the tridymite type are a geological bricolage, composed from the surplus of the Earth’s
most common elements. The prevalence of tridymites is not only limited as a Terran
mineral but is one that has also been found in abundance on the most recent Martian
expeditions.55 Despite the natural abundance of stuffed tridymites, subtle structural
modifications and compositional changes have hindered accurate structural determination
and physical property assessment. The complexity of this system is notably apparent in the
variety of structures having the formulation NaAlSiO 4 (Table 1.1).
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Table 1.1 - Lattice parameters and space groups for compounds having the
composition NaAlSiO4
Space Group

a (Å)

b (Å)

c (Å)

β

Reference
56

P63

9.958

9.958

8.341

P21

17.23

25.06

27.23

Pna21

8.660

14.940

25.140

P21/n

8.589

8.146

15.033

89.89°

58

Pn

14.991

8.625

25.110

90.2°

59

P61

10.046

10.046

25.140

60

P61

9.995(2)

9.995(2)

24.797(4)

61

P1121

9.9897(6)

9.9622(6)

24.979(2)

119.75°

57
58

119.788(4)°*

62

*Unique angle is γ

Structural behavior within this series has been seen to vary greatly based upon a
sample’s thermal history and origin. The synthesis of various tridymites is not in and of
itself a novel pursuit. In fact, with the introduction of gold lined autoclaves in 1873, von
Chroustshoff was able to synthesize tridymite under hydrothermal conditions. 2 One of the
first synthetic pursuits of a stuffed tridymite for practical applications was that of
nepheline, NaAlSiO4. As was mentioned earlier, the embargo of quartz in WWII spurred
the development of synthetic quartz by hydrothermal means. However, it was noted that
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the production of quartz in Germany was not “proceeding sufficiently well” and nepheline
was targeted as a potential new piezoelectric material. 63
While the archetype of the stuffed tridymites forms in the CS space group setting
of P63/mmc, there are four degrees of freedom that often lead to the removal of the
inversion center (Figure 1.3).53 The first degree of freedom is the ordering of the tetrahedral
sites. Many stuffed tridymites require the substitution of the tetrahedral framework sites
that may offset the charge introduced by the stuffing element. 54 If this substitution occurs
in an ordered fashion, then the inversion center that is originally located at the bridging
oxide site no longer persists, and the symmetry of the system can be lowered from P6 3/mmc
to P63mc.52

Figure 1.3 – Tridymite’s four degrees of freedom
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The second degree of freedom comes about as bending of the hexagonal ring
occurs. This can occur for two reasons. First, the parent tridymite structure possesses Si –
O – Si linkages of 180° that are energetically unfavorable.23 And second, the size of the
stuffing cation may require a closer environment than is available in the ideal hexagonal
conformation. In the stuffed tridymite system, the shape of the six-membered ring typically
occurs in one of three geometries. These ring variants are illustrated in Figure 1.4, showing
bending of the ideal hexagonal ring into ditrigonal and oval shapes.

Figure 1.4 – Six-membered ring geometries: a) hexagonal, b) ditrigonal, and c) oval
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The third degree of freedom available to stuffed tridymites is the staggering of the
tetrahedra between layers. This transformation of the parent structure, by its nature, must
appear in concert with the deformation of the hexagonal rings. It is at this point that the
proceeding layers down the c-axis may leave the previously assumed eclipsed orientation
for a staggered setting.
The final degree of freedom in this system relates to the orientation of the tetrahedra
within the framework relative to the c-axis. In the basic tridymite structure the tetrahedra
that make up the characteristic six-membered rings alternate in an UDUDUD manner.
However, two other conformational ‘isomers’ are available to stuffed tridymites. Rather
than alternating consistently, the patterns UUDDUD and UUUDDD may also be adopted.

Research Goals

The development of second-order NLO crystals for use in the UV and deep-UV
regions is crucial for the production of UV laser devices. Despites silicate’s proven deep
band edge and tendency to form acentric crystals, little work has been done exploring this
class of crystals as SHG materials. The research presented within this Dissertation explores
the syntheses of various silicates and related tetrahedral materials for their applications as
second-order NLO crystals using the hydrothermal crystal growth technique. In the pursuit
of acentric crystals that also contain a site capable of being doped with a lasing ion, the
synthesis of novel rare-earth silicates was pursued. In this investigation it was also found
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that the wurtzite crystal system was capable of producing NCS crystals, leading to the
synthesis and characterization of several related structures.
The majority of the presented work utilizes the four degrees of freedom in the
tridymite structure type to produce NCS tetrahedral oxides. Many of the synthesized
stuffed tridymites primarily focused on aluminosilicates for their potential applications as
UV or deep-UV SHG crystals. The complex structural qualities of this system were
analyzed, with varying stuffing ion size and tetrahedral framework size. Synthesized
materials that were found to be NCS were characterized by the Kurtz experiment to assess
phase matching ability and to approximate second-order susceptibilities.
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CHAPTER TWO

EXPERIMENTAL METHODS

Hydrothermal Synthesis

The hydrothermal synthetic techique utilized in this work was carried out in fine
silver ampoules. These ampoules had a diameter of either 1/4” and 3/8” with lengths of 3”.
The silver tubing used in making these ampoules was purchased from Leach Garner. The
inert nature of silver when exposed to basic mineralizer conditions made for in ideal
reaction vessel up to 700 °C. Acidic and oxidizing mineralizer choices were avoided as
they may react with silver under these conditions. The relatively affordable price, when
compared with other noble metals such as gold or platinum, also made silver a desirable
ampoule material. These ampoules were fabricated by crimping the ends of the tubing and
welding a seal using a CEA model TOP-165HF argon gas welder. After welding one end,
powdered starting materials were added into the ampoules in approximately 150 mg
quantities. Then, 0.4 mL of a mineralizer solution was added to each ampoule, so that the
fluid will fill the entire ampoule upon heating.1 Mineralizer solutions were typically
prepared ahead of time and consisted of either an aqueous hydroxide or salt solution of
known concentration, or deionized water. The other end of the ampoule was then welded
shut.
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These prepared ampoules were then loaded into a 27 mL internal volume autoclave
with a bore diameter of 1/2”. The volume of the autoclave allows for six 1/4” x 3” ampoules
to be loaded at one time. The remaining volume of the autoclave was filled with deionized
water. The water acts as a counter pressure which allows for the silver ampoules to be
heated without bursting. Once the autoclave has been filled with the ampoules and water,
the cap assembly is secured onto the autoclave. The cap assembly consists of a pressure
gauge, pressure relief valve, high-pressure tubing, conical plunger, and a cap nut. All parts
in the assembly are rated to 60 kpsi. Prior to assembly, anti-seize copper grease is added to
the top of the autoclave. In tightening down the cap nut a cold seal is formed as the cap
drives the conical plunger into place in a Tuttle seal.2 The type of seal used, as well as a
photograph of an autoclave is shown in in Figure 2.1.
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Figure 2.1 – Fully assembled Tuttle cold-seal autoclave with silver ampoules, 23 mL
PTFE autoclave for scale

Autoclaves were then heated using ceramic band heaters (Delta Mig.), fastened
around the outside of the body of the autoclaves. The autoclaves are manufactured using
the nickel-based super alloy Inconel 718, allowing for high pressures to be used at
temperatures as high as 800 °C. The temperature of the autoclaves was monitored using
thermocouples placed between the ceramic band heaters and the autoclave. Each autoclave
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was heated using two ceramic band heaters controlled independently from one another,
which allows for the establishment of a pressure gradient across the length of the vessel.
After the band heaters and thermocouples were secured into place, the autoclave was
lowered into a pit of vermiculite insulation, constructed out of cinder blocks. The
autoclaves could then be heated to 650 °C in approximately 3 – 4 hours. Typical reaction
times for exploratory synthesis can range from 3 – 10 days. For the majority of this work,
autoclaves were heated for 7 days, allowing for some compromise between a shorter
reaction time and larger crystal growth. During this period, the pressure of the autoclave
was monitored and was kept below 35 kpsi for safety reasons, venting manually if needed.
After the desired reaction time had concluded, the ceramic band heaters are turned off, and
the autoclaves are allowed to cool over a period of 12 hours. The cool autoclaves are then
opened and the silver ampoules removed. The ampoules recovered from the autoclave,
having a proper seal, were compressed during the hydrothermal reaction period, due to the
greater pressure of the fill water in the autoclave. This allows for the pressure of the
reactions to be conveniently measured using the pressure gauge attached to the autoclave.
The ampoules are then cut open, and the contents were washed using deionized water and
acetone and allowed to dry prior to subsequent analysis.
As plenty of sample is needed across a range of particle sizes to determine if a
material is phase matching, these reaction conditions were at times increased in scale.
These reactions were prepared in 3/8” o.d. silver ampoules with lengths of either 3” or 6”.
In 3” ampoules five times the amount of reactant powder and mineralizer were used, while
the 6” ampoules used ten times the normal amounts. Three of the 3” ampoules could be
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loaded into an autoclave at one time, while only one 6” ampoule could be loaded at a time.
The heating conditions for these ampoules are the same as those used for the 1/4” ampoules.

CHARACTERIZATION TECHNIQUES

Powder X-Ray Diffraction

Powder X-ray diffraction (PXRD) was utilized to determine the composition and
purity of a sample. Samples were ground into a fine powder and then analyzed using a
Rigaku Ultima IV powder diffractometer using Cu Kα radiation (λ= 1.5406 Å). Data was
collected at room temperature across a 2θ range of 5 - 65°, typically with a scan speed of
1° per minute. The diffraction patterns were then studied using the PDXL3 software
application. The identity of a sample was determined through comparison with patterns in
the ICDD4 database, as well as calculated patterns created using the MECURY 5 software
application. The preparation of figures of the PXRD data was done using the Origin
software program.

Single Crystal X-Ray Diffraction

Single crystal X-ray diffraction (SXRD) was used to characterize individual
resultant crystals from hydrothermal synthesis. This technique allows for the determination
of the structure of a crystal. Crystals were selected based on size and clarity, with no
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inclusions, and were prepared for analysis on the diffractometer. In this work two different
diffractometers were used. The first of these was a Rigaku AFC8 diffractometer equipped
with a Mercury CCD and a Mo Kα (λ = 1.5406 Å) X-ray source. Crystals were mounted
onto a glass fiber, held by a tension pin, using two-part epoxy. Collection and integration
was managed using the Crystal Clear software program.6 Crystals were screened using
10 initial scans with ω varying from 0 – 90° with φ and χ at 0°. The detector remained at a
fixed position at 27.9 mm away from the crystal. Exposure time for each image was
typically 5 seconds, but was extended to 10 seconds for weakly diffracting crystals. The
initial screening scans provided an approximation of the unit cell of the crystal, which was
compared with the International Crystal Structure Database (ICSD) to determine if
proceeding with a full data collection was desired. 7 If a full data set was desired, a total of
480 scans of the crystal were collected at room temperature. The first 360 scans of the
crystal were collected with ω varying from -90° to 90° in 0.5° intervals with φ = 0° and
χ = 45°. Scans 361 – 480 were then collected across a ω range from -30° to 30° in 0.5°
intervals with φ = 90° and χ = 45°. The Crystal Clear software application was then used
to integrate, merge, and average the data into an hkl file. This data was then used in the
SHELXTL software package to solve using direct methods and refinement was made by
least squares method.8 Illustrations drawn using the resulting data were made with the
VESTA software application.
The second diffractometer used in this work was a Bruker D8 Venture, equipped
with an Inoatec Mo Kα (λ = 1.5406 Å) microfocus X-ray source and a Photon 100 CMOS
detector. Crystals were selected as with the Rigaku instrument, then and mounted onto
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MiTeGen loops using mineral oil. Collection and integration were managed using the
APEX3 software package.9 Initial screening scans were carried out using 24 initial scans
with first 12 scans had ω varying from 354 – 360° with φ fixed at 0° χ at 54.74°. The second
12 scans had ω varying from 344 – 350° with φ fixed at 120° χ at 54.74°. The detector
remained at a fixed position at 40 mm away from the crystal. Exposure time for each image
was typically 5 seconds, but was extended to 10 seconds for weakly diffracting crystals.
From this data a crystallographic cell could be determined, as well as an approximation of
the crystal class. This cell was compared with the ICSD to determine if proceeding with a
full data collection was desired.7 Based on the crystal class selected from the initial
screening, the APEX3 software package was used to calculate a range of scans that would
be suit the crystal. The resulting data was then processed and scaled using APEX3 and was
then solved by direct methods and refined by full-matrix least-squares on F2 using either
the SHELXTL or APEX3 software packages.8,9

Vibrational Spectroscopy

Vibrational spectroscopy can be a useful technique in the identification and
characterization of functional groups within a structure. Specific to this work are the
vibrational bands of hydroxyl groups, silicates, aluminates, germanates, and gallates. Two
types of spectroscopy were employed in this work, including infrared (IR) and Raman
spectroscopy. Samples were prepared by mixing approximately 10 mg of analyte powder
with about 90 mg of KBr (BeanTown, FTIR-suitable). The sample was the pressed using
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10 kpsi of pressure using a Carver hydraulic press with an Aldrich macro-micro KBr die.
A Nicolet Magna 550 IR spectrometer was used to collect the data. The scanning range
was performed from 400 – 4000 cm-1, under a nitrogen flow. A background of KBr was
also subtracted using a KBr pellet made at the same time as the analyte. The absorption
bands were then identified using literature specific to the class of structures being analyzed.
Raman measurements were performed on single crystals, using an Olympus IX71
inverted microscope with a 20x objective lens coupled to a TRIAX 552 spectrometer
equipped with a thermoelectrically cooled CCD detector (Andor Technology, Model
DU420A-BV) operating at -60 C. An argon ion laser (Innova 100, Coherent) was used to
excite the sample with 514.5 nm light in a 180 backscattering geometry. A PR-550
broadband polarization rotator (Newport Corp.) was used to rotate the polarization of the
incident laser source. Data were collected with specified orientation with a laser output
power of 100 to 200 mW in a 2-minute integration time.

Thermal Analysis

The thermal stability of a material is important to understanding what applications
it may be best suited for, and may be investigated by two techniques simultaneously.
Decomposition of a prospective crystal can be observed using thermal gravimetric analysis
(TGA), while more subtle phase transformations as well as decomposition can be detected
using differential scanning calorimetry (DSC). These measurements were performed using
a TA Instrument SDT Q600 DSC/TGA. Powdered samples of the analyte were placed in a
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tared alumina crucible, along with an empty reference sample pan. The heating profile for
the instrument proceeded from 25 °C to 1000 °C at a rate of 10 °C per minute in a nitrogen
atmosphere.

Elemental Analysis

Elemental analysis of selected crystals was carried out using energy dispersive
X-ray analysis (EDX). To perform these measurements, a Hitachi S-3400N scanning
electron microscope (SEM) equipped with an Oxford INCA EDX detector was employed.
Crystals selected for analysis were attached to a carbon disc using 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. Measurements taken in this fashion were completed as an
average of a selected flat region of each crystal.

UV-Vis Spectroscopy

Transparency of prospective new optical materials is key to their application. To
analyze this, a Shimadzu 3600 UV/Vis NIR spectrometer was used. The instrument was
equipped with an IST-3100 integrating sphere accessory to allow for the characterization
of powder samples in diffuse reflectance mode. Measurements were taken across the UV
and visible range from 200 nm to 800 nm. For this region, the instrument used a PMT
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detector. Below 350 nm a deuterium lamp was used as a light source, and a 50 W halogen
lamp was used at higher wavelengths. The powder analyte was measured against a BaSO 4
standard, and the data were converted from reflectance to absorption units using the
Kubelka-Munk function.10

Non-Linear Optical Measurements

Second harmonic generation (SHG) data were obtained using a modified Kurtz
experiment.11 This technique allows for an approximation of a crystal’s SHG efficiency,
relative to a known sample; as well as a determination of whether the material is phase
matching or not. These measurements were performed in Dr. Lin Zhu’s lab in the
Department of Electrical Engineering at Clemson University. Crystals obtained in this
work were sieved and sorted according to particle size (20, 38, 53, 75, 90, 106, 125, 180,
and 250 μm). The size-separated samples were then placed within in-house fashioned
sample holders. The sample holders were prepared using glass microscope slides and brass
washers of known width and diameter. This allowed for a cell size 3.20 mm in diameter
and 0.50 mm in depth. This sample holder design is illustrated in Figure 2.2. Measurements
were taken using a 200 fs pulsed laser (Mira 900, Coherent) at 864 nm, with a peak power
of 50 kW. A long wavelength pass filter (10LWF-650-B, Newport) was used to prevent
any residual light from the pump laser at 532 nm (Verdi V6) while still allowing the
generated pulse to pass on to the sample. After passing through a focusing lens, the beam
was reflected off the size-separated samples in the in-house fashioned sample holder with
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a depth of 0.50 ± 0.05 mm. The reflected light was then collected by a large lens and passed
through a short wavelength pass filter (10LWF-650-B, Newport) with a cutoff of 650 nm.
A spectrometer (USB4000-VIS-NIR, Ocean Optics) was used across a range of 350 – 1000
nm, and the SHG peak was observed at 432 nm. The relative peak intensity was compared
to the known SHG crystal standards, KDP and BBO which had been prepared and
measured in the same manner as the title compounds. A block diagram of this experimental
setup is shown in Figure 2.3.

Figure 2.2 – Sample holder design for powder SHG
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Figure 2.3 – Block diagram of optical components for the measurement of powder
SHG
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CHAPTER THREE

SYNTHESIS AND CHARACTERIZATION OF RARE EARTH SILICATES

Introduction

The structures of silicate minerals provide us with a diverse array of compositional
arrangements. The tetrahedral coordination environment of silicon in these minerals gives
rise to potential ordering into polar structures, which may offer unique physical and optical
properties.1 One subset of these minerals piques interest in its inclusion of certain trivalent
elements known as the rare-earths (RE). These elements include the fourteen lanthanide
elements, as well as yttrium and scandium, which have equivalent electronic
configurations. RE oxides are useful for applications as solid-state devices such as lasers,
semiconductors, ferromagnetics, ferroelectrics, and phosphors. Especially interesting is the
prospect of developing a polar crystal that also contains a spectroscopically silent rare earth
site (Y3+, Lu3+) that may be doped with a lasing ion such as Nd3+, Yb3+, or Er3+. In having
both of these properties, a crystal could potentially serve as both a laser material and a
second harmonic generator.2
The combination of a silicate and a RE is not one that has only been observed
through synthetic pursuit. Within nature there are a number of minerals composed of these
heterovalent building blocks such as Gadolinite (RE 2FeBe2Si2O10)3, Stillwellite
(REB(SiO4)O)4,

(Sc2Si2O7)5,

Thortveite
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and

Cerite

(RE9(Fe,Mg)(SiO4)3[SiO3(OH)]4(OH)3)6. The variability of a silicate to monomeric,
dimeric, or even polymeric units within a structure, along with their mineralogical
associations with REs, may lead to a variety of new structures.
Given the mineral abundance of metal silicates, it would seem the synthetic pursuit
of these materials would be well established under hydrothermal conditions. However,
development in this area has been limited by the strong mineralizer conditions and higher
temperatures (500-650 °C) required to grow significantly sized single crystals. 7 Within our
laboratory a number of RE silicates have been successfully synthesized. 8–11
Among the known RE silicates a commonly occurring formulation is A 3RESi6O15.
A summary of the space groups and unit cells of this general formula is provided in Table
3.1. Among the structures containing sodium or potassium there are several structure
motifs that are shared between a number of different alkali and RE combinations. However,
in the crystals that contain cesium as the alkali component, each of the published structures
has a structure that is different from one another. One key similarity in these structures is
that they all, except for Cs1.6K1.4DySi6O1512, have a three-dimensional silicate framework.
In the cases having smaller alkali metals the silicate arrangements can typically be
identified as having a double-chain and single-layer frameworks.
Of the previously reported Cs3RESi6O15 structures, the scandium analogue is
particularly interesting.13 In this structure ScO6 octahedra are coordinated to two sixmembered silicate rings on opposing sides of scandium. What makes this structure stand
out is the way the octahedra align themselves along the c-axis. Except for scandium, all
atoms within the structure are modulated, causing a twisting movement throughout the
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structure. This twisting leads to a rotation of the ScO6 octahedra about the c-axis and results
in an incommensurate structure. The structure shares some similarities with Cs 3DySi6O15,
but it is considerably disordered and does not share the unique structural modulation. 14

Table 3.1 Crystal data for known A3RESi6O15 type structures
Formula

Space Group

Unit cell parameters [Å, °]

Ref.

Na2LiYSi6O15

Cmca

14.505(1), 17.596(1), 10.375(1)

15

Na3DySi6O15

Cmca

14.591(7), 17.813(4), 10.519(2)

16

β-Na3YSi6O15

Cmca

14.744(8), 17.844(8), 10.610(3)

17

α-Na3YSi6O15

Ibmm

10.468(2), 15.2467(13), 8.3855(6)

18

Na2KYSi6O15

Ibmm

10.623(2), 14.970(2), 8.553(1)

19

K3NdSi6O15

Pbam

16.011(9), 14.984(3), 7.276(5)

20

β-K3NdSi6O15

Bb21m

14.370(2), 15.518(2), 14.265(2)

21

Cs1.6K1.4DySi6O15

Cmca

14.474(3), 14.718(3), 15.231(3)

12

13.896(2), 35.623(7)

12

Cs1.86K1.14SmSi6O15 R32

7.1664(1), 28.4756(6), 8.5418(2),

Cs3EuSi6O15

P21/n

Cs3DySi6O15

R-3m

Cs3ScSi6O15

X-3m1(00ɣ)0s0* 13.861(1), 6.992(1)

Cs3YSi6O15

R-3c

22

104.9760(10)
13.9959(12), 7.1775(6)

14.016(3), 57.378(12)

14
13

this
work23

*Superspace group

In the present work, we sought to investigate this class of structures more
thoroughly. The complex structural nature of the Cs 3RESi6O15 series is intriguing, but the
formulaic members had been sporadic with its exploration until this point. Beginning with
yttrium, a systematic investigation across the RE elements from dysprosium to lutetium
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has shown to form a fully ordered parent structure to the Cs 3RESi6O15 family, with a
remarkably long repeat axis of 57 Å.23
On the opposite end of alkali size, there is a series of alkali rare earth silicates that
is not well understood. Moving from the relatively large cesium ion to the tiny lithium, the
structures of the LiRESiO4 family have never been completely characterized. However,
this family of compounds has attracted interest due to their potential use as luminescent
and lithium conducting materials.24–30 A preliminary study was conducted across the RE
elements, synthesized by a solid-state melt. Powder X-ray diffraction (PXRD) was used to
identify two unique crystal classes for the series as either hexagonal (La-Dy) or
orthorhombic (Y, Ho-Lu).31 The hexagonal materials were believed to be related the
structure of α-K2SO4, but several of these compounds (RE = La, Ce, Sm, Eu, Tb) have
since been characterized as the apatite type by Rietveld refinement. 24,25 The remaining
LiRESiO4 (RE = Ho, Er, Tm, Yb, Lu) structures were identified by the initial study as
isomorphs of monticellite, CaMgSiO4, of the olivine structure type. However, to date, no
complete X-ray characterization has been performed on this series, with the exception of
LiTmSiO4 which has been solved using Rietveld refinement of powder samples. 32
Using the hydrothermal synthetic technique, we hope to more fully elucidate the
various members of the LiRESiO4 series. These structures are likely to be isostructural
with the NaRESiO4 and NaREGeSiO4 series which have been published in both the
noncentrosymmetric setting of Pna21

33–36

and the centrosymmetric setting of

Pnma14,31,36-38 (or nonstandard settings thereof). If it is discovered that these materials are
acentric then they may show promise as a dual-purpose lasing host and frequency second
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harmonic generator. “A portion of this work is reprinted with permission from Terry et al.
Angew. Chem. Int. Edit. 2018, 57 (8), 2077–2080. Copyright 2018 John Wiley and Sons”
A duplicate of the copyright permissions are located in Appendix C.

Hydrothermal Synthesis

Crystals of Cs3YSi6O15 were grown using high temperature hydrothermal synthesis
using 0.032 g (0.219 mmol) YF3 and 0.08 g (1.33 mmol) SiO2 in a 1:6 molar ratio. A 10 M
CsOH solution was used as a cesium nutrient source, as well as an active mineralizer. All
powders were loaded into a silver ampoule (65 x 6.25 mm) with 0.4 mL of the mineralizer
fluid. The ampoule was then welded closed and placed in a Tuttle cold seal autoclave. The
remaining volume of the autoclave was filled with deionized water to generate a positive
counter-pressure, and the system was heated at 650 °C and 200 MPa for 7 days. The
resulting crystals were washed with deionized water and allowed to air dry. This reaction
yielded colorless single crystals of Cs3YSi6O15 as the sole product as large as 1.0 x 0.5 x
0.3 mm.
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Figure 3.1 – Reaction scheme for the LiRESiO4 series and photographs of the
resultant crystals

The LiRESiO4 (RE = Er, Tm, Yb, Lu) series was synthesized using hightemperature, high-pressure hydrothermal technique. Into a silver tube 0.019 g (0.25
mmol) Li2CO3 (Sigma-Aldrich, 99+%), 0.030 g (0.50 mmol) SiO2 (Strem, 98%), and
0.25 mmol RE2O3 [(Er2O3, Alfa Aesar, 99.99%), (Tm2O3, HEFA, 99.9%), (Yb2O3, MV
Laboratories, 99.999%), (Lu2O3, HEFA, 99.9%)]. Also to the ampoules a 5 M solution of
LiOH was added. After welding the ampoule shut, the reaction was heated at 650 °C and
200 MPa for 7 days. After cooling the autoclave to room temperature, the resulting
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crystals were washed with deionized water and allowed to air dry. These reactions
yielded two distinct phases as characterized by single crystal X-ray diffraction. Crystals
of LiRESiO4 formed as clear polyhedral as large as 0.5 mm, with a secondary product of
Li2SiO3 as colorless columns. Representative photographs of the products, as well as a
reaction scheme are provided in Figure 3.1. Atomic coordinates and equivalent isotropic
atomic displacement parameters for structures discussed within this chapter are provided
in Appendix B.1 – B.2.

The Crystal Structure of Cs3YSi6O15

The compound Cs3YSi6O15 is an important new member of an interesting series of
compounds with the general formula A3RESi6O15.12–14,22. Normally hydrothermal growth
is performed using the simple metal oxides as starting materials. However, in this case rare
earth fluorides were originally employed to establish a more straightforward synthesis of
Cs2YSi6O14F, a material that had been produced during the exploratory synthesis of rareearth silicates. In this case the presence of fluoride appears to play a significant positive
role in the quality of the crystal formation. Previously we identified mixed
hydroxide/fluoride as a useful variation on the mineralizer in high temperature
hydrothermal crystal growth whereby the fluoride assists in mineralizing oxides while the
hydroxide hydrolyzes any resultant M – F bonds leading to well crystallized metal oxides.
A related subtle but significant issue may be at play here also in that we used the rare earth
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trifluorides as starting materials and 10M OH- as mineralizer. In this case the modest
concentration of fluoride in the reaction fluid appears to assist in the dissolution, transport
and crystal growth. The role of the fluoride in the formation of this remarkable structure
for the smaller rare earth ions is not yet understood but its presence in solution is essential
to the formation of this product. Both we and others22 observe that reaction using only
simple oxides with no fluoride source leads to formation of a different product. This
fortuitous choice of reaction conditions seems to lead to high quality single crystals of the
rare earth complexes in this system.

Figure 3.2 – Crystal structure of Cs3YSi6O15, as viewed down the c-axis.
Yellow tetrahedra represent SiO4 groups and blue octahedra represent REO 6
groups.
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Table 3.2 Crystallographic Data for Cs3YSi6O15
Empirical Formula

Cs3YSi6O15

Formula weight, g/mol

896.18

Space group

R-3c

a, Å

14.0159 (15)

c, Å

57.378 (12)

Volume, Å3

9762 (3)

Z

24

Density (calculated), Mg/m3

3.659

Parameters

155

θ range, deg
Reflections

2.13 – 25.25

Collected

26442

Independent

1974

Observed, I≥2σ(I)

1477

R, int
Final R, obs. Data

0.0572
0.0468

R1
wR2
Final R, all Data

0.0884

R1

0.0645

wR2

0.0950

Goodness of fit of F2

1.195
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Table 3.3 Selected Bond Distances (Å) and Angles (°) for
Cs3YSi6O15
Bond Distances
1.555(8)
1.621(7)
Si1 - O1
Si4 - O2
1.616(7)
1.633(8)
Si1 - O2
Si4 - O9
1.657(8)
Si1 - O3
1.643(7)
Si4 - O10
1.649(7)
1.568(9)
Si1 - O4
Si4 - O11
Si2 - O3
Si2 - O4
Si2 - O5
Si2 - O6

1.639(7)
1.639(7)
1.563(8)
1.641(4)

Y1 - O1
Y2 - O11
Y3 - O5
Y3 - O7

2.244(7) x 6
2.215(8) x 6
2.223(8) x 3
2.231(7) x 3

Si3 - O7
Si3 - O8
Si3 - O9
Si3 - O10

1.567(8)
1.608(3)
1.612(8)
1.658(8)

Bond Angles
O1-Si1-O2
O1-Si1-O3
O1-Si1-O4
O2-Si1-O3
O2-Si1-O4
O3-Si1-O4

108.9(4)
115.7(4)
113.6(4)
105.4(4)
105.4(4)
107.0(4)

O7-Si3-O8
O7-Si3-O9
O7-Si3-O10
O8-Si3-O9
O8-Si3-O10
O9-Si3-O10

109.2(3)
115.4(4)
113.3(4)
106.5(3)
106.0(3)
105.8(4)

O3-Si2-O4
O3-Si2-O5
O3-Si2-O6
O4-Si2-O5
O4-Si2-O6
O5-Si2-O6

107.5(4)
113.8(5)
103.4(4)
115.5(5)
108.3(4)
107.6(3)

O2-Si4-O9
O2-Si4-O10
O2-Si4-O11
O9-Si4-O10
O9-Si4-O11
O10-Si4-O11

106.0(4)
107.2(4)
109.1(4)
106.0(4)
113.8(5)
114.2(5)
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What sets Cs3YSi6O15 apart from the other structures in this series is its
exceptionally long repeat unit of 57 Å generated by the fully ordered helical nature of the
structure. This repeat unit is one of the longest reported in solid-state chemistry. An axial
image of a single crystal of Cs3YSi6O15 confirmed this remarkable cell length as can be
seen in Figure 3.3. Metal silicates are among the most structurally complex inorganic
solids.39 By calculating the bits of information per unit cell using the method proposed by
Krivovichev39, Cs3YSi6O15 contains 1,321.5 bits/unit cell, making it one of the most
complex inorganic structures reported.

Figure 3.3 – A c-axial image of Cs3YSi6O15
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One of the more prominent features of the structure is the six membered Si 6O15
building unit composed of corner shared silicate tetrahedra. There are four unique silicate
tetrahedra within the structure, with three distinct six-membered rings built around the
three-fold rotation axis (Figure 3.4). This combination allows for two distinct six
membered rings in the structure. The ordering of these rings along the c-axis has a very
simple pattern beginning with the first ring, comprising of alternating Si1 and Si2 oxides,
which is then repeated in the next layer by a six-fold rotoinversion. The next ring down
from that is then made up of alternating Si3 and Si4 oxides and is repeated in the fourth
iteration with a six-fold rotoinversion as before. These three rings are repeated once more
down the c-axis, each one adding to the overall helical nature of the overall structure. When
viewed from the side of an individual ring three of the tetrahedra point out from one side
of the plane, while the other three face an opposing direction.

Figure 3.4 – Three unique six-membered rings as viewed along the c-axis
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Each of the four unique silicon atoms has one rather short Si – O bond. These bonds
can be seen in Si1 – O1, Si2 – O5, Si3 – O7, and Si4 – O11 with bond lengths ranging from
1.557 to 1.568 Å. Each one of these oxygen atoms with short bonds to silicon are the atoms
coordinating to the octahedral yttrium sites. The bonding angles of the silicates create a
distortion from ideal caused once more by the corner sharing with a yttrium site. The
oxygen atoms bridging between Y and Si have values between 115.6(4) and 113.8(4) °.
The angle of these bonds is caused by the manner with which the six membered silicate
rings interact with the linking yttrium octahedra. In coordinating to the three protruding
oxygen atoms from the ring, a small four-membered ring is formed between the yttrium
octahedron and three silicate tetrahedrons as can be seen in Figure 3.5. Between the
connection of one six membered ring to an octahedron, three of these four membered rings
are made. As the octahedron is coordinated to one ring above and one ring below, its entire
coordination creates six such rings.
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Figure 3.5 – Four-member ring comprising of a yttrium octahedron and three
silicate tetrahedra

At first glance the six-membered rings coordinated to the octahedral yttria atoms
are interconnected by an additional distorted six-membered ring. This is not so however,
as seen when viewing an ab face of the unit cell. In this view twisted shape ten membered
rings can be seen (Figure 3.2). The cesium atoms reside in these ten membered rings
(Figure 3.7) and as such, can influence the geometry and rotation of the polysilicate
structure. This in turn plays a significant role in the subtle arrangement of the silicate chains
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that controls the rotation of the octahedron, which defines the remarkable structure as
illustrated below.

Figure 3.6 – Ten-membered silicate rings in Cs3YSi6O15, and location of the
cesium atoms (cyan) within these rings

The six membered silicate rings when viewed as a channel down the c-axis are
interconnected by six coordinated yttrium oxides. These octahedra are coordinated through
corner sharing to three of the silicate tetrahedra above and three below the center of the
octahedron. There are three unique yttrium sites, the first (Y1) coordinating to six O1 atoms
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that are also bonded with Si1. For the second octahedron (Y2) the coordination is similar
with Y1, except that the bonded oxygen atoms are shared with Si2 and Si3 on opposing
sides. The environment of Y3 is like that of Y1 in that all coordination sites are from one
symmetry-related oxygen atom that is also bonded to Si4.
The extremely long c-axis is a result of the slow rotation of the rare earth octahedra
along the axis. This rotation is caused by the relationship if the RE 6O15 six-membered rings
building upon each other. The helical nature of the structure can more simply be seen in
observing the environments of the rare earth along the c-axis as can be seen in Figure 3.7.
The presence of the octahedra and the multiple corner-shared tetrahedra create a
particularly flexible arrangement with an enormous range of structural possibilities. 40 In
this case the polysilicate chain is particularly flexible and adaptable. It appears that the
general building block is approximately 7 Å thick and the degree of rotation of the
octahedron is a function of the size of the rare earth ion and the alkali ion. In the case of
the small scandium ion, the rotation of the octahedra is 38 °, which is not sufficient to
achieve a repeatable unit cell over an integral number of stacks, leading to an
incommensurate lattice. However, for the larger Y-Lu series the rotation of the octahedra
is closer to 45 °, which enables the building bock to return to its origin after 8 stacking
units to create a commensurate unit cell with the unusual 57 Å c-axis. The structure is
sensitive to the larger rare earth ions also as continued increase in size to Dy and Gd leads
to a still different product.23 It appears that there are several factors that control the product
identity in this intriguing series, the size of the alkali ion, the size of the rare earth ion and
the presence or absence of fluoride in the reaction mixture.
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Figure 3.7 – Rotation of the yttrium octahedra, as viewed along the c-axis.
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The IR spectrum of Cs3YSi6O15 is shown in Figure 3.8. From the spectrum of
Cs3YSi6O15 three distinct regions can be seen. In the first region, from 1200 to 900 cm -1,
the stretching frequencies with higher energies represent the Si – O bridging stretches while
those of lower wavenumber between 750 and 630 cm-1 represent the non-bridging
stretches. In the frequency range from 500 to 470 cm-1, the O – Si – O bending energies
are present.41–43 The Y – O stretches are too low to be observed under these conditions.

Figure 3.8 – IR spectra of Cs3YSi6O15
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The Crystal Structures of LiRESiO4 (RE = Er, Tm, Yb, Lu)

The formulations of LiRESiO4 (RE = Er, Tm, Yb, Lu) are isostructural with the
sodium related analogous NaRESiO4 (RE = La, Gd, Yb, Lu) and NaREGeO4 (RE = SmTb, Ho-Lu).37 This family of structures are based on the olivine structure type,
(Mg,Fe)2SiO4.44 Though notably smaller in each structural dimension when compared with
the sodium-containing counterparts, the orthorhombic setting of Pnma is maintained from
erbium to lutetium. As larger rare-earth metals are used the apatite-type phase
LiRE9(SiO4)6O2 is synthesized.
The list of crystallographic data for these four structures is provided in Table 3.5.
As the structures of LiRESiO4 (RE = Er, Tm, Yb, Lu) are isostructural with each other,
LiErSiO4 will be used for the detailed structural discussion. The atomic coordinates and
equivalent isotropic displacement parameters can be found in Table 3.6, and the selected
bond distances and angles are provided in Table 3.7.
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Table 3.4 - Crystallographic Data for LiRESiO 4
Empirical Formula

LiErSiO4

LiTmSiO4

LiYbSiO4

LiLuSiO4

Formula weight

266.29

267.96

272.07

274.00

Space group

Pnma

Pnma

Pnma

Pnma

a, Å

10.814(2)

10.800(2)

10.7540(11)

10.7415(6)

b, Å

6.3064(13)

6.2891(13)

6.2506(6)

6.2038(3)

c, Å

4.9226(10)

4.9089(10)

4.9016(5)

4.8979(3)

Volume, Å3

335.71(12)

333.42(12)

329.48(6)

326.39(3)

Z
Density (calculated),
Mg/m3

4

4

4

4

5.269

5.338

5.485

5.576

Parameters

41

41

41

41

θ range, deg

3.77 – 25.49

3.77 – 25.91

3.79 – 28.27

3.79 – 28.22

Reflections
Collected

2682

2225

3559

2962

Independent

338

328

450

446

Observed, I≥2σ(I)

337

328

430

422

R, int

0.0664

0.0461

0.0432

0.0447

0.0246

0.0332

0.0178

0.0173

0.0575

0.0771

0.0347

0.0346

0.0247

0.0338

0.0202

0.0196

0.0575

0.0771

0.0353

0.0354

1.256

1.303

1.152

1.150

Final R, obs. Data
R1
wR2
Final R, all Data
R1
wR2
Goodness of fit of F2
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Table 3.5 - Selected Bond Distances (Å) and Angles (°) of LiErSiO 4
Bond Distances
Er(1) - O(1)
2.218(4) x2
Si(1) - O(1)
1.670(5) x2
Er(1) - O(1)
2.324(4) x2
Si(1) - O(2)
1.622(6)
Er(1) - O(2)
2.211(6)
Si(1) - O(3)
1.613(7)
Er(1) - O(3)
2.275(6)
Mean
1.64
Mean
2.26
Li(1) - O(1)
2.218(4) x2
Li(1) - O(2)
2.173(5) x2
Li(1) - O(3)
2.299(5) x2
Mean
2.23
Bond Angles
O1-Er1-O1
O1-Er1-O1
O1-Er1-O1
O1-Er1-O1
O1-Er1-O2
O1-Er1-O2
O1-Er1-O2
O1-Er1-O3
O1-Er1-O3
O2-Er1-O3

67.3(2)
88.85(9) x2
114.6(2)
155.80(18) x2
90.20(13) x2
96.06(17) x2
100.06(16)
81.23(18) x2
91.56(13) x2
176.7(2)

O1-Si1-O1
O1-Si1-O2
O1-Si1-O3
O2-Si1-O3
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100.9(3)
106.4(2) x2
112.7(2) x2
116.4(3)

As mentioned earlier LiErSiO4 forms in the olivine structure type. The relation of
this structure to the parent olivine, (Mg,Fe)2SiO4, can be seen in the iconic chains of
octahedra. In olivine these chains are built up of disordered (Mg,Fe)O6 building blocks,
however in LiErSiO4 these chains are composed of ErO6 and LiO6 octahedra. Each ErO6
is edge-sharing with two NaO6, which are in turn edge sharing with each other and the next
neighboring sodium in the chain. This arrangement is illustrated in Figure 3.9. These chains
are connected to one another within the structure Through SiO4 tetrahedra that edge-share
with an ErO6 octahedra in one chain and corner share with an ErO6 group on the
neighboring chain.

Figure 3.9 – Olivine chain in LiRESiO4. Blue octahedra represent REO6 groups and
gray octahedra represent LiO6 groups.
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An alternate way to view the structure is as layers of ErO6 layers along the bc-plane,
that are interconnected with SiO4 tetrahedra. These tetrahedra edge-share with an ErO6
octahedra from one layer and corner share with another ErO6 group in the next layer. The
connection of these layers is illustrated in Figures 3.10 and 3.11. The layers along the bcplane consist of corner-sharing ErO6 octahedra. Each octahedral site is coordinated to four
neighboring octahedra inside the layer. One such layer is illustrated in Figure 3.12, along
with the SiO4 groups that bridge to additional layers above and below. As the octahedra
within the layer are substituted for alternative rare-earth metals the size of the changes
accordingly. A comparison of the average RE-O bond distances and their respective unit
cells is provided in Table 3.8. This stepwise progression from erbium to lutetium leads to
a steadily decreasing size, as is expected and similar to what was previously seen with
NaREGeO4 (RE = Tb, Ho, Er, Tm, Yb, Lu).37
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Figure 3.10 – Structure of LiRESiO4, as seen down the c-axis. Blue octahedra
represent REO6 groups and yellow tetrahedra represent SiO 4 groups and the silver
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Figure 3.11 – Structure of LiRESiO4, as seen down the b-axis. Blue octahedra
represent REO6 groups and yellow tetrahedra represent SiO 4 groups.
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Figure 3.12 – REO6 Layer on the bc-plane in LiRESiO4. Blue octahedra represent
REO6 groups and yellow tetrahedra represent SiO 4 groups.

Table 3.6 RE–O Distances and Unit Cell Dimensions

Er–O
Tm–O
Yb–O
Lu–O

Bond Distances (Å)
2.26
2.25
2.24
2.23

Unit cell dimensions (Å) of LiRESiO4
a
b
c
10.814(2)
6.3064(13) 4.9226(10)
10.800(2)
6.2891(13) 4.9089(10)
10.7540(11) 6.2506(6)
4.9016(5)
10.7415(6)
6.2038(3)
4.8979(3)
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V (Å3)
335.71(12)
333.42(12)
329.48(6)
326.39(3)

In LiErSiO4, the Er-O bond distances of the ErO6 distorted octahedra range from
2.211(6) – 2.324(4) Å, and average at 2.26 Å (Table 3.7). These values are as would be
expected for an erbium in this coordination environment. 45 The interior angles of the
distorted octahedra range from a close 67.3(2) ° for two symmetry related O1 sites, and
155.80(18) ° for the same symmetry related O1 sites on the opposite sides of the metal
center. The SiO4 tetrahedra that allow for the bridging of the octahedral layers (Figure 3.13)
has an average Si-O distance of 1.64 Å. This value is typical in this arrangement, with
distances ranging from 1.613(7) – 1.670(5) Å. The angles within the tetrahedra are
somewhat distorted, with a close angle of 100.9(3) ° on the side that edge shares with ErO 6;
and a larger angle of 116.4(3) ° between the corner sharing O2 – Si1 – O3. The lithium site
has an octahedral coordination environment with an average Li-O distance of 2.23 Å,
across a range of 2.173(5) – 2.299(5) Å, and is slightly larger than the anticipated 2.14 Å. 45
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Figure 3.13 – Coordination of the framework of LiRESiO4, as seen down the c-axis.

The assignment of the space group setting of Pnma versus Pna21, and their related
nonstandard settings, is referred to only briefly throughout the literature and is inconsistent
for the sodium containing analogues. Of the NaRESiO 4 type, erbium, lutetium, and yttrium
have been reported in nonstandard settings Pna21.33–36 The lutetium structure has also been
reported by another researcher to form in Pnma, along with the structure of NaYbSiO4.31,46
As for the NaREGeO4 series, all reported structures (RE = Sm-Tb, Ho-Lu) are found in the
setting of Pnma.31,37,38 From our own data test refinements in both space group settings
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have been performed. In each case the refinement of the data in Pnma resulted in a
marginally better R value. In the case of LiErSiO4 these values were 0.0246 for the Pnma
setting and 0.0286 for Pna21. As there is no apparent structural difference between these
solutions the higher symmetry Pnma solution was chosen.

Conclusions

A synthetic investigation of two types (Li and Cs) of alkali RE silicates has been
conducted under hydrothermal conditions. Two unique structure series have been
successfully synthesized. The first of these structures is that of Cs 3YSi6O15. The crystal
structure of this material possesses a remarkably long repeat unit along the c-axis of 57 Å
in the rhombohedral setting of R-3c. In looking to prior publications having a similar
formula, the structure of Cs3YSi6O15 is the parent structure to a family which otherwise
exhibits structural disorder or modulation.
The second series of structures investigated in this chapter was that of LiRESiO 4
(RE = Er, Tm, Yb, Lu). Analysis of the structure by single crystal X-ray diffraction
revealed these crystals to be isostructural with the NaRESiO4 and NaREGeO4 series. The
phase seen for these materials formed in the space group setting of Pnma, and as larger RE
(RE = La – Nd, Sm – Ho) elements were used the apatite phase, LiRE 9(SiO4)6O2, was
synthesized. This investigation can be expanded into a more intricate study when trivalent
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metal ions from outside of the RE elements are substituted into the structure. The formula
A1+B3+C4+O4 contains a vast amount of structural complexities and interesting properties.
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CHAPTER FOUR

SYNTHESIS AND CHARACTERIZATION OF STRUCTURAL LITHIUM
VARIANTS OF WURTZITE

Introduction

The structure of wurtzite is one of the most well-known crystal structure types. It
is often used in early undergraduate chemistry courses as an illustration of hexagonal
close-packed crystals.1 Mineralogically the wurtzite structure occurs in ZnS and is the
hexagonal polymorph of sphalerite. Bragg first determined this structure type for zinkite,
ZnO,2 in which cationic zinc atoms occupy half of the tetrahedral voids and the other half
are occupied by the anionic oxygen atoms. From this simple symmetrical arrangement,
many possible derivatives may found.3,4 The simplest of these variants maintains the
symmetry of the wurtzite type, but varies the elemental composition such as in ZnO, 2
GaN,5 BeO,6 and over two dozen other variants.7,8 However, this crystal system may be
expanded out from the parent AX type structure (A = cation, X = anion of equal charge)
by the ordering of two or more species of atoms over the cation, anion, or both sites.
These possible derivatives of the wurtzite structure type may be broken down into the
compositions ABX2, AB2X3, AB3X4, ABC2X4.3
In the parent AX type structure of wurtzite, the space group is P63mc with both
atoms located at special positions with 3m symmetry. Each atom is related tetrahedrally
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to four atoms of the other kind. One atom also at a special position with 3m symmetry
translated along the 63 rotation axis, and the remaining three at symmetry related sites
around the 63 rotation axis. These tetrahedra corner share with two tetrahedra of the same
type in neighboring unit cells on the same ab plane. This site of coordination to the three
tetrahedra in the ab plane is also coordinated to axial position of one of the tetrahedra in
the following layer on the ab plane. This symmetry relation is illustrated in Figure 4.1
and is the basis for all wurtzite derivative structure types.

Figure 4.1 - The basic wurtzite structure2
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In derivatives of the wurtzite type proper, the hexagonal symmetry of the system
is broken by the ordering of the tetrahedral sites between a variety of constituting
elements with general formulations ABX2, AB2X3, AB3X4, ABC2X4. This reduction is
symmetry down from the hexagonal setting still retains a hexagonal pseudo-symmetry
but is now expressed in the space group settings of orthorhombic and monoclinic
symmetry. The structures noted as monoclinic are still described approximately
orthorhombic metric, having beta angles of 90° or near 90°. In a review by Baur, 4
8 different types of acentric derivative structures of wurtzite were identified across
6 different space groups. The additional two groups are accounted for by the length of the
cell lengths relative to the orthohexagonal cell lengths. A number of additional types
were also reviewed; these were labeled as dipolar groups due to the inversion centers in
each structure. The notation used to identify each type is listed as: spacegroup (m,n)
where m is equal to the length of a relative to the parent hexagonal cell and n is equal to
the length of b relative to the parent hexagonal cell as drawn in Figure 4.2. This notation
requires the space group of some structures to be listed in their non-standard settings so
that the c axis of the structure would also be the same c axis of the proper wurtzite cell.
As these structures are noncentrosymmetric inherently due to the polar orientation of
their tetrahedra, this system provides an abundant wealth of potential for new materials of
promising properties such as piezoelectric, ferroelectric, and nonlinear optical (NLO)
behavior.9,10
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Figure 4.2 - Relation of hexagonal wurtzite cell to monoclinic and orthorhombic
derivatives

Lithium silicate, Li2SiO3 and its corresponding germanate, Li2GeO3 have a
significant propensity to crystallize in these wurtzite derivative structure types. 11,12 These
fall into the classification of wurtzite derivative structures as Cmc21 (2,1). The polar
silicates and germanates show considerable potential as ferroelectrics, sensors and even
nuclear feedstocks.13–15 Generally the NLO behavior has not received as much interest
because of the relatively low coefficients displayed by silicates relative to other metal
oxyanions.16,17 The silicates are not usually perceived to have bandgaps as wide as
borates, and generally have lower harmonic conversion efficiencies than the best NLO
materials. However, these materials have relatively wide bandgaps (ca. ≤200 nm) making
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them of interest as a prototype for future UV NLO materials. One limitation to prior work
is the difficulty in developing high quality single crystals of the metal silicates and
germanates. The metal silicates form viscous melts and have the tendency to form
glasses, cracked or heavily twinned crystals, or multi-domain crystals when grown from
melts or fluxes.18
In nature, however, the silicates and germanates have a tendency to form much
higher quality single crystals from hydrothermal fluids when compared to the various
melt methods.19–22 It is well known that silicates and related amphoteric oxyanions can
often form large, high quality single crystals in hydrothermal fluids in the presence of
appropriate mineralizers, such as dilute alkali hydroxides or halides.
As the hydrothermal synthesis of the wurtzite derivative structures, Li 2EO3 (E =
Si, Ge), it was noted that an additional polar, acentric lithium silicate phase was known,
Li2Si2O5.23,24 This phase, like with wurtzite, derivative structures features is intrinsically
polar in the orientation of the tetrahedral sites. As with the earlier materials, the NLO
behavior of these crystals had not been previously investigated and was included in this
new study.
With the successful growth of Li2SiO3, new formulations were perused in order to
test the extent of this acentric system. One such formula of interest was that of
Li2BeSiO4. Crystals of this type have been mined as the rare mineral known as liberite for
which the structure was recently reinvestigated. 25 This structure is made of the same
tetrahedral building blocks arranged in a polar fashion, only differing in the identities of
each tetrahedral site. However, in this formulation we now see a change of symmetry in
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order to account for the additional variety of tetrahedrally coordinated atoms. As with the
natural samples of liberite the wurtzite derivative type is P1n1 (2,2). The corresponding
germanate structure, Li2BeGeO4, was also synthesized under hydrothermal conditions
and found to be isostructural with Li2BeSiO4. These successes also lead to the
investigation of substituting the divalent, tetrahedral beryllium site with Zn leading to yet
another derivative of the wurtzite structural type.
Throughout exploitation of this inherently polar system we aim to synthesize a
series of new materials with potential applications as NLO materials. After determining a
viable synthetic route and structure of the resultant crystals, the phase matching ability as
well as the relative SHG ability will be investigated in the employment of the Kurtz
experiment.26 . “A portion of this work is reprinted with permission from Terry et al. J.
Crystal Growth 2018, 493, 58-64. Copyright 2018 Elsevier”

Hydrothermal Synthesis

Lithium Silicates and Germanates
A series of reactions using a varied ratio of silicon to lithium was performed in
order to target Li2SiO3. These crystals were found to be able to be grown hydrothermally
through serendipity during the targeted growth of LiRESiO4 as discussed in an earlier
chapter. The results of this series of reactions are summarized in Table 4.1. The crystals
were grown using direct hydrothermal synthesis of the basic oxide and hydroxide
components. Initially Li2CO3 was also used as a dual-purpose mineralizer and lithium
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nutrient source, however it was found that often the resulting product would contain
unreacted Li2CO3. Direct growth of Li2SiO3 was attempted using a stoichiometric 2:1
mixture of lithium and silicon sources, however it was found that a mixed product of
Li2SiO3 and Li2Si2O5 is invariably formed. By using an excess amount of LiOH, it was
found that Li2SiO3 could be synthesized in phase pure quantitative yields. When the
stoichiometric ratio was shifted back to equal portions of lithium and silicon an alternate
acentric phase, Li2Si2O5 was produced as a phase pure product. This knowledge was then
applied to the targeted growth of Li2GeO3 and Li2Ge2O5. While the desired phases could
be grown using simple deionized water as a mineralizer, it was found that in the case of
Li2SiO3 a 1 M CsOH solution improved the growth of spontaneously nucleated crystals
without sacrificing crystal quality. The use of 1 M CsOH was also seen to improve the
growth of Li2GeO3, however no notable improvements could be noted for its employment
with Li2Si2O5. With the synthesis of Li2GeO3, it was found to be successful under similar
growth conditions as for Li2SiO3. Directed attempts at Li2Ge2O5, were not as successful
despite numerous attempts in which a variety of mineralizers and stoichiometric ratios
were used. As the initial concentration of LiOH was reduced, the product ratio began to
shift towards Li4Ge5O1227 rather than the desired Li2Ge2O5. We believe that the phase,
Li2Ge2O5, while known,28 does not form in these hydrothermal reactions because of the
relative stability of Li2GeO3 and Li4Ge5O12.
Single crystals of Li2SiO3 were synthesized using 0.075 g (1.25 mmol) SiO2
(Strem, 98%) and 0.120 g (5.01 mmol) LiOH (Aldrich, 98+%). Deionized water was also
added to the ampoules in the amount of 0.4 mL. The reaction was heated at 650 °C and
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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. This reaction yielded
phase pure products of Li2SiO3 as identified individually by single crystal X-ray
diffraction as well as collectively by powder X-ray diffraction. The colorless crystals
featured a column shaped habit with dimensions as large 10 x 1.5 x 1.5 mm (Figure 4.3).
Crystals of Li2Si2O5 were also synthesized directly by hydrothermal technique, by
modification of the stoichiometry used to produce Li2SiO3. Into a silver ampoule, sealed
on end, 0.100 g (1.66 mmol) SiO2 (Strem, 98%) and 0.070 g (2.92 mmol) LiOH (Aldrich,
98+%) were added. After adding 0.4 mL of deionized water, the ampoules were sealed
and placed within a Tuttle cold seal autoclave at 650 °C and 200 MPa for 7 days. Crystals
from the reaction were removed after cooling to room temperature and were washed with
deionized water, then allowed to air dry. The product of this reaction yielded Li 2Si2O5 as
a phase pure product by single crystal X-ray diffraction as well as powder X-ray
diffraction. The crystals of Li2Si2O5 formed as colorless elongated plates as large as 1.0 x
0.30 x 0.15 mm.
The synthesis of Li2GeO3 was carried out using direct hydrothermal method as
well. Powders of 0.100 g (0.96 mmol) GeO2 (Hefa, 99.999%) and 0.120 g (5.01 mmol)
LiOH (Aldrich, 98+%) were added into silver ampoules sealed on one end, followed by
0.4 mL of deionized water. The reactions were heated at 650 °C and 200MPa for 7 days.
After cooling to room temperature, the resulting crystals were removed and washed with
deionized water before being allowed to air dry. The product of the reaction was shown

84

to be pure Li2GeO3 by single crystal X-ray diffraction and by powder X-ray diffraction
with polyhedrally shaped crystals as large as 1.3 x 1.0 x 0.7mm (Figure 4.3).

Figure 4.3 - a) Single Crystal of Li2SiO3 b) Single Crystal of Li2GeO3

Table 4.1 Summary of Stoichiometric Ratios of Reactions for the Targeted
Syntheses of Li2SiO3 and Li2Si2O5
SiO2

LiOH

Li2CO3

Si:Li

Products

1

1.5(5 M)

1

0.4

Li2SiO3, Li2CO3

1

2

-

0.5

Li2SiO3, Li2Si2O5

1

-

1

0.5

Li2SiO3, Li2Si2O5, Li2CO3

1

6(10 M)

1

0.125

Li2SiO3, Li2CO3

1

4

-

0.25

Li2SiO3

1

1

-

1

Li2Si2O5

2

-

1

1

Li2Si2O5, Li2CO3
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Lithium Divalent Silicates and Germanates
Based on the successful growth of Li2SiO3, crystals of Li2DEO4 (D = Be, Zn; E =
Si, Ge) were also pursued. Knowing that the desired phase tends to be produced with an
excess amount of LiOH as both a source of lithium and as a mineralizer, the reactions
were performed using stoichiometric amounts of the desired divalent and tetravalent
oxides. However, the crystal with the formulation Li 2ZnGeO4 was unable to be
synthesized using hydrothermal techniques as the product was driven to the formation of
Zn2GeO4.
Crystals of Li2BeSiO4 were synthesized directly by hydrothermal technique, by
modification of the stoichiometry used to produce Li2SiO3. Into a silver ampoule, sealed
on one end, 0.042 g (1.68 mmol) BeO (Alfa Aesar, 99.99%), 0.100 g (1.66 mmol) SiO 2
(Strem, 98%), and 0.096 g (4.01 mmol) LiOH (Aldrich, 98+%) were added with LiOH in
excess to act as a mineralizing agent as well as nutrient lithium source. The reactions
were heated at 650 °C and 200 MPa for 7 days. Crystals from the reaction were removed
after cooling to room temperature and were washed with deionized water, then allowed to
air dry. The product of this reaction yielded Li2BeSiO4 as a phase pure product
individually by single crystal X-ray diffraction as well as collectively by powder X-ray
diffraction. The crystals of Li2BeSiO4 formed as needles with general dimensions of 0.3 x
0.01 mm.
The synthesis of Li2BeGeO4 was carried out using direct hydrothermal method as
well. Powders of 0.029 g (1.16 mmol) BeO (Alfa Aesar, 99.99%), 0.120 g (1.15 mmol)
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GeO2 (Strem, 98%), and 0.096 g (4.01 mmol) LiOH (Aldrich, 98+%) were added into
silver ampoules sealed on one end, followed by 0.4 mL of deionized water. These
reactions were heated at 650 °C and 200 MPa for 7 days as well. After cooling to room
temperature, the resulting crystals were removed and washed with deionized water before
being allowed to air dry. The product of the reaction was shown to be Li 2BeGeO4 by
single crystal X-ray diffraction and by powder X-ray diffraction with a minimal amount
of Li2GeO3 also being produced and formed as needles with general dimensions of 0.3 x
0.01 mm.
Crystals of Li2ZnSiO4 were grown using direct hydrothermal synthesis of the
basic oxide and hydroxide components. Single crystals of Li 2ZnSiO4 were synthesized
using 0.0677 g (0.832 mmol) ZnO (Alfa Aesar, 99.99%), 0.050 g (0.832 mmol) SiO 2
(Strem, 98%), and 0.096 g (4.01 mmol) LiOH (Aldrich, 98+%) with LiOH in excess to
act as a mineralizing agent as well as nutrient lithium source. Also to the ampoule, 0.4
mL of deionized water was added before being sealed on the opposite end. 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. This reaction yielded Li2ZnSiO4 as identified individually by single crystal X-ray
diffraction as well as collectively as phase pure product by powder X-ray diffraction.
Atomic coordinates and equivalent isotropic atomic displacement parameters for
structures discussed within this chapter are provided in Appendix B.3 – B.8.
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The Crystal Structure of Li2EO3 (E = Si, Ge)

The structure of Li2SiO3 was determined to be in the space group of Cmc21 based
on the systematic absences of the data. All atoms were refined anisotropically. A final R 1
value of 0.0226 was obtained for 1572 total reflections, 380 of which were unique. The
structure of Li2GeO3 was determined to be in the space group of Cmc21 based on the
systematic absences of the data. All atoms were refined anisotropically. A final R 1 value
of 0.0187 was obtained for 1125 total reflections, 345 of which were unique. A complete
list of the crystallographic data can be found in Table 4.2.
The single crystal structure of Li2SiO3 was confirmed as originally reported by
Seeman29 and later improved upon by Hesse.30 Vöellekle31 provided further refinement as
well as providing a structural determination of the isostructural Li 2GeO3. Both structures
were found to crystalize in the noncentrosymmetric space group of Cmc21 and
demonstrate pseudo-hexagonal symmetry. This symmetry is due to the structural relation
to the Wurtzite structure type, with two thirds of the zinc sites substituted for lithium and
one third for silicon. From viewing a single layer of both Wurtzite and the metasilicate
structure a clear relation can be seen. Wurtzite is found to crystalize in the space group of
P63mc, however in the metasilicate structure the hexagonal space group not observed.
This is due to the size difference of the LiO4 and EO4 tetrahedra that form the basis of the
structure. The smaller size of the EO4 tetrahedra cause a bond bending that is
incompatible with the hexagonal arrangement of Wurtzite leading to a solution in Cmc21,
a subgroup of P63mc.
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Table 4.2 Crystallographic Data for Li 2EO3 (E = Si, Ge)
Empirical Formula

Li2SiO3

Li2GeO3

Formula weight, g/mol

89.97

134.47

Space group

Cmc21

Cmc21

a, Å

9.4025(8)

9.6456(9)

b, Å

5.3975(4)

5.4832(3)

c, Å

4.6612(3)

4.8488(3)

Volume, Å3

236.56(3)

256.45(3)

Z

4

4

Density (calculated), Mg/m3

2.526

3.483

Parameters

33

33

θ range, deg
Reflections

4.33 – 30.34

4.23 – 28.31

Collected

1572

1125

Independent

380

345

Observed, I≥2σ(I)

376

344

0.0329

0.0364

0.0226

0.0187

0.0565

0.0390

R1

0.0231

0.0187

wR2

0.0567

0.0390

Goodness of fit of F2

1.256

1.084

Flack Parameter

0.2(3)

0.001(40)

R, int
Final R, obs. Data
R1
wR2
Final R, all Data
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The overall structure of Li2EO3 features layers of ordered tetrahedrons that are
oriented in one direction along the c-axis as can be seen in Figure 4.4. These layers are
then repeated by the 21 rotation axis along the c-axis. By this layering, chains of EO4
tetrahedra are formed. A selection of bond distances for Li 2SiO3 and Li2GeO3 is provided
in Tables 4.3 and 4.4 respectively. It should be noted that the bond lengths of the bridging
oxygen (Si-O: 1.676(2) Å; Ge-O: 1.810(5) Å) atoms are considerably longer than the
non-bridging (Si-O: 1.5949(19) Å; Ge-O: 1.713(3) Å). A similar lengthening of the
bridging bond lengths is observed in the isostructural Na2SiO3.32 In comparing the bond
length of the bridging Si-O-Si of Li2SiO3 (1.676 Å) and the reported length in Na2SiO3
(1.672 Å)32 a very slight increase in bond length is observed as a more electropositive
cation is used, in agreement with the expected trends. 33 This is also shown in the bond
distance differences of the bridging and non-bridging E-O bonds of silicon and
germanium (Δd = 0.0811 Å and 0.097 Å respectively). Here, the germanium oxoanion is
more likely to shed more of its negative charge due to shielding effects, causing a slightly
increased lengthening of the bridging bonds. In both the silicate and germanate cases, the
hydrothermally grown crystals display no evidence of multiple domain structure or
twinning as observed in the melt grown materials.29–31
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Figure 4.4: Structure of Li2EO3 (E = Si, Ge) as viewed down the c-axis (left), and as
viewed along the b-axis (right); Green tetrahedra represent LiO 4 groups, blue
tetrahedra represent EO4 groups

Figure 4.5: Left: Layer of Wurtzite on the ab-plane34; Right: Single Layer of Li2EO3
on the ab-plane (E = Si, Ge; Green tetrahedra represent LiO 4 groups, blue
tetrahedra represent EO4 groups)
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Table 4.3 Selected Bond Distances (Å) and Angles (°) of Li 2SiO3
Bond Distances
1.5949(19) x2
Li(1) - O(1)
1.936(4)
Si(1) - O(1)
1.676(2) x2
Li(1) - O(1)
1.940(4)
Si(1) - O(2)
Li(1) - O(1)
1.948(10)
Li(1) - O(2)
2.182(5)
Bond Angles
O(1)-Si(1)-O(1)
O(1)-Si(1)-O(2)
O(1)-Si(1)-O(2)
O(2)-Si(1)-O(2)

116.76(13)
108.83(8) x2
109.17(7) x2
103.21(8)

O(1)-Li(1)-O(1)
O(1)-Li(1)-O(1)
O(1)-Li(1)-O(1)
O(1)-Li(1)-O(2)
O(1)-Li(1)-O(2)
O(1)-Li(1)-O(2)

119.6(3)
107.1(3)
106.4(3)
112.1(3)
110.2(3)
99.2(3)

Table 4.4 Selected Bond Distances (Å) and Angles (°) of Li 2GeO3
Bond Distances
1.713(3) x2
Li(1) - O(1)
1.92(3)
Ge(1) - O(1)
1.810(5) x2
Li(1) - O(1)
1.946(10)
Ge(1) - O(2)
Li(1) - O(1)
1.951(11)
Li(1) - O(2)
2.176(12)
Bond Angles
O(1)-Ge(1)-O(1)
O(1)-Ge(1)-O(2)
O(1)-Ge(1)-O(2)
O(2)-Ge(1)-O(2)

117.8(2)
108.59(16) x2
109.17(13) x2
102.36(16)

O(1)-Li(1)-O(1)
O(1)-Li(1)-O(1)
O(1)-Li(1)-O(1)
O(1)-Li(1)-O(2)
O(1)-Li(1)-O(2)
O(1)-Li(1)-O(2)
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117.4(9)
108.9(9)
109.7(9)
109.5(8)
109.0(7)
101.1(7)

Figure 4.6 - Powder XRD patterns of experimental (black) compared with the
calculated pattern (red) for Li2SiO3
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Figure 4.7 - Powder XRD patterns of experimental (black) compared with the
calculated pattern (red) for Li2GeO3
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The Crystal Structure of Li2Si2O5

The structure of Li2Si2O5 was determined to be in the space group of Ccc2 based
on the systematic absences of the data. All atoms were refined anisotropically. A final R 1
value of 0.0164 was obtained for 4130 total reflections, 617 of which were unique. A
complete list of the crystallographic data can be found in Table 4.5.
As with the structure of Li2SiO3, Li2Si2O5 features layers of unidirectionally
oriented tetrahedra. The structure was originally determined by Liebau 35 was proposed to
be in Cc from two-dimensional data, however later work by De Jong23,24 refined the
structure to the space group Ccc2. This later orthorhombic assignment is confirmed in our
present work as a test refinement in the monoclinic setting proved unsuccessful. In
contrast to the silicate chains present in Li2SiO3, Li2Si2O5 features silicate sheets
interconnected by lithium tetrahedra as shown in Figure 4.8. These differences in silicate
sheets and layers in the two structures are highlighted in Figure 4.9. When comparing the
formation of these sheets to the infinite chains of Li 2SiO3, accents of the chains can be
seen within the structure of the sheets, however now being interconnected to one another
and in the process creating six membered rings.
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Table 4.5 Crystallographic Data for Li 2Si2O5
Empirical Formula

Li2Si2O5

Formula weight, g/mol

150.06

Space group

Ccc2

a, Å

5.8204(3)

b, Å

14.6272(7)

c, Å

4.7811(2)

Volume, Å3

407.04(3)

Z

4

Density (calculated), Mg/m3

2.449

Parameters

42

θ range, deg
Reflections

27.776

Collected

4130

Independent

617

Observed, I≥2σ(I)

615
0.0261

R, int
Final R, obs. Data
R1

0.0164

wR2
Final R, all Data

0.0484

R1

0.0165

wR2

0.0485

Goodness of fit of F2

1.275

Flack Parameter

0.052(179)

96

Table 4.6 Selected Bond Distances (Å) and Angles (°) of Li 2Si2O5
Bond Distances
1.5751(13)
Li(1) - O(2)
2.056(4)
Si(1) - O(3)
1.6089(5)
Li(1) - O(2)
1.940(3)
Si(1) - O(1)
1.6490(15)
Li(1) - O(3)
1.952(3)
Si(1) - O(2)
1.6491(15)
Li(1)
O(3)
1.955(7)
Si(1) - O(2)
Bond Angles
O(3)-Si(1)-O(1)
O(3)-Si(1)-O(2)
O(1)-Si(1)-O(2)
O(3)-Si(1)-O(2)
O(1)-Si(1)-O(2)

112.69(6)
111.30(7)
107.59(6)
110.53(8)
109.25(8)

O(3)-Li(1)-O(3)
O(3)-Li(1)-O(3)
O(3)-Li(1)-O(3)
O(3)-Li(1)-O(2)
O(3)-Li(1)-O(2)

95.84(17)
105.6(2)
109.3(2)
123.2(2)
115.3(2)

O(2)-Si(1)-O(2)

105.16(4)

O(3)-Li(1)-O(2)

106.65(18)

Figure 4.8 - Structure of Li2Si2O5 as viewed down the c-axis (left), and as viewed
along the a-axis (right) (Green tetrahedra represent LiO 4 tetrahedral groups, blue
tetrahedra represent SiO4 groups)
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Figure 4.9 - Comparison of silicate chains in Li2EO3 (E = Si, Ge) as a single chain
along the c-axis (top left) and as projected down the c-axis (top right); as well as a
single sheet on the ab-plane in Li2Si2O5 (bottom left) and as a projection along the caxis (bottom right)
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Figure 4.10 - Powder XRD patterns of experimental (black) compared with the
calculated pattern (red) for Li2Si2O5
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NLO and Spectroscopic Analysis of Li2EO3 (E = Si, Ge) and Li2Si2O5

The preliminary SHG properties of title compounds were measured by using the
Kurtz technique.35 The resulting data for Li2SiO3 and Li2GeO3 are summarized in Figure
4.11. The shapes of the curves given in the figures is indicative of a Type I
phase-matchable material, making it potentially suitable as an UV NLO material. 9 A
comparison of the relative SHG values as compared with the common SHG material
KDP is presented in Figure 4.11a. It should be noted that at the largest particle size
measured Li2SiO3 has approximately half the frequency doubling power of KDP. While
this is not an exceptionally large value, it is particularly interesting due to its good
transparency into the UV, its phase matching ability, and fairly straightforward synthesis
of high quality crystals by high temperature hydrothermal methods. While Li 2GeO3 is
also capable of phase matching, (Figure 4.11b) its frequency doubling ability relative to
Li2SiO3 is significantly smaller (approximately 10% KDP).
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Figure 4.11 - a) Second harmonic generation measurements of Li 2SiO3 as compared
with KDP b) SHG measurements of Li2GeO3. SHG values are arbitrary. Curves are
drawn to guide the eye and are not a fit of the data.

Polarized single crystal Raman spectroscopy was used to analyze Li2SiO3 and
Li2GeO3 (Figure 4.12). In both polarizations, Li2SiO3 shows bands at 292, 361, 408, 523,
606, 865, 980, and 1033 cm-1, however the peak ratios changes upon polarization. In the
polarization perpendicular to the column, the vibrational modes at 361, 980, and 1033
cm-1 have much stronger intensity than in the parallel polarization, while the intensity of
the 292 cm-1 mode is stronger in parallel polarization. These differences in polarization
intensities are at known frequencies for silicate stretches and are likely related to the
infinite silicate chains of the structures as previously shown in Figure 4.9. 36 As Li2GeO3
as isostructural with Li2SiO3, a similar spectrum is seen with peaks shifted in energy.
Li2GeO3 shows bands at 260, 267, 295, 304, 402, 412, 431, 455, 495, 543, 593, 701, and
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814 cm-1. However, the peak ratio change is not as helpful in this situation given the
overall habit of the crystal makes it difficult to interpret the data relative to its
crystallography. This insensitivity of polarization relative to orientation may also be
related to the decreased nonlinear coefficient.18 From the vibrational spectroscopy in the
infrared for Li2SiO3, as illustrated in Figures 4.13 and 4.14, clear comparisons may be
made with other known inosilicates such as Jadeite and Diopside, with recognizable
silicate stretches and bends below 1200 cm-1.37 As we move on to the germanate
variation, Li2GeO3 in Figures 4.15 and 4.16, we see similar spectrum with an anticipated
shift to higher energy vibrations. The IR spectra for Li2Si2O5 is provided in Figure 4.17,
with an enlargement of the silicate region in Figure 4.18. From 1100 to 800 cm -1 common
stretching frequencies for Si – O – Si are seen in as with other silicate sheet minerals. 38
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Figure 4.12 - Polarized Raman of Li2SiO3 and Li2GeO3
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Figure 4.13 - Infrared Spectrum of Li2SiO3
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Figure 4.14 - Infrared Spectrum of Li2SiO3 from 1300 to 400 cm-1
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Figure 4.15 - Infrared Spectrum of Li2GeO3
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Figure 4.16 - Infrared Spectrum of Li2GeO3 from 1000 to 400 cm-1
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Figure 4.17 - Infrared Spectrum of Li2Si2O5
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Figure 4.18 - Infrared Spectrum of Li2Si2O5 from 1300 to 400 cm-1
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The Crystal Structures of Li2BeEO4 (E = Si, Ge)

The structure of Li2BeSiO4 was determined to be in the space group of Pn based on the
systematic absences of the data. All atoms were refined anisotropically. A final R 1 value
of 0.0561 was obtained for 3211 total reflections, 674 of which were unique. The
structure of Li2BeGeO4 was determined to be in the space group of Pn based on the
systematic absences of the data. All atoms were refined anisotropically. A final R 1 value
of 0.0320 was obtained for 1357 total reflections, 573 of which were unique. A complete
list of the crystallographic data can be found in Table 4.7.
As with the structures of Li2EO3, Li2BeEO4 (E = Si, Ge) is a variation of the
wurtzite structure type. The structure of Li2BeSiO4 was originally identified Chang39 and
more recently refined by Yang25 from mined mineral samples. While these structures
share the pseudo-hexagonal symmetry of Li2EO3, the structures of Li2BeEO4 are solved
in the monoclinic setting of Pn And is illustrated in Figure 4.19. This reduction in
symmetry is caused by the ordering of the tetrahedral sites as would be as expected from
the formula by change in formulation. While the beryllium ion is nearly identical to the
silicon ion in size, the ratio of atoms with a bonding distance to oxygen of roughly 1.6 Å
(like with Si and Be) to those of 2 Å (like with Li) is greatly changed in these new
formulations, 1:2 in Li2SiO3 and 1:1 in Li2BeSiO4. By doing so the general framework of
the layered tetrahedral framework of wurtzite is held, however the ordering of the
tetrahedra has completely altered their individual coordination environments. As was
discussed earlier, in Li2SiO3 the silicon tetrahedra coordinate to one another forming
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infinite chains down the c axis. But in the structure of Li 2BeEO4 these silicon tetrahedra
are isolated as individual monomers with no direct coordination to each other as
illustrated in Figure 4.20. A selection of bond distances for Li 2BeSiO4 and Li2BeGeO4 is
provided in Tables 4.8 and 4.9 respectively. In solving Li2BeEO4 attempts were made to
solve the structures in Pmn21. The structure has been previously simulated in this setting
with a relation to several other structures in this system. 4 In a Pmn21 solution the unit cell
size shows little to no change, the number of second neighbor cation around each cation
is the same and the charge balance is maintained. The difference lies in the coordination
of the lithium tetrahedra throughout the structure. A comparison of these coordinations is
illustrated in Figure 4.21.
The vibrational spectroscopy of Li2BeSiO4 and Li2BeGeO4 was carried out in the
IR with the resulting spectra illustrated in Figures 4.24 – 4.27. The region below 1100
cm-1 is enlarged for Li2BeSiO4 as this region represents the vibrational frequencies often
seen in silicates. This can be compared with various other nesosilicate minerals such as
kyanite, olivine, and zircon which exhibit similar signals in this region of the IR. 37,40 As
the silicate is replaced with a germanate, in Li2BeGeO4, an appropriate shift in vibrational
energy is observed.
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Table 4.7 Crystallographic Data for Li 2BeEO4 (E = Si, Ge)
Emperical Formula

Li2BeSiO4

Li2BeGeO4

Formula weight, g/mol

114.98

159.48

Space group

Pn

Pn

a, Å

4.7046(3)

4.7903(10)

b, Å

4.9469(3)

5.0638(10)

c, Å

6.1095(4)

6.1946(12)

β, °

90.033(2)

90.17(3)

Volume, Å3

142.188(16)

150.26(5)

Z

2

2

Density (calculated), g/cm3

2.686

2.3111

Parameters

74

74

θ range, deg
Reflections

4.12 – 28.26

4.02 – 26.75

Collected

3211

1357

Independent

674

573

Observed, I≥2σ(I)

674

571

0.0289

0.0317

0.0561

0.0320

0.1381

0.0744

R1

0. 0561

0.0321

wR2

0. 1381

0.0746

Goodness of fit of F2

1.1.221

1.164

Flack Parameter

0.4(7)

-0.1(0)

R, int
Final R, obs. Data
R1
wR2
Final R, all Data
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Table 4.8 Selected Bond Distances (Å) and Angles (°) of Li 2BeSiO4
Bond Distances
1.629(8)
Li1 – O1
1.90(4)
Si1 – O1
1.620(8)
Li1 – O2
1.90(2)
Si1 – O2
Li1 – O3
2.01(3)
Si1 – O3
1.616(8)
1.639(8)
Li1 – O4
1.87(3)
Si1 – O4
Be1 – O1
Be1 – O2
Be1 – O3
Be1 – O4

1.697(16)
1.68(2)
1.72(3)
1.73(3)

Li2 – O1
Li2 – O2
Li2 – O3
Li2 – O4

2.03(4)
1.86(4)
2.06(4)
2.00(2)

Bond Angles
O1 – Si1 – O2
O1 – Si1 – O3
O1 – Si1 – O4
O2 – Si1 – O3
O2 – Si1 – O4
O3 – Si1 – O4

110.1(4)
111.4(5)
107.1(5)
108.7(5)
109.1(5)
110.4(4)

O1 – Li1 – O2
O1 – Li1 – O3
O1 – Li1 – O4
O2 – Li1 – O3
O2 – Li1 – O4
O3 – Li1 – O4

109.9(15)
108.0(16)
108.7(15)
106.2(14)
106.7(16)
117.1(15)

O1 – Be1 – O2
O1 – Be1 – O3
O1 – Be1 – O4
O2 – Be1 – O3
O2 – Be1 – O4
O3 – Be1 – O4

109.3(10)
111.3(15)
106.4(12)
110.2(12)
106.8(15)
112.6(10)

O1 – Li2 – O2
O1 – Li2 – O3
O1 – Li2 – O4
O2 – Li2 – O3
O2 – Li2 – O4
O3 – Li2 – O4

126.7(15)
102.9(14)
105.7(18)
108(2)
108.9(16)
101.6(13)
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Table 4.9 Selected Bond Distances (Å) and Angles (°) of
Li2BeGeO4
Bond Distances
1.754(10)
Li1 – O1
1.98(4)
Ge1 – O1
1.749(10)
Li1 – O2
1.87(6)
Ge1 – O2
Li1 – O3
2.01(5)
Ge1 – O3
1.754(10)
1.759(12)
Li1 – O4
2.07(6)
Ge1 – O4
Be1 – O1
Be1 – O2
Be1 – O3
Be1 – O4

1.61(2)
1.657(15)
1.69(2)
1.65(2)

Li2 – O1
Li2 – O2
Li2 – O3
Li2 – O4

1.91(5)
1.95(5)
2.02(6)
2.00(2)

Bond Angles
O1 – Ge1 – O2
O1 – Ge1 – O3
O1 – Ge1 – O4
O2 – Ge1 – O3
O2 – Ge1 – O4
O3 – Ge1 – O4

110.3(4)
109.2(4)
109.1(5)
111.7(4)
108.0(4)
108.4(4)

O1 – Li1 – O2
O1 – Li1 – O3
O1 – Li1 – O4
O2 – Li1 – O3
O2 – Li1 – O4
O3 – Li1 – O4

112.1(16)
106(2)
102(3)
113(3)
107(2)
117.0(18)

O1 – Be1 – O2
O1 – Be1 – O3
O1 – Be1 – O4
O2 – Be1 – O3
O2 – Be1 – O4
O3 – Be1 – O4

110.8(9)
107.9(12)
109.8(12)
107.7(12)
110.3(12)
110.2(10)

O1 – Li2 – O2
O1 – Li2 – O3
O1 – Li2 – O4
O2 – Li2 – O3
O2 – Li2 – O4
O3 – Li2 – O4

122.3(17)
106(3)
106(2)
108(3)
109(2)
103.6(16)+
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Figure 4.19 - Structure of Li2BeEO3 (E = Si, Ge) as viewed down the c-axis
(left), and as viewed along the b-axis (right); Green tetrahedra represent LiO 4
groups, red tetrahedra represent BeO4 groups, blue tetrahedra represent EO4
groups
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Figure 4.20 - Tetravalent isolation in the structure of LiBeEO 4

Figure 4.21 - Lithium coordination within Li2BeEO4 solutions of Pn (left) and Pmn21
(right)
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Figure 4.22 - Powder XRD patterns of experimental (black) compared with the
calculated pattern (red) for Li2BeSiO4
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Figure 4.23 - Powder XRD patterns of experimental (black) compared with the
calculated pattern (red) for Li2BeGeO4 as well as the calculated pattern for Li2GeO3
(blue)
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Figure 4.24 - Infrared Spectrum of Li2BeSiO4
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Figure 4.25 - Infrared Spectrum of Li2BeSiO4 from 1300 to 400 cm-1
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Figure 4.26 - Infrared Spectrum of Li2BeGeO4

121

Figure 4.27 - Infrared Spectrum of Li2BeGeO4 from 1000 to 400 cm-1

The Crystal Structures of Li2ZnSiO4

The structure of Li2ZnSiO4 is another variation on the wurtzite structure type.
There is one prior publication with the formula Li 2ZnSiO4, however it is solved in the
monoclinic setting of P21/n.41 This structure differs from the parent wurtzite structure
type in the orientation of its tetrahedral sites. The acentricity, and thereby polarity, of the
structure is broken by the mirror perpendicular to the two-fold rotation axis and is the

122

cause of the reorientation of the tetrahedral sites. This structure was included in Baur and
McLarnan’s review of wurtzite derivative structures as a related dipolar variant. 4 It was
proposed that this formulation may have crystalized in the space group Pmnb if the zinc
atoms were to occupy the special lithium positions. A high temperature phase was later
identified in the setting of Pmnb on a sample having similar chemical composition,
(Li0.6Zn1.1Si0.3)SiO4, although this formulation leaves vacancies in one of the tetrahedral
positons.42

This

setting

in

Pmnb

is

a

centrosymmetric

alteration

of

the

noncentrosymmetric Pmn21 caused by the orientation of the tetrahedral sites. While this
Pmn21 structure is not observed, we can use this symmetry relation to compare our
solution of Li2ZnSiO4 in Pna21 to the published setting in P21/n. This relation becomes
more apparent through the illustration of a single layer of the orthorhombic solution next
to the same image of the monoclinic structure as in Figure 4.28. From this drawing the
positional arrangement of the cationic sites are maintained with the only difference being
in the direction with which the tetrahedra are aligned.
The vibrational spectrum for Li2ZnSiO4 is illustrated in Figure 4.31, with an
enlargement of the silicate stretching region given in Figure 4.32. The silicate
environments within Li2ZnSiO4 form isolated silicate tetrahedra as was also seen with
Li2BeSiO4. From the comparison of these two similar stretching frequencies are seen as is
expected for these nesosilicates.37,40
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Table 4.10 Crystallographic Data for Li2ZnSiO4
Empirical Formula

Li2ZnSiO4

Formula weight, g/mol

171.34

Space group

Pna21

a, Å

10.6251(5)

b, Å

6.2524(3)

c, Å

4.9480(2)

Volume, Å3

328.71(3)

Z

4

Density (calculated), Mg/m3

3.462

Parameters

74

θ range, deg
Reflections

3.78 – 28.30

Collected

10334

Independent

821

Observed, I≥2σ(I)

807
0.0284

R, int
Final R, obs. Data
R1

0.0204

wR2
Final R, all Data

0.0524

R1

0.0207

wR2

0.0527

Goodness of fit of F2

1.192

Flack Parameter

0.106(8)
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Table 4.11 Selected Bond Distances (Å) and Angles (°) of
Li2ZnSiO4
Bond Distances
1.975(5)
Li1 – O1
1.972(9)
Zn1 – O1
1.967(3)
Li1
–
O2
1.952(9)
Zn1 – O2
Li1 – O3
2.01(3)
Zn1 – O3
1.957(3)
1.946(3)
Li1 – O4
1.928(14)
Zn1 – O4
Si1 – O1
Si1 – O2
Si1 – O3
Si1 – O4

1.640(3)
1.634(3)
1.635(3)
1.642(5)

Li2 – O1
Li2 – O2
Li2 – O3
Li2 – O4

2.045((9)
2.02(3)
2.004(8)
1.965(11)

Bond Angles
O1 – Zn1 – O2
O1 – Zn1 – O3
O1 – Zn1 – O4
O2 – Zn1 – O3
O2 – Zn1 – O4
O3 – Zn1 – O4

109.12(16)
108.06(16)
107.62(15)
113.60(14)
107.27(15)
111.00(16)

O1 – Li1 – O2
O1 – Li1 – O3
O1 – Li1 – O4
O2 – Li1 – O3
O2 – Li1 – O4
O3 – Li1 – O4

114.1(7)
105.7(10)
111.8(10)
108.4(10)
109.5(9)
107.0(8)

O1 – Si1 – O2
O1 – Si1 – O3
O1 – Si1 – O4
O2 – Si1 – O3
O2 – Si1 – O4
O3 – Si1 – O4

110.55(17)
110.57(18)
107.87(18)
109.07(17)
109.87(18)
108.89(18)

O1 – Li2 – O2
O1 – Li2 – O3
O1 – Li2 – O4
O2 – Li2 – O3
O2 – Li2 – O4
O3 – Li2 – O4

105.2(7)
123.1(8)
104.6(6)
107.2(8)
107.1(7)
108.7(6)
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Figure 4.28 - Structure of Li2ZnSiO4 in Pna21 as viewed down the c-axis (top left),
and as viewed along the b-axis (bottom right); Structure of Li2ZnSiO4 in P21/n as
viewed down the c-axis (top right), and as viewed along the b-axis (bottom right);
Green tetrahedra represent LiO4 groups, grey tetrahedra represent ZnO 4 groups,
blue tetrahedra represent SiO4 groups
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Figure 4.29 - Single layer of Li2ZnSiO4 in Pna21 as viewed down the c-axis (left), and
as in P21/n as viewed down the c-axis (right)
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Figure 4.30 - Powder XRD patterns of experimental (black) compared with the
calculated pattern (red) for Li2ZnSiO4
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Figure 4.31 - Infrared Spectrum of Li2ZnSiO4
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Figure 4.32 - Infrared Spectrum of Li2ZnSiO4 from 1300 to 400 cm-1
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Conclusions

The hydrothermal synthesis and growth of several materials having the wurtzite
structure type was investigated. While the structures of Li 2SiO3, Li2Si2O5, and Li2GeO3
have been reported, their synthesis under hydrothermal conditions and their SHG abilities
were previously unstudied. Crystals of each grew as large rods up to 1 cm in size by
spontaneous nucleation with no attempt at this point to increase size by seeding or growth
transport. The band edge of these materials was found to below the limits of our
spectrometer at 200 nm and show potential for use in the UV region. From this study, it
was found that all three crystals of Li2SiO3, Li2Si2O5, and Li2GeO3 exhibit Type-1 phase
matching ability, by employment of a preliminary Kurtz experiment. Li 2SiO3 was shown
to have a significant second harmonic coefficient and is of potential interest as a UV
NLO crystal. The quality of the crystals of Li2SiO3, coupled with a potential interest in its
use as UV NLO crystal, prompts the need for further investigation into designed transport
growth for further testing as a promising material.
The synthesis and growth of crystals of Li2BeSiO4 and Li2BeGeO4 from
hydrothermal fluids was described. The former of the two materials having only been
observed in natural mineral samples and the latter as new material isostructural with the
first. Both structures contribute to the number of acentric wurtzite derivatives and
demonstrate that hydrothermal synthetic methods may prove useful to a variety of new
derivatives of the wurtzite structural type providing a great number of polar acentric
materials. This is also demonstrated in the synthesis of Li2ZnSiO4 under hydrothermal
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conditions. Once again, a polar acentric crystal was synthesized. Even though the basic
formulation, except for the substitution of zinc for beryllium, a new substructure type was
seen. This demonstrated that not only can this system continue to provide acentric, polar
crystals but it can also yield unique structural modifications via minute changes in what
constituting elements are used.
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CHAPTER FIVE

SYNTHESIS AND CHARACTERIZATION OF EUCRYPTITE VARIANTS

Introduction

In our search for new or unstudied deep-UV non-linear optical crystals, we will
use the system of stuffed-tridymite derivatives as a route to our new materials. The
tridymite structural system is known to provide a wealth of structures in acentric settings,
capable of producing second-harmonic generation (SHG).1 The study will proceed with
the “stuffing” of increasingly larger alkali cations within the voids inherent to the
structure of tridymite. For the initial portion of this research, the formulations of these
structures were restricted to ABCO4, where A is the stuffing alkali, B is the trivalent and
tetrahedral structural unit, and C is the tetravalent and also tetrahedral unit. This approach
works well from sodium to cesium;2–7 however, when it comes to lithium, the tridymite
structure is not observed under hydrothermal conditions. Lithium is known to form in
tetrahedral oxide environments, as was seen extensively in the previous chapter. This
gives lithium the option to actively participate in the framework of the structure, rather
than an act as a charge equalizer within the voids of the framework.
When lithium takes part in the framework of a structure having the formula
LiAlSiO4, it has been seen to form in one of three polymorphs: α-, β-eucryptite, or
zeolitic Li-ABW. The structures of each of these polymorphs are illustrated in Figure 5.1.
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While the last of these structures does relate to that of tridymite, like those that will be
seen in Chapter 8 with (Rb,Cs)AlSiO4, the goal of this research is not primarily to
synthesize tridymite related species. The systematic investigation of potential SHG
crystals is the main concern. Keeping this in mind, the fact that α-, β-eucryptite, and LiABW all form in acentric space groups is promising.

Figure 5.1 – LiAlSiO4 polymorphs. a) α-eucryptite b) β-eucryptite8 c) LiABW9
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The first of these polymorphs, α-eucryptite, is isostructural with phenakite,
Be2SiO4.10 α-Eucryptite itself is a naturally occurring mineral, with the structure
originally predicted by Winkler11 and later determined by Hesse12 using both natural and
synthetic crystals. Hesse reported the structure to be in the space group of R-3, with
lithium occupying the silicon position in phenakite, and silicon and aluminum residing in
the former beryllium sites. The original assignment left the silicon and aluminum sites
disordered; however, this was later reinvestigated with the additional aid of
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Si MAS

NMR, and the sites were found to be ordered under the space group setting of R3. 13
α-Eucryptite is known to be a luminescent mineral and has been synthesized through a
sol-gel method, but investigation of anything other than its luminescent properties is
limited.14
The beta analogue of eucryptite varies greatly from the alpha phase. It can be
related to a stuffed variation of β-quartz, where the framework is built up of the
aluminosilicate and lithium resides within the open channels they create. This material
has proved to be one of interest for its one-dimensional lithium ion transport through
these structures.15–17 It has also provoked interest in that it exhibits a near-zero overall
thermal expansion.18,19 β-Eucryptite is the high temperature phase, as the α phase has
been reported to undergo a phase transformation above 850 °C.20,21 However, βeucryptite may also convert back to α-eucryptite under hydrothermal conditions. 21
The final polymorph of LiAlSiO4 is the orthorhombic Li-ABW. It is
named such due to the structure taking on the framework of an ABW zeolite. 9,22 The
formula of Li-ABW is not the ideal LiAlSiO4 phase, but only differs in the incorporation
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of water into the large channels of the structure. The anhydrous form may be produced by
heating at 300 °C, but is metastable.23,24 This material is well known to form under mild
hydrothermal settings (below 350 °C), but the α-eucryptite is favored as the temperature
and pressure is increased.23,25–28
The eucryptite system is an interesting middle ground between the wurtzites and
the stuffed tridymites. With the addition of aluminum, Li 2SiO3 has progressed to
LiAlSiO4 and completely changed in structure, but still forms in an acentric setting.
Using the hydrothermal synthetic technique, we aim to systematically investigate a series
of eucryptite based materials, exploiting their tendency to form in a noncentrosymmetric
space group. These materials will then be investigated for their potential applications as
non-linear optical materials based on their ability to phase match, SHG efficiency, and
physical characteristics.

Hydrothermal Synthesis

Single crystals of LiAlSiO4 were synthesized using 0.05 g (0.83 mmol) SiO2
(Strem, 98%) and 0.042 g (0.415 mmol) Al 2O3 (Alfa Aesar, 99.5%). A 0.4 mL solution of
5 M LiF was also added to the ampoule to serve as a dual-purpose mineralizer and
nutrient sodium source for the reaction. The reaction was 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. This reaction yielded the desired
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phase, LiAlSiO4, as well as some unreacted starting material as was determined by
powder X-ray diffraction (PXRD), as is shown in Figure 5.2.

Figure 5.2 – PXRD of LiAlSiO429,30

The germanate analogue, LiAlGeO4, was synthesized using 0.087 g (0.830 mmol)
GeO2 (Hefa, 99.999%) and 0.042 g (0.415 mmol) Al 2O3 (Alfa Aesar, 99.5%). A 0.4 mL
solution of 5 M LiF was also added to the ampoule to serve as a dual-purpose mineralizer
and nutrient sodium source for the reaction. The reaction was 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. This reaction yielded
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the desired product, LiAlGeO4, as well as Al2GeO4(OH)2 and GeO2 as characterized by
PXRD, shown in Figure 5.3.

Figure 5.3 – PXRD of LiAlGeO431,32

The gallium containing derivative of eucryptite was synthesized under
hydrothermal conditions like the previous two samples. Powders of 0.053 g (0.83 mmol)
SiO2 (Strem, 98%) and 0.09 g (0.415 mmol) Ga2O3 (Alfa Aesar, 99.99%) were added
into silver ampoules sealed on one end, followed by 0.4 mL of a 5 M solution of LiF. The
reactions were heated at 650 °C and 200 MPa for 7 days. After cooling to room
temperature, the resulting crystals were removed and washed with deionized water before
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being allowed to air dry. The product of the reaction was shown to be a mixture of
LiGaSiO4, LiGa5O8, and SiO2 by PXRD, as is shown in Figure 5.4.

Figure 5.4 – PXRD of LiGaSiO433,34

The final analogue, LiGaGeO4, was synthesized using 0.087 g (1.66 mmol) GeO2
(Hefa, 99.999%) and 0.078 g (0.415 mmol) Ga 2O3 (Alfa Aesar, 99.99%). A 0.4 mL
solution of 5 M LiF was also added to the ampoule to serve as a dual-purpose mineralizer
and nutrient sodium source for the reaction. The reaction was heated at 650 °C and
200 MPa for 7 days. After cooling the autoclave to room temperature, the resulting
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crystals were washed with deionized water and allowed to air dry. This reaction yielded
the desired product, LiGaGeO4, as well as some unreacted starting material as
characterized by PXRD, shown in Figure 5.5. Atomic coordinates and equivalent
isotropic atomic displacement parameters for structures discussed within this chapter are
provided in Appendix B.9 – B.12.

Figure 5.5 – PXRD of LiGaGeO432,35
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The Crystal Structures of LiBCO4 (B = Al, Ga; C = Si, Ge)

Single crystal x-ray diffraction of the hydrothermally-synthesized series of
LiBCO4 (B = Al, Ga; C = Si, Ge) were found to crystalize in the noncentrosymmetric
setting of R3, apart from LiGaGeO4, which forms in the setting of R-3. A summary of the
series’ crystallographic data is provided in Table 5.1 and an illustration of the overall
structure is provided in Figure 5.6.

Figure 5.6 – Structure of α-eucryptite, LiAlSiO4, as viewed down the c-axis.
Orange tetrahedra represent SiO 4 groups, purple tetrahedra represent AlO 4 groups,
and silver tetrahedra represent LiO 4 groups.
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Table 5.1 Crystallographic Data for LiBCO4 (B = Al, Ga; C = Si, Ge)
Empirical Formula

LiAlSiO4

LiAlGeO4

LiGaSiO4

LiGaGeO4

Formula weight, g/mol

126.01

170.51

168.75

213.25

Space group

R3

R3

R3

R-3

a, Å

13.4933 (19)

13.7790 (19)

13.6141 (6)

13.924 (2)

c, Å

9.0064 (18)

9.1900 (18)

9.0887 (4)

9.2963 (19)

Volume, Å3

1420.1 (5)

1511.1 (5)

1458.85 (14)

1560.9 (6)

Z

18

18

18

18

Density (calculated),
Mg/m3

2.652

3.373

3.457

4.083

Parameters

128

127

127

65

θ range, deg
Reflections

2.85 – 26.00

2.80 – 26.59

2.83 – 33.97

2.77 – 26.10

Collected

4351

4935

11988

3937

Independent

1250

1412

1652

643

Observed, I≥2σ(I)

1180

1271

2418

531

0.0208

0.0328

0.0361

0.0624

0.0231

0.0310

0.0257

0.0448

0.0613

0.0771

0.0727

0.1062

R1

0.0245

0.0349

0.0314

0.0568

wR2

0.0628

0.0804

0.0743

0.1151

Goodness of fit of F2

1.147

1.087

1.224

1.174

Flack Parameter

0.01 (9)

0.125 (11)

0.045 (6)

R, int
Final R, obs. Data
R1
wR2
Final R, all Data
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In the series of hydrothermally synthesized crystals having the general formula
LiBCO4 (B = Al, Ga; C = Si, Ge), uniformity in structure persists amongst the group.
These four structures are all isostructural with that of α-eucryptite. The structure of αeucryptite, LiAlSiO4, is known to come about under hydrothermal conditions,23,25–28
however the stability of this structural system bears a stark contrast to modifications of
the tridymite related family that will be discussed in the later chapters. The structures of
LiAlGeO4, LiGaSiO4, and LiGaGeO4 were all reported by Fleet, however only LiGaSiO4
featured ordering of the tetrahedra with the latter two having disorder and oxygen
splitting.36 In our solutions, all but LiGaGeO4 have ordered tetrahedral sites. This is
important because, as can be seen specifically in LiGaGeO4, the disordering of the nonlithium containing sites allows for the higher symmetry setting of R-3. As this space
group is centrosymmetric, SHG is not possible.
The structure of α-eucryptite is composed solely of corner-sharing TO 4 (T = Li,
Al, Si) groups. These tetrahedra form layers along the ab-plane, as is drawn in Figure 5.7.
The layers are built up of a combination of three unique six-membered rings that cornershare to two of the tetrahedra in other six-membered rings on all six sides. This creates
four-membered tetrahedral rings where the six-membered rings connect. The tetrahedra
within the structure coordinate to eight neighboring tetrahedra of the opposite types. This
arrangement is such that each oxygen site within the structure is shared between on
lithium site, one silicon site, and one aluminum site. This coordination is illustrated in
Figure 5.8.
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Figure 5.7 – Single layer of α-eucryptite, LiAlSiO 4, as viewed down the c-axis.
Orange tetrahedra represent SiO 4 groups, purple tetrahedra represent AlO 4 groups,
and silver tetrahedra represent LiO 4 groups.
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Figure 5.8 – Coordination of SiO4 tetrahedra in α-eucryptite, LiAlSiO 4.
Orange tetrahedra represent SiO 4 groups, purple tetrahedra represent AlO 4 groups,
and silver tetrahedra represent LiO 4 groups.
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The bonding environments of each of the tetrahedra in these structures is provided
in Tables 5.2, 5.3., 5.4, and 5.5. For LiAlSiO4, average bond distances from aluminum to
oxygen and silicon to oxygen were 1.75 Å and 1.63 Å respectively. While the difference
in electron density of these two elements can be difficult discern from one another, their
environments with respect oxygen are distinct enough from one another and agree well
with the expected values.37 This ordering of the tetrahedral sites is in agreement with 29Si
NMR performed on both natural and hydrothermally-synthesized α-eucryptite crystals. 13
As germanium is substituted for silicon into the structure the size of the tetravalent
tetrahedral site shifts accordingly. This arrangement of LiAlGeO4, has an average Al – O
distance of 1.77 Å and an average Ge – O distance of 1.74 Å. Unlike with LiAlSiO 4, the
ordering of these sites was determined based on the differences in electron density rather
than the indiscernible differences in distances to oxygen. The prior crystallographic data
on LiAlGeO4 was insufficient to make this distinction and the structure was solved in R-3
with aluminum and germanium being statistically disordered between the T(2) and T(3)
sites.36 The Flack parameter of 0.125 (11) is indicative that the structure is acentric,
preferring a solution in R3 as opposed to R-3, with a small amount of inversion twinning.
In the case where the trivalent site is substituted from LiAlSiO 4 to LiGaSiO4, the
environments of these TO4 expand as are needed. This structure has an average Ga – O
distance of 1.82 Å and an average Si – O distance of 1.63 Å. In this situation the ability to
determine the ordering of these tetrahedral sites is more obvious, as there is both a
noticeable distinction in electron density and distance to oxygen for both gallium and
silicon. While Fleet was unable to make the distinction of aluminum and germanium,
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given the technological limitations at the time, the ordering of gallium and silicon was
accomplished with Ga – O and Si – O distances nearly identical to our own. 36 In the final
of these formulations is the crystal of LiGaGeO4. Despite the expected size difference
between gallium and germanium (0.08 Å)37, the ordering of these two tetrahedral sites
was unable to be reached. The mean distances to oxygen at both disordered tetrahedral
sites is 1.79 Å, exactly the average distance expected for a 50/50 averaging of gallium
and germanium at the site. Solution attempts in R3 gave four tetrahedral sites at this
distance, with no possible way to discern one from the other crystallographically, as was
also the case in the prior single publication of this structure.36 An illustration of the
structure in R-3 is provided in Figure 5.9. In all trivalent and tetravalent tetrahedra,
average O – T – O angles are all nearly 109.5 °. These angles are slightly irregular as
tetrahedra are bent away from their ideal geometry in forming this framework, with O – T
– O angles ranging from 105.7 (6) – 114.50 (17) °. Despite these notable distortions,
there is no discernable pattern within the structure with which to provide an adequate
explanation.
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Table 5.2 - Selected Bond Distances (Å) and Angles (°) of LiAlSiO 4
Bond Distances
1.745 (5)
1.643 (5)
Al(1) - O(1)
Si(2) - O(3)
1.752 (5)
1.639 (5)
Al(1) - O(2)
Si(2) - O(4)
1.753 (4)
1.629 (5)
Al(1) - O(3)
Si(2) - O(6)
1.760
(5)
1.614 (5)
Al(1) - O(4)
Si(2) - O(8)
1.75
1.63
Mean
Mean
1.736 (4)
2.02 (2)
Al(2) - O(5)
Li(1) - O(2)
1.746
(5)
2.049 (11)
Al(2) - O(6)
Li(1) - O(4)
1.752 (5)
1.941 (12)
Al(2) - O(7)
Li(1) - O(5)
1.756 (5)
1.94 (2)
Al(2) - O(8)
Li(1) - O(6)
1.75
1.99
Mean
Mean
1.627 (5)
2.01 (2)
Si(1) - O(1)
Li(2) - O(1)
1.629 (5)
1.953 (12)
Si(1) - O(2)
Li(2) - O(3)
1.627
(5)
1.950 (12)
Si(1) - O(5)
Li(2) - O(7)
1.643 (5)
2.00 (3)
Si(1) - O(7)
Li(2) - O(8)
1.63
1.98
Mean
Mean
Bond Angles
O1-Al1-O2
107.2 (3)
O3-Si2-O4
109.3 (3)
O1-Al1-O3
110.3 (2)
O3-Si2-O6
107.0 (2)
O1-Al1-O4
113.4 (3)
O3-Si2-O8
111.4 (3)
O2-Al1-O3
109.7 (2)
O4-Si2-O6
109.1 (3)
O2-Al1-O4
108.1 (3)
O4-Si2-O8
111.6 (3)
O3-Al1-O4
108.0 (3)
O6-Si2-O8
108.3 (2)
Mean
109.5
Mean
109.5
O5-Al2-O6
112.3 (3)
O2-Li1-O4
108.3 (9)
O5-Al2-O7
109.0 (3)
O2-Li1-O5
105.9 (9)
O5-Al2-O8
105.8 (3)
O2-Li1-O6
119.7 (7)
O6-Al2-O7
113.1 (2)
O4-Li1-O5
110.2 (6)
O6-Al2-O8
107.1 (3)
O4-Li1-O6
105.5 (9)
O7-Al2-O8
109.3 (3)
O5-Li1-O6
107.0 (9)
Mean
109.4
Mean
109.4
O1-Si1-O2
109.0 (3)
O1-Li2-O3
107.5 (9)
O1-Si1-O5
108.9 (2)
O1-Li2-O7
110.7 (9)
O1-Si1-O7
107.8 (3)
O1-Li2-O8
118.3 (7)
O2-Si1-O5
110.0 (3)
O3-Li2-O7
108.3 (6)
O2-Si1-O7
111.7 (3)
O3-Li2-O8
104.3 (9)
O5-Si1-O7
109.4 (3)
O7-Li2-O8
107.3 (9)
Mean
109.5
Mean
109.4
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Table 5.3 - Selected Bond Distances (Å) and Angles (°) of LiAlGeO 4
Bond Distances
1.762 (10)
1.731 (13)
Al(1) - O(1)
Ge(2) - O(2)
1.772 (13)
1.742 (11)
Al(1) - O(2)
Ge(2) - O(3)
1.783 (13)
1.750 (9)
Al(1) - O(3)
Ge(2) - O(6)
1.787
(12)
1.748 (10)
Al(1) - O(4)
Ge(2) - O(7)
1.78
1.74
Mean
Mean
1.755 (13)
1.99 (4)
Al(2) - O(5)
Li(1) - O(3)
1.759
(11)
1.98 (3)
Al(2) - O(6)
Li(1) - O(4)
1.770 (12)
1.91 (2)
Al(2) - O(7)
Li(1) - O(6)
1.773 (13)
1.93 (4)
Al(2) - O(8)
Li(1) - O(8)
1.76
1.95
Mean
Mean
1.740 (8)
1.90 (3)
Ge(1) - O(1)
Li(2) - O(1)
1.736 (11)
1.96 (4)
Ge(1) - O(4)
Li(2) - O(2)
1.729
(11)
1.98 (4)
Ge(1) - O(5)
Li(2) - O(5)
1.750 (13)
1.98 (2)
Ge(1) - O(8)
Li(2) - O(7)
1.74
1.96
Mean
Mean
Bond Angles
O1-Al1-O2
111.1 (6)
O2-Ge2-O3
108.7 (5)
O1-Al1-O3
107.4 (5)
O2-Ge2-O6
107.8 (5)
O1-Al1-O4
108.9 (7)
O2-Ge2-O7
107.5 (5)
O2-Al1-O3
108.6 (5)
O3-Ge2-O6
110.1 (7)
O2-Al1-O4
113.5 (7)
O3-Ge2-O7
113.0 (7)
O3-Al1-O4
107.2 (6)
O6-Ge2-O7
109.5 (7)
Mean
109.5
Mean
109.4
O5-Al2-O6
105.7 (6)
O3-Li1-O4
108.0 (12)
O5-Al2-O7
109.9 (6)
O3-Li1-O6
107.5 (17)
O5-Al2-O8
108.2 (6)
O3-Li1-O8
116.9 (13)
O6-Al2-O7
108.4 (7)
O4-Li1-O6
108.0 (12)
O6-Al2-O8
111.0 (7)
O4-Li1-O8
107.3 (18)
O7-Al2-O8
113.4 (7)
O6-Li1-O8
108.2 (18)
Mean
109.4
Mean
109.3
O1-Ge1-O4
109.9 (7)
O1-Li2-O2
108.8 (17)
O1-Ge1-O5
111.4 (7)
O1-Li2-O5
106.1 (17)
O1-Ge1-O8
106.4 (5)
O1-Li2-O7
107.9 (13)
O4-Ge1-O5
112.3 (7)
O2-Li2-O5
116.9 (14)
O4-Ge1-O8
108.2 (5)
O2-Li2-O7
109.9 (17)
O5-Ge1-O8
108.4 (5)
O5-Li2-O7
106.9 (18)
Mean
109.4
Mean
109.4
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Table 5.4 - Selected Bond Distances (Å) and Angles (°) of LiGaSiO 4
Bond Distances
1.808 (4)
1.634 (4)
Ga(1) - O(1)
Si(2) - O(1)
1.809 (4)
1.622 (5)
Ga(1) - O(2)
Si(2) - O(3)
1.812 (4)
1.625 (4)
Ga(1) - O(3)
Si(2) - O(6)
1.825
(4)
1.640 (4)
Ga(1) - O(4)
Si(2) - O(8)
1.81
1.63
Mean
Mean
1.814 (4)
1.93 (2)
Ga(2) - O(5)
Li(1) - O(1)
1.828
(4)
1.966 (11)
Ga(2) - O(6)
Li(1) - O(2)
1.835 (4)
1.99 (2)
Ga(2) - O(7)
Li(1) - O(7)
1.837 (4)
1.990 (10)
Ga(2) - O(8)
Li(1) - O(8)
1.83
1.97
Mean
Mean
1.630 (4)
1.95 (2)
Si(1) - O(2)
Li(2) - O(3)
1.637 (5)
1.965 (11)
Si(1) - O(4)
Li(2) - O(4)
1.624
(4)
1.98 (2)
Si(1) - O(5)
Li(2) - O(5)
1.623 (5)
1.916 (12)
Si(1) - O(7)
Li(2) - O(6)
1.63
1.95
Mean
Mean
Bond Angles
O1-Ga1-O2
111.2 (2)
O1-Si2-O3
108.6 (2)
O1-Ga1-O3
108.13 (17)
O1-Si2-O6
106.9 (2)
O1-Ga1-O4
113.90 (18)
O1-Si2-O8
109.6 (2)
O2-Ga1-O3
105.78 (18)
O3-Si2-O6
111.2 (3)
O2-Ga1-O4
108.6 (2)
O3-Si2-O8
111.2 (2)
O3-Ga1-O4
108.88 (18)
O6-Si2-O8
109.3 (3)
Mean
109.4
Mean
109.5
O5-Ga2-O6
110.7 (2)
O1-Li1-O2
105.0 (8)
O5-Ga2-O7
106.28 (17)
O1-Li1-O7
119.5 (6)
O5-Ga2-O8
114.50 (17)
O1-Li1-O8
107.0 (9)
O6-Ga2-O7
109.54 (17)
O2-Li1-O7
104.5 (8)
O6-Ga2-O8
107.9 (2)
O2-Li1-O8
110.1 (6)
O7-Ga2-O8
107.85 (17)
O7-Li1-O8
110.5 (9)
Mean
109.5
Mean
109.4
O2-Si1-O4
109.9 (3)
O3-Li2-O4
107.1 (9)
O2-Si1-O5
107.4 (2)
O3-Li2-O5
118.2 (6)
O2-Si1-O7
109.9 (2)
O3-Li2-O6
107.6 (9)
O4-Si1-O5
108.1 (2)
O4-Li2-O5
108.3 (9)
O4-Si1-O7
111.3 (2)
O4-Li2-O6
104.8 (5)
O5-Si1-O7
110.1 (2)
O5-Li2-O6
110.0 (9)
Mean
109.5
Mean
109.3
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Figure 5.9 – Structure LiGaGeO4 as viewed down the c-axis. Red tetrahedra
represent disordered GaO4 and GeO4 groups, and silver tetrahedra represent LiO 4
groups.
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Table 5.5 - Selected Bond Distances (Å) and Angles (°) of LiGaGeO 4
Bond Distances
1.772 (6)
1.971 (11)
T(1) - O(1)
Li(1) - O(1)
1.792 (6)
1.909 (12)
T(1) - O(1)
Li(1) - O(2)
1.786 (5)
1.978 (12)
T(1) - O(2)
Li(1) - O(3)
1.800
(5)
1.946 (12)
T(1) - O(3)
Li(1) - O(4)
1.79
1.95
Mean
Mean
1.781 (5)
1.792 (5)
1.780 (6)
1.788 (6)
1.79

T(2) - O(2)
T(2) - O(3)
T(2) - O(4)
T(2) - O(4)
Mean
Bond Angles
O1-T1-O1
O1-T1-O2
O1-T1-O2
O1-T1-O3
O1-T1-O3
O2-T1-O3
Mean

108.0 (3)
106.9 (2)
111.2 (3)
108.0 (3)
113.1 (3)
109.4 (3)
109.4

O2-T2-O3
O2-T2-O4
O2-T2-O4
O3-T2-O4
O3-T2-O4
O4-T2-O4
Mean

108.8 (3)
105.3 (3)
111.7 (3)
109.0 (3)
113.2 (3)
108.5 (3)
109.4

O1-Li2-O2
O1-Li2-O3
O1-Li2-O4
O2-Li2-O3
O2-Li2-O4
O3-Li2-O4
Mean

109.1 (6)
108.6 (5)
117.3 (6)
106.1 (5)
107.6 (5)
107.6 (5)
109.4

The environments about lithium in the series LiBCO4 (B = Al, Ga; C = Si, Ge)
shows little deviation from structure to structure. The average distances from lithium to
oxygen are 1.99, 1.95, 1.96, and 1.95 Å for LiAlSiO 4, LiAlGeO4, LiGaSiO4, and
LiGaGeO4 respectively. A typical distance from a four-coordinate lithium to a threecoordinate oxygen is 1.95 Å, which these structures agree with well. 37 The slight
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deviation of LiAlSiO4 to a larger tetrahedron is likely due to the smaller size of the other
tetrahedral building blocks within the structure, causing a slight lengthening to
accommodate the size differences. The O – Li – O show even greater deviations than the
trivalent and tetravalent building blocks, from 104.3 (9) – 119.7 (7) °, but still with no
noticeable design.
As three of these four structures form in acentric settings capable of second
harmonic generation (SHG), their optical capabilities should be investigated. One of the
key attributes for a prospective frequency doubling crystal is that it is transparent within
the desired spectral range. A useful way of analyzing this is through the employment of
diffuse reflectance UV-vis. The spectra of the acentric eucryptites is presented in Figure
5.10. From this data, good transparency can be to about 250 nm in all three cases. After
this point, LiAlGeO4 shows a considerable absorption while the other two eucryptites
show only a small absorption. With their demonstration of transparency into the UV
region their SHG ability can be analyzed. This was done by conducting a modified Kurtz
experiment.38 Of the three acentric eucryptites measured in this way, all three showed
very weak SHG ability. The intensity of the frequency-doubled beam was such that no
meaningful comparison could be made with a KDP (KH2PO4) standard, and the particle
size analyzed appeared to have no effect on this intensity. Due to this, we are unable to
discern whether these materials are non-phase matching or simply have poor SHG
ability.39 With the issue of ordering leading to a non-centrosymmetric crystal, a simple
Kurtz experiment can be used to verify the assignment of LiGaGeO 4 into the setting of R3 rather than R3. In conducting this experiment, there was no indication of any SHG,
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validating the selection of R-3. Most likely the low NLO conversion observed for
LiABO4 (A = Al, Ga, B = Si Ge) is due to a combination of factors including the
tendency to form some inversion disorder, the similarity of the coordination environment
of the A and B atoms, and the low polarizability of the respective atoms that create the
structural lattice.

Figure 5.10 – Diffuse reflectance of LiAlSiO4, LiAlGeO4, and LiGaSiO4
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Infrared (IR) spectroscopy is a useful tool in the characterization of feldspar
(aluminosilicate) related samples. Crystals composed of an aluminosilicate framework
have three key regions of interest in their IR spectra, all relating to the T – O – T bridging
in the structures (where T represents a tetrahedral cation). All samples analyzed in this
work are isostructural with one another with the exception of LiGaGeO 4. In these crystals
there are two unique tetravalent and two unique trivalent sites, with each of these
tetrahedra sharing at each corner with one atom of the opposite type. These environments
are illustrated in Figure 5.11. The first region of interest is the highest in energy, typically
seen as a broad peak around 1100 cm-1, and relates to the stretching vibrations between
the tetrahedral groups. The second are of interest in the spectra is near 690 cm -1. Bands at
this frequency are identifiable as bending vibrations. The final region of interest relates to
the rocking vibrations that occur around 470 cm-1.40,41 The IR spectra of LiAlSiO4,
LiAlGeO4, and LiGaSiO4 are presented in Figures 5.12, 5.13, and 5.14 respectively.
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Figure 5.11 – Coordination of tetrahedral sites in LiAlSiO 4
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Figure 5.12 – IR spectra of LiAlSiO4
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Figure 5.13 – IR spectra of LiAlGeO4
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Figure 5.14 – IR spectra of LiGaSiO4

The IR spectrum of LiAlSiO4, presented in Figure 5.11, can be characterized by
looking at the three regions mentioned earlier. The broad and intense stretching
frequency expected for framework aluminosilicates occurs within the expected frequency
range. The peak absorption of these vibrations occurs at 1015 cm -1, with two shoulders at
higher wavenumbers 1058 and 1061 cm-1. The bending vibrations for LiAlSiO4 are seen
as a series of bands within the range of 550 – 720 cm -1. Finally, the rocking vibrations
occur at the edge of the spectrum at 433 cm-1.
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In the IR spectrum of LiAlGeO4, shown in Figure 5.12, a notable shift can be seen
as germanium is substituted in the place of silicon. This shift is most noticeable in the
highest energy band. In this region the stretching vibrations are typically seen and in
LiAlGeO4 peak at 745 cm-1. The bending vibrations also see a shift to lower energy
levels, occurring at 542 cm-1. A final vibrational frequency can be seen at 430 cm-1,
which may correlate to either more bending vibrations or rocking vibrations.
The substitution of aluminum with gallium causes a less noticeable shift than the
ones seen in LiAlGeO4. The IR spectrum of LiGaSiO4 is presented in Figure 5.13. The
stretching frequencies of LiGaSiO4 occur within a similar region as LiAlSiO4, with a
broad and strong band reaching its maximum at 1099 cm-1, and two shouldering peaks at
1164 and 1051 cm-1. The bending bands are well defined, appearing as doublet of
moderate intensity at 798 and 777 cm-1. The final region key to structures similar to this
type are the rocking vibrations, which in LiGaSiO4 occur at 505 and 471 cm-1.

Conclusions

The synthesis of a variety of eucryptite related structures was conducted under
hydrothermal conditions. Some variation was found as the trivalent and tetravalent
tetrahedral sites were substituted out for atoms within their parent groups, but overall the
same structure type was maintained. It was found that with the LiGaGeO 4 analogue that
the tetrahedral sites, aside from lithium, formed in a disordered arrangement. The
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ordering of these tetrahedral sites within this system is key to their ability for SHG. The
disordering of the tetrahedral sites was demonstrated to lead to the higher symmetry and
centrosymmetric setting of R-3. The crystallographic settings were verified as noncentrosymmetric for LiAlSiO4, LiAlGeO4, and LiGaSiO4 through implementation of a
modified Kurtz experiment, while this same experiment confirmed the centrosymmetric
assignment of R-3 for LiGaGeO4 as non SHG was observed. However, the SHG ability of
the acentric crystals was not found to comparable with KDP. This poor SHG ability may
be the result of a number of factors, including the tendency of inversion disorder and the
similar coordination environments of the trivalent and tetravalent sites.
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CHAPTER SIX

SYNTHESIS AND CHARACTERIZATION OF SODIUM CONTAINING
TRIDYMITE DERIVATIVES

Introduction

The descriptive chemistry of stuffed derivatives of tridymite has proven to be one
of many intricate complexities.1–10 Prior syntheses of this type have provided an
interesting variety of structural transformations concerning three primary variables:
synthetic technique, substitution of structural tetrahedra, and substitution of the stuffing
alkali ion. In our exploration of this synthesis, the variable of synthetic technique has
remained constant as the other two variables were investigated individually. In the study,
it was found that a great deal of the determining structural factors were related to which
stuffing alkali was chosen in the experiment. Within this chapter the structures of several
stuffed derivatives of tridymite were investigated in which all structures contain sodium
as the stuffing alkali.
The term stuffed as we use here was first used by Buerger in 1954.7 Buerger
described stuffing as one of the two possible mechanisms to obtain derivatives of parent
silica structures. The argument of the chemical necessity for stuffing of crystal structures
comes about as different structural tetrahedra of a basic silica structure are replaced with
elements having a lesser valent charge than silicon. The parent example of this is
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BaAl2O4. In this structure all of the silicate tetrahedra normally present in tridymite
(Figure 6.1a) are replaced by aluminum, with barium residing within the channels in
order to balance the charge of the structure (Figure 6.1b). In our present case, half of the
silicon sites have been replaced with either aluminum or gallium, both having a one less
valent charge than silicon. To act as a countercharge for this, an alkali ion must occupy
the space within the six membered rings. In this chapter, the discussion will revolve
around the stuffing of sodium within these rings.

Figure 6.1 – Structures of a) Tridymite (SiO 2, P63/mmc) and b) Stuffed Tridymite
(BaAl2O4, P6322)11,12

The investigation of this series stems from the potential wealth of valuable optical
properties. This system has shown a significant preference to crystallize in
noncentrosymmetric settings. The value of this is that several desirable physical
properties, such as second harmonic generation (SHG) ferroelectrics and piezoelectrics,
are dependent on the structure of the crystal.13 While our interest is on obtaining new

173

materials for use in optical applications, acentricity is not the only concern. Just as
important as possessing the property of SHG is transparency at the desired wavelength.
Specifically looking at aluminosilicates, it is reasonable to assume transparency down to
200 nm. Quartz has a band edge near 150 nm and is composed solely of tetrahedral silica
cations, and sapphire has a band edge near 210 nm, composed of pseudo-octahedral
coordination environments. This suggests that these systems the lack of unfavorable
π-backbonding environments, as in tetrahedra, may provide us with band edges below
200 nm. This concept has been well developed pertaining to borates. 14,15
The natural mineral nepheline provides us with an example of a stuffed tridymite.
In nepheline an aluminosilicate framework is countercharged by stuffing sodium cations,
in a variety of polymorphs based on the conditions in which it formed and the minute
compositional differences inherent in minerals. The synthetic pursuit of nephelines is not
a novel pursuit in and of itself. One of the first attempts at growing nepheline for
practical applications was during World War Two.16 During this time, Brazil imposed a
trade embargo of quartz crystals.17 After seeing French efforts with the utilization of
quartz in the detection German U-boats in the First World War, and even more critical
use later in communications technology, the United States massed a strategic stockpile of
natural quartz from brazil.18 However, as the German war machine prepared for the
Second World War, the importance of this resource was overlooked. Professor Richard
Nacken advised the German government that quartz could be grown artificially through
hydrothermal chemistry, but his suggestions were disregarded until the end of 1943. 18
However, it was noted by Helmut Winkler that the synthetic production of quartz did not
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seem to be proceeding sufficiently well. It was at this same time Professor Carl F.
Correns proposed the use of nepheline as an alternate piezoelectric material. While
crystal growth was outside Correns’ expertise, he being a well-established geneticist for
the time, Winkler took it upon himself to pursue to the development of large crystals of
nepheline for practical applications. Several studies had been carried out prior to this in
synthesizing nepheline; however, Winkler noted that in every case the crystals were of
microscopic size and were not useful for production to aid the war effort. 16 While
Winkler’s approach to using a fluoride mineralizer in order to lower the temperatures
needed to synthesize nepheline fell short of his expectation, this shortcoming provides
some insight into the early pursuit of growing nepheline. Some of the difficulties Winkler
faced were inherent to the technique itself, in that traditional melt techniques face
limitations in crystal size and difficulties with quality of crystals. This was also the case
with these experiments, due to incorporation of the mineralizing agent. However, one of
the other troubles experienced in the growth of nepheline was the chemical understanding
of nepheline. As with much other literature at the time, nepheline was thought to have the
simple formula of NaAlSiO4 and it wasn’t until some time later that the formula of
Na3KAl4Si4O16 was seen as the proper formula for ideal nepheline.9,16,19–22 That is not to
say that from this point on the synthesis of sodium-rich nephelines was not pursued with
a great variety of structural investigations, all having a general formula of Na 1-xAl1xSi1+xO4

where 0 ≤ x ≤ 2.1,2,23–30 In these experiments, whether sodium is deficient or not,

derivations from the parent structural nepheline come about as sodium is placed within a
channel too large for itself and the structure is altered to accommodate it. An even greater

175

variety comes about from the variety of different synthetic routes available. A collection
of the various structural data for NaAlSiO4 and sodium deficient nephelines is provided
in Table 6.1.

Table 6.1 - Lattice parameters and proposed space groups for compounds having
the composition NaAlSiO4
Space Group

a (Å)

b (Å)

c (Å)

β

Reference
26

P63

9.958

9.958

8.341

P21

17.23

25.06

27.23

Pna21

8.660

14.940

25.140

P21/n

8.589

8.146

15.033

89.89°

29

Pn

14.991

8.625

25.110

90.2°

30

P61

10.046

10.046

25.140

28

P61

9.995(2)

9.995(2)

24.797(4)

1

P1121

9.9897(6)

9.9622(6)

24.979(2)

119.788(4)°*

2

P21/n

14.9612(7)

8.6234(4)

25.1167(12)

90.133(2)°

This study

119.75°

27
29

*Unique angle is γ

From the variety of structures given in Table 6.1, it can be seen just how dynamic
this system is. Up until this point, aluminosilicates had been the primarily used
derivatives of the tridymite structure. As the tetrahedral sites are substituted out for other
possible elements, we are given even more chemical dials to tweak into a new variety of
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structural outcomes. As we begin to explore this idea, possibly the most obvious
substitutional choices are just one row down on the periodic table, specifically the
substitution of silicon with germanium and likewise with gallium being substituted for
aluminum. This allows us to use isovalent materials with relatively similar chemical
compositions while making systematic changes to the size of the framework tetrahedra.
Looking specifically at the substitution of germanium in place of silicon, the crystal radii
about that site would expand from 0.4 to 0.53 Å. 31 In the past, we observed that such
substitutions provide a dynamic change in the structure of the products.
Prior synthesis and crystallographic characterization of these target compounds is
limited. In the case of NaAlGeO4 only two unique structures are reported in the
Cambridge Structural Database (CSD), one of which is related to tridymite. 32–34 This
tridymite-related structure, however, was identified to have a beryllonite structure type,
containing an inversion center. While the synthesis of this centrosymmetric phase was
carried out under hydrothermal conditions, the conditions used were relatively mild (300
- 400 °C, 30 – 100 MPa) compared with our current techniques (650 °C, 200 MPa). 32
Given the system’s fickle behavior related to synthetic routes and temperatures, a
hydrothermal synthesis at more extreme conditions was pursued in the hopes of
discovering an acentric phase. With the prior work concerning the substitution of
aluminum with gallium the CSD contains only one structure having the formula
NaGaSiO4.35 However, their solution of the structure from powder patterns proved
difficult. NaGaSiO4 was solved as hexagonal but the authors noted that two peaks could
not be indexed with a hexagonal metric and noted that these peaks may either be the
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result of impurities or that the true symmetry should be refined in an orthorhombic
setting. Attempts made to solve the structure in an orthorhombic setting were ultimately
unsuccessful, as the symmetry of the system turns out to be not truly orthorhombic, but
monoclinic with a beta angle of nearly ninety degrees. While a full solution of NaGaSiO 4
in the monoclinic setting had not been previously performed by single crystal X-ray
diffraction, it was noted by earlier researches as representative of the monoclinic
beryllonite structure type.36
In this study we hope to utilize the probability of this system to produce acentric
crystals. This, coupled with the likelihood of the transparency of the aluminosilicate
framework in to the ultraviolet regime, may lead to a promising new series of materials.
The crystal chemistry of this system has also been long convoluted with many conflicting
results reported in the literature, and a new synthetic investigation may shed some light
on it.
Hydrothermal Synthesis

Single crystals of NaAlSiO4 were synthesized using 0.05 g (0.83 mmol) SiO2
(Strem, 98%) and 0.042 g (0.415 mmol) Al 2O3 (Alfa Aesar, 99.5%). A 0.4 mL solution of
10 M NaOH was also added to the ampoule to serve as a dual-purpose mineralizer and
nutrient sodium source for the reaction. The reaction was 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. This reaction yielded two distinct
phases as characterized by single crystal X-ray diffraction. Powder X-ray diffraction
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(PXRD) revealed predominance of the monoclinic phase, as is shown in Figure 6.2 The
colorless crystals formed as hexagonal columns with sizes as large as 1 mm in length and
0.2 mm in width.

Figure 6.2 – PXRD of monoclinic NaAlSiO4 as compared with its calculated
structure

Crystals of NaAlGeO4 were also synthesized directly by a hydrothermal
technique, using the same reaction conditions as in the prior experiment, except with
germanium substituting silicon as the system’s tetravalent nutrient source. Into a silver
ampoule, sealed on end, 0.087 g (1.66 mmol) GeO2 (Hefa, 99.999%) and 0.042 g (0.415
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mmol) Al2O3 (Alfa Aesar, 99.5%) were added. After adding 0.4 mL of a 10 M solution of
NaOH, which acted as a dual-purpose mineralizer and source of sodium, the ampoules
were sealed and placed within a Tuttle cold seal autoclave at 650 °C and 200 MPa for 7
days. Crystals from the reaction were removed after cooling to room temperature and
were washed with deionized water, then allowed to air dry. The product of this reaction
yielded NaAlGeO4 as a phase pure product. The crystals of NaAlGeO4 formed as
colorless polyhedra as large as 1.0 x 0.30 x 0.15 mm. The PXRD is presented in Figure
6.3.
The synthesis of NaGaSiO4 was carried out using adirect hydrothermal method as
well. Powders of 0.05 g (0.83 mmol) SiO2 (Strem, 98%) and 0.042 g (0.415 mmol) Al2O3
(Alfa Aesar, 99.5%) were added into silver ampoules sealed on one end, followed by 0.4
mL of a 10 M solution of NaOH. The reactions were heated at 650 °C and 200MPa for 7
days. After cooling to room temperature, the resulting crystals were removed and washed
with deionized water before being allowed to air dry. The product of the reaction was
shown to be pure NaGaSiO4 by single crystal X-ray diffraction and by powder X-ray
diffraction with polyhedrally shaped crystals as large as 1.3 x 1.0 x 0.7mm The PXRD is
presented in Figure 6.3.
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Figure 6.3 – PXRD of NaGaSiO4 and NaAlGeO4 as compared with their calculated
structures

Single crystals of Na0.75K0.25AlSiO4 were synthesized using 0.05 g (0.83 mmol)
SiO2 (Strem, 98%) and 0.042 g (0.415 mmol) Al2O3 (Alfa Aesar, 99.5%). To obtain the
desired mixture of stuffing alkali into the structure, a mixed hydroxide mineralizer having
0.3 mL of a 10 M NaOH solution and 0.1 mL of a KOH solution was used. The reaction
was 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. This reaction yielded Na0.75K0.25AlSiO4 as a phase pure product having a hexagonal
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column habit with general sizes of 0.6 x 0.2 mm. Atomic coordinates and equivalent
isotropic atomic displacement parameters for structures discussed within this chapter are
provided in Appendix B.13 – B.16.

The Crystal Structures of NaAlSiO4

The structural complexities tied to such a simple formulaic unit as NaAlSiO 4 have
yielded a variety of solutions.1,2,23–30 Of those structures, a tendency can be seen to form
in a noncentrosymmetric setting. Utilizing the superior growth quality often inherent in
hydrothermal crystal growth, we set out to explore this structure without worry of
possible alkali contamination, as is often the problem in geological specimens 37,38, or the
incorporation of fluxing agent.
The primary phase of our hydrothermally synthesized NaAlSiO4 was determined
to be in the space group of P21/n, based on the systematic absences of the data. All atoms
were refined anisotropically. A final R1 value of 0.0378 was obtained for 170082 total
reflections, 7823 of which were unique. A complete list of the crystallographic data can
be found in Table 6.2.
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Table 6.2 - Crystallographic Data for NaAlSiO 4
Empirical Formula

NaAlSiO4

Formula weight, g/mol

142.06

Space group

P21/n

a, Å

14.9612(7)

b, Å

8.6234(4)

c, Å

25.1167(12)

β, °

90.133(2)

Volume, Å3

3240.5(3)

Z

36

Density (calculated), g/cm3

2.621

Parameters

573

θ range, deg
Reflections

2.12 – 28.00

Collected

170082

Independent

7823

Observed, I≥2σ(I)

7566

R, int
Final R, obs. Data

0.0506

R1

0.0378

wR2
Final R, all Data

0.1050

R1

0.0392

wR2

0.1056

Goodness of fit of F2

1.277
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Table 6.3 - Selected Bond Distances (Å) of the Tetrahedral Sites in Monoclinic
NaAlSiO4
T1-O13
1.6570(10)
T7-O7
1.673(3)
T13-O15
1.677(3)
T1-O14
1.688(3)
T7-O14
1.674(3)
T13-O19
1.673(3)
T1-O37
1.696(3)
T7-O26
1.689(3)
T13-O21
1.689(3)
T1-O36
1.686(3)
T7-O30
1.680(3)
T13-O32
1.685(3)
Mean
1.686
Mean
1.679
Mean
1.681
T2-O1
1.668(3)
T8-O6
1.669(3)
T14-O2
1.674(3)
T2-O25
1.687(3)
T8-O11
1.688(3)
T14-O11
1.680(3)
T2-O31
1.684(3)
T8-O26
1.687(3)
T14-O23
1.680(3)
T2-O37
1.690(3)
T8-O28
1.673(3)
T14-O32
1.677(3)
Mean
1.682
Mean
1.679
Mean
1.678
T3-O1
1.667(3)
T9-O3
1.693(3)
T15-O2
1.674(3)
T3-O5
1.690(3)
T9-O5
1.678(3)
T15-O10
1.685(3)
T3-O22
1.681(3)
T9-O6
1.665(3)
T15-O16
1.681(3)
T3-O36
1.682(3)
T9-O23
1.673(3)
T15-O28
1.665(3)
Mean
1.680
Mean
1.680
Mean
1.676
T4-O3
1.693(3)
T10-O10
1.692(3)
T16-O12
1.682(3)
T4-O7
1.668(3)
T10-O19
1.665(3)
T16-O15
1.681(3)
T4-O20
1.676(3)
T10-O20
1.673(3)
T16-O18
1.683(3)
T4-O33
1.684(3)
T10-O34
1.680(3)
T16-O29
1.6501(11)
Mean
1.680
Mean
1.678
Mean
1.674
T5-O24
1.689(3)
T11-O9
1.683(3)
T17-O4
1.670(3)
T5-O25
1.678(3)
T11-O17
1.664(3)
T17-O18
1.675(3)
T5-O27
1.649(3)
T11-O34
1.683(3)
T17-O22
1.680(3)
T5-O33
1.685(3)
T11-O35
1.683(3)
T17-O35
1.679(3)
Mean
1.675
Mean
1.678
Mean
1.676
T6-O8
1.691(3)
T12-O8
1.679(3)
T18-O4
1.671(3)
T6-O9
1.683(3)
T12-O17
1.674(3)
T18-O12
1.684(3)
T6-O27
1.658(3)
T12-O21
1.688(3)
T18-O16
1.673(3)
T6-O30
1.688(3)
T12-O24
1.680(3)
T18-O31
1.680(3)
Mean
1.680
Mean
1.680
Mean
1.677
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Table 6.4 - Selected Bond Distances (Å) of the Sodium Sites of Monoclinic
NaAlSiO4
Na1-O3
2.551(4)
Na4-O7
2.436(4)
Na7-O2
2.484(4)
Na1-O6
3.071(4)
Na4-O9
2.518(4)
Na7-O4
2.436(4)
Na1-O8
2.373(3)
Na4-O13
3.1051(18)
Na7-O5
2.410(4)
Na1-O10
2.377(3)
Na4-O22
2.383(4)
Na7-O14
2.405(4)
Na1-O11
2.615(3)
Na4-O30
3.078(4)
Na7-O16
3.413(4)
Na1-O17
3.490(4)
Na4-O33
2.533(4)
Na7-O22
2.929(4)
Na1-O26
3.351(4)
Na4-O35
2.853(4)
Na7-O23
2.992(4)
Na1-O20
3.254(4)
Na4-O37
2.333(4)
Na7-O26
3.400(4)
Na1-O21
3.468(4)
Na7-O31
3.483(4)
Na1-O27
3.457(4)
Na5-O1
2.672(4)
Na1-O30
3.335(4)
Na5-O3
2.580(4)
Na8-O1
2.903(4)
Na5-O5
3.286(4)
Na8-O5
2.887(4)
Na2-O7
3.268(4)
Na5-O6
3.398(4)
Na8-O6
2.433(4)
Na2-O11
2.638(4)
Na5-O14
3.486(4)
Na8-O15
2.391(4)
Na2-O19
3.053(4)
Na5-O27
3.161(4)
Na8-O16
3.225(4)
Na2-O20
2.564(4)
Na5-O30
2.379(4)
Na8-O18
3.315(4)
Na2-O23
2.557(4)
Na5-O36
2.645(4)
Na8-O28
2.609(4)
Na2-O26
2.369(4)
Na5-O36
2.438(4)
Na8-O31
2.290(4)
Na2-O28
3.086(4)
Na5-O37
3.175(4)
Na8-O32
3.362(4)
Na2-O32
2.382(4)
Na6-O2
3.366(4)
Na9-O15
3.352(4)
Na3-O8
3.430(4)
Na6-O4
3.285(4)
Na9-O18
2.363(4)
Na3-O9
2.578(4)
Na6-O10
3.042(4)
Na9-O19
2.520(4)
Na3-O17
2.431(4)
Na6-O12
3.488(4)
Na9-O21
3.319(4)
Na3-O20
2.718(4)
Na6-O12
2.311(4)
Na9-O24
3.286(4)
Na3-O24
3.233(4)
Na6-O15
3.287(4)
Na9-O25
2.356(4)
Na3-O24
2.345(4)
Na6-O16
2.442(4)
Na9-O29
2.946(4)
Na3-O27
3.033(4)
Na6-O17
3.290(4)
Na9-O34
2.690(4)
Na3-O33
2.631(4)
Na6-O21
2.320(4)
Na9-O35
3.383(4)
Na3-O34
2.569(4)
Na6-O35
2.415(4)
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Table 6.5 - Selected Bond Angles (°) of the Tetrahedral Sites of Monoclinic NaAlSiO 4
O13-T1-O37 112.64(11) O7-T7-O14
109.42(15) O19-T13-O32 109.46(15)
O37-T1-O14 106.61(14) O14-T7-O30
108.75(14) O19-T13-O21 108.90(15)
O37-T1-O36 108.54(14) O14-T7-O26
107.10(14) O32-T13-O21 112.59(15)
O13-T1-O14 108.43(11) O7-T7-O30
106.73(15) O19-T13-O15 107.96(16)
O13-T1-O36 108.19(11) O7-T7-O26
111.02(14) O15-T13-O32 108.16(15)
O14-T1-O36 112.51(15) O30-T7-O26
113.77(15) O15-T13-O21 109.67(14)
Mean
109.49
Mean
109.45
Mean
109.46
O1-T2-O31
106.22(16) O6-T8-O28
105.44(16) O2-T14-O11 109.03(15)
O1-T2-O25
111.49(16) O28-T8-O26
113.33(15) O2-T14-O23 106.55(15)
O1-T2-O37
107.74(15) O28-T8-O11
111.81(17) O11-T14-O23 107.53(15)
O25-T2-O37 107.63(14) O6-T8-O26
110.65(15) O2-T14-O32 111.45(15)
O31-T2-O25 108.89(15) O6-T8-O11
107.05(14) O32-T14-O11 109.58(15)
O31-T2-O37 114.92(15) O26-T8-O11
108.38(14) O32-T14-O23 112.56(15)
Mean
109.48
Mean
109.44
Mean
109.45
O1-T3-O22
111.77(15) O6-T9-O23
114.79(15) O28-T15-O2 111.30(15)
O22-T3-O36 113.21(14) O23-T9-O5
108.30(15) O2-T15-O16 106.64(15)
O22-T3-O5
106.19(15) O23-T9-O3
108.27(15) O2-T15-O10 110.18(15)
O1-T3-O36
104.31(15) O6-T9-O5
105.86(15) O28-T15-O16 111.69(16)
O1-T3-O5
111.24(16) O6-T9-O3
105.70(15) O28-T15-O10 110.45(16)
O36-T3-O5
110.22(15) O5-T9-O3
114.07(16) O16-T15-O10 106.42(15)
Mean
109.49
Mean
109.50
Mean
109.43
O7-T4-O20
107.47(16) O19-T10-O20 108.89(16) O29-T16-O15 110.86(12)
O20-T4-O33 108.10(16) O20-T10-O34 110.38(16) O15-T16-O12 108.38(15)
O20-T4-O3
111.51(16) O20-T10-O10 106.96(16) O15-T16-O18 108.66(16)
O7-T4-O33
109.11(14) O19-T10-O34 105.79(16) O29-T16-O12 109.84(11)
O7-T4-O3
110.01(15) O19-T10-O10 112.56(15) O29-T16-O18 104.88(12)
O33-T4-O3
110.55(14) O34-T10-O10 112.26(15) O12-T16-O18 114.20(16)
Mean
109.46
Mean
109.47
Mean
109.74
O27-T5-O25 109.31(17) O17-T11-O35 106.94(15) O4-T17-O18 109.92(15)
O25-T5-O33 111.14(15) O35-T11-O9
109.66(15) O18-T17-O35 108.24(16)
O25-T5-O24 107.52(15) O35-T11-O34 111.36(17) O18-T17-O22 112.14(15)
O27-T5-O33 111.25(16) O17-T11-O9
107.81(14) O4-T17-O35 109.92(15)
O27-T5-O24 107.62(17) O17-T11-O34 110.94(15) O4-T17-O22 107.97(15)
O33-T5-O24 109.85(14) O9-T11-O34
110.02(15) O35-T17-O22 108.63(15)
Mean
109.45
Mean
109.46
Mean
109.47
O27-T6-O30 108.24(17) O17-T12-O24 107.56(15) O4-T18-O16 107.38(14)
O27-T6-O8
109.67(16) O17-T12-O21 111.53(14) O16-T18-O31 108.50(15)
O30-T6-O8
106.17(14) O24-T12-O21 112.55(15) O16-T18-O12 108.47(15)
O27-T6-O9
111.77(16) O8-T12-O24
109.13(14) O4-T18-O31 108.17(15)
O9-T6-O30
110.58(15) O8-T12-O21
108.66(14) O4-T18-O12 110.90(15)
O9-T6-O8
110.23(15) O17-T12-O8
107.25(14) O31-T18-O12 113.24(16)
Mean
109.44
Mean
109.45
Mean
109.44
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Table 6.6 - Selected Angles (°) of monoclinic NaAlSiO 4
Apical Oxygen
T1-O14-T7
T2-O25-T5
T3-O5-T9
T4-O20-T10
T6-O8-T12

129.65(17)
136.30(18)
147.9(2)
154.3(2)
131.61(16)

T8-O11-T14
T11-O35-T17
T13-O15-T16
T15-O16-T18

139.91(18)
144.9(2)
142.42(19)
141.26(19)

Basal Oxygen
T1-O13-T1
T1-O37-T2
T1-O36-T3
T2-O1-T3
T2-O31-T18
T3-O22-T17
T4-O7-T7
T4-O33-T5
T4-O3-T9
T5-O24-T12
T5-O27-T6
T6-O9-T11
T6-O30-T7
T7-O26-T8

180.0
128.58(17)
134.92(18)
168.7(2)
137.90(19)
133.20(17)
157.16(19)
138.32(18)
126.98(17)
132.68(18)
173.7(2)
141.56(18)
128.71(17)
128.58(17)

T8-O6-T9
T8-O28-T15
T9-O23-T14
T10-O34-T11
T10-O19-T13
T10-O10-T15
T11-O17-T12
T12-O21-T13
T13-O32-T14
T14-O2-T15
T16-O29-T16
T16-O12-T18
T16-O18-T17
T17-O4-T18

149.44(19)
147.3(2)
136.72(18)
133.83(18)
159.5(2)
125.00(17)
152.76(19)
133.65(17)
131.19(18)
144.12(19)
180.0
130.94(18)
132.16(19)
149.55(19)
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Figure 6.4 – Crystal structure of monoclinic trinepheline (NaAlSiO4) as viewed
down the c-axis. Blue tetrahedra represent disordered sites between silicon and
aluminum oxides and silver atoms represent sodium.

In the hydrothermal synthesis of NaAlSiO4, two unique phases are produced. Of
these phases, a new monoclinic phase was formed as the majority product, with the minor
phase matching that of hexagonal nepheline. Monoclinic solutions of NaAlSiO 4 are not
novel in their own regard,2,27,30 but this new arrangement sets itself apart from prior
works. A compound having the same formula and cell were reported by Selker, but a
satisfactory solution was never obtained.30 When specifically comparing our solution in
the monoclinic setting to that of the original hexagonal cell of nepheline, 9 several
modifications of symmetry can be used to explain the monoclinic solution as an enlarged
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version of the later. Of course, most notable is the reduction in symmetry from a
hexagonal setting down to one that is monoclinic with a beta angle of approximately
ninety degrees. However, this sort of cell modification has previously been established in
this system.2,30 As the modification is made from a hexagonal cell having ninety or nearninety degree angles, one of the axis perpendicular to the formerly 6-fold rotation axis is
expanded by a multiple of the square root of three. It can be noted that in the monoclinic
setting of P21/n that a ≈ b ∙ √3. The mathematics behind this type of transformation is
explained in Appendix A.
Within the stuffed tridymite system, there are two routes that can lead to a
centrosymmetric arrangement: either by the disorder of the tetrahedral framework sites,
or the reorientation of the tetrahedra away from the typical UDUDUD arrangement
(where U denotes and upward pointing tetrahedron and D denotes a downward facing
tetrahedron). While disordering the tetrahedra may not always lead to a centrosymmetric
solution, it has in monoclinic NaAlSiO4. In an ordered stuffed tridymite, each tetrahedron
is corner sharing with four other tetrahedra of the opposite type. This sort of alternating
arrangement is not possible in the presence of an inversion center. This can be explicitly
seen looking at the six-membered ring that forms about the inversion center at the origin
in NaAlSiO4 (Figure 6.5). For a six-membered ring to form about an inversion center,
each tetrahedra on opposing sides of the inversion center would have to be of like kind.
This would make the alternation between types, as they progressed around the ring,
impossible.
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Figure 6.5 – Six-membered ring about the origin. Blue tetrahedra represent
disordered SiO4 and AlO4 groups, and the green sphere represents the inversion
center

In true nepheline (Figure 6.6a), the hexagonal nature of the symmetry gives rise to
two unique six membered rings. The interconnection of these rings parallel to the c-axis
is the basis of all tridymite derivatives structures. Through the 6-fold rotational axis at the
origin, rings with proportionally wide channels are formed (Figure 6.6b), compared with
the oval-shaped rings within the center of the cell and its edges (Figure 6.6c). In ideal
nepheline these larger environments for the alkali are utilized to host a larger potassium
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ion, however in the case of pure sodium containing structures, this oversized void is a
source of thermal instability as sodium ions are tasked with filling environments beyond
what is typically seen. In the monoclinic setting the hexagonal rotation within the cell is
dissolved and we are now left with only the oval type rings providing a tighter
environment for the countercharging sodium of the structure.

Figure 6.6 – Crystal structure of ideal nepheline as viewed down the c-axis.
Orange tetrahedra represent SiO 4 groups, and purple represents the AlO4 groups.
Silver spheres represent sodium atoms.
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A second notable difference of our monoclinic solution to that of nepheline is that
the c-axis has been approximately tripled. There are several other examples of these types
of tripled nepheline related structures and are commonly given the name trinepheline. 1,2,27
Brown first reported one of these structures as a modification of nepheline with a tripled
c axis, and identified it as crystalizing in either hexagonal P61 or monoclinic P21 but was
unable to establish a satisfactory refinement.27 Kahlenberg later believed to have
identified an identical phase to that of Brown and was able to solve the crystal in the
setting of P61.1 As with natural nepheline samples the center of the cell is occupied by
oval-shaped six membered rings, however these rings are also present about the origin,
unlike the near-perfect six membered rings at this location in ideal nepheline. From the
new trinepheline solution the tripled c axis allows for a slight deviation of the basal
oxygen atoms within the layers of the structure. The rotation of the basal atoms changes
the orientation of the six membered rings throughout the layers of the structure. This
rotation creates three repeated layers in hexagonal trinepheline as opposed to nepheline’s
single unique layer. A monoclinic solution of sodium deficient trinepheline was also
established more recently by Vulic.2 As with hexagonal trinepheline, three independent
layers are formed; however, all six membered rings within the structure do not take on
the oval shaped geometry as noted in the prior example. In this new solution, the first and
third layers both possess six membered rings about the origin reminiscent to those of
ideal nepheline.
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Figure 6.7 – (a-d) The layers of monoclinic trinepheline (a) 1.09 < z < 0.90; (b) 0.92 <
z < 0.75; (c) 0.77 < z < 0.57; (d) 0.60 < z < 0.40. (e) All layers of hexagonal
trinepheline (f-h) The layers of hexagonal trinepheline (f) 1.03 < z < 0.85; (g) 0.87 < z
< 0.68; (h) 0.70 < z < 0.52.1 Blue tetrahedra represent disordered sites between
silicon and aluminum oxides, Orange tetrahedra represent SiO4, and purple
represents the AlO4 groups.
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Hydrothermally synthesized monoclinic nepheline has been solved to be distinct
from the prior solution of sodium deficient trinepheline and is solved in the space group
setting of P21/n. In fact, the structure bears closer resemblance to that of hexagonal
trinepheline as described by Kahlenberg.1 As with the hexagonal variant, our new
monoclinic solution is comprised solely of oval-shaped six membered rings. These rings
form layers throughout the structure and are coordinated to one another in the sharing of
two tetrahedral sites of each. Within a single layer, the rings are seen to align themselves
parallel to their neighbors along the a-axis, and perpendicularly to the adjacent rings
along the b axis. The ring coordination within each layer is provided in Figure 6.7a – d.
In viewing the layers of the structure, the differences between these solutions is not so
clear at first, as the rings are built upon one another in the same way in each layer.
Between each layer there is only a slight positional change of the basal oxygen atoms of
the tetrahedra that make up the rings. These layers are like those seen in the hexagonal
setting in Figure 6.7e – h, with some layers appearing almost identical to one another.
The second layer of the hexagonal structure (Figure 6.7g) is the most telling of the three,
as its comparison with the monoclinic layers is the most similar at first glance. However,
both the first and third layers (Figure 6.7f and 6.7h) are not all that different in the layers
have been rotated due to the hexagonal nature of the structure. The initial layer may not
be as simple to observe at first. In this layer the oval shaped rings alternate along both the
a and b, but this representation may be seen once again as a rotation of the basic layer
design by another six-fold rotation.
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Figure 6.8 – The center six-membered ring of monoclinic trinepheline for each
layer, blue tetrahedra represent disordered sites between silicon and aluminum
oxides.

However, as the symmetry is reduced, removing the P61 rotation axis of the prior
example that gave rise to the elongation of the c-axis, minute changes from layer to layer
still require a tripled c-axis when compared to the parent nepheline structure. Whereas
there are three unique layers building up the hexagonal solution, the monoclinic setting
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now contains four such layers. While four unique layers are present within the cell, only
six total layers are contained within a single cell causing the c-axis to remain the same as
that seen in the hexagonal setting. The ordering of the layers within this structure are
arranged in an ABCDCBA type fashion. This arrangement is made possible due to the
inversion center present in the centrosymmetric solution, whereas in the hexagonal
trinepheline the layers are repeated by the ordering of ABCABC. For the sake of
simplicity, the center six membered ring of the structure is used to illustrate each layer in
Figure 6.8, with all additional rings being symmetry related. As can be noted, each ring is
made unique from one another by only minor changes between them, maintaining the
overall shape of the ring. The first ring of the cell is not contained entirely within the cell.
Rather, half of its constituting tetrahedra are inversely related in the neighboring cell.
This ring is built up of T1, T2, and T3 tetrahedra, with T representing a 1:1 ratio of
silicon and aluminum occupying the site. As the up and down orientation of the
tetrahedra alternate from layer to layer, the downward facing polyhedral from the first
ring are corner-sharing with the upward oriented tetrahedra of the next ring along the caxis. The immediately following ring is composed of T4, T5, T6, T7, T8, and T9
tetrahedra and are coordinated to the next layer down the c-axis in the same manner as
previously described. It is in this third layer that the minor modifications of the rings
causing the tripled cell and decrease in symmetry manifest themselves. In comparing the
first ring (Figure 6.8a) with the third (Figure 6.8c), the placement of the tetrahedral cation
is for the most part maintained in the same position. However, it is the coordination
environments of the oxygen atoms that create the complexity. This was also the case with

196

the hexagonal trinepheline. In the hexagonal solution, the complexity was caused by the
basal oxygen atoms having a greater variance between the layers with only minor
positional shifts of the apical oxygens. These variations are reversed in the monoclinic
cell, with only minor movements of the basal oxygen atoms and more notable shifts of
the apical oxygen atoms. This third layer is composed of T10, T11, T12, T13, T14, and
T15 tetrahedra which continue the intra-layer coordination as seen prior. In the fourth and
final unique layer of the structure the ring is situated about the inversion center of the
cell. It is built up of T16, T17, and T18 tetrahedra that are repeated on opposing sides of
the inversion center to complete its ring formation. The variation seen between the first
and third layers is like that seen between the second (Figure 6.8b) and the fourth (Figure
6.8d).
The bond distances of the tetrahedral sites are listed in Tables 6.3 and 6.4. From
the mean environments of each tetrahedral atom, bond distances of 1.674 – 1.686 Å can
be seen. While these lengths are a little longer than would be anticipated for a silicon to
oxygen bond (1.64 Å)31, and shorter than expected of an aluminum to oxygen bond (1.75
Å)31, this distance is appropriate for 1:1 averaging of the sites between silicon and
aluminum. Looking at each of the individual sites’ bonding environments, there does not
appear to be any spatial preference for one site to have a greater occupancy of either
atom. As for the variation in bond length within each tetrahedron, no notable differences
in length are apparent between the basal oxygen atoms that build the ring comprising
layers of the structure along the ab plane, or the apical oxygen atoms that bridge the
layers. The angles within these tetrahedra do show some distortion from the ideal 109.5°,
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with angles ranging 104.31 – 114.92°. These angles are listed in Table 6.5. There does
not appear to be any discernable pattern in these deviations and the averaging of all O – T
– O angles within the tetrahedral are very close to 109.5° at all eighteen sites. While the
angles within each tetrahedral may fail to bring much insight, the T – O – T angles
provide some interesting information. These angles are provided in Table 6.6. 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. As the rings are
repeated along the a-axis of the cell these oxygen atoms are placed within the corner of
two neighboring rings. It is at these sites that the largest T – O – T angles are seen. In
fact, at in the case of two specific oxygen atoms, O13 and O29, these angles are exactly
180°. While such angles in silicates and aluminosilicates is typically forbidden, 39 there
have been several examples in the tridymite system of this occurring. 40,41 In the case of
both sites this linear angle is required by symmetry. These oxygen atoms lie at inversion
centers of the cell and the 180° is formed from bridging between a tetrahedra and its
symmetrically generated equivalent. There was no experimental evidence for the splitting
of O13 and O29 off of the symmetry site, and only O29 showed strong anisotropy when
compared with other oxygen sites within the structure.
In the stuffed tridymite species the structure depends heavily on the stuffing alkali
ion that resides in the channels formed by the six membered rings of the structures. In
this monoclinic form of trinepheline, we see coordination environments varying from
eight to eleven-coordinate when looking at a maximum distance from the sodium atom of
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3.5 Å. While this variance may at first be troubling, it should be noted that over this
distance, the calculated bond valence sums are exceedingly poor. One key part of the
environment of the sodium ions is the short distances to four oxygen atoms. These
distances are as short as 2.311 Å and would not be suitable for any larger alkali to
accommodate, making this structure type only possible for sodium containing tridymites,
presuming they are aluminosilicates as opposed to the larger element derivatives (Ga, Ge
etc.). Using only these four environments however, would lead to a significantly underbonded alkali site, which is remedied when consideration is given to oxygen atoms at a
further than normal distance from sodium.

Figure 6.9 - c-Axial photograph of monoclinic trinepheline
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All crystals of hydrothermally synthesized monoclinic trinepheline that were
analyzed by single crystal X-ray diffraction contained twinning by merohedry. Initially,
the unit cell of the structure appeared to be hexagonal with cell parameters a = 17.25, c =
25.12. However, in this setting a reasonable solution was unobtainable in all cases we
attempted. It looked as though the structure was that of hexagonal trinepheline, and an
axial photograph was taken with respect to the c-axis (Figure 6.9). While this
measurement helped reinforce that a possible trinepheline structure was present, an axial
photograph of the b-axis showed very few reflections at the expected distance (Figure
6.10). The more dominant features of the axial photograph showed relatively half the
length that was expected. Through reintegration of the data using a more exclusive signal
to noise ratio, a monoclinic unit cell of a = 14.96, b = 8.62, c =25.12 was achieved. After
solving in P21/n an R factor of only 15.76 was obtained. PLATON42 was used to search
for possible merohedral twins and it was found that a 20% twin via a two-fold rotation
about the c-axis was present. This twinning was likely the cause of the earlier misleading
hexagonal cell. After applying the twin law, a final R factor of 3.78 was achieved. This
twin resulted in the additional reflections as seen in the axial photograph as illustrated in
Figure 6.10 and 6.11. With the full characterization of this structure, a long-standing
source of confusion in the study of nephelines, that had left prior researchers with only
unit cells and space group assumptions, has been uncovered.
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Figure 6.10 - b-axial photograph of monoclinic trinepheline
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Figure 6.11 - Crystal structure of monoclinic trinepheline as viewed down the a-axis,
as well as the twin of the cell, blue tetrahedra represent disordered sites between
silicon and aluminum oxides.
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The Crystal Structures of NaAlGeO4 and NaGaSiO4

The crystal structure of NaAlGeO4 was determined to be in the space group of
P21/n based on the systematic absences of the data. All atoms were refined
anisotropically. A final R1 value of 0.0273 was obtained for 514842 total reflections, of
which 2773 were unique. NaGaSiO4 was found to be isostructural with NaAlSiO4 with
the space group of P21/n determined based on the systematic absences of the data. All
atoms were refined anisotropically. A final R 1 value of 0.0350 was obtained for 27743
total reflections, of which 2209 were unique.
This structure, although centrosymmetric, is part of a subset of stuffed tridymite
derivatives. This specific type of structure is related to the mineral beryllonite (NaBePO 4)
and has previously been investigated in the case of NaAlGeO4,32 although the
composition of NaGaSiO4 has not been previously reported in this setting. The
framework of this structure is built of interconnected six membered rings of tetrahedra, as
with all other tridymite derivatives. However, in this structure two unique rings are seen
to alternate throughout the layers. These rings differ in the orientation of the tetrahedra
that composes the structure. One of the rings maintains an arrangement of UDUDUD,
while the other has the arrangement UDUUDD; with U referring to an upwards
orientation relative to the ab plane, and D representing a downward orientation. This
framework is illustrated in Figure 6.12.
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Table 6.7 - Crystallographic Data for NaAlGeO 4 and
NaGaSiO4
Emperical Formula

NaAlGeO4

NaGaSiO4

Formula weight

186.56

184.80

Space group

P21/n

P21/n

a, Å

8.7928 (4)

8.6881 (4)

b, Å

8.2595 (4)

8.1941 (4)

c, Å

15.4231 (6)

15.2187 (7)

β, °

90.1340 (10)

90.129 (2)

Volume, Å3

1120.09 (9)

1083.43 (9)

Z

12

12

Density (calculated), Mg/m3

3.319

3.399

Parameters

190

190

θ range, deg
Reflections

2.64 – 28.32

2.68 – 26.42

Collected

51842

27743

Independent

2773

2209

Observed, I≥2σ(I)

2660

2037

0.0402

0.0417

0.0273

0.0350

0.699

0.0906

R1

0.0288

0.0382

wR2

0.0708

0.0926

1.235

1.107

R, int
Final R, obs. Data
R1
wR2
Final R, all Data

Goodness of fit of F2
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Table 6.8 - Selected Bond Distances (Å) of NaAlGeO 4
1.750(2)
1.7397(19)
Al(1) - O(1)
Ge(3) - O(3)
1.754(2)
1.733(2)
Al(1) - O(2)
Ge(3) - O(5)
Al(1) - O(3)
1.758(2)
Ge(3) - O(6)
1.742(2)
1.760(2)
1.744(2)
Al(1) - O(4)
Ge(3) - O(9)
1.756
1.740
Mean
Mean
Al(2) - O(5)
Al(2) - O(6)
Al(2) - O(7)
Al(2) - O(8)
Mean

1.746(2)
1.748(2)
1.742(2)
1.750(2)
1.747

Al(3) - O(9)
Al(3) - O(10)
Al(3) – O(11)
Al(3) - O(12)
Mean

1.747(2)
1.748(2)
1.754(2)
1.760(2)
1.752

Ge(1) - O(2)
Ge(1) - O(7)
Ge(1) - O(10)
Ge(1) - O(12)
Mean

1.744 (2)
1.7388(19)
1.742(2)
1.744(2)
1.742

Ge(2) - O(1)
Ge(2) - O(4)
Ge(2) - O(8)
Ge(2) - O(11)
Mean

1.737 (2)
1.746(2)
1.741(2)
1.7363(19)
1.740
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Na(1) - O(1)
Na(1) - O(3)
Na(1) - O(4)
Na(1) - O(5)
Na(1) - O(7)
Na(1) - O(12)
Mean

2.388(2)
2.544(2)
2.902(2)
2.541(2)
2.370(2)
2.475(2)
2.537

Na(2) - O(4)
Na(2) - O(5)
Na(2) - O(6)
Na(2) - O(10)
Na(2) - O(11)
Na(2) - O(12)
Mean

2.368(2)
2.955(3)
2.361(3)
2.461(3)
2.327(2)
2.846(3)
2.553

Na(3) - O(2)
Na(3) - O(6)
Na(3) - O(8)
Na(3) - O(8)
Na(3) - O(9)
Na(3) - O(9)
Mean

2.414(3)
2.914(3)
2.423(3)
3.122(3)
2.456(3)
3.072 (3)
3.159

Table 6.9 - Selected Bond Angles (°) of NaAlGeO4
O1-Al1-O2
106.38(11)
O2-Ge1-O7
110.16(10)
O1-Al1-O3
109.66(10)
O2-Ge1-O10
109.82(10)
106.93(11)
108.25(10)
O1-Al1-O4
O2-Ge1-O12
111.57(10)
105.89(9)
O2-Al1-O3
O7-Ge1-O10
109.85(10)
113.41(10)
O2-Al1-O4
O7-Ge1-O12
112.17(10)
109.27(10)
O3-Al1-O4
O10-Ge1-O12
109.43
109.47
Mean
Mean
O5-Al2-O6
O5-Al2-O7
O5-Al2-O8
O6-Al2-O7
O6-Al2-O8
O7-Al2-O8
Mean

107.73(11)
114.18(11)
111.00(11)
107.53(10)
105.00(11)
110.87(10)
109.39

O1-Ge2-O4
O1-Ge2-O8
O1-Ge2-O11
O4-Ge2-O8
O4-Ge2-O11
O8-Ge2-O11
Mean

109.69(10)
109.17(10)
107.33(10)
109.76(10)
109.65(10)
111.20(10)
109.13

O9-Al3-O10
O9-Al3-O11
O9-Al3-O12
O10-Al3-O11
O10-Al3-O12
O11-Al3-O12
Mean

108.87(11)
107.55(10)
112.76(11)
108.49(10)
106.77(11)
112.29(10)
109.46

O3-Ge3-O5
O3-Ge3-O6
O3-Ge3-O9
O5-Ge3-O6
O5-Ge3-O9
O6-Ge3-O9
Mean

114.90(10)
105.48(10)
111.00(10)
110.44(11)
107.00(10)
107.87(10)
109.45
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Table 6.10 - Anisotropic Displacement Parameters for NaAlGeO 4
Ge1
Ge2
Ge3
Al1
Al2
Al3
Na1
Na2
Na3
O1
O2
O3
O4
O5
O6
O7
O8
O9
O10
O11
O12

U11
0.00503(15)
0.00452(15)
0.00546(15)
0.0047(4)
0.0051(4)
0.0044(4)
0.0190(6)
0.0166(6)
0.0219(7)
0.0125(10)
0.0047(9)
0.0089(9)
0.0069(9)
0.0050(9)
0.0248(12)
0.0120(9)
0.0067(9)
0.0071(9)
0.0100(9)
0.0064(9)
0.0116(10)

U22
0.00590(15)
0.00592(15)
0.00642(15)
0.0040(4)
0.0044(4)
0.0051(4)
0.0119(6)
0.0161(6)
0.0229(8)
0.0048(9)
0.0135(10)
0.0073(9)
0.0112(9)
0.0181(10)
0.0045(9)
0.0081(9)
0.0150(10)
0.0154(10)
0.0050(9)
0.0064(9)
0.0104(9)

U33
0.00493(15)
0.00569(15)
0.00509(15)
0.0050(4)
0.0041(4)
0.0046(4)
0.0138(6)
0.0147(6)
0.0239(7)
0.0140(10)
0.0104(10)
0.0099(9)
0.0093(10)
0.0112(10)
0.0086(10)
0.0059(9)
0.0057(9)
0.0070(10)
0.0157(10)
0.0128(9)
0.0048(9)

U23
-0.00025(9)
-0.00052(9)
-0.00028(10)
-0.0002(3)
0.0002(3)
0.0005(3)
0.0017(5)
0.0003(5)
0.0006(6)
-0.0008(7)
0.0046(8)
0.0042(7)
-0.0038(7)
-0.0051(8)
-0.0003(7)
0.0001(7)
0.0001(7)
0.0044(8)
0.0006(7)
0.0041(7)
0.0005(7)
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U13
-0.00029(10)
0.00022(10)
0.00041(10)
-0.0001(3)
0.0000(3)
0.0004(3)
0.0064(5)
-0.0044(5)
-0.0006(6)
0.0061(8)
0.0014(7)
0.0031(7)
-0.0031(7)
0.0029(8)
-0.0021(8)
-0.0010(7)
0.0010(7)
-0.0020(7)
-0.0038(8)
-0.0022(7)
0.0004(7)

U12
0.00044(9)
0.00017(9)
-0.00024(9)
0.0002(3)
-0.0004(3)
0.0001(3)
0.0013(5)
0.0067(5)
-0.0004(6)
-0.0008(7)
0.0031(7)
0.0024(7)
0.0047(7)
-0.0032(8)
0.0002(8)
-0.0047(7)
0.0044(7)
-0.0025(8)
0.0004(7)
-0.0021(7)
0.0038(7)

Table 6.11 - Selected Bond Distances (Å) of NaGaSiO 4
1.819(3)
1.627(3)
Ga(1) - O(1)
Si(3) - O(1)
1.830(3)
1.623(2)
Ga(1) - O(2)
Si(3) - O(8)
Ga(1) - O(3)
1.831(3)
Si(3) - O(9)
1.615(2)
1.837(3)
1.628(2)
Ga(1) - O(4)
Si(3) - O(11)
1.829
1.623
Mean
Mean
Ga(2) - O(5)
Ga(2) - O(6)
Ga(2) - O(7)
Ga(2) - O(8)
Mean

1.817(3)
1.826(3)
1.832(3)
1.832(3)
1.827

Ga(3) - O(9)
Ga(3) - O(10)
Ga(3) – O(11)
Ga(3) - O(12)
Mean

1.818(3)
1.822(3)
1.829(3)
1.833(3)
1.826

Si(1) - O(4)
Si(1) - O(6)
Si(1) - O(7)
Si(1) - O(10)
Mean

1.624 (3)
1.624(3)
1.631(3)
1.627(3)
1.627

Si(2) - O(2)
Si(2) - O(3)
Si(2) - O(5)
Si(2) - O(12)
Mean

1.624 (3)
1.628(3)
1.631(3)
1.620(3)
1.626
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Na(1) - O(1)
Na(1) - O(3)
Na(1) - O(6)
Na(1) - O(7)
Na(1) - O(9)
Na(1) - O(10)
Mean

2.367(3)
2.475(4)
2.377(4)
2.847(4)
2.489(4)
2.534(4)
2.515

Na(2) - O(2)
Na(2) - O(3)
Na(2) - O(5)
Na(2) - O(7)
Na(2) - O(9)
Na(2) - O(11)
Mean

2.431(4)
2.747(4)
2.330(4)
2.353(4)
2.845(4)
2.333(4)
2.506

Na(3) - O(4)
Na(3) - O(8)
Na(3) - O(8)
Na(3) - O(11)
Na(3) - O(12)
Na(3) - O(12)
Mean

2.430(4)
2.444(4)
3.029 (5)
2.905 (4)
3.053 (5)
2.468 (4)
2.722

Table 6.12 - Selected Bond Angles (°) of NaGaSiO 4
O1-Ga1-O2
105.15(14)
O4-Si1-O6
106.96(18)
O1-Ga1-O3
114.03(14)
O4-Si1-O7
109.86(18)
111.62(15)
110.73(17)
O1-Ga1-O4
O4-Si1-O10
109.28(15)
107.82(18)
O2-Ga1-O3
O6-Si1-O7
108.42(15)
109.88(17)
O2-Ga1-O4
O6-Si1-O10
108.18(14)
111.45(18)
O3-Ga1-O4
O7-Si1-O10
109.45
109.45
Mean
Mean
O5-Ga2-O6
O5-Ga2-O7
O5-Ga2-O8
O6-Ga2-O7
O6-Ga2-O8
O7-Ga2-O8
Mean

106.21(14)
110.34(14)
111.98(15)
109.84(15)
108.38(15)
109.98(15)
109.46

O2-Si2-O3
O2-Si2-O5
O2-Si2-O12
O3-Si2-O5
O3-Si2-O12
O5-Si2-O12
Mean

107.90(18)
109.38(17)
108.38(18)
111.08(17)
111.25(18)
108.79(17)
109.46

O9-Ga3-O10
O9-Ga3-O11
O9-Ga3-O12
O10-Ga3-O11
O10-Ga3-O12
O11-Ga3-O12
Mean

116.64(14)
109.50(16)
106.85(15)
104.64(15)
112.23(15)
106.56(15)
109.40

O1-Si3-O8
O1-Si3-O9
O1-Si3-O11
O8-Si3-O9
O8-Si3-O11
O9-Si3-O11
Mean

109.92(17)
112.46(17)
109.12(18)
110.47(18)
106.53(18)
108.15(19)
109.44
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Table 6.13 - Anisotropic Displacement Parameters for NaAlGeO 4
Na1
Na2
Na3
Ga1
Ga2
Ga3
Si1
Si2
Si3
O1
O2
O3
O4
O5
O6
O7
O8
O9
O10
O11
O12

U11
0.0231(10)
0.0191(10)
0.0234(12)
0.0052(3)
0.0048(2)
0.0056(3)
0.0048(5)
0.0050(5)
0.0057(5)
0.0132(15)
0.0126(16)
0.0116(16)
0.0070(15)
0.0068(14)
0.0151(16)
0.0088(16)
0.0075(15)
0.0061(15)
0.0104(15)
0.0289(19)
0.0083(15)

U22
0.0119(9)
0.0158(9)
0.0277(12)
0.0104(3)
0.0098(3)
0.0099(3)
0.0038(5)
0.0045(5)
0.0042(5)
0.0119(15)
0.0069(15)
0.0154(16)
0.0179(17)
0.0122(16)
0.0063(15)
0.0170(16)
0.0199(17)
0.0205(17)
0.0109(15)
0.0044(15)
0.0179(17)

U33
0.0150(10)
0.0180(10)
0.0267(12)
0.0060(3)
0.0067(3)
0.0057(3)
0.0058(6)
0.0062(6)
0.0056(6)
0.0066(15)
0.0200(18)
0.0067(16)
0.0099(16)
0.0135(16)
0.0187(18)
0.0117(17)
0.0057(15)
0.0104(17)
0.0118(16)
0.0116(17)
0.0064(16)

U23
-0.0014(7)
0.0002(8)
0.0011(10)
0.00049(18)
-0.00065(18)
-0.00029(18)
0.0005(4)
0.0008(4)
-0.0003(4)
-0.0019(12)
-0.0007(13)
0.0019(12)
0.0052(13)
0.0051(13)
-0.0012(12)
-0.0053(13)
-0.0003(12)
-0.0038(13)
0.0045(12)
-0.0006(12)
0.0046(12)

210

U13
0.0076(8)
-0.0047(8)
-0.0006(9)
-0.00118(18)
-0.00047(18)
-0.00017(18)
-0.0003(4)
-0.0009(4)
-0.0008(4)
0.0000(12)
-0.0043(13)
-0.0006(13)
0.0000(12)
-0.0033(12)
0.0072(13)
-0.0046(13)
-0.0003(12)
0.0008(12)
0.0035(12)
-0.0023(14)
-0.0026(12)

U12
-0.0014(8)
0.0057(8)
-0.0012(9)
-0.00007(17)
-0.00026(17)
-0.00010(17)
0.0002(4)
0.0000(4)
0.0007(4)
0.0039(13)
0.0008(12)
0.0052(12)
0.0031(12)
-0.0004(12)
-0.0005(12)
0.0049(13)
0.0034(12)
-0.0040(13)
0.0035(12)
-0.0015(13)
-0.0012(12)

Figure 6.12 - Structure of NaAlGeO4 and NaGaSiO4 as viewed down the c-axis.
Orange tetrahedra represent tetravalent oxides and purple represents the trivalent
oxides.

The overall structure can be related back to the ideal parent high-temperature (β-)
tridymite itself. The cell parameters of high tridymite are a = 5.0, c = 8.3 in the hexagonal
setting of P63/mmc.43 In this setting, only one type of tetrahedra is counted for as SiO 4
allowing for a smaller unit cell. Also in the parent structure, only one type of ring is
repeated throughout having UDUDUD orientation. The presence or absence of the
sodium countercharging ion within the channels is of no consequence to any change from
the parent cell to our current study. The ordering of the tetrahedral site between two
different atoms can be accounted for without affecting the parameters of the cell, but
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requires a reduction in setting from the space group setting of P63/mmc. The most
important factor influencing the cell size is the combination of multiple ring
configurations. As noted before, in the case of NaAlGeO4 and NaGaSiO4, two unique
rings are present within the framework. To account for this structural complexity the cell
must be enlarged, as the hexagonal symmetry is broken by its inability to produce a ring
having an UDUUDD orientation. The cell parameters of NaAlGeO4 are a = 8.7928(4), b
= 8.2595(4), c = 15.4231(6), β = 90.1340(10) in the monoclinic setting of P21/n. The cell
transformations from a hexagonal tridymite-type cell to the monoclinic cell of NaAlGeO 4
can be written as a ≈ ah√3, b ≈ bh, c ≈ 3ch (where the subscript ‘h’ refers to the hexagonal
cell). The first of these transformations can account for the expansion of the cell to
accommodate the reduction in symmetry from hexagonal to monoclinic so that the
general symmetry of the structure may be preserved. This modification by a multiple of
the square root of three was also seen with NaAlSiO4 and various wurtzite derivative
structures in monoclinic and orthorhombic settings. The second modification of the cell
parameters is the tripling of the c-axis. This allows for both types of rings within the
structure to be accounted for with their necessary arrangement with one another. These
two transformations also allow for the movement of the apical oxygen atoms off the
symmetry related site and eliminates the energetically unfavorable 180° Si – O – Si angle
as is seen in the parent tridymite structure. The b-axis remains unchanged between these
two structures. Although the silica tetrahedra are now split between two different atom
designations, there is no need to expand the depth of the b-axis to account for this, and is
handled through symmetry reduction alone.
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Figure 6.13 – Ditrigonal rings of NaAlGeO4 and NaGaSiO4 as viewed down the caxis. Orange tetrahedra represent tetravalent oxides and purple represents the
trivalent oxides.
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Figure 6.14 – Four membered rings of NaAlGeO4 and NaGaSiO4 as viewed
down the b-axis (a) and the a-axis (b). Orange tetrahedra represent tetravalent
oxides and purple represents the trivalent oxides. Inversion centers are represented
by green spheres.
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Figure 6.15 – Eight membered rings of NaAlGeO4 and NaGaSiO4 as viewed
down the b-axis (above) and the two individual rings down the c-axis (b). Orange
tetrahedra represent tetravalent oxides and purple represents the trivalent oxides.
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The cell is composed of three unique ditrigonal six membered rings each
illustrated in Figure 6.13. While one of these rings maintains the typical UDUDUD
orientation as most tridymite derivatives, the other two six membered rings form in the
UUDDUD conformation. These rings form layers on the ac-plane, with channels forming
down the b-axis. The rings above and below the UDUDUD rings are related by the
inversion in the center of the cell. However, the UUDDUD rings alternate from one to the
other proceeding along the b-axis, as these rings share two tetrahedra of like orientation
above and below an inversion point, as illustrated in Figure 6.14. This, in turn, then
creates four membered rings throughout the structure. There are two distinct four
membered rings in the structure with one forming about the inversion center at the 2a
Wyckoff site, and the other forming about the 2b Wyckoff site. These UUDDUD rings
also create an eight-membered ring that is not commonly seen in tridymite derivative
structures, as illustrated in Figure 6.15. This is because the typical alternating orientation
of the tetrahedra create an additional series of six membered rings perpendicular to the
first. But, when the alternating rings are broken up into an UUDDUD arrangement, the
tetrahedra that would normally connect to the next layer are oriented in the opposite
direction. Two such eight membered rings are formed in this structure and are illustrated
by Figure 6.15. These rings manifest perpendicular to the c-axis, with one type in the
center of the cell and the other half-inside/half-outside on the edge of the c-axis.
The selected bond distances for NaAlGeO4 and NaGaSiO4 are listed in Tables 6.8
and 6.11 respectively. In NaAlGeO4, bond distance from oxygen to aluminum and
germanium have mean distances ranging from 1.740 – 1.756 Å. This is to be expected as
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both cations have equal crystal radii 31 but are still able to be ordered by their differing
electron densities. In the case of NaGaSiO4, gallium is seen to have mean bond distances
to oxygen ranging from 1.826 – 1.829 Å, and for silicon the mean bond distances to
oxygen range from 1.623 – 1.627 Å as is typically expected. In both structures the
tetrahedral sites maintain good O – T – O angles with mean ranges from 109.13 –
109.47°. There is some distortion of the angles between the basal oxygen atoms that help
build up the six membered rings, with the largest of these angles approaching 114.03°.
When observing the distances from sodium to oxygen in both structures, two of the
sodium sites are well behaved while the third exhibits a more elongated bonding
environment. It can also be noted from both structures anisotropic displacement
parameters (Tables 6.10 and 6.13) that they are highly irregular with respect to the other
sodium sites. As with the other sodium atoms, these sites reside within the channels along
the b-axis, created by the layering of the hexagonal rings that are the basis for the
structures. However, in the case of Na3, for both structures the alkali resides within the
channels formed by the rings having the conformation of UDUDUD. This is likely due to
the position of the apical oxygen that connects each sheet of six membered rings along
the b-axis being angled away from the center of the channel in the UDUDUD rings and
towards the channel in the UUDDUD rings.
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The Vibrational Spectroscopy Nepheline Related Structures

Infrared (IR) spectroscopy can be useful in analyzing the structures of framework
silicates and feldspars. These framework silicates are commonly seen to have three
distinct band groupings, related to the internal vibrations of the T – O – T bridges.
Vibrational bands seen around 1100 cm-1 are known to relate to stretching vibrations.
Those band seen at around 690 cm-1 can be identified as bending vibrations. And bands
appearing near 470 cm-1 are attributed to rocking vibrations.44,45 The IR spectra of
NaAlSiO4, NaAlGeO4, and NaGaSiO4 are presented in Figures 6.16, 6.17, 6.18
respectively.

Figure 6.16 – IR spectra of NaAlSiO4
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Figure 6.17 – IR spectra of NaAlGeO4
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Figure 6.18 – IR spectra of NaGaSiO 4

In the IR spectra of NaAlSiO4, presented in Figure 6.16, there are three sizably
broad peaks in the region populated by silicate vibrations. These three absorption bans
peak at 987, 704, and 457 cm-1 and can be assigned to the stretching, bending, and
rocking vibrations. These values are very near to those seen for similar nepheline related
structures.44 One difference between the spectra of monoclinic trinepheline and its related
species is the width of the vibrational bans. These can be attributed to two structural
features of monoclinic trinepheline. First, the disordering of the silicon and aluminum
sites within the structure have been known in the literature to broaden the vibrational
spectra. Also, and possibly more relevant in this case, the complexity and framework
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variation within the structure may also contribute to the broader bands. While the six
membered rings of the structure are all oval shaped, with no occurrences of hexagonal or
ditrigonal rings, there are four of each type of six membered ring. That with the loss in
symmetry of the structure, creating greater variance to the environments of these rings,
can lead to a greater number of vibrations that have slightly deviating energies.
Looking at the germanate variation, the broadness that was seen with NaAlSiO 4
has been diminished as can be seen in Figure 6.17. The structure of NaAlGeO 4 is well
ordered and features only ditrigonal shaped six membered rings. There is some difference
in the rings due to conformational changes of the tetrahedra in the rings, which may
account for the more defined peaks within the bands. The energies of these bands are
significantly lower than those seen for NaAlSiO4 as is expected for germanates. The
stretching frequencies are noted to peak at 839 cm-1, and the bending frequencies occur
within the range of 640 – 550 cm-1. The rocking frequencies likely occur below 400 cm-1,
the lower limits of the instrument. The edge of this band can be seen at the cut-off of the
spectra.
In the NaGaSiO4 formulation all three bands common to these structures are
present as can be seen in Figure 6.18. These bands are similar in energy to those seen for
NaAlSiO4, with a slight decrease due to gallium’s weaker electron affinity as compared
with aluminum. The T – O - T stretching frequencies reach their maximum at 953 cm -1,
while the bending vibrations occur from 100 – 610 cm -1, and the rocking vibrations are at
520 – 400 cm-1.
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The Crystal Structures of Ideal Nepheline, Na3KAl4Si4O16

The crystal structure of Na3KAl4Si4O16 is determined to be in the space group of
P63 based on the systematic absences of the data. All atoms were refined anisotropically.
A final R1 value of 0.0279 was obtained for 9552 total reflections, of which 1215 were
unique. As with other stuffed tridymite structures, Na3KAl4Si4O16 is built up of layers of
six membered rings. The six membered rings are interconnected within the layer by the
basal oxygen atoms of the SiO4 and AlO4 tetrahedra, while the apical oxygen atoms of
the tetrahedra extend above and below the rings on the ab-plane to connect with the
neighboring layers. In this structure two ring types are present. Both ring types within the
structure feature ordering between silicon and aluminum sites, and maintain an
UDUDUD conformation. The first ring type resides about the origin of the cell, forming a
nearly perfect hexagon when viewed down the c-axis. To prevent the formation of a 180°
Si – O – Al angle, the tetrahedra of this ring are distorted slightly along the c-axis. In the
second ring type of this structure a more oval type ring is observed. These rings are like
those seen with the monoclinic trinepheline described earlier in this chapter. The oval
shaped rings are found to inhabit the center of the cell, as well as along each of the a and
b cell edges.
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Figure 6.19 – Crystal structure of Na3KAl4Si4O16 as viewed down the c-axis. Orange
tetrahedra represent SiO4 groups, and purple represents the AlO4 groups. Silver
spheres represent sodium atoms and black spheres represent potassium atoms.
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Table 6.14 - Crystallographic Data for Na3KAl4Si4O16
Empirical Formula

Na3KAl4Si4O16

Formula weight, g/mol

584.35

Space group

P63

a, Å

10.0155(2)

c, Å

8.3944(4)

Volume, Å3

729.23(5)

Z

2

Density (calculated), g/cm3

2.661

Parameters

86

θ range, deg
Reflections

2.35 – 28.32

Collected

9552

Independent

1215

Observed, I≥2σ(I)

1105

R, int
Final R, obs. Data

0.0437
0.0279

R1
wR2
Final R, all Data

0.0568

R1

0.0338

wR2

0.0568

Goodness of fit of F2

1.059

Flack Parameter

-0.10(10)
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Table 6.15 - Selected Bond Distances (Å) and Angles (°) of
Na3KAl4Si4O16
Bond Distances
1.604(7)
2.547(4)
Si(1) - O(1)
Na(1) - O(1)
1.611(6)
2.586(10)
Si(1) - O(2)
Na(1) - O(2)
Si(1) - O(3)
1.619(7)
Na(1) - O(2)
2.776(9)
1.624(8)
2.495(9)
Si(1) - O(4)
Na(1) - O(3)
1.615
2.615(8)
Mean
Na(1) - O(4)
2.953(2)
Na(1) - O(5)
1.58(2)
2.636(10)
Si(2) - O(5)
Na(1) - O(6)
1.611(7) x3
2.776(10)
Si(2) - O(6)
Na(1) - O(6)
1.60
Mean
Mean
2.673
Al(1) - O(1)
Al(1) - O(3)
Al(1) - O(4)
Al(1) - O(6)
Mean

1.755(7)
1.734(8)
1.744(7)
1.734(7)
1.742

K(1) - O(1)
K(1) - O(3)
K(1) - O(4)
Mean

3.032(3) x3
3.000(7) x3
2.978(8) x3
3.003

Al(2) - O(2)
Al(2) - O(5)
Mean

1.734(2)
1.695(19) x3
1.715

Bond Angles
O1-Si1-O2
O1-Si1-O3
O1-Si1-O4
O2-Si1-O3
O2-Si1-O4
O3-Si1-O4
Mean

109.2(4)
108.5(4)
110.3(3)
111.4(4)
108.3(4)
109.1(4)
109.5

O1-Al1-O3
O1-Al1-O4
O1-Al1-O6
O3-Al1-O4
O3-Al1-O6
O4-Al1-O6
Mean

110.2(3)
107.3(4)
107.5(4)
109.7(4)
107.6(4)
114.6(4)
109.5

O5-Si2-O6
O6-Si2-O6
Mean

109.1(4) x3
109.8(4) x3
109.5

O2-Al2-O2
O2-Al2-O5
Mean

111.3(3) x3
107.6(3) x3
109.5
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Table 6.16 - Anisotropic Displacement Parameters for Na3KAl4Si4O16
Si1
Si2
Al1
Al2
K1
Na1
O1
O2
O3
O4
O5
O6

U11
0.0084(10)
0.0078(12)
0.0086(12)
0.0094(15)
0.0201(5)
0.0230(9)
0.0184(16)
0.006(3)
0.010(2)
0.022(3)
0.102(4)
0.009(3)

U22
0.0090(11)
0.0078(12)
0.0057(12)
0.0094(15)
0.0201(5)
0.0302(10)
0.0176(15)
0.008(3)
0.013(3)
0.008(3)
0.102(4)
0.018(3)

U33
0.0092(10)
0.009(2)
0.0132(13)
0.013(2)
0.0257(11)
0.0180(8)
0.0076(16)
0.053(4)
0.014(3)
0.014(3)
0.007(4)
0.052(4)

U23
-0.0002(11)
0
0.0003(12)
0
0
-0.004(3)
0.001(3)
-0.005(3)
-0.005(2)
0.000(2)
0
-0.004(3)

U13
-0.0004(12)
0
-0.0012(13)
0
0
-0.008(3)
0.003(3)
0.005(3)
-0.002(2)
-0.002(2)
0
-0.004(3)

U12
0.0053(9)
0.0039(6)
0.0016(10)
0.0047(7)
0.0101(3)
0.0164(8)
-0.0004(11)
0.003(2)
0.005(2)
0.007(2)
0.051(2)
0.008(3)

The selected bond distances and angles for Na3KAl4Si4O16 are listing in Table
6.15. As for the bond lengths between silicon and oxygen, typical distances ranging from
1.58(2) to 1.624(8) Å were observed. Theses distances were distinguishable in
comparison with the bond distances of the oxo-aluminate tetrahedra having lengths
ranging from 1.695(19) to 1.755(7) Å. The internal angles of all four unique tetrahedral
sites have a mean of 109.5°, which is not to say that these tetrahedra are without any
distortion. Looking specifically at Si1 and Al1, two angles are notably larger than their
neighbors; O2 – Si1 – O3 at 111.4(4)° and O4 – Al1 – O6 at 114.6(4)°. These angles are
enlarged due to their positioning at the ends of the oval-shaped six membered rings as
illustrated in Figure 6.20. In the case of both the SiO4 and AlO4 tetrahedra there are two
unique sites for each cation. While Si1 and Al1 reside at unique positions, Si2 and Al2 sit
on the rotation axis at 2b sites. The oxygen bridging between the Si2 and Al2 sites also
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lies on the rotational axis, leading to an undesirable Si – O – Al angle of 180°. There was
no indication that this O5 site was split off the axis, however it was noted that the
anisotropic displacement parameters for this site were very disc-like as seen in Table
6.16.
The general scheme of the structure owes to the composition of two distinct alkali
cations acting to charge balance the tetrahedral ring structures. The formula is like those
discussed earlier with a general formula of AAlSiO4, but with A being represented by
75% sodium and 25% potassium. This is not caused by a disordering of the alkali sites
within the structure, but is rather created through distinct ordering. In the structure of
Na3KAl4Si4O16 there two unique alkali sites, with one located at a special at a 2a site, and
the other occupying a unique position. Both countercharging ions sit within channels
created by the six membered rings inherent to the tridymite structure type. Given that
there are two very distinct types of rings in the structure, the alkali ions are able to order
themselves based on size preference, with the sodium ions taking up the position in the
center of the oval-shaped six-member rings, and the potassium ions located within the
hexagonal rings. Within the oval shaped rings, an average bond distance of 2.673 Å is
observed between sodium and oxygen. The potassium to oxygen bond distances are
noticeably larger, as to be expected, with an average bond distance of 3.003 Å. It is
through this ordering that the formula Na3KAl4Si4O16 can be obtained. This alkali ratio
was further confirmed by use of energy-dispersive X-ray spectroscopy (EDX). Crystals
of good quality were selected and EDX was performed on each individual crystal (Figure
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6.21). The specific crystals were then used for single crystal X-ray diffraction so that
there would be no guesswork as to whether some other disordering effects were at play.
This same structure type has also been seen for crystals containing only sodium as
the countercharging ion. This was also seen as a minor side product in our synthesis of
monoclinic trinepheline. However, in these solutions the sodium atom that occupies the
2a site is seen to have an unfavorable anisotropic displacement parameter. Even though a
smaller ion is occupying the channel, the diameter of the channel shows no significant
change. This is likely the reasoning behind this phase only being a minor side product in
the synthesis of NaAlSiO4. In the case of mixed alkali experiments, this site was shown
to be favorable product even in experiments conducted using a 50/50 ratio of sodium and
potassium nutrients.
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Figure 6.20 - Oval-shaped six-membered ring of Na 3KAl4Si4O16.
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Figure 6.21 - EDX of Na3KAl4Si4O16

Conclusions

Several sodium containing stuffed tridymite derivatives were synthesized and
analyzed for their physical properties. A variety of structural variations were observed
upon minute changes in selected tetrahedral elements and mixing of alkali sources. A
new variation of the trinepheline structure type was seen in the hydrothermal synthesis of
NaAlSiO4. This structure crystalized in the monoclinic setting of P21/n and is unique
from the prior reported monoclinic trinepheline of the same space group.
As the atoms occupying the tetrahedral sites of the base NaAlSiO4 structure were
substituted a modification of the structure was observed. This structural modification had
been observed previously in the case of NaAlGeO4, however such an arrangement had
not been previously seen with the formula NaGaSiO 4. Both structures crystalized in the
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space group setting of P21/n, a third unique structure type in this family of sodium
containing tridymite derivatives.
Upon further variation of the base structure, hydrothermal synthesis was carried
out using a mixture of sodium and potassium nutrient sources. In this experimentation,
the ideal structure of nepheline, having the formula Na3KAl4Si4O16, was synthesized. The
structure crystalized in the noncentrosymmetric space group of P63. The sodium and
potassium cations are ordered between two distinct sites within channels based upon their
special relations to the six membered tetrahedral rings. While the goal of this study is the
development of acentric materials, the synthesis of purely sodium-containing tridymites
produced only centrosymmtric products, despite their structural intrigue. However, the
growth of the mixed alkali species has resulted in the synthesis of an acentric material.
This offers an opportunity to further study of Na3KAl4Si4O16 to determine its SHG
capabilities.
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CHAPTER SEVEN

SYNTHESIS AND CHARACTERIZATION OF POTASSIUM CONTAINING
TRIDYMITE DERIVATIVES

Introduction

As detailed in the previous chapter, the descriptive chemistry of stuffed
derivatives of tridymite has shown to be one of intriguing variation. In looking to the
literature, the structural transformations of this system can vary greatly with respect to
three primary variables.1–10 In the previous chapter, two of these variables, synthetic
technique and substitution of the stuffing alkali, were held constant as the tetrahedral
building blocks of the structure were modified. In this chapter, a similar investigation was
performed, however the stuffing alkali of potassium has been substituted in the place of
sodium.
The investigation of potassium containing tridymite derivatives composed of an
aluminosilicate framework is a subject of sporadic investigation over the last 100 years. 3–
5,11–19

From these studies a variety of structural solutions have been postulated, all having

the formula KAlSiO4. A selection of reported unit cells in these studies is provided in
Table 7.1. One of the earliest of these pursuits into the synthesis of KAlSiO 4 were
performed Bowen in 1917.17 Several synthetic routes were performed at this time. Two
solid-state methods were used, through the crystallization from a silicon rich glass, and
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the use of a potassium tungstate flux. However, in both synthesis contaminations were
noted, as well as some of the larger crystals from the flux having larger refractive indices
than expected. A third synthetic route was employed, using the hydrothermal treatment of
potassium aluminate and potassium silicate at 600°C, by Bowen’s colleague Morey. 20
This method produced small crystals with the expected refractive indices. However, no
X-ray diffraction was performed on these samples, as the technique was still in its
infancy.
With the development X-ray crystallography and new synthetic routes to
KAlSiO4, the cell dimension and symmetry were measured for mineral samples, as well
as synthetic variations and even inadvertently grown upon the walls of a blast furnace. 21–
25

It wasn’t until 1965 that a full refinement of the structure of hexagonal kalsilite was

completed by Perrotta and Smith using a natural sample.11 While previous publications
had assigned the space group of P6322 for the structure, the complete refinement was
found to be in the lower symmetry of P63. The reduction of symmetry was caused by the
ordering of tetrahedral sites between aluminum and silicon, as solutions in the higher
setting were unsatisfactory and there was a notable difference in bond distance to oxygen
at the tetrahedral sites. In this solution the apical oxygen atom, bridging the tetrahedra
along the c-axis, is positioned off the three-fold rotation axis and disordered to satisfy the
disfavorable anisotropic displacement parameters at the site, and avoid having T – O – T
angles of 180°. A refinement of a synthetic sample of KAlSiO4 having P63mc symmetry
was published by Dollase and Freeborn in 1977.5 In their experiments, KAlSiO4 crystals
synthesized by alkali exchange in molten KCl were analyzed and seen to have varying
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intensities of reflections of the type hhl with l-odd. One of the twelve crystals used for Xray diffraction included no reflections of this type, leading to the solution in P6 3mc. The
solution was assumed to form an identical structure to the natural sample refinement done
by Perrota and Smith11, and that the disordered basal oxygen atoms were a product of an
overall domain structure. The structure was then revisited again in 1984 by Andou and
Kawahara4, with an aim to study the formation of the domain structure. From this study
reflections of the type hhl with l-odd were observed and the space group of P63 was
chosen for the refinement. It was noted in their refinements that the basal oxygen atoms
were disordered between mirror equivalent sites and was explained to be an expression of
the domain structure. In that same year, Abbot 26 gave a short review of the structural
relationships among kalsilite groups as well as investigated the structure of kalsilite at
high temperatures. Although no full refinement or unit cell data was reported, three
polymorphs were detailed in the article from P63 to P63mc, and finally P63/mmc. In
response to the lack of experimental data to support the high temperature polymorphs of
KAlSiO4, a full refinement of synthetic kalsilite was performed at 950°C. 12 This phase
transition was seen to be reversible, as the same samples reverted to the P63 setting upon
cooling. Although both this structure and the one reported by Dollase and Freeborne 5 are
reported in the same space group of P63mc, the former creates ideal six membered rings
perpendicular to the c-axis while the later forms ditrigonal rings identical to those seen in
the P63 setting.
From the space groups that are reported for the majority of structures having the
formulation KAlSiO4, a strong tendency to form in an acentric setting can be seen. This is

239

promising for the development of the new second harmonic generating (SHG) crystals, as
this is the key requirement for these materials. Through synthesis under hydrothermal
conditions, a through structural investigation of KAlSiO 4, KAlGeO4, and KGaSiO4 was
accomplished. These crystals were also characterized for their potential use as SHG
crystals.

Table 7.1 - Lattice parameters and space groups for compounds having the
composition KAlSiO4
Space Group

a (Å)

b (Å)

c (Å)

β(°)

Reference

P63

5.161

8.693

11

P63

5.151(5)

8.690(8)

4

P63mc

5.153(5)

8.682(9)

5

P63mc*

5.30(1)

8.65(2)

12

P63

5.1666(1)

8.7123(1)

13

P31c

5.157

8.706

3

P21

15.669(2)

P63

18.1111(8)

9.057(1)

8.621(1)
8.4619(4)

* Measurement taken at 950°C
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90.16(1)

14
15

Hydrothermal Synthesis

Single crystals of KAlSiO4 were synthesized using 0.05 g (0.83 mmol) SiO2
(Strem, 98%) and 0.042 g (0.415 mmol) Al 2O3 (Alfa Aesar, 99.5%). A 0.4 mL solution of
10 M KOH was also added to the ampoule to serve as a dual-purpose mineralizer and
nutrient potassium ion source for the reaction. The reaction was 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. This reaction yielded
two distinct phases as characterized by single crystal X-ray diffraction. Powder X-ray
diffraction (PXRD) revealed predominance of the monoclinic phase, as is shown in
Figure 7.1 The colorless crystals formed as hexagonal plates with sizes as large as 3 mm
in length and 0.3 mm in depth. Several crystals are shown in Figure 7.2a.
The germanate analogue, KAlGeO4, was synthesized using 0.087 g (1.66 mmol)
GeO2 (Hefa, 99.999%) and 0.042 g (0.415 mmol) Al 2O3 (Alfa Aesar, 99.5%). A 0.4 mL
solution of 10 M KOH was also added to the ampoule to serve as a dual-purpose
mineralizer and nutrient sodium source for the reaction. The reaction was 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. This reaction
yielded two distinct phases as characterized by single crystal X-ray diffraction. PXRD
revealed predominance of the monoclinic phase, as is shown in Figure 7.3 The colorless
crystals formed as hexagonal plates with sizes as large as 8 mm in length and 1 mm in
depth. Several crystals are shown in Figure 7.2b.
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Figure 7.1 – PXRD of KAlSiO4
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Figure 7.2 – a. Crystals of KAlSiO4, b. Crystal of KAlGeO4, c. Crystal of KGaSiO4
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Figure 7.3 – PXRD of KAlGeO4

The gallium containing derivative of kalsilite was synthesized under hydrothermal
conditions like the previous two samples. Powders of 0.053 g (0.83 mmol) SiO 2 (Strem,
98%) and 0.09 g (0.415 mmol) Ga2O3 (Alfa Aesar, 99.99%) were added into silver
ampoules sealed on one end, followed by 0.4 mL of a 10 M solution of KOH. The
reactions were heated at 650 °C and 200 MPa for 7 days. After cooling to room
temperature, the resulting crystals were removed and washed with deionized water before
being allowed to air dry. The product of the reaction was shown to be pure KGaSiO 4 by
single crystal X-ray diffraction and by powder X-ray diffraction with column shaped
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crystals as large as 1.3 x 1.0 x 0.7mm with a representative crystal photographed in
Figure 7.2c. The PXRD is presented in Figure 7.4. Atomic coordinates and equivalent
isotropic atomic displacement parameters for structures discussed within this chapter are
provided in Appendix B.17 – B.21.

Figure 7.4 – PXRD of KGaSiO4

The Crystal Structures of KAlSiO4

Single crystal x-ray diffraction of the hydrothermally-synthesized KAlSiO4
showed the phase to crystalize in the noncentrosymmetric setting of P31c. All atoms
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within the structure were refined anisotropically. A final R 1 value of 0.0267 was obtained
for 1492 total reflections, 271 of which were unique. A complete list of the
crystallographic data can be found in Table 7.2.
The chemical formula KAlSiO4 presents itself in nature in the form of the two
minerals kalsilite and kaliophilite. The later of these forms only occur in pyroclastic
deposits, namely those found from Mt. Vesuvius, the relatively close Alban Hill, and Mt.
Nyiragongo in Congo, and has never been solved satisfactorily.

19,27,28

The phase kalsilite

also appears naturally in volcanic rocks and rarely in metamorphic rocks. Of these
kalsilite phases all have been found to occur acentric space groups, ideal for exploration
of new crystals capable of SHG. While the majority of these phases crystalize in the
setting of P63, samples found in a granulite facies gneiss from the Punalur district of
southern India crystalized in the space group of P31c. It was commented that these
samples appeared to be an ultra-pure phase containing almost no sodium contamination.
In the P31c samples the K/Na ratio was found to have a molar ratio close to 350, however
in Perotta and Smith’s original P63 solution the ratio was approximately 50. Synthetic
efforts on this material until now had only delivered the P63 phase. However, most
experiments were carried out via alkali exchange routes and may have still contain
significant amounts of sodium that may have affected the structure. Through our direct
synthesis using the hydrothermal technique with K+ as the only alkali ion present, the
P31c was grown.
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Table 7.2 - Crystallographic Data for KAlSiO 4
Empirical Formula

KAlSiO4

Formula weight, g/mol

158.17

Space group

P31c

a, Å

5.1685(7)

c, Å

8.7443(17)

Volume, Å3

202.29(7)

Z

2

Density (calculated), g/cm3

2.597

Parameters

23

θ range, deg
Reflections

4.55 – 25.98

Collected

1492

Independent

271

Observed, I≥2σ(I)

247

R, int
Final R, obs. Data

0.0222
0.0267

R1
wR2
Final R, all Data

0.0607

R1

0.0290

wR2

0.0623

Goodness of fit of F2

1.160

Flack Parameter

0.38(5)
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Figure 7.5 – Crystal structure of trigonal kalsilite, KAlSiO 4, (P31c) as viewed down
the c-axis. Orange tetrahedra represent SiO 4 groups, Purple tetrahedra represent
AlO4 groups, and silver colored spheres represent potassium.
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Figure 7.6 - Crystal structure of trigonal kalsilite, KAlSiO 4, demonstrating the sixmembered rings along each axis. Orange tetrahedra represent SiO 4 groups, Purple
tetrahedra represent AlO4 groups, and silver spheres represent potassium.
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The general structure of trigonal kalsilite is presented in Figure 7.5. The
aluminosilicate framework of the structure is very similar to that of high tridymite. The
symmetry of the structure is reduced from P63/mmc to P31c due to the ordering of the
tetrahedral sites and the distortion of the six membered rings from an idealized hexagon
to a ditrigonal geometry. The alignment of the tetrahedra maintain the UDUDUD
configuration, where U denotes an upward orientation and D represents a downward
facing orientation. The structure is built of layers of ditrigonal six membered rings
parallel to the ab-plane with the potassium ions residing within the channels created by
the rings. These layers are interconnect through a bridging O1 oxygen atom coordinated
to tetrahedra of the alternate type in an opposing direction. This alternating tetrahedral
array then also creates six membered rings in both the ac and bc planes as is illustrated in
Figure 7.6.
A crystal of trigonal kalsilite may also lead to a solution in the higher symmetry
of P63. In test refinements within the hexagonal setting, less desirable R-values were
obtained; with 0.0290 for the trigonal, compared with 0.0363 for the hexagonal. The key
difference of these solutions is the eclipsing nature of the trigonal with the staggering of
the hexagonal. This leads to disorder in the hexagonal solution, as the structure is truly
trigonal, and a second oxygen assignment must be made to accommodate the remaining
electron density left eclipsed behind it in the receding layer. This additional oxygen site
then, through symmetry, leads to a disordered staggered structure. From here the
structure’s relation to the parent high tridymite structure can become more apparent. If
the two tetrahedral sites in the P63 solution are indistinguishable from one another, then
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the equal disordering of these sites can lead to an even higher symmetry solution in
P63/mmc. This structure then still differs from high tridymite in the disordering of the
oxygen sites, as in the original structure these sites would be staggered with Si – O – Si
angles of 180°. Figure 7.7 illustrates the relation of the trigonal solution to both the
related hexagonal test refinements.
Within the structure itself, typical bonding environments for aluminosilicates are
observed. A selection of bond lengths and angles is presented in Table 7.3. The
tetrahedral environments about the silicon and aluminum sites feature average bonding
distances 1.67 and 1.69 Å respectively as is typically expected, with respective angles of
109.4 and 109.5°. At both tetrahedral sites, slightly larger bond lengths relate the cations
with the apical oxygen sites, while the basal oxygens are all one symmetry related site.
The O – Si – O angles between the apical and the basal oxygen sites is slightly shorter
than the ideal 109.5°, with measurements of 108.0° in the case for both the silicate and
aluminate sites.
The infrared spectrum (IR) of KAlSiO4 is illustrated in Figure 7.8. Two strong,
broad peaks at 983 and 1028 cm-1 are observed in the spectral region where the
antisymmetric Si – O – Al stretching vibrations (950 – 1200 cm-1) are often observed.29,30
The two peaks of medium intensity at 650 and 688 cm-1 appear in a typical region for the
symmetrical Si – O – Al stretching vibrations (600 – 800 cm -1).29,30 The splitting of in
both regions into separate peaks owes to the ordering of the aluminum and silicon sites. 31
Towards the end of the spectrum, four peaks from 409 to 518 cm -1 are observed in the
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region commonly populated by O – Si – O and O – Al – O bending vibrations (400 – 550
cm-1).29,30

Figure 7.7 - Crystal structure of kalsilite, KAlSiO4, as solved in the trigonal setting
of P31c and the hexagonal settings of P63 and P63/mmc.
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Table 7.3 - Selected Bond Distances (Å) and Angles (°) of KAlSiO 4
Bond Distances
1.660(17)
2.9840(4) x3
Si(1) - O(1)
K(1) - O(1)
1.667(4) x3
2.971(4) x3
Si(1) - O(2)
K(1) - O(2)
Mean
1.67
K(1) - O(2)
2.979(4) x3
2.98
Mean
1.676(17)
Al(1) - O(1)
1.689(4) x3
Al(1) - O(2)
1.69
Mean
Bond Angles
O1-Si1-O2
O2-Si1-O2
Mean

108.0(2) x3
110.87(19) x3
109.4

O1-Al1-O2
O2-Al1-O2
Mean

108.0(2) x3
110.94(19) x3
109.5

Figure 7.8 – Infrared spectrum of kalsilite, KAlSiO 4.
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The Crystal Structures of KAlGeO4 and KGaSiO4

As the sizes of the framework tetrahedral building blocks are increased, through
the substitution of germanium in place of silicon or gallium in the place of aluminum, the
overall structure is distorted to allow for this modification. Hydrothermally-synthesized
KAlGeO4 and KGaSiO4 were analyzed by single-crystal diffraction and were shown to
crystalize in the noncentrosymmetric setting of P63. All atoms within the structure were
refined anisotropically. For KAlGeO4 a final R1 value of 0.0338 was obtained for 23558
total reflections, 3321 of which were unique. And with KGaSiO 4 a final R1 value of
0.0409 was obtained for 67599 total reflections, 7537 of which were unique. A complete
list of the crystallographic data can be found in Table 7.4.
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Figure 7.9 – Crystal structure of KAlGeO4 as viewed down the c-axis. Orange
tetrahedra represent GeO4 groups, and purple represents the AlO4 groups. Silver
colored spheres represent potassium.

The structures of KAlGeO4 and KGaSiO4 were found to be isostructural with one
another. An illustration of structure of KAlGeO 4 is presented in Figure 7.9. While the
space group of these structure is P63, which has previously been related to a staggered
modification of the trigonal KAlSiO4 in P31c, the unit cell parameters are much larger.
Whereas in the case of KAlSiO4 a repeat unit of 5.17 Å is seen on the a-axis, however in
the cases of KAlGeO4 and KGaSiO4 this distance has been expanded to 18.42 and 18.20
Å, respectively. KAlGeO4 has been previously published in this setting however, to date
no crystal structure is available for KGaSiO4.32,33 While this cell may seem exceptionally
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large to be related back to the basic structure of tridymite, it is one that has appeared
multiple times throughout the literature.32–38 The need for such a large cell size is brought
upon by the orientation of the tetrahedra within a cell. In a basic tridymite derived
structure the tetrahedra within the six membered rings parallel to the c-axis maintain an
UDUDUD geometry, where U denotes an upward facing tetrahedra and D represents a
tetrahedra in a downward facing orientation. However, within the unit cell of KAlGeO 4
and KGaSiO4 two types of six membered rings are present, with UDUDUD and
UUUDDD rings. The orientation of these rings is drawn in Figure 7.10. There are two
UDUDUD rings within the cell of the structure, surrounding the three-fold rotation axis
and ate each of the corners, about the 63-screw axis. The UUUDDDD rings then position
around the 21-screw axis and regions between the 3- and 63-screw axis. These rings form
layers parallel to the c-axis and are connected to their neighboring layers through the
apical oxygen atoms. The repeating layers form in a staggered fashion, rather than the
eclipsed orientation assumed by trigonal KAlSiO4. The connections to the subsequent
layers formed by the UUUDDD six-membered rings form ten-membered rings just off
the a-axis, as illustrated in Figure 7.11.

256

Figure 7.10 – Single layer of the structure of KAlGeO 4 as viewed down the c-axis.
Purple triangles represent upward facing tetrahedra and green triangles represent
downward facing tetrahedra.
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Figure 7.11 – Single Layer of KAlGeO4 oblique to the a-axis. Orange tetrahedra
represent GeO4 groups, and purple represents the AlO4 groups.

However, while KAlGeO4 and KGaSiO4 require a large cell to accommodate two
different ring conformations this can still be accomplished with a ≈ 18 Å. For example,
RbMnVO4 has been solved in P63 with a ≈ 11.26 Å and the extended lattice is almost
identical to that of the larger cells. But in such a solution the apical oxygen at the 2b site
tends to have very broad anisotropic displacement parameters or be split over three sites.
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In splitting off the three-fold rotation axis, the T – O – T bond angle can drift away from
an undesirable 180°. If the cell is then tripled by the expansion of the a-axis by √3 then
the split oxygen sites can be moved away from the three-fold rotation axis and allows
them to be ordered within the structure. This modification is illustrated in Figure 7.12.

Figure 7.12 – Expansion of the unit cell of KAlGeO4. Orange tetrahedra represent
GeO4 groups, and purple represents the AlO4 groups.
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Within the tetrahedral framework, bonding environments typical of silicates,
germinates, aluminates, and gallates are observed. A selection of the bond lengths and
angles for KAlGeO4 and KGaSiO4 is provided in Tables 7.5 – 7.8. In KAlGeO4, bond
lengths from the aluminum and germanium to oxygen average at 1.75 and 1.74 Å
respectively, as is typically expected in a tetrahedral bonding environment about the
cations. For all AlO4 and GeO4 sites in the structure, O – T – O angles have an average of
109.5°. As for KGaSiO4, bond lengths from gallium and silicon to oxygen were as to be
expected, having average lengths of 1.82 and 1.63 Å respectively. Looking at the interior
O – T – O angles of the GaO4 and SiO4 tetrahedra, ideal angles of 109.5° are observed.
While in KAlSiO4 there was a notable difference in the angle between the apical and
basal oxygen atoms, this does not appear to be the case for KAlGeO4 and KGaSiO4. This
is likely due to the cantering off the ab-plane caused by the increased size of the
tetrahedral anions, as is shown in Figure 7.12. The potassium in the structure resides
within the channels formed along the c-axis by the tetrahedral framework and act as
countercharging ions. The sites K1, K2, and K3 are located within irregular six and seven
coordinate polyhedral with bond distances ranging from 2.670 to 3.424 Å. K4, K5, and
K6 sit at special positions and are coordinated to three symmetry related oxygens three
times, forming a tri-capped octahedron with bond distances to oxygen ranging from 2.828
to 3.119 Å.
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Table 7.4 - Crystallographic Data for KAlGeO4 and
KGaSiO4
Empirical Formula

KAlGeO4

KGaSiO4

Formula weight

202.67

200.91

Space group

P63

P63

a, Å

18.424(3)

18.1966(3)

c, Å

8.626(2)

8.5322(3)

Volume, Å3

2535.8(11)

2446.65(12)

Z

24

24

Density (calculated), Mg/m3

3.185

3.273

Parameters
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θ range, deg
Reflections

2.55 – 25.98

2.58 – 35.67

Collected

23558

67599

Independent

3321

7537

Observed, I≥2σ(I)

3237

6296

0.0744

0.0641

0.0338

0.0409

0.0886

0.0804

R1

0.0349

0.0587

wR2

0.0898

0.0845

Goodness of fit of F2

1.119

1.140

Flack Parameter

0.084(17)

0.056(4)

R, int
Final R, obs. Data
R1
wR2
Final R, all Data
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Table 7.5 - Selected Bond Distances (Å) of KAlGeO4
1.753(6)
1.745(6)
Al(1) - O(1)
Ge(2) - O(5)
1.752(6)
Al(1) - O(2)
Ge(2) - O(10) 1.730(6)
Al(1) - O(3)
1.751(6)
Ge(2) - O(12) 1.736(6)
1.759(6)
Al(1) - O(4)
Ge(2) - O(15) 1.744(6)
1.75
1.74
Mean
Mean
Al(2) - O(5)
Al(2) - O(6)
Al(2) - O(7)
Al(2) - O(8)
Mean

1.746(7)
1.744(6)
1.772(6)
1.747(6)
1.75

Ge(3) - O(6)
Ge(3) - O(8)
Ge(3) - O(9)
Ge(3) - O(14)
Mean

1.739(6)
1.740(6)
1.741(6)
1.738(6)
1.74

Al(3) - O(9)
Al(3) - O(10)
Al(3) - O(11)
Al(3) - O(12)
Mean

1.746(7)
1.749(6)
1.763(7)
1.747(6)
1.75

Ge(4) - O(1)
Ge(4) - O(2)
Ge(4) - O(3)
Ge(4) - O(16)
Mean

1.740(6)
1.735(5)
1.730(6)
1.747(6)
1.74

Al(4) - O(13)
Al(4) - O(14)
Al(4) - O(15)
Al(4) - O(16)
Mean

1.721(11)
1.747(6)
1.752(6)
1.757(7)
1.74

Ge(1) - O(4)
Ge(1) - O(7)
Ge(1) - O(11)
Ge(1) - O(13)
Mean

1.743(6)
1.738(6)
1.730(6)
1.692(9)
1.73

K(1) - O(2)
K(1) - O(4)
K(1) - O(8)
K(1) - O(11)
K(1) - O(13)
K(1) - O(15)
K(1) - O(16)
Mean

2.706(6)
3.424(7)
2.749(6)
2.748(6)
3.250(8)
3.423(7)
2.737(6)
3.01
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K(2) - O(1)
K(2) - O(4)
K(2) - O(7)
K(2) - O(9)
K(2) - O(15)
K(2) - O(16)
Mean

2.743(6)
2.685(6)
3.247(7)
2.746(6)
2.677(6)
3.392(7)
2.92

K(3) - O(5)
K(3) - O(7)
K(3) - O(12)
K(3) - O(14)
K(3) - O(14)
K(3) - O(15)
Mean

2.747(6)
2.670(7)
2.746(6)
2.808(7)
3.296(7)
3.366(7)
2.94

K(4) - O(5)
K(4) - O(6)
K(4) - O(10)
Mean

3.119(6) x3
3.097(7) x3
2.853(7) x3
3.02

K(5) - O(1)
K(5) - O(3)
K(5) - O(3)
Mean

3.094(6) x3
2.828(6) x3
3.097(7) x3
3.01

K(6) - O(6)
K(6) - O(9)
K(6) - O(10)
Mean

2.839(6) x3
3.080(6) x3
3.095(7) x3
3.00

Table 7.6 - Selected Bond Angles (°) of KAlGeO4
O1-Al1-O2
106.9(3)
O4-Ge1-O7
108.6(3)
O1-Al1-O3
108.6(3)
O4-Ge1-O11
108.1(3)
113.7(3)
108.0(3)
O1-Al1-O4
O4-Ge1-O13
113.5(3)
110.1(3)
O2-Al1-O3
O7-Ge1-O11
105.6(3)
108.4(3)
O2-Al1-O4
O7-Ge1-O13
108.6(3)
113.5(3)
O3-Al1-O4
O11-Ge1-O13
109.5
109.5
Mean
Mean
O5-Al2-O6
O5-Al2-O7
O5-Al2-O8
O6-Al2-O7
O6-Al2-O8
O7-Al2-O8
Mean

107.0(3)
111.8(3)
109.1(3)
109.9(3)
108.7(3)
110.2(3)
109.5

O5-Ge2-O10
O5-Ge2-O12
O5-Ge2-O15
O10-Ge2-O12
O10-Ge2-O15
O12-Ge2-O15
Mean

108.2(3)
106.8(3)
113.5(3)
111.7(3)
110.9(3)
105.8(3)
109.5

O9-Al3-O10
O9-Al3-O11
O9-Al3-O12
O10-Al3-O11
O10-Al3-O12
O11-Al3-O12
Mean

106.8(3)
109.9(3)
109.2(3)
111.1(3)
109.1(3)
110.7(3)
109.5

O6-Ge3-O8
O6-Ge3-O9
O6-Ge3-O14
O8-Ge3-O9
O8-Ge3-O14
O9-Ge3-O14
Mean

111.2(3)
108.5(3)
110.4(3)
106.6(3)
108.1(3)
111.9(3)
109.5

O13-Al4-O14
O13-Al4-O15
O13-Al4-O16
O14-Al4-O15
O14-Al4-O16
O15-Al4-O16
Mean

112.4(4)
105.4(3)
108.2(3)
109.0(3)
110.6(3)
111.2(3)
109.5

O1-Ge4-O2
O1-Ge4-O3
O1-Ge4-O16
O2-Ge4-O3
O2-Ge4-O16
O3-Ge4-O16
Mean

108.4(3)
107.0(3)
111.1(3)
108.8(3)
110.2(3)
111.3(3)
109.5
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Table 7.7 - Selected Bond Distances (Å) of KGaSiO4
1.822(4)
Ga(1) - O(1)
Si(2) - O(10) 1.626(4)
1.826(4)
Ga(1) - O(2)
Si(2) - O(11) 1.629(4)
Ga(1) - O(3)
1.812(3)
Si(2) - O(12) 1.619(4)
1.819(4)
Ga(1) - O(4)
Si(2) - O(15) 1.636(4)
1.82
1.63
Mean
Mean
Ga(2) - O(5)
Ga(2) - O(6)
Ga(2) - O(7)
Ga(2) - O(8)
Mean

1.814(4)
1.812(3)
1.813(4)
1.825(4)
1.82

Si(3) - O(2)
Si(3) - O(6)
Si(3) - O(7)
Si(3) - O(14)
Mean

1.620(4)
1.635(4)
1.627(4)
1.628(4)
1.63

Ga(3) - O(9)
Ga(3) - O(10)
Ga(3) – O(11)
Ga(3) - O(12)
Mean

1.827(4)
1.823(3)
1.815(4)
1.816(3)
1.82

Si(4) - O(3)
Si(4) - O(4)
Si(4) - O(8)
Si(4) - O(16)
Mean

1.627(4)
1.623(4)
1.612(4)
1.630(4)
1.62

Ga(4) - O(13)
Ga(4) - O(14)
Ga(4) - O(15)
Ga(4) - O(16)
Mean

1.780(5)
1.827(4)
1.823(4)
1.823(4)
1.81

Si(1) - O(1)
Si(1) - O(5)
Si(1) - O(9)
Si(1) - O(13)
Mean

1.622(4)
1.626(4)
1.636(4)
1.586(13)
1.62

K(1) - O(7)
K(1) - O(9)
K(1) - O(12)
K(1) - O(13)
K(1) - O(15)
K(1) - O(16)
Mean

2.716(4)
2.713(4)
2.711(4)
3.225(5)
3.221(4)
2.731(4)
2.89
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K(2) - O(1)
K(2) - O(8)
K(2) - O(9)
K(2) - O(10)
K(2) - O(14)
K(2) - O(15)
K(2) - O(16)
Mean

2.652(4)
2.733(4)
3.217(4)
2.724(3)
3.302(4)
2.688(4)
3.364(4)
2.95

K(3) - O(1)
K(3) - O(2)
K(3) - O(4)
K(3) - O(5)
K(3) - O(5)
K(3) - O(14)
Mean

3.221(4)
2.736(4)
2.719(4)
2.767(4)
3.325(5)
2.660(4)
2.90

K(4) - O(2)
K(4) - O(3)
K(4) - O(6)
Mean

3.048(3) x3
2.839(4) x3
3.079(4) x3
2.99

K(5) - O(10)
K(5) - O(11)
K(5) - O(11)
Mean

3.086(3) x3
2.804(4) x3
3.055(4) x3
2.98

K(6) - O(3)
K(6) - O(6)
K(6) - O(8)
Mean

3.070(4) x3
2.822(4) x3
3.026(3) x3
2.97

Table 7.8 - Selected Bond Angles (°) of KGaSiO 4
O1-Ga1-O2
115.20(16)
O1-Si1-O5
108.2(2)
O1-Ga1-O3
110.98(17)
O1-Si1-O9
109.3(2)
103.67(17)
109.6(2)
O1-Ga1-O4
O1-Si1-O13
106.97(17)
109.8(2)
O2-Ga1-O3
O5-Si1-O9
106.22(17)
111.8(2)
O2-Ga1-O4
O5-Si1-O13
113.90(18)
109.6(2)
O3-Ga1-O4
O9-Si1-O13
109.5
109.7
Mean
Mean
O5-Ga2-O6
O5-Ga2-O7
O5-Ga2-O8
O6-Ga2-O7
O6-Ga2-O8
O7-Ga2-O8
Mean

110.34(17)
106.65(18)
112.89(17)
113.13(18)
107.39(17)
106.47(17)
109.5

O10-Si2-O11
O10-Si2-O12
O10-Si2-O15
O11-Si2-O12
O11-Si2-O15
O12-Si2-O15
Mean

108.6(2)
107.8(2)
111.96(19)
112.3(2)
108.6(2)
107.70(19)
109.4

O9-Ga3-O10
O9-Ga3-O11
O9-Ga3-O12
O10-Ga3-O11
O10-Ga3-O12
O11-Ga3-O12
Mean

112.19(16)
111.46(17)
110.03(18)
106.82(16)
107.86(17)
108.31(16)
109.4

O2-Si3-O6
O2-Si3-O7
O2-Si3-O14
O6-Si3-O7
O6-Si3-O14
O7-Si3-O14
Mean

108.0(2)
109.5(2)
110.5(2)
108.81(19)
109.4(2)
110.5(2)
109.5

O13-Ga4-O14
O13-Ga4-O15
O13-Ga4-O16
O14-Ga4-O15
O14-Ga4-O16
O15-Ga4-O16
Mean

107.74(18)
106.28(18)
113.37(19)
108.66(17)
110.68(18)
109.91(17)
109.4

O3-Si4-O4
O3-Si4-O8
O3-Si4-O16
O4-Si4-O8
O4-Si4-O16
O8-Si4-O16
Mean

109.0(2)
108.4(2)
109.9(2)
109.7(2)
110.4(2)
109.3(2)
109.5
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The IR spectra of KAlGeO4 and KGaSiO4 are presented in Figures 7.13 and 7.14
respectively. In KAlGeO4, two broad stretches appear with defined peaks at 839 and
1028 cm-1. As with KAlSiO4, these frequencies can be linked to stretching vibrations
with a notable shift in the lower of the two frequencies as silicon is substituted for
germanium.39 The next region of importance in the vibrational spectra shows two peaks
of moderate intensity at 561 and 607 cm-1. These corelate to the Al – O – Ge bending
modes, with an expected shift to lower energy, once more due to the presence of
germanium rather than silicon. The rocking vibrations appear as the spectra approaches
400 cm-1, however some of these peaks may appear below the threshold of the
instrument. The second variation of this structure opts to substitute gallium in the place of
aluminum. The Ga – O – Si stretching bands are seen at 935 and 1101 cm -1. While the
bending modes appear around 602 cm-1. The rocking vibrations of KaGaSiO4 appear
below 474 cm-1. As with KAlGeO4, these vibrations see a shift to lower energy as
expected.39

266

Figure 7.13 – IR spectrum of KAlGeO4.
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Figure 7.14 – IR spectrum KGaSiO4.
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The Crystal Structure of Sub-Potassic Kalsilite, Na0.25K0.75AlSiO4

In this chapter, the size effect of individual tetrahedral elements has been
investigated why the alkali “stuffing” ion that acts as countercharge to the tetrahedral
framework has remained constant. But, as was noticed in the previous chapter, the size of
the alkali can also drive structural modifications. In the structure of ideal nepheline,
Na3KAl4Si4O16, a mixed alkali solution having a sodium to potassium ratio of 3:1 is
observed, as was discussed in chapter six. However, when a stoichiometric mixture of
silicon oxide and aluminum oxide was reacted hydrothermally with sodium hydroxide
and potassium hydroxide in a 1:3 ratio another phase was produced. This reaction was
performed under the same conditions as was used in the synthesis of the prior potassiumcontaining tridymite derivatives. Single crystal x-ray diffraction of the resultant crystals
was solved as Na0.25K0.75AlSiO4 in the noncentrosymmetric setting of P63. All atoms
within the structure were refined anisotropically. A final R 1 value of 0.0355 was obtained
for 1899 total reflections, of which 288 were unique. A complete list of the
crystallographic data can be found in Table 7.9.
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Figure 7.15 - Crystal structure of Na0.25K0.75AlSiO4 as viewed down the c-axis.
Orange tetrahedra represent SiO 4 groups, and purple represents the AlO4 groups.
Silver atoms represent sodium and black atoms represent potassium.
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The structure of Na0.25K0.75AlSiO4 is drawn in Figure 7.15. The cell dimensions of
Na0.25K0.75AlSiO4 have only slightly decreased dimensions to that of the trigonal
KAlSiO4 discussed early in the chapter. The key difference to note is the change in
conformation from an eclipsed to staggered arrangement of the Si and Al tetrahedra. As
has been noticed previously in the case of Na3KAl4Si4O16, the series of tridymite related
structures can face significant structural modification with only minute changes in its
structural composition. This structure shows that even the smallest of changes in the
countercharging alkali size can have an overall effect on the framework that forms
around it. With the substitution of one quarter of the nutrient potassium source replaced
with sodium, a small change in the crystal radius can be calculated as 0.08 Å when
compared with only potassium. In comparing the alkali bond distances to oxygen in our
solutions of Na0.25K0.75AlSiO4 and KAlSiO4, a decrease in distance can be seen from
looking at Tables 7.10 and 7.3. However, it is not as large as may be expected from the
prior calculation. Instead, the sodium ion is allowed greater mobility within a site that
must be also occupied at other times by potassium. As the averaging between the alkali
assuming the same position leads to a smaller coordination environment, and causes the
framework to twist from an eclipsed conformation to a staggered one. The coordination
of the alkali sites in Na0.25K0.75AlSiO4 and KAlSiO4 is compared in Figure 7.16.
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Figure 7.16 - Potassium environment in Na0.25K0.75AlSiO4 (a,c) and KAlSiO4 (b,d)

As with the potential of a hexagonal solution of trigonal KAlSiO4, a test
refinement of Na0.25K0.75AlSiO4 was performed in P31c. This test refinement lead to
unfavorable soliton with an R-value of 0.0980. This poor solution is brought about by the
same line of reasoning as to why KAlSiO4 could not be reasonably solved in P63. In the
trigonal solution, the basal oxygen sites are not repeated in a staggered fashion an
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additional oxygen site must be added to ensure a staggered solution, with both basal
oxygen sites partially disordered.
Selected bond distances and angles for Na0.25K0.75AlSiO4 is provided in Table
7.10. The tetrahedral bonding environments of aluminum and silicon in the structure are
both slightly distorted from their expected values, though not at an unreasonable amount.
Despite the Al – O bonds being slightly shorter than expected, and the Si – O bonds being
slightly longer than expected, the sites can be reasonably ordered. At both sites the basal
bond oxygen atoms are at 1.672(8) Å, however distinction between the sites can be made
from their respective bond distances to the apical oxygen, at 1.70(4) Å for aluminum and
1.61(4) Å for silicon. The geometries within both sites have O – T – O angles averaging
109.5°. Within both tetrahedra slightly longer angles are seen between the basal oxygens,
111.0(6)° for aluminum and 110.8(6)° for silicon, while the angles between the apical
oxygens and the basal are slightly shorter at 107.9(6)° for aluminum and 108.1(6)°.
Tridymite’s structural dependence on the size of the stuffing alkali is
demonstrated in looking at the minute variation of alkali size, as has been demonstrated
in the variation of sodium and potassium ratios with the framework held constant as
aluminosilicates. A progression of this is illustrated in Figure 7.17. At the smallest of the
alkali sites, with only sodium present, the six membered rings that typify this system
form only in the oval-shaped variant. As potassium is introduced into the reaction, it is
unable to fit within these channels that form around sodium and instead form an ordered
structure with potassium residing in larger, more hexagonal six-membered ring. When
the ratio of sodium and potassium is reversed, the ordering within the structure is lost and

273

as the alkali now are seated inside of alternating ditrigonal rings that progress in a
staggered fashion. As the size is further increased to only include potassium into the
channels the staggering of the ditrigonal rings changes to an eclipsed confirmation.

Figure 7.17 - Effect of alkali substitution from sodium to potassium
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Table 7.9 - Crystallographic Data for Na0.25K0.75AlSiO4
Empirical Formula

Na0.25K0.75AlSiO4

Formula weight, g/mol

154.14

Space group

P63

a, Å

5.1543(7)

c, Å

8.6927(17)

Volume, Å3

200.00(7)

Z

1

Density (calculated), g/cm3

1.280

Parameters

23

θ range, deg
Reflections

4.57 – 26.58

Collected

1899

Independent
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Observed, I≥2σ(I)

250

R, int
Final R, obs. Data

0.0389

R1

0.0355
0.0978

wR2
Final R, all Data
R1

0.0415

wR2

0.1019

Goodness of fit of F2

1.181

Flack Parameter

0.3(3)
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Table 7.10 - Selected Bond Distances (Å) and Angles (°) of
Na0.25K0.75AlSiO4
Bond Distances
1.61(4)
2.9763(9) x3
Si(1) - O(1)
Na/K(1) - O(1)
1.672(8) x3
2.958(17) x3
Si(1) - O(2)
Na/K(1) - O(2)
Mean
1.66
Na/K(1) - O(2)
2.970(18) x3
2.97
Mean
1.70(4)
Al(1) - O(1)
1.672(8) x3
Al(1) - O(2)
1.68
Mean
Bond Angles
O1-Si1-O2
O2-Si1-O2
Mean

108.1(6) x3
110.8(6) x3
109.5

O1-Al1-O2
O2-Al1-O2
Mean

107.9(6) x3
111.0(6) x3
109.5

Physical Properties

The thermal stability of any new material must be considered to discern its
possible applications. Looking to past literature dealing with natural, trigonal samples of
KAlSiO4 there has been shown to be a phase transition from the trigonal to hexagonal
phase upon heating.40 Using our synthetic sample, differential scanning calorimetry
(DSC) was employed to see if and where such a transition may occur and is illustrated in
Figure 7.18. From the DSC study, two transitions are observed, one irreversible and one
reversible. The reversible phase transition is believed to be the transition to the P63mc
phase at high temperatures as reported by Kawahara, et al. 12 The irreversible transition
correlates well with the results of Cellai,40 showing a broad transformation occurring
from around 200 to 500 °C. Powder patterns taken both before and after heating reveal
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the phase transition from P31c to P63. While the powder patterns for these two phases
look remarkably similar, in the setting of P31c the hhl, l = odd reflections are
systematically absent. Thus, as the trigonal sample is heated, the 111, 113, and 115
reflections appear as the phase transitions into the hexagonal setting. This is
demonstrated in Figure 7.19, using our synthetic KAlSiO4 both before and after heating
along with their calculated plots. Upon heating single crystals of KAlSiO4, several
remained intact and single crystal X-ray diffraction could be performed. The structure
was solved in the setting of P63 with final R1 value of 0.0304 was obtained for 2161 total
reflections, of which 336 were unique. A complete list of the crystallographic data can be
found in Table 7.11.

Figure 7.18 - DSC of KAlSiO4
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Figure 7.19 - PXRD of a: experimental P31c KAlSiO4; b: calculated P31c KAlSiO4;
a: experimental P63 KAlSiO4; b: calculated P63 KAlSiO4
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Table 7.11 - Crystallographic Data for Hexagonal
KAlSiO4 after heat treating
Empirical Formula

KAlSiO4

Formula weight, g/mol

158.17

Space group

P63

a, Å

5.1654(3)

c, Å

8.7175(6)

Volume, Å3

201.43(3)

Z

2

Density (calculated), g/cm3

2.608

Parameters

24

θ range, deg
Reflections

4.56 – 28.18

Collected

2161

Independent

336

Observed, I≥2σ(I)

329

R, int
Final R, obs. Data

0.0681
0.0304

R1
wR2
Final R, all Data

0.0766

R1

0.0311

wR2

0.0769

Goodness of fit of F2

1.219

Flack Parameter

0.3(5)
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Figure 7.20 - Crystal structures of (a) trigonal and (b) hexagonal KAlSiO 4 as viewed
down the c-axis. Orange tetrahedra represent SiO 4 groups, and purple represents
the AlO4 groups. Silver colored spheres represent potassium atoms.

As mentioned during the description if the structure of trigonal KAlSiO4, the
structural differences between the trigonal and hexagonal phases hinge on the orientation
of the tetrahedra between the layers of the structure. An illustration of the general
structure of hexagonal KAlSiO4 is provided in Figure 7.20. Just as the eclipsed
arrangement of the P31c phase may be mistaken for a disordered, staggered P63 solution,
the inverse of the very same argument is also true. A test refinement of the heat-treated
crystal was performed in P31c and was found to have a slightly worse R1 value of
0.0425. Along with the increasing R1 value came the necessity to disorder the basal
oxygen sites due to the proximity of the sites and to maintain charge balance. The bond
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distances and angles within the structure differ only slightly from those in the trigonal
setting and are provided in Table 7.12.

Table 7.12 - Selected Bond Distances (Å) and Angles (°) of Hexagonal
KAlSiO4
Bond Distances
1.61(2)
Si(1) - O(1)
K(1) - O(1) 2.9834(3) x3
1.639(5) x3
Si(1) - O(2)
K(1) - O(2) 2.940(9) x3
Mean
1.63
K(1) - O(2) 2.999(9) x3
2.97
Mean
1.72(2)
Al(1) - O(1)
1.713(5) x3
Al(1) - O(2)
1.71
Mean
Bond Angles
O1-Si1-O2
O2-Si1-O2
Mean

107.8(3) x3
111.1(3) x3
109.5

O1-Al1-O2
O2-Al1-O2
Mean

108.0(3) x3
110.9(3) x3
109.5

Optical Properties

As one of the key motivations for this research is the potential application of these
crystals as second harmonic generators (SHG) in the ultraviolet (UV) region, it is
paramount that the optical characteristics of these acentric materials be investigated.
Through employment of diffuse reflectance, an approximation of an optical materials
band gap can be approximated.41 Diffuse reflectance measurements were performed on
KAlSiO4, KAlGeO4, and KGaSiO4 and presented in Figure 7.21. For all three of these
materials, absorption begins to occur at 300 nm (4.1 eV). This is slightly higher than had
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been hoped for these materials. Compared with α-quartz, which has a band-gap of 197
nm (6.3 eV), the absorption edges of these kalsilite-based crystals are lower in energy. 42
There are two main points to consider in this situation. First, it may be that the
interactions of feldspars consisting of a combination of trivalent and tetravalent elements
are lower in energy than those of a purely silicon containing structure like quartz. And
second the arrangement of the tetrahedral oxides within the structure play a role in
determining its band-gap.43 While quartz is also predominantly composed of sixmembered rings, these rings have different shape than is seen with any of these kalsilite
related crystals.

Figure 7.21 - Diffuse reflectance of KAlSiO 4, KAlGeO4, and KGaSiO4
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Equally important to a potential SHG material, is that it must be able to phase
match. While a material must contain the appropriate symmetry scheme, characteristic to
a small group of acentric space groups, it is not simply enough to produce frequency
doubled beam.44 For the crystal to be useful in SHG applications, it must possess type-1
phase matching. If this is not inherent to the crystal then the irregular phase relationship
of the generated and propagating waves will not lead to any meaningful efficacy as a
potential SHG crystal.45 Using the technique known as the Kurtz experiment, it can be
deciphered if a material possess type-1 phase matching.46 If a material continues to
produce more intense SHG as the particle size is increased then the material is phase
matching. This experiment was performed on KAlSiO4, KAlGeO4, and KGaSiO4. The
graph for KAlSiO4 is shown in Figure 7.22. This plot is characteristic demonstrates that
KAlSiO4 is a phase matching crystal. Also from this method, a relative efficiency can be
established by comparing the SHG ability of a standard of like particle size with an
experimental sample. It is from this that KAlSiO4 can be shown to have an efficiency of
22% relative to that of the common NLO material KDP (KH 2PO4).
As this experiment was performed on KAlGeO4, and KGaSiO4, it was found that
both these materials showed very weak SHG ability across the entire range of particle
size. Similar plots for KAlSiO4 could not be created due to the lack of signal strength.
That the signal strength continued to be weak no matter the particle size is indicative that
these crystals are not phase matching. However, the presence of some amount of SHG
confirms their acentric space group.
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Figure 7.22 - Kurtz Experiment of KAlSiO4

Conclusions

A small variety of stuffed tridymite derivatives were synthesized focusing on the
use of potassium as the stuffing alkali. These materials correlate to the natural mineral
kalsilite. In comparing our hydrothermally synthesized KAlSiO4 with other crystals
having the same formulation, it is clear that the synthetic method plays a key role in
determining whether the trigonal or hexagonal phase would form. The transformation
from trigonal to hexagonal was also demonstrated upon heating. It was found that as
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either of the tetrahedral elements of the basic feldspar structure were substituted for
larger elements the structure undergoes a transformation to make the appropriate
accommodations to the change in size of the tetrahedra.
It was found that all three of these materials showed good transparency to 300
nm. Upon performing the Kurtz experiment, it was discovered that KAlSiO 4 is type-1
phase matching and has a relative efficiency of 22% when compared with KDP.
KAlGeO4 and KGaSiO4 were shown to be able to produce SHG, confirming their
acentricity. However, these materials are not likely to be useful type-1 phase matching
materials due to their weak NLO coefficients.
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CHAPTER EIGHT

SYNTHESIS AND CHARACTERIZATION OF RUBIDIUM AND CESIUM
CONTAINING TRIDYMITE DERIVATIVES

Introduction

In carrying on with the investigation from the two previous chapters, the
descriptive chemistry of stuffed tridymite derivatives continues to prove one of intricate
structural variations. As with the previous experimentation, the three variables that
determine these frameworks were tuned and their structures analyzed. These three
variables being: the synthetic technique used, the substitution of the tetrahedral building
blocks, and the use of various stuffing alkali. While keeping the first of these variables
constant in our studies, the latter two have proved that some of the smallest of changes
can have a large effect on the overall structure in this system. While some of these
structures have been investigated in the literature,1–9 the research can be expanded
through investigation of optical properties, synthesis using hydrothermal technique, and
improved crystallographic analysis.
In replacing the alkali that serves to act as a counter-charging ion, from sodium to
potassium, significant structural modification was necessary to accommodate the size
change. This is not too surprising, as the size of potassium is reasonably larger than that
of sodium, with a difference of 0.31 Å in a nine-coordinate environment. 10 However, the
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step from potassium to rubidium is a much smaller increase, only seeing a 0.08 Å
between the two.10 The similar crystal radii of these ions previously led to several
isostructural compounds that substitute one alkali for the other. 11–13 Such similar size
would lead one to believe that substituting rubidium in the place of potassium would have
little influence on the overall structure. However, in the case of stuffed tridymite
derivatives the literature tells a different story. The structure of RbAlSiO 4 was initially
investigated by Klaska and Jarchow14 and was found to adopt neither the hexagonal or
trigonal solutions of KAlSiO4. Instead, RbAlSiO4 breaks from the stuffed tridymite
structure and takes up an orthorhombic arrangement in the ABW structure type. 15,16 This
structure type may still be seen as a related structure to that of tridymite. The main
structural difference between these types is the orientation of the tetrahedra that make up
the six membered rings of the framework. In a normal tridymite-type structure these
tetrahedra alternate in an UDUDUD arrangement, with U denoting an upward facing
orientation and D representing a downward facing tetrahedra. However, in an ABW
structure type this arrangement has changed to an UUUDDD layout. This difference is
illustrated in Figure 8.1.
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Figure 8.1 – Framework of tridymite-related species. a) Framework
featuring UDUDUD conformation and relation of the hexagonal and
orthohexagonal cells. b) ABW-type framework
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Although the change from potassium to rubidium has shown to cause a significant
change in structure stemming from such a small change in size, the change from
rubidium to cesium is an entirely different story. While the step in size from rubidium to
cesium is almost twice that of potassium to rubidium at a difference of 0.15 Å 10, the prior
literature regarding CsAlSiO4 reports the structure as being isostructural with that of
RbAlSiO4.9,17 In this chapter we will be utilizing the acentric nature of this series to
produce new materials that may be useful as non-linear optical materials. The syntheses
of various rubidium and cesium containing tridymite derivatives were performed,
structurally characterized, and their optical properties investigated.

Hydrothermal Synthesis

Single crystals of RbAlSiO4 were synthesized using 0.05 g (0.83 mmol) SiO2
(Strem, 98%) and 0.042 g (0.415 mmol) Al 2O3 (Alfa Aesar, 99.5%). A 0.4 mL solution of
10 M RbOH was also added to the ampoule to serve as a dual-purpose mineralizer and
nutrient sodium source for the reaction. The reaction was 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. The reaction produced RbAlSiO 4 as
a phase pure product as characterized by powder X-ray diffraction (PXRD) in Figure 8.2.
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Figure 8.2 – PXRD of RbAlSiO4

The synthesis of RbAlGeO4 was also accomplished using hydrothermal
technique. A silver ampoule was welded on one end and was filled with 0.087 g
(1.66 mmol) GeO2 (Hefa, 99.999%) and 0.042 g (0.415 mmol) Al2O3 (Alfa Aesar,
99.5%). Also to the ampoule, 0.4 mL of a 10 M solution of RbOH was added, which
acted as a dual-purpose mineralizer and source of sodium, the ampoules were sealed and
placed within a Tuttle cold seal autoclave at 650 °C and 200 MPa for 7 days. Crystals
from the reaction were removed after cooling to room temperature and were washed with
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deionized water, then allowed to air dry. The product of this reaction yielded RbAlGeO 4
as a phase pure product, as characterized by PXRD in Figure 8.3.

Figure 8.3 – PXRD of RbAlGeO4 and RbGaSiO4

The gallium substituted derivative, RbGaSiO4 under hydrothermal conditions like
the previous two samples. Powders of 0.053 g (0.83 mmol) SiO2 (Strem, 98%) and 0.09 g
(0.415 mmol) Ga2O3 (Alfa Aesar, 99.99%) were placed in silver ampoules sealed on one
end, followed by 0.4 mL of a 10 M solution of RbOH. The reactions were heated at
650 °C and 200 MPa for 7 days. After cooling to room temperature, the resulting crystals
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were removed and washed with deionized water before being allowed to air dry. The
product of the reaction was shown to be pure RbGaSiO4 by single crystal X-ray
diffraction and by PXRD, as illustrated in Figure 8.3.
The cesium analogues were synthesized in the same manner; however,
cesium hydroxide was now used in place of rubidium hydroxide. Single crystals of
CsAlSiO4 were synthesized using 0.05 g (0.83 mmol) SiO2 (Strem, 98%) and 0.042 g
(0.415 mmol) Al2O3 (Alfa Aesar, 99.5%). The synthesis of CsAlGeO4 was performed
with 0.087 g (1.66 mmol) GeO2 (Hefa, 99.999%) instead of SiO2. For both reactions
10 M CsOH was used as duel-purpose mineralizer and cesium nutrient source. The
synthesis of CsGaSiO4 was carried out using a 2 : 1 ratio of Ga : Si and a more
concentrated mineralizer in order to avoid the formation of CsGaSi 2O6. The synthesis
consisted of 0.038 g (0.63 mmol) SiO2 (Strem, 98%) and 0.118 g (0.63 mmol) Ga2O3
(Alfa Aesar, 99.99%) and 20 M CsOH. In all three syntheses the reactions were heated at
650 °C and 200 MPa for 7 days. After cooling to room temperature, the resulting crystals
were removed and washed with deionized water before being allowed to air dry. The
products of the reactions were determined to be phase pure by single crystal X-ray
diffraction and by PXRD, as illustrated in Figures 8.4, 8.5, and 8.6 for CsAlSiO 4,
CsAlGeO4, and CsGaSiO4 respectively. Atomic coordinates and equivalent isotropic
atomic displacement parameters for structures discussed within this chapter are provided
in Appendix B.22 – B.27.
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Figure 8.4 – PXRD of CsAlSiO4
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Figure 8.5 – PXRD of CsAlGeO4
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Figure 8.6 – PXRD of CsGaSiO4

The Crystal Structures of RbAlSiO4

Single crystal x-ray diffraction of the hydrothermally-synthesized RbAlSiO4
showed the phase to crystalize in the noncentrosymmetric setting of Pna2 1. All atoms
within the structure were refined anisotropically. A final R 1 value of 0.0182 was obtained
for 15625 total reflections, 1302 of which were unique. A complete list of the
crystallographic data can be found in Table 8.1.
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Table 8.1 - Crystallographic Data for RbABO 4
Empirical Formula

RbAlSiO4

RbAlGeO4

RbGaSiO4

Formula weight

204.54

249.04

247.28

Space group

Pna21

P21/c

P21/c

a, Å

8.7353 (4)

9.1823 (3)

9.0578 (7)

b, Å

9.2156 (4)

5.5112 (2)

5.4211 (4)

c, Å

5.3326 (2)

17.6550 (6)

17.6876 (12)

90.00340 (10)

89.979 (2)

β, °
Volume, Å3

429.28 (3)

893.44 (5)

868.52 (11)

Z

4

8

8

Density (calculated), Mg/m3

3.165

2.77

2.837

Parameters

66

129

129

θ range, deg

3.21 – 30.55

2.31 – 26.49

2.25 – 26.07

Reflections
Collected

15625

33704

16286

Independent

1302

1838

1705

Observed, I≥2σ(I)

1022

1745

1601

0.0339

0.0398

0.0383

0.0182

0.0150

0.0243

0.0423

0.0375

0.0597

0.0248

0.0162

0.0263

0.0451

0.0380

0.0605

Goodness of fit of F2

1.131

1.046

1.171

Flack Parameter

0.3 (0)

R, int
Final R, obs. Data
R1
wR2
Final R, all Data
R1
wR2
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The structure of RbAlSiO4 was initially investigated by Klaska and Jarchow14 in
1975 and was reinvestigated here, confirming the original structure. 9 The structure breaks
from the framework of tridymite in three of the four possible degrees of freedom and is
illustrated in Figures 8.7-9. First, by the ordering of the tetrahedral silicate aluminate
sites. The symmetry is further reduced by the bending of the hexagonal rings into
ditrigonal rings as is seen in many stuffed tridymite variants. And finally, and most
drastically, the orientation of the tetrahedra that compose the rings has been altered to
accommodate the larger stuffing cation size of rubidium. In the parent tridymite structure,
the tetrahedra that compose the hexagonal rings are arranged in the fashion of UDUDUD,
where U denotes and upward facing tetrahedra and D representing a downward facing
tetrahedra with respect to the ab plane.

However, the ditrigonal rings within the

framework of RbAlSiO4 are oriented in an UUUDDD manner with respect to the bcplane. There is one type of ring propagated throughout the structure by symmetry and is
illustrated in Figure 8.10. While the arrangement of the tetrahedra in tridymite creates
additional six membered rings along the a and b axis, the UUUDDD ordering of
RbAlSiO4 creates eight-membered rings parallel to the ab plane, as is shown in Figure
8.8. In having neighboring tetrahedra of like orientation connected to their mirrors
through the apical oxygen site, four membered rings are formed. These four membered
rings can also be seen in Figure 8.8 to make up the sides of the eight-membered rings.
The prior published structures of RbAlSiO4 both contained twinning by reticular
merohedry with the reflection twin planes (110) and (310).9,14 However in our solution no
such twins were observed. A final solution was reached with an R 1 value of 0.0182, with
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only some inversion twinning present. This twinning was not determined to be a product
of a missed inversion center, as the crystals clearly demonstrated second harmonic
generation. The PLATON software package was used to search for twins, however none
were found.
The bonding environments for RbAlSiO4 are provided in Table 8.3. The silicon
and aluminum sites are well ordered, with reasonable bond distances for each. 10 Both
sites are tetrahedral with an average silicon to oxygen bond length of 1.62 Å, and an
average aluminum to oxygen bond length of 1.74 Å. These bonds are regular with only
slightly shorter bonds to the apical O3 site (Si1 – O3 1.6002(14) Å; Al1 – O3 1.7189(14)
Å). The interior angles of the tetrahedra, O – Si,Al – O, were averaged to be 109.5° at
both sites. No notable distortions within the ring appear to be a product of the structure.
The framework is formed around the rubidium cation that acts to charge balance the
structure. The environment of rubidium within the framework is illustrated in Figure
8.11, with its bond distances listed in Table 8.3 The rubidium to oxygen distances range
from 2.9 to 4.1 Å in a fifteen-coordinate environment. Six of the coordination sites are
bound to the oxygen atoms within the six-membered ring preceding the rubidium along
the a-axis, with an additional six below the alkali. The remaining three coordination sites
are accounted for throughout the coordination of the three apical oxygen sites that bridge
the six membered rings from layer to layer.
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Figure 8.7 – Crystal structure of RbAlSiO4, as viewed down the a-axis.
Orange tetrahedra represent SiO 4 groups, Purple tetrahedra represent AlO4 groups,
and silver spheres represent rubidium atoms.
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Figure 8.8 – Crystal structure of RbAlSiO4, as viewed down the c-axis.
Orange tetrahedra represent SiO 4 groups, Purple tetrahedra represent AlO4 groups,
and silver spheres represent rubidium atoms.
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Figure 8.9 – Crystal structure of RbAlSiO4, as viewed down the b-axis.
Orange tetrahedra represent SiO 4 groups, Purple tetrahedra represent AlO4 groups,
and silver spheres represent rubidium atoms.
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Figure 8.10 – Ditrigonal six-membered ring of RbAlSiO4. Orange tetrahedra
represent SiO4 groups, Purple tetrahedra represent AlO4 groups. Note the
UUUDDD pattern of the tetrahedra.
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Figure 8.11 – Coordination environment of rubidium in RbAlSiO 4. Orange
tetrahedra represent SiO4 groups, Purple tetrahedra represent AlO 4 groups.
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Table 8.2 - Selected Bond Distances (Å) and Angles (°) of RbAlSiO 4
Bond Distances
1.6254(18)
2.9053(19)
Si(1) - O(1)
Rb(1) - O(1)
1.6119(17)
3.369(3)
Si(1) - O(2)
Rb(1) - O(1)
1.6002(14)
3.5374(19)
Si(1) - O(3)
Rb(1) - O(1)
1.624(2)
4.0319(14)
Si(1) - O(4)
Rb(1) - O(1)
3.078(2)
Mean
1.62
Rb(1) - O(2)
3.121(2)
Rb(1) - O(2)
1.749(3)
3.8619(16)
Al(1) - O(1)
Rb(1) - O(2)
1.7296(17)
3.8963(16)
Al(1) - O(2)
Rb(1) - O(2)
1.7189(14)
3.222(3)
Al(1) - O(3)
Rb(1) - O(3)
1.754(2)
3.379(3)
Al(1) - O(4)
Rb(1) - O(3)
1.74
3.5626(2)
Mean
Rb(1) - O(3)
2.9279(19)
Rb(1) - O(4)
3.525(2)
Rb(1) - O(4)
3.5374(19)
Rb(1) - O(4)
4.0415(15)
Rb(1) - O(4)
3.47
Mean
Bond Angles
O1-Si1-O2
108.14(10)
O1-Al1-O2
111.14(10)
O1-Si1-O3
110.54(12)
O1-Al1-O3
110.71(13)
O1-Si1-O4
108.66(9)
O1-Al1-O4
108.34(8)
O2-Si1-O3
108.35(11)
O2-Al1-O3
107.07(10)
O2-Si1-O4
110.97(10)
O2-Al1-O4
108.39(12)
O3-Si1-O4
110.17(13)
O3-Al1-O4
111.18(12)
109.5
109.5
Mean
Mean

The Crystal Structures of RbAlGeO4 and RbGaSiO4
When the silicon atoms are replaced by larger germanium atoms, the framework
that was seen in RbAlSiO4 must be altered to make space for the substituted atom at the
tetrahedral site. Single crystal x-ray diffraction of the hydrothermally-synthesized
RbAlGeO4 showed the phase to crystalize in the centrosymmetric setting of P21/c. All
atoms within the structure were refined anisotropically. A final R 1 value of 0.0150 was
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obtained for 33704 total reflections, 1838 of which were unique. A complete list of the
crystallographic data can be found in Table 8.4. The structure of RbAlGeO4 is
isostructural to that of LiNH4SO4. RbAlGeO4 takes all three degrees of freedom utilized
by RbAlSiO4 with the addition of a fourth degree. This fourth degree is the twisting of
the tetrahedral sites to accommodate the larger tetrahedra. These tetrahedra rotate into a
staggered arrangement within the six-membered rings progressing down the c-axis as can
be seen in Figure 8.12. The movement of these tetrahedra is not isolated to a rotation of
the basal oxygen sites on the ab plane, but also a twisting in and out of the plane. These
distortions can be seen when viewed down the a and b axis in Figures 8.13 and 8.14. The
eight membered rings of the structure show some of the most striking differences to those
of RbAlSiO4. In RbAlSiO4 only one type of eight membered rings is present, however as
the framework of RbAlGeO4 is distorted two distinct rings are seen. These rings are
drawn alongside that of RbAlSiO4, for comparison purposes, in Figure 8.15. The first
kind of eight membered ring, as shown in Figure 8.15.a, is bent inwards at oxygen sites
O3, O4, and O6, but is bent outwards at sites O2 and O5. In the second type of eightmembered ring, illustrated in Figure 8.15.c, the sites O1, O7, and O8 bend outwards
while sites the O2 and O5 are bent into the ring. As the eight membered rings twist within
the structure, the four membered rings that connect the eight membered rings are also
distorted. Two unique four-membered rings are present in the structure and are drawn in
Figure 8.16.
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Figure 8.12 – Crystal structure of RbAlGeO4, as viewed down the c-axis.
Orange tetrahedra represent GeO4 groups, Purple tetrahedra represent AlO 4
groups, and silver spheres represent rubidium atoms.
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Figure 8.13 – Crystal structure of RbAlGeO4, as viewed down the b-axis.
Orange tetrahedra represent GeO4 groups, Purple tetrahedra represent AlO 4
groups, and silver ions represent rubidium atoms.
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Figure 8.14 – Crystal structure of RbAlGeO4, as viewed down the a-axis.
Orange tetrahedra represent GeO4 groups, Purple tetrahedra represent AlO 4
groups, and silver spheres represent rubidium atoms.
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Figure 8.15 – a & c) Eight-membered rings of RbAlGeO4; b) eight-membered
ring of RbAlSiO4
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Figure 8.16 – Four-membered rings of RbAlGeO4.
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The changes in positional arrangement from RbAlSiO4 to RbAlGeO4 is
undoubtedly the product of the one substituted difference in their chemical formula. The
structure held in Pna21 is too restrictive for the larger germanium now occupying half of
the tetrahedral sites that form the framework for the crystal. The difference in crystal
radii between silicon and germanium, as reported by Shannon, is 0.13 Å.10 From Tables
8.3 and 8.5, the average distance from silicon to oxygen in RbAlSiO 4 is 1.63 Å and the
average distance from germanium to oxygen in RbAlGeO4 is 1.74 Å. These distances
differ only very slightly from their expected values. This size difference accounts for the
edge of these tetrahedra to increase by approximately 0.2 Å and can no longer fit
themselves neatly within the rings they once occupied and must twist to fit their place. As
aluminum and germanium have the same crystal radii 10, a comparison with the structure
of BaAl2O4 (Figure 8.17) shows one more example of how the size of the stuffing alkali
may influence that overall structure. Even though RbAlGeO4 and BaAl2O4 are built up of
tetrahedra of equal size within each, the size increase from barium to rubidium prevents
the more compact structure of BaAl2O4 being shared between the two crystals. As for the
interior angles of the tetrahedra of RbAlGeO4, as is represented in the second half of
Table 8.5, there is no identifiable trend in any direction.
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Figure 8.17 – Crystal structures of (a) RbAlGeO4 and (b) BaAl2O418, each viewed
down the c-axis.
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Table 8.3 - Selected Bond Distances (Å) and Angles (°) of RbAlGeO 4
Bond Distances
1.725(2)
3.519(2)
Ge(1) - O(1)
Rb(1) - O(2)
1.736(2)
2.850(2)
Ge(1) - O(2)
Rb(1) - O(3)
1.7424(19)
3.101(2)
Ge(1) - O(3)
Rb(1) - O(3)
1.7434(19)
2.870(2)
Ge(1) - O(4)
Rb(1) - O(4)
3.082(2)
Mean
1.74
Rb(1) - O(4)
3.583(2)
Rb(1) - O(5)
1.730(2)
2.9837(18)
Ge(2) - O(5)
Rb(1) - O(6)
1.733(2)
3.2722(18)
Ge(2) - O(6)
Rb(1) - O(6)
1.737(2)
3.339(2)
Ge(2) - O(7)
Rb(1) - O(7)
1.7420(19)
3.368(2)
Ge(2) - O(8)
Rb(1) - O(8)
3.20
Mean
1.74
Mean
1.721(2)
2.9683(19)
Al(1) - O(1)
Rb(2) - O(1)
1.762(2)
2.954(2)
Al(1) - O(3)
Rb(2) - O(2)
1.754(2)
2.954(2)
Al(1) - O(4)
Rb(2) - O(5)
1.740(2)
3.631(2)
Al(1) - O(5)
Rb(2) - O(5)
1.74
2.941(2)
Mean
Rb(2) - O(7)
2.949(2)
Rb(2) - O(8)
1.738(2)
3.07
Al(2) - O(2)
Mean
1.736(3)
Al(2) - O(6)
1.760(2)
Al(2) - O(7)
1.756(2)
Al(2) - O(8)
1.75
Mean
Bond Angles
O1-Ge1-O2
110.71(10)
O1-Al1-O3
108.83(10)
O1-Ge1-O3
108.99(9)
O1-Al1-O4
108.62(10)
O1-Ge1-O4
109.30(10)
O1-Al1-O5
110.66(11)
O2-Ge1-O3
112.04(10)
O3-Al1-O4
105.50(11)
O2-Ge1-O4
109.38(10)
O3-Al1-O5
110.38(11)
O3-Ge1-O4
106.29(10)
O4-Al1-O5
112.65(11)
109.45
109.44
Mean
Mean
O5-Ge2-O6
O5-Ge2-O7
O5-Ge2-O8
O6-Ge2-O7
O6-Ge2-O8
O7-Ge2-O8
Mean

108.40(10)
106.75(10)
108.53(10)
111.42(10)
110.46(9)
111.13(11)
109.45

O2-Al2-O6
O2-Al2-O7
O2-Al2-O8
O6-Al2-O7
O6-Al2-O8
O7-Al2-O8
Mean
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107.65(11)
108.85(11)
106.35(11)
110.84(10)
111.72(10)
111.22(11)
109.44

Table 8.4 - Selected Bond Distances (Å) and Angles (°) of RbGaSiO 4
Bond Distances
1.609 (5)
3.489 (6)
Si(1) - O(1)
Rb(1) - O(2)
1.618 (5)
2.864 (5)
Si(1) - O(2)
Rb(1) - O(3)
1.619 (5)
3.078 (5)
Si(1) - O(3)
Rb(1) - O(3)
1.620
(5)
2.854 (5)
Si(1) - O(4)
Rb(1) - O(4)
3.068 (5)
Mean
1.62
Rb(1) - O(4)
3.566 (5)
Rb(1) - O(5)
1.617
(5)
2.959 (4)
Si(2) - O(5)
Rb(1) - O(6)
1.609 (5)
3.189 (4)
Si(2) - O(6)
Rb(1) - O(6)
1.619 (5)
3.242 (5)
Si(2) - O(7)
Rb(1) - O(7)
1.625
(5)
3.303 (5)
Si(2) - O(8)
Rb(1) - O(8)
3.16
Mean
1.62
Mean
Ga(1) - O(2)
Ga(1) - O(6)
Ga(1) - O(7)
Ga(1) - O(8)
Mean

1.811 (5)
1.827 (5)
1.831 (5)
1.822 (5)
1.82

Rb(2) - O(1)
Rb(2) - O(2)
Rb(2) - O(2)
Rb(2) - O(5)
Rb(2) - O(5)
Rb(2) - O(7)
Rb(2) - O(8)
Mean

2.984 (5)
2.945 (6)
3.623 (6)
2.962 (5)
3.563 (5)
2.941 (5)
2.971 (5)
3.14

Ga(2) - O(1)
Ga(2) - O(3)
Ga(2) - O(4)
Ga(2) - O(5)
Mean
Bond Angles
O1-Si1-O2
O1-Si1-O3
O1-Si1-O4
O2-Si1-O3
O2-Si1-O4
O3-Si1-O4
Mean

1.799 (5)
1.839 (5)
1.833 (4)
1.823 (5)
1.82
109.9 (3)
109.8 (3)
109.2 (3)
112.4 (3)
109.3 (3)
106.2 (3)
109.5

O2-Ga1-O6
O2-Ga1-O7
O2-Ga1-O8
O6-Ga1-O7
O6-Ga1-O8
O7-Ga1-O8
Mean

107.8 (2)
108.3 (2)
105.8 (2)
109.3 (2)
112.5 (2)
113.0 (2)
109.5

O5-Si2-O6
O5-Si2-O7
O5-Si2-O8
O6-Si2-O7
O6-Si2-O8
O7-Si2-O8
Mean

108.4 (3)
107.6 (3)
108.8 (3)
111.8 (3)
109.8 (3)
110.2 (3)
109.4

O1-Ga2-O3
O1-Ga2-O4
O1-Ga2-O5
O3-Ga2-O4
O3-Ga2-O5
O4-Ga2-O5
Mean

109.4 (2)
109.6 (2)
109.8 (2)
104.3 (2)
110.3 (2)
113.3 (2)
109.5
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As has been discussed in the previous chapters, the use of infrared (IR)
spectroscopy can prove useful to the characterization of framework feldspars. There are
three distinct regions of interest concerning framework silicates, and these are all related
to the T – O – T bridging in the structures. The vibrational bands highest in energy,
relevant to this system, are seen around as a broad peak 1100 cm -1 and are identifiable as
the stretching vibrations. The next region occurs near 690 cm -1 and are known to be
bending vibrations. The final vibrational mode of interest is near 470 cm -1 and correlates
to rocking vibrations.19,20 The IR spectra of RbAlSiO4, RbAlGeO4, and RbGaSiO4 are
presented in Figures 8.18, 8.19, and 8.20 respectively.
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Figure 8.18 – IR spectra of RbAlSiO4
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Figure 8.19 – IR spectra of RbAlGeO4
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Figure 8.20 – IR spectra of RbGaSiO4

The IR spectra of RbAlSiO4 possess the three characteristic bands of a typical
framework aluminosilicate, as is showing Figure 8.18. In the region where stretching
vibrations are expected three distinct bands are found at 1123, 1035, and 959 cm -1.
Moving lower in energy, the modes associated with the bending of the T – O – T are
shown, as two distinct peaks at 682 and 619 cm-1, as expected. At 552 cm-1 a solitary
sharp band of moderate intensity is seen, which may be a part of the bending vibrations
or the rocking vibrations of lower energy. These rocking vibrations can be seen from
480 – 445 cm-1.
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In the case of RbAlGeO4, these three iconic bands are seen to shift to lower
energies, as is seen in Figure 8.19. The stretching bands of RbAlGeO4 appear from 990 –
795 cm-1, as silicon has been substituted for germanium. The bending vibrations show a
similar shift as well, occurring across the range of 612 – 540 cm -1. Nearing the edge of
the instruments limit of 400 cm-1, the rocking vibrations can be seen. In RbAlGeO4 these
appear from 450 – 427 cm-1.
In like manor to the substitution of germanium for silicon, the substitution of
aluminum with gallium also creates a notable shift. In RbGaSiO 4 the stretching vibrations
are seen across the range of 1070 – 925 cm-1. This difference is not as great as what was
seen for RbAlSiO4, but it is significantly lower than RbAlGeO4. The bending bands for
RbGaSiO4 occur across the range of 630 – 570 cm-1. And the rocking vibrations appear as
a broad peak at 447 cm-1 and may likely continue below the instruments limits.

The Crystal Structures of CsAlSiO4

As the size of the stuffing alkali is increased from rubidium to cesium the
structure takes on yet another change. Single crystal x-ray diffraction of the
hydrothermally-synthesized CsAlSiO4 showed the phase to crystalize in Imma. All atoms
within the structure were refined anisotropically. A final R 1 value of 0.0184 was obtained
for 1880 total reflections, 268 of which were unique. A complete list of the
crystallographic data can be found in Table 8.8.
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Table 8.5 - Crystallographic Data for CsABO 4
Empirical Formula

CsAlSiO4

CsAlGeO4

CsGaSiO4

Formula weight

251.98

296.48

294.72

Space group

Imma

Pna21

Pna21

a, Å

5.46531 (11)

9.2846 (19)

9.2671 (19)

b, Å

8.9077 (18)

9.4757 (19)

9.3329 (19)

c, Å

9.4633 (19)

5.4861 (11)

5.4319 (11)

Volume, Å3

459.68 (16)

482.66 (17)

469.80 (17)

Z

4

4

4

Density (calculated), Mg/m3

3.641

4.080

4.167

Parameters

25

65

66

θ range, deg

3.14 – 26.02

3.07 – 26.00

3.10 – 26.68

Reflections
Collected

1880

3936

4057

Independent

268

901

921

Observed, I≥2σ(I)

267

824

819

0.0301

0.0807

0.0543

0.0184

0.0415

0.0434

0.0462

0.1142

0.0993

0.0184

0.0502

0.0551

0.0463

0.1466

0.1253

1.239

1.194

1.167

0.1(1)

0.2 (2)

R, int
Final R, obs. Data
R1
wR2
Final R, all Data
R1
wR2
Goodness of fit of F2
Flack Parameter
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As the crystal radii of the alkali site increases by 0.15 Å, the bending of the six
membered rings into the ditrigonal form is no longer required and now they are replaced
with ideal hexagonal rings. These can be seen in Figure 8.21. A quite noticeable change
from the rubidium and cesium solutions is the disordering of the tetrahedral sites between
aluminum and silicon for the cesium analog. As the electron density between aluminum
and silicon may be difficult to discern from one another the bond distances to oxygen
were examined. While in the setting of Imma, all tetrahedral sites are symmetrically
equivalent with one identified site. However, a test refinement was performed in the
triclinic setting of P1, in which four distinct tetrahedral sites were present. In this test
refinement each site had an average bond distance to oxygen ranging from 1.66 to 1.70
Å, and no distinction could be made from them. These values are all very near to those
for the solution in Imma in Table 8.10. A higher symmetry space group was looked for
using the Platon software package and none was found, suggesting Imma to be
appropriate. The refinement in a centrosymmetric setting is also support by a negative
result with a simple Kurtz experiment.
The orientation of the tetrahedra maintain the UUUDDD orientation as seen in the
prior cases of this chapter. This allows for the larger alkali size of cesium that would not
fit into the basic tridymite structure with an UDUDUD configuration. The tetrahedral
arrangement of the hexagonal rings forming channels down the b-axis also creates eightmembered rings along the a-axis, as is illustrated in Figure 8.22. The eight-membered
rings of CsAlSiO4 differ only slightly from those of RbAlSiO4 but the change of the sixmembered rings from a ditrigonal arrangement to a hexagonal one is enough to

326

accommodate the larger alkali. The average bond distance to oxygen from the alkali
increases from 3.29 Å in RbAlSiO4 to 3.41 Å in CsAlSiO4. This change is approximately
what would be an expected difference between the two alkali.

Figure 8.21 – Crystal structure of CsAlSiO4, as viewed down the b-axis. Red
tetrahedra represent disordered SiO4 and AlO4 groups, silver spheres represent
cesium atoms.
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Figure 8.22 – Crystal structure of CsAlSiO4, as viewed down the a-axis. Red
tetrahedra represent disordered SiO4 and AlO4 groups, silver spheres represent
cesium atoms.
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Figure 8.23 – Crystal structure of CsAlSiO4, as viewed down the c-axis. Red
tetrahedra represent disordered SiO4 and AlO4 groups, silver spheres represent
cesium atoms.

Table 8.6 - Selected Bond Distances (Å) and Angles (°) of CsAlSiO 4
Bond Distances
1.6856(12) x2
3.210(2) x4
T(1) - O(1)
Cs(1) - O(1)
1.6676(13)
3.383(3) x2
T(1) - O(2)
Cs(1) - O(2)
1.6629(12)
3.665(5)
T(1) - O(3)
Cs(1) - O(2)
1.68
3.5514(5) x4
Mean
Cs(1) - O(3)
3.41
Mean
Bond Angles
O1-T1-O1
107.95(11)
T1-O1-T1
139.35(19)
O1-T1-O2
110.88(14) x2
T1-O2-T1
177.9(4)
O1-T1-O3
109.26(7) x2
T1-O3-T1
180.0
O2-T1-O3
108.58(19)
Mean
109.47

329

The Crystal Structures of CsAlGeO4 and CsGaSiO4
As the effect of increasing alkali size was explored, so was the effect of
increasing the tetrahedra sizes. Single crystal X-ray diffraction of the hydrothermallysynthesized CsAlGeO4 and CsGaSiO4 crystalized in the noncentrosymmetric setting of
Pna21. All atoms within the structures were refined anisotropically. For CsAlGeO 4 a final
R1 value of 0.0415 was obtained for 3936 total reflections, 901 of which were unique.
And for CsGaSiO4 a final R1 value of 0.0434 was obtained for 4057 total reflections, 921
of which were unique. A complete list of the crystallographic data for both structures can
be found in Table 8.8.
As silicon is replaced by germanium and the gallium is substituted in from
aluminum in their respective structures of CsAlGeO4 and CsGaSiO4 the high symmetry
structure of CsAlSiO4 breaks down. The larger sizes of these framework elements means
they are unable to fit within the rigid Imma structure and take on the lower symmetry of
Pna21. These structures are isostructural with the acentric RbAlSiO 4 with well-ordered
trivalent and tetravalent sites. The bending of the six-membered rings into a ditrigonal
arrangement allows for the increased tetrahedra sizes while still maintaining good
distances to cesium. The bond distances for both structures are provided in Tables 8.12
and 8.14. In the case of CsAlGeO4 the average bond length from germanium to oxygen is
1.73 Å. This distance is very near to that of aluminum at 1.74 Å, but is a significant
increase from the expected sizes for the substituted silicon. In the case of CsGaSiO 4, the
change from aluminum to gallium sees a similar increase in size to an average bond
length of 1.82 Å. As for the size of the bonding environments of cesium, CsAlGeO 4 and
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CsGaSiO4 have a nearly identical bond length to those seen in CsAlSiO4, with both of the
new structures having average cesium to oxygen distances of 3.40 Å compared with the
3.41 Å of CsAlSiO4.

Table 8.7 - Selected Bond Distances (Å) and Angles (°) of CsAlGeO 4
Bond Distances
1.719(6)
3.297(18)
Ge(1) - O(1)
Cs(1) - O(1)
1.742(11)
3.419(18)
Ge(1) - O(2)
Cs(1) - O(1)
1.738(12)
3.748(17)
Ge(1) - O(3)
Cs(1) - O(1)
1.724(7)
3.064(11)
Ge(1) - O(4)
Cs(1) - O(2)
3.565(12)
Mean
1.73
Cs(1) - O(2)
3.616(12)
Cs(1) - O(2)
1.718(7)
3.051(11)
Al(1) - O(1)
Cs(1) - O(3)
1.740(15)
3.594(11)
Al(1) - O(2)
Cs(1) - O(3)
1.761(13)
3.600(11)
Al(1) - O(3)
Cs(1) - O(3)
1.750(9)
3.243(12)
Al(1) - O(4)
Cs(1) - O(4)
1.74
3.257(12)
Mean
Cs(1) - O(4)
3.40
Mean
Bond Angles
O1-Ge1-O2
111.7(7)
O1-Al1-O2
111.9(9)
O1-Ge1-O3
110.7(7)
O1-Al1-O3
111.4(8)
O1-Ge1-O4
107.4(7)
O1-Al1-O4
106.8(7)
O2-Ge1-O3
108.9(5)
O2-Al1-O3
108.1(6)
O2-Ge1-O4
107.5(6)
O2-Al1-O4
111.0(7)
O3-Ge1-O4
110.7(6)
O3-Al1-O4
107.6(8)
109.48
109.33
Mean
Mean
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Table 8.8 - Selected Bond Distances (Å) and Angles (°) of CsGaSiO 4
Bond Distances
1.581(12)
3.25(3)
Si(1) - O(1)
Cs(1) - O(1)
1.64(2)
3.38(3)
Si(1) - O(2)
Cs(1) - O(1)
1.60(2)
3.782(18)
Si(1) - O(3)
Cs(1) - O(1)
1.593(16)
3.081(13)
Si(1) - O(4)
Cs(1) - O(2)
3.502(18)
Mean
1.60
Cs(1) - O(2)
3.602(18)
Cs(1) - O(2)
1.807(12)
3.045(16)
Ga(1) - O(1)
Cs(1) - O(3)
1.838(16)
3.550(19)
Ga(1) - O(2)
Cs(1) - O(3)
1.815(19)
3.614(18)
Ga(1) - O(3)
Cs(1) - O(3)
1.811(15)
3.227(16)
Ga(1) - O(4)
Cs(1) - O(4)
1.82
3.312(17)
Mean
Cs(1) - O(4)
3.40
Mean
Bond Angles
O1-Si1-O2
111.2(15)
O1-Ga1-O2
111.6(10)
O1-Si1-O3
111.0(13)
O1-Ga1-O3
111.5(11)
O1-Si1-O4
108.8(10)
O1-Ga1-O4
105.5(8)
O2-Si1-O3
106.4(9)
O2-Ga1-O3
110.3(8)
O2-Si1-O4
109.8(10)
O2-Ga1-O4
106.6(8)
O3-Si1-O4
109.6(12)
O3-Ga1-O4
111.1(7)
109.47
109.43
Mean
Mean
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Vibrational Spectroscopy of Cesium Analogues

The vibrational spectra of CsAlSiO4 was also analyzed and is presented in Figure
8.24. As with previously investigated aluminosilicates, there are three key regions of
interest in the IR spectrum. The first of these regions is populated by the stretching
vibrations of the T – O – T bridges. This region has three broad bands of strong intensity
at 1127, 1054, and 975 cm-1. These values are very near to those seen for RbAlSiO4,
which has a similar structure to CsAlSiO4. Further down the spectrum, are the two bands
associated with the bending vibrations at 665 and 604 cm-1. The peak at 546 cm-1 is
between the regions commonly expected for bending and rocking vibrations and may
belong to either group. The remaining region belongs to the rocking vibrations and in
CsAlSiO4 is populated by a single broad peak of strong intensity at 434 cm-1. The
intensity of this band, as well as its isolated position, differs from other stuffed tridymite
aluminosilicates. This is likely to the higher symmetry of the structure, allowing for
greater uniformity at each oxygen site.
As was seen in the stuffed tridymite derivatives containing rubidium, the
substitution of silicon or aluminum with germanium or gallium respectively, causes a
shift in the vibrational spectra of the crystals. The IR spectra of these aluminosilicaterelated species contain three zones of interest. The IR spectra of CsAlGeO 4 and
CsGaSiO4 are presented in Figures 8.25 and 8.26 respectively. In CsAlGeO4 the first
region, containing the stretching bands, has one peak at 1026 cm -1, and a broad band
across 949 – 844 cm-1, shifting from where these bands occur in CsAlSiO4 by about 100
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cm-1. This shift is not as drastic in CsGaSiO4, with three bands occurring at 1100, 991,
and 935 cm-1. The second zone of interest contains the bending vibrations of the T – O –
T bridge. The IR spectrum of CsAlGeO4 contains two partially overlapping bands at 578
and 545 cm-1. In CsGaSiO4 however the definition of these bands from one another is less
distinct and appears as one broad peak at 579 cm-1. The final region in the IR of
importance to this species is that of the rocking vibrations. These bands occur at 429 cm -1
and appear to rise again before the lower limit of the instrument is reached in CsAlGeO 4.
In the case of the gallium substituted structure, one peak of the rocking vibrations can be
seen at 411 cm-1 but is limited once more by the range of the instrument.

Figure 8.24 – IR spectra of CsAlSiO4
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Figure 8.25 – IR spectra of CsAlGeO4
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Figure 8.26 – IR spectra of CsGaSiO 4

Physical Properties

With the structures of this series investigated, the physical properties were
ascertained. Three of these crystals, RbAlSiO4, CsAlGeO4, and CsGaSiO4, formed in
non-centrosymmetric space groups. With the lone exception of the 432 crystal class,
crystals in non-centrosymmetric settings have the potential to produce second harmonic
generation (SHG).21 Possessing the trait of SHG alone does not necessarily mean that the
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crystal may be useful for frequency-doubling applications. Other requirements for these
prospective crystals is their transparency in the desired regions and that the crystals be
phase-matching. To determine these properties, the synthesized crystals were analyzed
through diffuse reflectance measurements and by modified Kurtz experiment. 22 The
diffuse reflectance of the rubidium containing structures is presented in Figure 8.26. In all
cases the absorption edge of these materials appears to begin at approximately 300 nm.
The absorptions of the aluminosilicates and galliosilicates was notably weaker than the
aluminogerminates, but they all began to absorb in the same general vicinity.

Figure 8.26 – Diffuse reflectance of RbAlSiO4, RbAlGeO4, and RbGaSiO4

337

The phase matching ability if these crystals was analyzed using a modified Kurtz
experiment. RbAlSiO4 showed phase matching ability, as can be seen by the increase of
SHG ability as the particle size is increased in Figure 8.27. The frequency doubling
ability of a material can also be estimated using this technique by comparing with a
known SHG material of the same particle size. For RbAlSiO 4, the SHG ability was
compared with that of the known SHG material KH2PO4 (KDP) at particle sizes up to
250 μm. RbAlSiO4 was found to have a power relative to 38% of KDP at doubling from
864 to 432 nm. In the cases of RbAlGeO4 and RbGaSiO4, a simple Kurtz experiment was
performed, without specified particle size, to see if any SHG occurred. For both samples,
no signal was seen at the frequency doubled wavelength, giving further justification to
the assignment of the crystals in centrosymmetric settings. This was also true for
CsAlSiO4, in Imma, which showed no SHG signal as would be expected. The crystal
structures of CsAlGeO4 and CsGaSiO4 are isostructural with RbAlSiO4 and were also
analyzed through a modified Kurtz experiment. For these crystals a full range of particle
sizes has no yet been carried out. However, samples of the largest particle size were
analyzed and compared with the SHG ability of KDP. The relative powers of CsAlGeO 4
and CsGaSiO4, to KDP from 864 to 432 nm, were 21% and 25% relatively. While these
values are not as great as the 38% seen for RbAlSiO4, they are comparable with the
similar phase matching crystal KAlSiO4 as was discussed in the previous chapter.
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Figure 8.27 – Kurtz experiment of RbAlSiO 4

Also of importance to potential SHG crystals is their thermal stability.
Decomposition of a prospective crystal can be observed using thermal gravimetric
analysis (TGA), while more subtle phase transformations as well as decomposition can
be detected using differential scanning calorimetry (DSC). While a phase transformation
may leave the crystal intact, a transformation from a non-centrosymmetric to
centrosymmetric setting would destroy any SHG ability. For all but two crystals
discussed in this chapter, no decomposition or phase transformations were observed up to
1000 °C, as can be seen in Figures 8.28 - 8.33. The exception to this is CsAlGeO 4. This

339

structure sees a reversible phase transition at 470 °C. As the transition is reversible,
reverting to their original settings as confirmed by PXRD, the structure would need to be
characterized by X-ray diffraction above the transition temperatures. Some speculation
can be made as to what this high temperature phase is. Both CsAlGeO4 and CsGaSiO4
form in the space group setting of Pna21. The structures relate to a relaxed and ordered
version of CsAlSiO4 solved in Imma. At higher temperatures the six membered rings may
move from a ditrigonal arrangement to a hexagonal one like in CsAlSiO4. While
RbAlSiO4 is also isostructural with these two thermal deviants, the coordination
environment about the rubidium ions restricts the framework from expanding into the
higher symmetry setting.

Figure 8.28 – DSC of RbAlSiO4
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Figure 8.29 – DSC of RbAlGeO4
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Figure 8.30 – DSC of RbGaSiO4
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Figure 8.31 – DSC of CsAlSiO4
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Figure 8.32 – DSC of CsAlGeO4
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Figure 8.33 – DSC of CsGaSiO4

Conclusions

The final portion of a series of stuffed-tridymite derivatives was synthesized with
the focal point centered onto the last two alkali available in this stepwise progression.
Three distinct phases were identified across six crystal structures. All three of these
phases shared a relation to one another that sets them as unique to the previously
discussed stuffed tridymite derivatives. This common feature is the confirmation of the
six membered rings into a setting of UUUDDD rather that to the UDUDUD seen for the
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structures discussed in previous chapters. While the orientation of tetrahedra within the
framework is not isolated to rubidium and cesium, it is only in these cases that this
configuration is the only one seen.
The optical characteristics of this series was also investigated. For the rubidium
containing analogues, the absorption edges were found to be approximately 300 nm. Of
these six crystals, three were found to be acentric and were analyzed by Kurtz
experiment. RbAlSiO4 was found to be phase matching with an efficiency, relative to
KDP, of 38%. CsAlGeO4 and CsGaSiO4 were also analyzed by simple Kurtz experiment
and were found to have efficiencies of 21% and 25% relative to KDP.
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CHAPTER NINE

SYNTHESIS AND CHARACTERIZATION OF BERYLLIUM CONTAINING
TRIDYMITE DERIVATIVES

Introduction

The chemical flexibility of the tridymite structure type extends well beyond the
range of the aluminosilicates, germanates, and gallates of the previous chapters. There are
several chemical routes that can be taken to expand the research from this point. One of
the possible directions to investigate would be to simply substitute different tetrahedral
trivalent or tetravalent ions in the place of aluminum or silicon, as shown with gallium and
germanium in the previous chapters. However, there is an even wider amount of
possibilities as we look beyond the exclusivity of trivalent and tetravalent tetrahedral ions.
So far, our study has only been focused on structures having a formula of X 1+Y3+Z+4O4,
but the structure of tridymite, stuffed or not, can take on a variety of formulaic
arrangements. These arrangements can be divided into three groups based on the charge of
the framework. These three groups are the 0-group, where no stuffing cation is needed for
charge balance; the 1-group, where the charge of the framework is equalized with a
monovalent stuffing cation; and the 2-group, where the charge of the framework is
equalized with a divalent stuffing cation. Table 9.1 shows theoretically possible
formulations that can be made using elements that are known to have a tetrahedral
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geometry. While some of these formulations may not be feasible, the chemical variability
is abundant.

Table 9.1 Potential Tridymite Variations
A

1+ Cation

Li, Na, K, Rb, Cs, NH4, Ag, Tl

B

2+ Cation

Mg, Ca, Sr, Ba

C

1+ Tetrahedron

Li, Na, K, Cu, Ag

D

2+ Tetrahedron

Be, Mg, Cd, Cu, Co, Ni, Mn, Zn

E

3+ Tetrahedron

Al, Ga, Fe, Ti, In

F

4+ Tetrahedron

Si, Ge, Ti, Cr, Pb, Sn, Hf, Mn, Zr

G

5+ Tetrahedron

As, P, Cr, Mo, Nb, V, Mn

H

6+ Tetrahedron

Cr, W, Mo, S, Se, Mn

0-group combinations: EGO4, DHO4, FF’O4
1-group combinations: AEFO4, ADGO4, ACHO4, A2DF3O8
2-group combinations: A2DFO4, BDFO4, A2EE’O4, BEE’O4, A2CGO4, BCGO4

Many of these possible combinations have been synthesized. For example, in the
0-group there is the aristotype tridymite, SiO2.1,2 All the aluminosilicates discussed in the
previous chapters fall into the 1-group. In the 2-group are such crystals as the ideal stuffed
tridymite, BaAl2O4, which holds the same symmetry as tridymite with the addition of a
stuffing barium cation to equilibrate the charge of the aluminate framework. 1–3
Considering the list of possible tetrahedral oxides that may be used, beryllium was
chosen as a new building block to explore in the tridymite family. The use of beryllium in
optical crystals is well established in materials such as RBBF, CBBF, and the promising
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SBBO.4,5 Beryllium is approximately the same size as silicon6, but the difference in charge
allows for new, interesting formulations to evolve. While beryllium is not a particularly
abundant element, it is known to form a variety of natural mineral species in which it
maintains a tetrahedral coordination environment.7 There have also been several stuffed
tridymite variations that contain beryllium, such as KBePO 4,8 CsBePO4,8 AgBePO4,9 and
BaBeSiO4.10 Just within these four formulations the variability of the tridymite system is
demonstrated. Three of these have unique structures to one another, even though several
of them have the same framework. The last of those mentioned, BaBeSiO 4, was only
characterized through powder diffraction and raises the question as to how the structure
may be modified, whether by substitution of barium for smaller alkaline-earth elements or
through the substitution of germanium in the place of silicon. This series has been
investigated hydrothermally and will be discussed in this chapter. However, one of these
targeted formulations was unable to be synthesized due to the formation of a different
phase. Rather than proving a failure at the synthesis of the desired species, it opens the door
to a new intriguing system.
Within this chapter several possible future directions for the systematic
investigation of stuffed tridymites will be explored. As there are many possible directions
for this research to proceed, our investigation in this section will be limited to the use of
beryllium as a framework component. More specifically the targeted synthesis of the
ABeEO4 (A = Ba, Sr; E = Si, Ge) series, Rb2BeSi3O8, and RbBePO4 will be conducted and
structures determined by X-ray diffraction. At this point the investigation is predominantly
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concerned with the exploration of new potential phases, with analysis of optical properties
to follow in the future.

Hydrothermal Synthesis

In substituting out the aluminum in stuffed-tridymite feldspars, the overall charge
the tetrahedral framework has been reduced. This system allows for a change in charge to
be easily balanced by using an alkaline-earth, rather than an alkali, as the stuffing
component. In this way SrBeSiO4, SrBeGeO4, BaBeSiO4, and BaBeGeO4 were targeted
for synthesis. Single crystals of SrBeSiO4 were synthesized using 0.035 g (0.584 mmol)
SiO2 (Strem, 98%), 0.015 g (0.584 mmol) BeO (Alfa Aesar, 99%), and 0.071g (0.584
mmol) Sr(OH)2 (Aldrich, 94%). These powders were loaded into a silver ampoule along
with 0.4 mL of DI H2O. The reaction was 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. This reaction produced SrBeSiO 4 as a selected
product, and was characterized by single crystal X-ray diffraction.
The synthesis of BaBeSiO4 and BaBeGeO4 were synthesized in a like manner.
Single crystals of BaBeSiO4 were synthesized using 0.035 g (0.584 mmol) SiO2
(Strem, 98%), 0.015 g (0.584 mmol) BeO (Alfa Aesar, 99%), and 0.100g (0.584 mmol)
Ba(OH)2 (Alfa Aesar, 94 - 98%). In the case of BaBeGeO4 0.061 g (0.584 mmol) GeO2
(Hefa, 99.999%), 0.015 g (0.584 mmol) BeO (Alfa Aesar, 99%), and 0.100g (0.584 mmol)
Ba(OH)2 (Alfa Aesar, 94 - 98%) were used. After adding the powders into silver ampoules
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0.4 mL of Di H2O was also added and then the ampoules were welded shut. The sealed
ampoules were then placed within a Tuttle cold seal autoclave at 650 °C and 200 MPa for
7 days. Crystals from the reaction were removed after cooling to room temperature and
were washed with deionized water, then allowed to air dry. These reactions produced
BaBeSiO4 and BaBeGeO4 as selected products and were characterized using single crystal
X-ray diffraction.
In targeting SrBeGeO4, similar conditions to SrBeSiO4 and BaBeGeO4 were used.
The silver ampoules were loaded with 0.061 g (0.584 mmol) GeO 2 (Hefa, 99.999%),
0.015 g (0.584 mmol) BeO (Alfa Aesar, 99%), and 0.071g (0.584 mmol) Sr(OH) 2
(Aldrich, 94%). These powders were loaded into a silver ampoule along with 0.4 mL of DI
H2O. The reaction was 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. However, this reaction did not produce SrBeSiO 4, but rather
SrGeBe4O7 as a selected product, and was characterized by single crystal X-ray diffraction.

To synthesize a stuffed tridymite of the A2DF3O8 type, Rb2BeSi3O8 was
synthesized using 0.100 g (1.66 mmol) SiO2 (Strem, 98%), 0.014 g (0.553 mmol) BeO
(Alfa Aesar, 99%), and 0.100g (0.584 mmol) Ba(OH) 2 (Alfa Aesar, 94 - 98%). These
powders were added to the ampoule along with 0.4 mL of a 10 M solution of RbOH, which
acted as a dual-purpose mineralizer and source of rubidium. The ampoules were sealed and
placed within a Tuttle cold seal autoclave at 650 °C and 200 MPa for 7 days. Crystals from
the reaction were removed after cooling to room temperature and were washed with
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deionized water, then allowed to air dry. This reaction produced Rb 2BeSi3O8 as a selected
product as was characterized by single crystal X-ray diffraction.
The use of beryllium as a framework component in the place of a trivalent
tetrahedra also allows for a pentavalent tetrahedra to be used. To synthesize a structure of
this type, RbBePO4 was targeted. The synthesis was carried out using 0.100 g (0.757 mmol)
(NH4)2HPO4 (EMD, 99%) and 0.019 g (0.553 mmol) BeO (Alfa Aesar, 99%). A 0.4 mL
solution of 2M RbOH was added to the ampoules along with the powders, this acted as a
dual-purpose mineralizer and source of rubidium. The ampoules were then sealed and
placed within a Tuttle cold seal autoclave at 650 °C and 200 MPa for 7 days. The resulting
crystals were then removed after cooling to room temperature and were washed with
deionized water, then allowed to air dry. RbBePO 4 was produced as a selected product and
was characterized by single crystal X-ray diffraction. Atomic coordinates and equivalent
isotropic atomic displacement parameters for structures discussed within this chapter are
provided in Appendix B.28 – B.33.
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The Crystal Structures of ABeEO4 (A = Ba, Sr; E = Si, Ge)

Single crystal x-ray diffraction of the hydrothermally-synthesized SrBeSiO 4
showed the phase to crystalize in the noncentrosymmetric setting of P31c. All atoms within
the structure were refined anisotropically. A final R 1 value of 0.0352 was obtained for 4854
total reflections, 286 of which were unique. A complete list of the crystallographic data
can be found in Table 9.2. As the strontium site was substituted for with barium the
structure maintained the same overall structure and again crystalized in the
noncentrosymmetric setting of P31c for both BaBeSiO4 and BaBeGeO4. All atoms within
the structure of BaBeSiO4 were refined anisotropically. A final R 1 value of 0.0062 was
obtained for 11632 total reflections, 329 of which were unique. A complete list of the
crystallographic data can be found in Table 9.3. As for BaBeGeO4, all atoms were refined
anisotropically. A final R1 value of 0.0398 was obtained for 1618 total reflections, 320 of
which were unique. A complete list of the crystallographic data can be found alongside
that of BaBeSiO4 in Table 9.3.
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Table 9.2 - Crystallographic Data for SrBeSiO4
Empirical Formula

SrBeSiO4

Formula weight, g/mol

188.72

Space group

P63

a, Å

4.8531(3)

c, Å

8.1716(5)

Volume, Å3

166.68(2)

Z

2

Density (calculated), g/cm3

3.760

Parameters

22

θ range, deg
Reflections

4.85 – 28.21

Collected

4854

Independent

286

Observed, I≥2σ(I)

267

R, int
Final R, obs. Data

0.0572
0.0352

R1
wR2
Final R, all Data

0.0869

R1

0.0389

wR2

0.0884

Goodness of fit of F2

1.160

Flack Parameter

0.089(16)
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Table 9.3 - Crystallographic Data for BaBeEO4 (E = Si, Ge)
Empirical Formula

BaBeSiO4

BaBeGeO4

Formula weight

238.44

282.94

Space group

P31c

P31c

a, Å

4.96780(10)

5.0468(3)

c, Å

8.4875(3)

8.6962(7)

Volume, Å3

181.401(10)

191.82(3)

Z

2

2

Density (calculated), Mg/m3

4.365

4.899

Parameters

23

22

θ range, deg
Reflections

4.74 – 28.99

4.66 – 28.44

Collected

11632

1618

Independent

329

320

Observed, I≥2σ(I)

309

317

0.0296

0.0684

0.0062

0.0398

0.0151

0.0869

R1

0.0073

0.0400

wR2

0.0154

0.0870

Goodness of fit of F2

1.249

1.327

Flack Parameter

0.034(14)

0.01(5)

R, int
Final R, obs. Data
R1
wR2
Final R, all Data
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The structures of BaBeSiO4 and BaBeGeO4 were found to be isostructural with one
another, while SrBeSiO4 formed in a closely related setting. All three of these structures
relate with kalsilite, KAlSiO4. BaBeSiO4 and BaBeGeO4 are isostructural with the trigonal
phase, but the formulation SrBeSiO4 forms in the hexagonal setting. These structures were
synthesized and discussed in chapter seven. The synthesis of SrBeGeO4 was also
attempted; however, this species was found not to form in a tridymite-type structure but
rather in the swedenborgite structure type, having a formula of SrGeBe 4O7. This structure
will be discussed in a later portion of the chapter. A selection of the bond distances and
angles for SrBeSiO4, BaBeSiO4, and BaBeGeO4 are provided in Tables 9.7, 9.8, and 9.9
respectively.

Table 9.4 - Selected Bond Distances (Å) and Angles (°) of SrBeSiO 4
Bond Distances
1.54(3)
2.8088(13) x3
Be(1) - O(1)
Sr(1) - O(1)
1.655(14) x3
2.611(15) x3
Be(1) - O(2)
Sr(1) - O(2)
1.63
2.802(17) x3
Mean
Sr(1) - O(2)
2.74
Mean
1.542(17)
Si(1) - O(1)
1.597(8) x3
Si(1) - O(2)
1.58
Mean
Bond Angles
O1-Be1-O2
110.1(12) x3
O1-Si1-O2
105.7(7) x3
O2-Be1-O2
108.8(12) x3
O2-Si1-O2
113.0(6) x3
Mean
109.45
Mean
109.35
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Table 9.5 - Selected Bond Distances (Å) and Angles (°) of BaBeSiO 4
Bond Distances
1.671(7)
2.87047(16) x3
Be(1) - O(1)
Ba(1) - O(1)
1.631(3) x3
2.755(2) x3
Be(1) - O(2)
Ba(1) - O(2)
1.64
2.914(2) x3
Mean
Ba(1) - O(2)
2.85
Mean
1.619(3)
Si(1) - O(1)
1.6255(15) x3
Si(1) - O(2)
1.62
Mean
Bond Angles
O1-Be1-O2
106.4(3) x3
O1-Si1-O2
107.68(11) x3
O2-Be1-O2
112.4(2) x3
O2-Si1-O2
111.20(10) x3
Mean
109.4
Mean
109.4

Table 9.6 - Selected Bond Distances (Å) and Angles (°) of BaBeGeO 4
Bond Distances
1.57(6)
2.9146(14) x3
Be(1) - O(1)
Ba(1) - O(1)
1.63(2)
x3
2.765(15) x3
Be(1) - O(2)
Ba(1) - O(2)
1.62
2.946(16) x3
Mean
Ba(1) - O(2)
2.87
Mean
1.74(5)
Ge(1) - O(1)
1.743(15) x3
Ge(1) - O(2)
1.74
Mean
Bond Angles
O1-Be1-O2
109.8(17) x3
O1-Ge1-O2
106.1(6) x3
O2-Be1-O2
109.1(17) x3
O2-Ge1-O2
112.6(5) x3
Mean
109.5
Mean
109.4
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The substitution of an alkaline earth in the place of an alkali and the substitution of
beryllium for a trivalent element provides an interesting structural comparison with the
prior data, as well as new formulaic elements. Stuffed tridymite structures containing
barium are not a novel concept; for instance, the archetype stuffed tridymite is BaAl 2O4.
However, the use of an alkaline earth as a countercharging cation in a berrylosilicate
framework has not been characterized by single crystal X-ray diffraction to date. Of these
three materials, only the formulation BaBeSiO4 has previously been characterized by
powder neutron diffraction. While the formulation remains the same, the difference in
synthetic route led to a stuffed cristobalite structure rather than a stuffed tridymite. 10 Under
hydrothermal conditions, BaBeSiO4 forms in the space group setting of P31c and is
isostructural with the trigonal polymorph of KAlSiO4. An illustration of BaBeSiO4 is
presented in Figure 9.1b. Throughout the previous chapters, we have seen how the overall
structure can be driven from one phase to another through small alterations in the
framework or stuffing elements.
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Figure 9.1 – Crystal structures of SrBeSiO4(a) and BaBeSiO4(b), as viewed
down the c-axis. Orange tetrahedra represent SiO 4 groups, green tetrahedra
represent BeO4 groups, silver atoms represent strontium, and black atoms represent
barium.
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From a size perspective BaBeSiO4 and KAlSiO4 are fairly similar. Looking first to
the stuffing elements of barium and potassium, in a nine-coordinate environment, there is
typically only a size decrease of 0.08 Å.6 Such a size difference could possibly lead to a
new crystallographic phase in such a mutable system (like what is seen with the size
increase of equal difference in RbAlSiO4). In this case the size differences are exactly as
expected, with an average K – O distance of 2.98 Å in KAlSiO 4 and an average Ba – O
distance of 2.85 Å in BaBeSiO4. However, this change is offset by another of other factors
within the structure, and allows BaBeSiO4 to maintain the P31c structure. Most notably of
these factors is the substitution of aluminum with beryllium.
As beryllium is used in place of aluminum, a decrease of 0.12 Å is expected. 6 This
decrease in size helps to offset the parallel decrease in size of the stuffing component in
the structure. This difference is not quite so great due to the average Al – O distances in
KAlSiO4 being slightly shorter than expected. In BaBeSiO4 the average Be – O distance is
1.64 Å (Table 9.8) which is as would be expected. Within the tetrahedra itself the basal
oxygen sites (O2) are at closer distances of 1.631(3) Å, while the apical site (O1) that
coordinates to the rings proceeding down the c-axis is slightly elongated at 1.671(7) Å. As
with the tetrahedra in KAlSiO4, the tetrahedra of BaBeSiO4 are slightly squished with
interior basal angles of 112.4(2) ° for O2 – Be1 – O2 and 111.20(10) ° for O2 – Si1 – O2.
This also decreases the angle between the apical and basal sites to 106.4(3) ° for O1 – Be1
– O2 and 107.68(11) ° for O1 – Si1 – O2. The distances within the silicon tetrahedra are
the expected lengths, with an average Si – O distance of 1.62 Å. However, this distance is
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still smaller than the average length of 1.67 Å in KAlSiO 4 and helps to counteract the size
change from potassium to barium.
Interestingly, BaBeGeO4 was also solved in P31c. For most of the structures
investigated in this work, the substitution of germanium in the place of silicon has led to a
different phase. Germanium in a tetrahedral environment is typically 0.13 Å larger than
silicon, and many structures must make room to accommodate this change. 6 Looking to
Tables 9.8 and 9.9, there is an average Si – O distance of 1.62 Å for BaBeSiO 4 and in
BaBeGeO4 the average Ge – O distance is 1.74 Å, with little difference between the apical
and basal sites. However, even with a 0.12 Å size difference, the P31c space group is
maintained. As was the case in both BaBeSiO4 and KAlSiO4, the angles within the GeO4
tetrahedra are slightly squished, with the angles between the basal sites at 112.6(5) ° and
from the basal to the apical at 106.1(6) °. However, the BeO4 tetrahedra within the structure
are more regular regarding their interior angles. The structure can accommodate the larger
size of the germanium tetrahedra in part due to the bending of the six-membered rings. The
interior angles within the rings decrease from Si1 – O2 – Be1 of 136.30(10) ° in BaBeSiO 4
to a Ge1 – O2 – Be1 angle of 132.7(8) ° (Figure 9.2). This allows barium to keep its ninecoordinate environment with only a slightly longer bond distance to oxygen of 2.87 Å.
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Figure 9.2 – Angles within the six-membered rings of BaBeSiO4(a) and
BaBeGeO4(b), angles are from Be1 – O2 – Si/Ge1.
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The substitution of strontium in the place of barium was too great a change to
maintain the trigonal structure type. While the step from potassium to barium was not large
enough (coupled with the substitution of aluminum with beryllium) to cause a change in
phase, the change from barium to strontium is twice as great in size. 6 In order to form the
framework to better coordinate to the smaller stuffing cation, the layers of six-membered
rings rotate from an eclipsed to a staggered arrangement. This leads to the hexagonal P63
phase, which is isostructural with the phase seen for KAlSiO4 after heating or when
potassium is partially disordered with sodium as in Na0.25K0.75AlSiO4. An illustration
comparing the P31c and P63 structure types is presented in Figure 9.1, and their effect on
the coordination about the stuffing site in Figure 9.3.
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Figure 9.3 – Alkaline earth environments in SrBeSiO 4 (a,c) and BaBe(Si/Ge)O4 (b,d)

The tetrahedra that make up the framework show some differences with BaBeSiO 4.
One notable difference is that the average Si – O distance is decreased to 1.58 Å, but still
maintains a slightly squished geometry with angles between the basal sites of 113.0(6) °
and angles between the apical and basal sites of 105.7(7) °. The BeO4 form as more regular
tetrahedra, like in BaBeGeO4, with average Be – O distances of 1.63 Å. Another similarity
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between SrBeSiO4 and BaBeGeO4 is the angles within the six-membered rings. In
BaBeGeO4, this angle decreases from the BaBeSiO4 analogue to accommodate the larger
germanium tetrahedra about the barium, but in SrBeSiO 4 the framework must make a
similar bend to make up for the smaller size of strontium. In SrBeSiO 4 this Si1 – O2 – Be1
angle is 132.4(4) °.

The Crystal Structure of Rb2BeSi3O8

Another possible route that can be explored using beryllium as a framework
constituent in a tridymite-related structure is in the general formulation of A 2BeSi3O8. One
example of a structure of this type was synthesized using rubidium as the stuffing alkali.
Rb2BeSi3O8 was synthesized using the hydrothermal technique and was shown to crystalize
in the noncentrosymmetric setting of Ima2 using single crystal x-ray diffraction. All atoms
within the structure were refined anisotropically and a final R 1 value of 0.0182 was
obtained for 1889 total reflections, 424 of which were unique. A complete list of the
crystallographic data can be found in Table 9.10.
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Table 9.7 - Crystallographic Data for Rb 2BeSi3O8
Empirical Formula

Rb2BeSi3O8

Formula weight, g/mol

392.22

Space group

Ima2

a, Å

8.585(4)

b, Å

8.928(3)

c, Å

5.1796(10)

Volume, Å3

397.0(2)

Z

2

Density (calculated), g/cm3

3.281

Parameters

36

θ range, deg
Reflections

3.29 – 26.60

Collected

1889

Independent

424

Observed, I≥2σ(I)

412
0.0330

R, int
Final R, obs. Data
R1

0.0272

wR2
Final R, all Data

0.0662

R1

0.0281

wR2

0.0680

Goodness of fit of F2

1.107

Flack Parameter

0.071(14)
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The crystal structure of Rb2BeSi3O8 bears resemblance to the ABW-type structures
discussed in Chapter 8. While the space group setting of Ima2 is unique among the
structures previously discussed, illustrations of Rb2BeSi3O8 (Figures 9.4 - 9.6) show a clear
resemblance. One of the most notable differences between the ABW-type structures and
the tridymite-type structures is the orientation of the tetrahedra that make up the six
membered rings that can be seen looking down the a-axis. For most tridymite-type
structures the tetrahedra sit in an UDUDUD arrangement, where U denotes an upward
facing tetrahedron and D represents a downward facing tetrahedron. While the ABW-type
is related to tridymite, its structure is clearly set apart in the all tetrahedra in the sixmembered rings reside in an UUUDDD confirmation.
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Figure 9.4 – Crystal structures of Rb2BeSi3O8 as viewed down the a-axis.
Teal tetrahedra represent disordered SiO 4 and BeO4 groups, silver atoms represent
rubidium.
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Figure 9.5 – Crystal structures of Rb2BeSi3O8 as viewed down the c-axis. Teal
tetrahedra represent disordered SiO4 and BeO4 groups, silver atoms represent
rubidium.
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Figure 9.6 – Crystal structures of Rb2BeSi3O8 as viewed down the b-axis.
Teal tetrahedra represent disordered SiO 4 and BeO4 groups, silver atoms represent
rubidium.
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The big distinction that sets Rb2BeSi3O8 apart from other ABW-type structures like
RbAlSiO4 is the crystallographic setting of Ima2. The reason for this setting is the
disordering of the beryllium and silicon sites. In deciding on this space group assignment,
a test solution was performed in the triclinic setting of P1, however even then no distinction
could be made between the beryllium and silicon sites. But disordering is not unique in
itself, as CsAlSiO4 was solved with disordered tetrahedra in the space group Imma.
Rb2BeSi3O8 acts as a middle ground between the Pna21 structure seen for RbAlSiO4 and
the Imma structure of CsAlSiO4. Like in RbAlSiO4, the six-membered rings in Rb2BeSi3O8
are ditrigonal rather than hexagonal. This demonstrates that the bending of the structure
away from the ideal hexagonal rings breaks the inversion center without the need for
ordering of the tetrahedral sites. A stepwise progression is shown in Figure 9.7 in
comparing the structures of RbAlSiO4, Rb2BeSi3O8, and CsAlSiO4.
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Figure 9.7 – Structure comparison of ABW-type structures
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As with the other ABW-type structures, the UUUDDD configuration creates eightmembered rings along the c-axis, as can be seen in Figure 9.4. It is within the voids of these
channels and those created in the six-membered rings proceeding down the a-axis that the
rubidium resides. As the structure of Rb2BeSi3O8 shares many similarities with RbAlSiO4,
a comparison of can prove useful. In both structures, the rubidium cation resides in a
fifteen-coordinate environment, coordinating to six oxygen sites that are a part of the sixmembered rings in either direction along the a-axis. The remaining three coordinating
oxygen sites are to the apical oxygen atoms that bridge between the six-membered rings.
This coordination is illustrated in Figure 9.8. The Rb – O distance ranges from 2.8 – 3.9 Å,
with an average distance of 3.36 Å (Table 9.12). This average distance is approximately
0.1 Å smaller than in RbAlSiO4, but is likely a result of the decreasing size of the
tetrahedral framework.
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Figure 9.8 – Rubidium environment within Rb2BeSi3O8. Teal tetrahedra
represent disordered SiO4 and BeO4 groups, silver atoms represent rubidium.
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Table 9.8 - Selected Bond Distances (Å) and Angles (°) of
Rb2BeSi3O8
Bond Distances
1.622(5)
2.889(4) x2
T(1) - O(1)
Rb(1) - O(1)
1.639(5)
3.310(4) x2
T(1) - O(1)
Rb(1) - O(1)
1.6049(17)
3.411(4) x2
T(1) - O(2)
Rb(1) - O(1)
1.609(2)
3.900(5) x2
T(1) - O(3)
Rb(1) - O(1)
1.62
3.141(10)
Mean
Rb(1) - O(2)
3.210(4)
Rb(1) - O(2)
3.470(7)
Rb(1) - O(2)
3.082(4) x2
Rb(1) - O(3)
3.719(6) x2
Rb(1) - O(3)
3.36
Mean
Bond Angles
O1-T1-O1
108.88(17)
O1-T1-O2
109.7(4)
O1-T1-O2
111.0(4)
O1-T1-O3
108.4(3)
O1-T1-O3
110.9(2)
O2-T1-O3
107.9(3)
Mean
109.5

In the structure of Rb2BeSi3O8 there is one tetrahedral site that is disordered
between beryllium and silicon. As mentioned earlier, no distinction could even be found
between the tetrahedral sites in P1. The average T – O (T denoting disordered Si and Be)
distance is 1.62 Å, as is seen in Table 9.12. This is as expected, as beryllium and silicon
have typical bond distances to oxygen of 1.63 and 1.62 Å respectively. The disordering of
this site had a silicon to beryllium ratio of 3:1. This was determined through the relative
electron density at the site and allowed for the system to reach a balanced charge. The
angles within the tetrahedron are well behaved and do not stray too far from the ideal
109.5 °.
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The Crystal Structure of RbBePO4

In the pursuit of new beryllium-containing stuffed tridymites the use of phosphorus
as the other tetrahedral framework element provides an interesting direction to explore.
Phosphates have been shown to be particularly useful in nonlinear optical crystals such as
KTP and KDP. Two alkali beryllophospates, KBePO 4 and CsBePO4, have previously been
synthesized and structurally characterized by single crystal X-ray diffraction, however the
rubidium analogue has not yet been satisfactorily solved. 8 It was speculated that the
structure may be isostructural with KBePO4 based on the similarity of the similarity of the
powder X-ray diffraction patterns and unit cells of the two. Single crystal x-ray diffraction
of the hydrothermally-synthesized RbBePO4 showed the phase to crystalize in the
noncentrosymmetric setting of Pna21. All atoms within the structure were refined
anisotropically. A final R1 value of 0.0331 was obtained for 15966 total reflections, 907 of
which were unique. A complete list of the crystallographic data can be found in Table 9.13.
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Table 9.9 - Crystallographic Data for RbBePO 4
Empirical Formula

RbBePO4

Formula weight, g/mol

189.45

Space group

Pna21

a, Å

8.6092(4)

b, Å

8.6143(4)

c, Å

5.0034(2)

Volume, Å3

371.06(3)

Z

4

Density (calculated), g/cm3

3.391

Parameters

66

θ range, deg
Reflections

3.35 – 28.31

Collected

15966

Independent

907

Observed, I≥2σ(I)

893
0.0344

R, int
Final R, obs. Data
R1

0.0331

wR2
Final R, all Data

0.1001

R1

0.0347

wR2

0.1004

Goodness of fit of F2

1.49

Flack Parameter

0.29(2)
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As was suspected by Masse and Durif8, RbBePO4 was found to be isostructural
with KBePO4. This is not too surprising given the small size difference (0.07 Å 6) between
the two alkali. These structures are also isostructural with RbAlSiO 4, discussed in the
previous chapter. The framework of RbBePO4 is distorted from the ideal stuffed tridymite
structure in three ways. First, in the ordering of the tetrahedral sites that make up the
framework. The second divergence from an ideal stuffed tridymite is the bending of the six
membered rings built of tetrahedra into a ditrigonal geometry rather than hexagonal. The
third and most notable difference is the orientation of the tetrahedra that make up the six
membered rings. In an ideal stuffed tridymite the orientation of these tetrahedra would be
UDUDUD, where U denotes and upward facing tetrahedra and D representing a downward
facing tetrahedra. However, in RbBePO4 the tetrahedra have an orientation of UUUDDD.
This creates eight-membered rings when viewed down the c-axis. These deviations are
shown in the drawing of the general views of RbBePO 4 provided in Figures 9.9 – 9.11.

381

Figure 9.9 – Crystal structures of RbBePO4, as viewed down the a-axis.
Purple tetrahedra represent PO4 groups, green tetrahedra represent BeO4 groups,
and silver atoms represent rubidium.
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Figure 9.10 – Crystal structures of RbBePO4, as viewed down the c-axis.
Purple tetrahedra represent PO4 groups, green tetrahedra represent BeO4 groups,
and silver atoms represent rubidium.
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Figure 9.11 – Crystal structures of RbBePO4, as viewed down the c-axis.
Purple tetrahedra represent PO4 groups, green tetrahedra represent BeO4 groups,
and silver atoms represent rubidium.
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Due to the isostructural relationship between of RbBePO 4 and KBePO4, as well
their similar formulation with only a differing alkali, a comparison of the structural
framework is appropriate. The fact that these two crystals are isostructural is not too
surprising, given the previously stated narrow difference (0.07 Å6) of crystal radii between
potassium and rubidium. The cell size of RbBePO4 is slightly larger, a = 8.6082 (4), b =
8.6143 (4), c = 5.0034 (2) Å, when compared with the published cell of KBePO 4, converted
to the standard setting of Pna21, a = 8.344 (5), b = 8.506 (4), c = 4.937 (4).8 While the size
of these cells is largely dependent on the size of the tetrahedral framework, the framework
also must provide enough space for the stuffing alkali site. A selection of bond distances
and angles for RbBePO4 is provided in Table 9.15. In RbBePO4 the average distance from
phosphorus to oxygen is 1.53 Å, and an average distance from beryllium to oxygen at
1.63 Å. In both tetrahedra there is a slight deviation between each distinct oxygen site. The
angles within the tetrahedra are well behaved with their averages both at 109.5°. The bond
distances and angles of these tetrahedra are nearly identical to those seen in KBePO 4.8
There is a slight difference in the bonding environment of rubidium and potassium.
According to the structural refinement by Masse and Durif,8 potassium is elevencoordinate while that of rubidium in our solution is ten-coordinate. This is due to the slight
change of position of the alkali within the structure. Looking at the eight membered rings
of RbBePO4, along the c-axis as is illustrated in Figure 9.10, the rubidium take up a more
centralized position within the ring than potassium does. This leads to the rubidium atoms
within the ring having a closer distance between them (4.2575 (10) Å) than with their
neighbors within the six-membered rings as viewed down the a-axis (4.3902 (4) Å). This
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is the opposite case in KBePO4, with neighboring potassium atoms within the eightmembered ring at 4.331 (4) Å and within the six-membered ring at 4.229 (3) Å. This allows
for a closer distance from potassium to the apical oxygen of the neighboring eight
membered ring. In the case of rubidium, the distance between these two sites was seen as
too great (3.452 (6) Å) to have any significance. This arrangement is illustrated in
Figure 9.12.

Figure 9.12 – Rubidium environments in RbBePO4
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Table 9.10 - Selected Bond Distances (Å) and Angles (°) of RbBePO 4
Bond Distances
1.517 (2)
2.975 (6)
P(1) - O(1)
Rb(1) - O(1)
1.522 (5)
3.101 (4)
P(1) - O(2)
Rb(1) - O(1)
1.552 (7)
2.883 (4)
P(1) - O(3)
Rb(1) - O(2)
1.517
(3)
3.210 (4)
P(1) - O(4)
Rb(1) - O(2)
1.53
3.353 (4)
Mean
Rb(1) - O(2)
2.869 (4)
Rb(1) - O(3)
1.604
(5)
3.305 (4)
Be(1) - O(1)
Rb(1) - O(3)
1.61 (3)
3.328 (4)
Be(1) - O(2)
Rb(1) - O(3)
1.65 (3)
2.936 (5)
Be(1) - O(3)
Rb(1) - O(4)
1.641
(12)
3.112 (5)
Be(1) - O(4)
Rb(1) - O(4)
1.63
3.11
Mean
Mean
Bond Angles
O1-P1-O2
110.4 (4)
O1-Be1-O2
112.5 (18)
O1-P1-O3
110.2 (5)
O1-Be1-O3
109.8 (14)
O1-P1-O4
109.3 (2)
O1-Be1-O4
106.0 (6)
O2-P1-O3
108.77 (19)
O2-Be1-O3
109.3 (5)
O2-P1-O4
108.2 (3)
O2-Be1-O4
111.8 (13)
O3-P1-O4
109.9 (3)
O3-Be1-O4
107.3 (18)
Mean
109.5
Mean
109.5

The Crystal Structure of SrGeBe4O7

In pursuit of the synthesis of SrBeGeO4 an intriguing result came about. The growth
of SrBeGeO4 was prevented due to the formation of another, more readily formed phase.
This initially undesired product was at first mistaken as SrBeGeO4 given that it has a very
similar unit cell to what was expected; having a = 5.38 Å and c = 8.77 Å, although
noticeably larger than its barium analog (a = 5.05 Å, 8.70 Å), the opposite of what was
expected. The composition of the crystal had the formula of SrGeBe 4O7 and was solved in
P63mc. Each site was refined anisotropically, with a final R 1 value of 0.0222 obtained from
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1909 total reflections, 238 of which were unique. A complete list of the crystallographic
data can be found in Table 9.16, and illustration of this structure (single layer for simplicity)
is provided in Figure 9.13.

Figure 9.13 – Single layer of the crystal structures of SrGeBe 4O7, as viewed down
the c-axis. Purple octahedra represent GeO6 groups, green tetrahedra represent
BeO4 groups, and silver atoms represent strontium.
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Table 9.11 - Crystallographic Data for SrGeBe4O7
Empirical Formula

SrGeBe4O7

Formula weight, g/mol

308.25

Space group

P63mc

a, Å

5.3776(2)

c, Å

8.7705(5)

Volume, Å3

219.65(22)

Z

2

Density (calculated), g/cm3

4.661

Parameters

31

θ range, deg
Reflections

4.38 – 28.27

Collected

1909

Independent

238

Observed, I≥2σ(I)

223

R, int
Final R, obs. Data

0.0342
0.0222

R1
wR2
Final R, all Data

0.0490

R1

0.0233

wR2

0.0498

Goodness of fit of F2

1.134

Flack Parameter

0.018(13)
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The structure of SrGeBe4O7 is isostructural with that of the natural mineral
Swedenborgite. This mineral was mined exclusively from Långban, Sweden, with
structural investigations in the 1930s that determined a chemical formula of NaSbBe 4O7
and solution in the space group setting of P63mc.11–13 Aside from the publication of its’s
infrared-absorption spectrum in 198214, the mineral was by and large left unstudied until
the early 2000s when the structure was refined anew.15 The structure of SrGeBe4O7 can be
seen as a layered structure, comprised of two unique layers, both repeated once more within
the cell through symmetry. The composition of the two layers is illustrated in Figure 9.14.
In the A layer of the structure GeO6 octahedra coordinate to three BeO4 tetrahedra through
corner sharing of the O2 site. These BeO4 tetrahedra then coordinate to three GeO6
octahedra forming an alternating grid on the ab-plane. The B layer of the structure is made
up of a layer composing of two distinct rows, progressing along the a-axis. In the first row,
GeO6 octahedra and BeO4 tetrahedra alternate through corner sharing of an O1 site. The
next layer consists of infinite chains of like-oriented BeO4 tetrahedra. The GeO6 octahedra
of the B layer are not distinct from those in the A layer. The A layer is coordinated to the
lower, with respect to the c-axis, O2 sites of the GeO6 octahedra, while the B layer
coordinates to the upper O1 sites. The arrangement of these layers is illustrated in Figure
9.15. The A and B layers of the structure alternate along the c-axis with each layer rotated
180° at each iteration in a fashion of ABA’B’.
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Figure 9.14 – Layers stacked along the c-axis in SrGeBe4O7.
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Figure 9.15 – Side view of the layers stacking in SrGeBe4O7.

An alternate way of looking at the framework that makes up the structure of
SrGeBe4O7 is to examine the structure as berrylate clusters connected through GeO6
octahedra. The beryllate clusters are composed of four BeO4 tetrahedra, each sharing one
corner to the others through an O3 site, forming a composition that may be described as
Be4O13 cluster. This cluster forms around the 63 screw axis, with the O3 and Be2 sites
residing on the axis and the Be1 sites with their accompanying oxygen sites reproduced
through symmetry about the axis. The Be4O13 cluster is illustrated in Figure 9.16. This
cluster may also be seen as a fragment of the structure of bromellite, BeO. 16 The structure
of bromellite is in the wurtzite structure type, consisting of layers of like-oriented, corner
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sharing tetrahedra as was also seen in our investigations of lithium silicate structures. 17
These Be4O13 clusters coordinate to each of its neighboring clusters through O1 sites. This
leaves a void between the sites that is occupied by the GeO6 octahedra. This arrangement
may be seen in the view of a single layer presented in Figure 9.13.

Figure 9.16 – Be4O13 groups in SrGeBe4O7.

A selection of bond distances and angles for SrGeBe4O7 is provided in Table 9.18.
The bonding environment around the germanium site is composed of three symmetryrelated O1 sites above the germanium with respect to the c-axis, and three symmetry related
O2 sites below. This coordination establishes an ideal octahedron with an average Ge – O
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bond distance of 1.91 Å, with little variance (< 0.01 Å) between the O1 and O2 sites. The
angles between these sites average at an ideal 90°, with only slight deviations within the
range of 89.33 – 91.0°.
Within the structure of SrGeBe4O7 there are two distinct beryllium sites. The first
of these sites, Be1, is coordinated to three unique oxygen sites. The basal sites of the
tetrahedra provide coordination within the layer through corner sharing. Two of these basal
sites are symmetry related O1 sites that each have bonding environments with one other
neighboring BeO4 tetrahedra and one GeO6 octahedron. The remaining basal oxygen site,
O3, is at the center of the Be4O13 cluster, and acts as a corner-sharing site between the four
tetrahedra. This O3 site is one of the few examples of isolated anionic-centered Be 4O
tetrahedra.18 The remaining oxygen site that makes up the tetrahedral environment around
Be1 is to the apical O2 site that coordinates to the layer above with respect to the c-axis.
The average Be – O distance within the tetrahedra is 1.64 Å, with the three basal oxygen
atoms having fairly close distances (≈ 1.63 Å) and the apical site having a slightly longer
distance of 1.69 Å. The angles within the tetrahedra from O – Be – O average at 109.5 °
and show some slight squashing of the tetrahedra with angles between the basal oxygen
sites at ≈ 110.9° and shorter angles between the basal sites and apical site at ≈ 108.0°. At
the second distinct beryllium site, Be2, the tetrahedral symmetry is built up of three
symmetry related O2 sites forming the basal section of the tetrahedra, and one apical O3
site that allows for coordination to the neighboring layer. Each of the basal O2 sites allows
for corner sharing to a neighboring GeO6 octahedra. The apical O3 site is previously
described site at the center of the Be4O13 cluster. The Be – O distances of the Be2 tetrahedra
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site average at the expected 1.64 Å. As with at the Be1 site, the Be2 site has shorter
distances to the basal O2 sites (1.63 Å) and a slightly longer distance to the apical O3 site
(1.66 Å). The O – Be – O angles within the tetrahedra average to 109.5° with the deviations
between within the field of error.
The strontium cation site of SrGeBe4O7 is encapsulated in the voids within the
layers. Its location be defined as residing in the center of the six-membered rings that are
formed in the A layer between the three BeO4 tetrahedra and three GeO6 octahedra. With
respect to the B layer, this site is above the GeO6 octahedra of the layer and in the midst of
the six BeO4 tetrahedra that coordinated to the GeO6 octahedra. An illustration of this
environment for strontium is provided in Figure 9.17. The total coordination environment
of the strontium cation forms a cuboctahedron, with bonds to three symmetry-related O1
sites above, six symmetry-related O2 sites on the same plane, and three symmetry-related
O1 sites below, all with respect to the c-axis. The average of all twelve Sr – O distances is
2.69 Å, with little deviation (< 0.15 Å).
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Figure 9.17 – Strontium environment in SrGeBe4O7, as viewed down the c-axis (a)
and a-axis (b).

In comparing the bonding environments of SrGeBe4O7 and NaSbBe4O7, both
strontium and germanium are slightly smaller than their sodium and antimony counterparts.
The size difference between strontium and sodium is the opposite of what was expected,
and is unlikely to be caused due to contaminants in the natural specimen, as elemental
analysis revealed the sodium site to likely be disordered with calcium and void space. 6,15
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However this deviation may be explained by the expected shrinking of the octahedral site
as germanium takes the place of the slightly larger antimony. This size change can be seen
in the noticeably shorter Sr1 – O1 distances above strontium, with respect to the c-axis. As
this is unfavorable for the strontium, the distances to the lower O1 sites is slightly increased
and can also be seen in the elongated Be1 – O2 distance. The cramped environment of the
strontium shows why a BaGeBe4O7 analogue was not encountered in the pursuit of
BaBeGeO4.

Table 9.12 - Selected Bond Distances (Å) and Angles (°) of
SrGeBe4O7
Bond Distances
1.911(6) x3
1.631(10) x3
Ge(1) - O(1)
Be(2) - O(2)
1.904(5) x3
1.66(3)
Ge(1) - O(2)
Be(2) - O(3)
1.91
1.64
Mean
Mean
Be(1) - O(1)
Be(1) - O(2)
Be(1) - O(3)
Mean
Bond Angles
O1-Ge1-O1
O1-Ge1-O2
O2-Ge1-O2
Mean

1.628(7) x2
1.69(2)
1.629(8)
1.64

Sr(1) - O(1)
Sr(1) - O(1)
Sr(1) - O(2)
Mean

2.680(8) x3
2.693(8) x3
2.68890(12) x6
2.69

90.3(3) x3
89.33(19) x6
91.0(3) x3
90.0

O1-Be1-O1
O1-Be1-O2
O1-Be1-O3
O2-Be1-O3
Mean

110.0(7)
108.8(7) x2
111.4(6) x2
106.4(6)
109.5

O2-Be2-O2
O2-Be2-O3
Mean

109.3(9) x3
109.6(9) x3
109.5
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The Swedenborgite Family

With the hydrothermal synthesis of the new material, SrGeBe4O7, in the
swedenborgite structure type, a promising path for future research has appeared. As
mentioned before, the mineral swedenborgite was investigated in the 1930’s, 12,13 with some
subsequent investigations many years later,14,15 but has not progressed further than a
luminescence study19 as of late. While the structure is polar and capable of producing SHG,
it is not predicted to be significantly useful as a frequency doubling crystal. 20 However,
this structure is parent to a new and growing family of promising materials, often referred
to as the “114” oxides. The study of these 114 oxides was sparked in 1996 when the first
synthetic derivative of swedenborgite was synthesized, though the connection to the
mineral was not yet realized.21 This new structure, having the formula BaLuAlZn3O7,
introduced a rare-earth site into the octahedral position belonging to antimony in the natural
mineral and was the next step into an exciting new series of compounds. This new step
introduced the potential for new magnetic materials in this structure type with the synthesis
of YBaCo4O7.22 What makes this such an interesting development is the triangular
geometry of the metallic sublattice inherent to the swedenborgite. In this structure type, a
kagome lattice is formed between the tetrahedral metal sites, and opens the door to a new
series of geometrically frustrated magnets.23,24 The kagome lattice, as seen in SrGeBe4O7
is illustrated in Figure 9.18. With the addition of the LnBaCo 4O7 114 family,22,25–27 a new
class of materials has been added to previously available spinels and pyrochlores. 23,24,28,29
This family has also been expanded in the use of iron and manganese in the structure to
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synthesize compounds such as LnBaFe4O7, CaBaFe4O7, and LnBaMn3AlO7. A rare
occurrence is seen, specifically among the cobalt and iron containing species, in which
only mixed-valent cations make up a tetrahedral framework, making them prime
candidates to study new strongly correlated electronic systems. 30

Figure 9.18 – Kagome lattice in SrGeBe4O7, beryllium atoms (green) are connected
to illustrate the Kagome lattice.

These new materials have exhibited a complex range of magnetic properties. 31–33
One of the most important features of the 114 cobalt oxides is that they show one or several
magnetic transitions versus temperature, one of which is caused by the structural
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transformation from the hexagonal setting to the orthorhombic at low temperatures. It was
also discovered that is some cases, such as in YBaCo 4O7, a new class of frustrated magnet
has come about.33 While the structure does contain the previously mentioned kagome
lattice parallel to the ab-plane, it also contains a 3D network established by the remaining
tetrahedral metals in the neighboring layers, as shown in Figure 9.19. In the case of
SrGeBe4O7 these are the Be2 sites. Through this layer above and below the kagome lattice
new, long-range magnetic correlations are observed with short range correlations within
the kagome lattice on the ab-plane. Even with the strong out-of-plane coupling between
the kagome layers constrain the spin configurations for half of the triangular plaquettes the
system is able to hold on to its strong in-plane degeneracy. 33

Figure 9.19 – Three-dimensional lattice in SrGeBe4O7, beryllium atoms (green) are
connected to illustrate the lattice.
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In contrast to the magnetic properties of the cobaltites are the ferrites. Although
they share the hexagonal, or sometimes trigonal, system of the 114 cobalt oxides their
magnetic properties show some interesting differences. For instance, the ferrites have the
formula Ca1-xLnxBaFe4O7 where 0 ≤ x ≤ 0.80 are ferromagnetic with a Tc up to 270 K.34
However as the 114 family approaches LnBaFe4O7 the structure takes on a cubic lattice
and shares a closer relationship to A2M2O7 pyrochlore than to swedenborgite and exhibit
spin glass behavior.35,36
One of the limitations of these materials is due to the technique used in their
synthesis. While millimeter sized crystals have been grown through flux-method, the
oxygen stoichiometry has proven difficult to control. This is due to cobaltites like
LnBaCo4O7’s ability to take on non-stoichiometric oxygen, which has also led to the
materials being investigated as potential oxygen storage materials.

Conclusions

The investigation into new and useful variants based upon the stuffed tridymite
structure type can be branched out into a number of possible sub-genres. Until this point,
the research has been predominantly preoccupied with formulations fitting the design of
X1+Y3+Z+4O4. The use of beryllium as a tetrahedral building block has been shown to allow
for new variety in this system. In substituting the trivalent portion of the framework with
the divalent beryllium, the substitution of the stuffing alkali with an alkaline earth was
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made possible. This was demonstrated in the synthesized structures of SrBeSiO 4,
BaBeSiO4, and BaBeGeO4. These structures also provided interesting structural
comparisons with both the low temperature and high temperature form of kalsilite,
KAlSiO4.
The structure type A2DF3O8 was investigated as another possible route for future
stuffed tridymite variants, also making use of a beryllium-based building block. An
example of a structure in this type was demonstrated in the synthesis of Rb 2BeSi3O8. This
structure also demonstrated that, at least in the ABW structure type, the bending of the
tetrahedral framework from hexagonal rings to ditrigonal can break the inversion center of
the cell. An interesting structural comparison was also made with RbAlSiO 4 and CsAlSiO4
regarding the descent in symmetry through distortion of the framework and ordering of the
tetrahedral sites that compose the framework.
In a final example of how the use of beryllium building blocks can open another
avenue of research, the ADGO4 analogue was synthesized. This opens an interesting class
due to the prospect that a phosphorus-based framework may contribute to an improved
SHG ability. Single crystals of RbBePO4 were synthesized and were shown to form in an
acentric setting. The pursuit of additional crystals in this sub-class may lead to an intriguing
new variety of SHG materials.
In the final structure explored in this chapter, a prospect for an entirely different
project was discussed. This came about as the result of the targeted synthesis of SrBeGeO 4
led to the structure SrGeBe4O7. This crystal is a variation based upon the mineral
swedenborgite. While this mineral is not particularly interesting from an applications
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standpoint, it does give hope for a new series of valuable new materials. As with the use of
tridymite as the basis for the study of a new variety of potential SHG crystals, the
swedenborgite system may provide us with a new collection of crystals with fascinating
magnetic potential.
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CHAPTER TEN

SUMMARY AND PERSPECTIVE

The development of new crystals is crucial to the progression of optical technology.
One area of importance is the growth of non-linear optical (NLO) crystals, specifically in
the UV and deep-UV regions. The traditional approach for designing crystals for
applications as second harmonic generators employs borate anion groups. However, this
work sought to utilize silicates to produce new NLO crystals. The growth of silicates is a
pursuit that dates to the invention of the early hydrothermal techniques. Despite its long
synthetic history, the use of silicates as NLO materials has been largely neglected.
Traditional crystal growth of silicates by techniques such as Czochraslki are often hindered
when using silicates due to their glass-forming tendency. In utilizing the rich history that
silicates share with hydrothermal crystal growth, this work has demonstrated the growth of
noncentrosymmetric silicates and related tetrahedral oxides, as well as preliminary linear
and nonlinear optical measurements.
In the exploratory synthesis of new rare-earth silicates, no new self-frequency
doubling crystals were synthesized; however, two unique structural series were produced.
The first of these structures is the parent of a structural family that has been otherwise
found to exhibit structural disorder or modulation. The crystal was of the formulation
Cs3YSi6O15 and possesses a remarkably long repeat unit along the c-axis of 57 Å in the
rhombohedral setting of R-3c. While this structure is not acentric, it does provide a clear
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parent structure of the otherwise diverse Cs 3RESi6O15 family. The synthetic endeavors of
rare earth silicates then led to a series of structures with the formulation of LiRESiO 4 (RE
= Er, Tm, Yb, Lu). These structures were analyzed by single crystal X-ray diffraction and
revealed to be isostructural with the NaRESiO4 and NaREGeO4 series. While prior research
of these related species debates the forming of the crystals in either the centrosymmetric
setting of Pnma or the noncentrosymmetric setting of Pna21, the structures of the four
synthesized LiRESiO4 crystals were found to be in the space group setting of Pnma. As
larger rare earth metals (RE = La – Nd, Sm – Ho) were used, the centrosymmetric apatite
phase LiRE9(SiO4)6O2, was found to be synthesized. While the LiRESiO4 series may have
lacked a noncentrosymmetric setting necessary for SHG, this synthetic study did
incidentally produce the acentric side product Li2SiO3.
With the proven tendency of the noncentrosymmetric crystal Li2SiO3 to form under
hydrothermal conditions, the targeted synthesis and optical characterization of Li 2SiO3 was
pursued. While the structure of Li2SiO3 had been previously reported, crystal growth under
hydrothermal conditions and its SHG abilities had been previously unstudied. The related
crystals Li2Si2O5 and Li2GeO3 were also synthesized by the hydrothermal technique and
characterized. All three of these structures are derivations of the wurtzite structure type,
and while this type is known to be centrosymmetric, a descent in symmetry to a
noncentrosymmetric setting is observed with the ordering of the tetrahedra and minute
orientational divergences. Each of these crystals were grown as large rods up to 1 cm in
size by spontaneous nucleation. The absorption edges of these materials were found to be
below the limits of the spectrometer in use at 200 nm and show potential for use in the UV
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region. A Kurtz experiment was performed on Li2SiO3 and Li2GeO3, with each crystal
exhibiting Type-1 phase matching ability, while Li2Si2O5 exhibited very weak SHG and its
phase matching ability could not be determined. The frequency doubling ability of Li 2SiO3
was found to be approximately half that of KDP, while Li2GeO3 was found to be
significantly weaker at approximately 10% the power of KDP. Given the relative size and
quality of the synthesized Li2SiO3 crystals, coupled with its transparency into the deep-UV
and NLO abilities, prompts the need for further investigation into designed transport
growth for further testing as a promising new SHG material.
Given the progress in the wurtzite system, the study was then expanded with the
syntheses of Li2BeSiO4 and Li2BeGeO4 from hydrothermal fluids. The first of these two
crystals was only previously observed in natural mineral samples, and Li 2BeGeO4 was
synthesized as new material isostructural with the first. Both structures were found to form
in the acentric setting of Pn, demonstrating the ability to produce new acentric wurtzite
derivatives under hydrothermal synthetic methods that may prove useful in synthesizing
variety of new derivatives. The flexibility of this system was further demonstrated in the
synthesis of Li2ZnSiO4. While the basic formulation was modified only by substituting one
divalent tetrahedral element for another, a new substructure type was seen in the setting of
Pna21. This reinforces that not only can this system continue to provide acentric, polar
crystals, but it can also yield unique structural modifications via minute changes in which
tetrahedral building blocks are used.
Having explored the basic formula A1+B3+C4+O4, using rare-earth metals at the
trivalent site, attention was turned to stuffed derivatives of silica frameworks. Despite the
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simplicity of the ABCO4 formula, it contains a vast amount of structural complexities and
interesting properties based around small substitutions within the structure. The lion’s
share of this work focused on the substitution of the monovalent site with various alkali,
while the trivalent and tetravalent framework composed of aluminum, gallium, silicon, and
germanium respectively. Of these structures having the basic ABCO 4 formula, two parent
structure types were observed. A summary of the space group assignments presented in
this work is provided in Table 10.1.

Table 10.1 – Summary of ABCO4 space group settings
Al/Si

Al/Ge

Ga/Si

Li

R3

R3

R3

Na

P21/n

P21/n

P21/n

K

P31c

P63

P63

Rb

Pna21

P21/c

P21/c

Cs

Imma

Pna21

Pna21

For structures containing lithium as the monovalent constituent the eucryptite-type
structure was observed, while all other alkali used in this study formed various tridymite
derivatives. The structures of LiAlSiO4, LiAlGeO4, and LiGaSiO4 were found to be
isostructural in the noncentrosymmetric setting of R3. A fourth material (LiGaGeO 4) was
also synthesized, but due to a disordering of the tetrahedral sites a solution centrosymmetric
setting of R-3 was assumed. The crystallographic settings were verified as
noncentrosymmetric for LiAlSiO4, LiAlGeO4, and LiGaSiO4 through implementation of a
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modified Kurtz experiment, while this same experiment confirmed the centrosymmetric
assignment of R-3 for LiGaGeO4 as no SHG was observed. However, the phase matching
ability of these eucryptite type structures was unable to be established due to the relatively
poor SHG ability of the crystals. This poor SHG ability is believed to be the result of two
key factors: the tendency of inversion disorder and the similar coordination environments
of the trivalent and tetravalent sites.
While the main focus of this work is the development of SHG (and thereby acentric)
crystals, the peculiarities of the sodium containing stuffed tridymite derivatives warrant a
detailed structural analysis. While NaAlSiO4, NaAlGeO4, and NaGaSiO4 all from in the
space group setting of P21/n, only the latter two are isostructural with one another. In the
case of NaAlSiO4, a new variation of the trinepheline structure type was identified. Unit
cells like those seen for this monoclinic trinepheline have been reported previously;
however, until this point the structure was unable to be satisfactorily solved. The structures
of NaAlGeO4 and NaGaSiO4 have considerably smaller cells and are entirely distinct from
the aluminosilicate analogue. The structure had been observed previously in the case of
NaAlGeO4, however such an arrangement had not been previously seen with NaGaSiO 4.
As the size of the stuffing alkali increased from sodium to potassium, the
framework moved to adapt. The synthesized KAlSiO4 was compared with other crystals
having the same formulation, and it was found that the synthetic method plays a key role
in determining whether the trigonal or hexagonal phase would form. However, in the cases
of the isostructural KAlGeO4 and KGaSiO4, the hexagonal phase is consistently formed
due to the larger size of the framework tetrahedra. As all three of these potassic variants
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were acentric, their optical characteristics were analyzed, and each were shown to possess
transparency to 300 nm. Kurtz experiment was performed on each sample and it was
discovered that KAlSiO4 is type-1 phase matching and has a relative efficiency of 22%
when compared with KDP. The acentricity of KAlGeO4 and KGaSiO4 were proven by the
production of SHG, but these materials are not likely to be useful type-1 phase matching
materials due to their weak NLO coefficients.
As the larger alkali, rubidium and cesium, were used in the synthesis, three
variations, all containing tetrahedral orientations unique from the prior stuffed tridymites
were observed. Of these three types two were found to be centrosymmetric (RbAlGeO 4
and RbGaSiO4 in P21/c, and CsAlSiO4 in Imma). However, RbAlSiO4, CsAlGeO4, and
CsGaSiO4 were found to be isostructural in the noncentrosymmtric setting of Pna2 1. The
absorption edges for all six of these materials were found to be approximately 300 nm. The
Kurtz experiment was employed to access the acentric materials. RbAlSiO 4 was found to
be phase matching with an efficiency, relative to KDP, of 38%. Preliminary measurements
of CsAlGeO4 and CsGaSiO4 were shown to have efficiencies of 21% and 25% relative to
KDP.
In the final portion of this work it was demonstrated how future research may
branch out from the basic formulation of A1+B3+C+4O4, and lead to diverse synthetic
pursuits. To demonstrate this, beryllium was used as a framework component in several
unique structures. A structural study of SrBeSiO4, BaBeSiO4, BaBeGeO4, Rb2BeSi3O8, and
RbBePO4 shows the versatility of the system. With the synthesis of RbBePO 4, an
interesting class of phosphorus-based framework may contribute to an improved SHG
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ability, as can be found in commercially available materials like KTP and KDP. This final
section also highlighted a new direction of research, as the result of the targeted synthesis
of SrBeGeO4 led to the structure SrGeBe4O7. The structure of SrGeBe4O7 is a variation of
the mineral swedenborgite, and while this mineral is not particularly interesting from an
applications standpoint, it does give hope for a new series of valuable new materials due
to its possession of a kagome lattice with a three dimensional aspect. As the tridymite
system was used as the basis for the study of a new variety of potential SHG crystals, the
swedenborgite system may provide us with a new collection of crystals with fascinating
magnetic potential.
The work presented in the preceding chapters has demonstrated the use of
hydrothermal crystal growth in the development of tetrahedral framework oxides. The
target application of these crystals is as SHG materials. A number of novel structures were
synthesized and characterized by X-ray diffraction, from the parent of a complicated
structural family to derivations upon common mineral species. In-depth structural analysis
was completed for crystals that had eluded prior researchers. Additionally, new synthetic
paths were established to a variety of acentric materials. These materials were analyzed in
terms of their linear and nonlinear optical properties. Based upon the work presented in
these chapters, the groundwork has been laid for the production of large single crystals that
may serve as SHG crystals in the UV region.
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APPENDIX A

Relationship of Hexagonal and Orthohexagonal Cells

In working with structures that have archetypes based on hexagonal cells, at times
the modification of the original cell requires that its symmetry be broken from its hexagonal
symmetry element and replaced by an orthorhombic or monoclinic cell (having a beta angle
of nearly 90 or 120 degrees, dependent on the setting). In these new cells a simple
modification of one axis parallel to the prior hexagonal operation is seen. This modification
increases the length of that cell by the square root of three. In the literature on such cells
this is often noted as a multiple of the square root of three; however, the reasoning behind
this specific operation is glossed over. But this specific mutilation by a recurrent irrational
number is representative of a doubled supercell. While it may not be as immediately
obvious as most situation involving a doubling of a cell by multiplying one axis by two it
is essentially the same operation.
To understand this better, we must view this as a doubled cell being one that has
doubled in area rather than in axis length. Since a parent hexagonal cell is being
transformed into one that is either orthorhombic or monoclinic at the same time as the
doubling of the cell we must look at the basic geometry involved. For this explanation we
shall assume that the c-axis remains constant between the original and new cells. This
allows us to simplify these cases in a two-dimensional environment, with a hexagonal cell
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to a rhombus and an orthorhombic or monoclinic cell to a rectangle. To witness this
doubling of the cell we must consider the area of a rhombus as

𝐴

=𝑎

A.1

ℎ

where Ahex is the area of the rhombus relative to the parent hexagonal cell, a is the
length of a side, and h is the perpendicular length from a chosen side to its opposing side.
Using trigonometry to solve for h,
A.2

ℎ = 𝑎 ∙ 𝑠𝑖𝑛(60°)
ℎ=𝑎

∙

√

A.3

This allows the prior equation to be rewritten as
𝐴

√

=

A.4

Now this must then be related to the area of the simplified orthorhombic and
monoclinic cells represented by a rectangle. The area of a rectangle is of course the product
of the sides. Under the circumstances of the observed cells undergoing this transformation,
a ≈ ahex, b ≈ √3 ∙ ahex; where ahex is the cell length of the a-axis in the parent hexagonal cell.
So then the area may then be solved by

𝐴

/

= 𝑎
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√3

A.5

where Aortho/mono is the area of the rectangle relative to the orthorhombic and
monoclinic cells. From this it can be seen that the area of the new cell in the orthorhombic
or monoclinic setting is increased by a factor of two.
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APPENDIX B

Atomic Coordinates and Equivalent Isotropic Atomic Displacement Parameters

Table B.1 Atomic coordinates and equivalent isotropic atomic displacement
parameters (Å2) for Cs3YSi6O15
Wyckoff
Atoms
x
y
z
U(eq)
Positions
Cs1
36f
0.21412(6)
0.88073(6)
0.02037(2)
0.0239(2)
Cs2
36f
0.51932(7)
0.99911(8)
0.06212(2)
0.0403(3)
Y1
6b
0.0
0.0
0.0
0.0085(6)
Y2
6a
0.6667
0.3333
0.0833
0.0097(6)
Y3
12c
0.3333
0.6667
0.04187(3)
0.0042(5)
Si1
36f
0.9350(2)
0.7945(2)
0.04602(5)
0.0064(6)
Si2
36f
0.1352(2)
0.9283(2)
0.07842(5)
0.0056(6)
Si3
36f
0.4561(2)
0.8713(2)
0.99564(5)
0.0075(6)
Si4
36f
0.5554(3)
0.4285(2)
0.12983(5)
0.0120(7)
O1
36f
0.9741(6)
0.8581(6)
0.02254(13)
0.0134(16)
O2
36f
0.8791(6)
0.6640(5)
0.04090(12)
0.0176(18)
O3
36f
0.1910(6)
0.0325(6)
0.06028(13)
0.0154(17)
O4
36f
0.0363(6)
0.8234(6)
0.06443(14)
0.0151(17)
O5
36f
0.1018(7)
0.9564(8)
0.10234(14)
0.026(2)
O6
18e
0.2348(6)
0.9015(6)
0.0833
0.0076(19)
O7
36f
0.4405(6)
0.8124(6)
0.01970(14)
0.0182(18)
O8
18d
0.5
0.0
0.0
0.040(3)
O9
36f
0.3466(6)
0.8259(6)
0.97994(15)
0.0195(17)
O10
36f
0.6497(6)
0.5324(6)
0.14544(14)
0.0148(16)
O11
36f
0.5975(8)
0.4132(8)
0.10558(15)
0.028(2)
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Table B.2 – Atomic coordinates and equivalent isotropic atomic
displacement parameters (Å2) of LiErSiO4
x

y

z

U(eq)

Er1

0.22176(3)

0.25

0.03092(10)

0.0043(3)

Si1

0.4132(2)

0.25

0.5921(6)

0.0043(6)

O1

0.3392(3)

0.4542(7)

0.7343(10)

0.0066(9)

O2

0.5517(5)

0.25

0.7184(13)

0.0066(13)

O3

0.4031(6)

0.25

0.2652(14)

0.0096(14)

Li1

0.5

0.5

0.0

0.025(5)

Table B.3 – Atomic coordinates and equivalent isotropic atomic
displacement parameters (Å2) of Li2SiO3
x

y

z

U(eq)

Si1

0.5

0.82884(12)

0.55604(12)

0.0042(3)

O1

0.6444(2)

0.6910(3)

0.6378(4)

0.0077(4)

O2

0.5

0.8875(4)

0.2030(5)

0.0071(5)

Li1

0.8258(4)

0.8443(6)

0.549(2)

0.0114(7)
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Table B.4 – Atomic coordinates and equivalent isotropic atomic
displacement parameters (Å2) of Li2GeO3
x

y

z

U(eq)

GE1

0.0

0.17825(6)

0.20865(19)

0.0040(3)

O1

0.1521(4)

0.3177(4)

0.3002(9)

0.0064(8)

O2

0.0

0.8677(8)

0.3389(11)

0.0072(9)

LI1

0.1761(8)

0.6567(11)

0.192(6)

0.009(2)

Table B.5 – Atomic coordinates and equivalent isotropic atomic
displacement parameters (Å2) of Li2Si2O5
x

y

z

U(eq)

Si1

0.15528(6)

0.14842(2)

-0.22091(6)

0.00502(15)

O1

0.25

0.25

-0.1629(4)

0.0123(4)

O2

0.0920(2)

0.13794(8)

-0.5556(3)

0.0084(2)

O3

0.3301(2)

0.07199(9)

-0.1284(4)

0.0093(2)

Li1

0.6524(5)

0.0577(2)

-0.2225(11)

0.0131(5)

420

Table B.6 – Atomic coordinates and equivalent isotropic atomic
displacement parameters (Å2) of Li2BeSiO4
x

y

z

U(eq)

Si1

0.2478(4)

0.3202(4)

0.1482(4)

0.0009(5)

O1

0.3454(18)

0.1495(18)

0.9329(12)

0.0157(18)

O2

0.3919(17)

0.1929(18)

0.3658(12)

0.0159(18)

O3

0.3396(16)

0.6341(15)

0.1295(17)

0.0166(19)

O4

0.9014(15)

0.2934(15)

0.1668(17)

0.0171(19)

Be1

0.745(4)

0.178(3)

0.404(5)

0.017(6)

Li1

0.746(9)

0.162(4)

0.905(5)

0.026(9)

Li2

0.275(8)

0.323(4)

0.636(7)

0.023(5)

Table B.7 – Atomic coordinates and equivalent isotropic atomic
displacement parameters (Å2) of Li2BeGeO4
x

y

z

U(eq)

Ge1

0.75251(15)

0.67644(11)

0.85059(14)

0.0056(6)

O1

0.594(2)

0.8040(13)

0.0833(16)

0.0073(18)

O2

0.659(2)

0.8645(16)

0.6249(16)

0.0091(16)

O3

0.656(2)

0.3416(14)

0.8198(16)

0.0084(19)

O4

0.117(2)

0.6931(11)

0.8803(17)

0.0079(19)

Be1

0.259(4)

0.824(2)

0.098(4)

-0.001(5)

Li1

0.272(13)

0.843(6)

0.593(9)

0.046(18)

Li2

0.237(12)

0.317(2)

0.854(9)

0.009(4)
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Table B.8 – Atomic coordinates and equivalent isotropic atomic
displacement parameters (Å2) of Li2ZnSiO4
x

y

z

U(eq)

Zn1

0.66465(3)

0.49336(5)

0.6097(5)

0.00653(19)

Si1

0.41348(7)

0.25197(10)

0.6131(4)

0.0035(2)

O1

0.3419(2)

0.4683(5)

0.5057(8)

0.0066(5)

O2

0.5593(3)

0.2475(4)

0.5084(7)

0.0071(5)

O3

0.3412(2)

0.0377(5)

0.5044(8)

0.0065(5)

O4

0.4098(2)

0.2539(4)

0.9449(8)

0.0060(7)

Li1

0.6627(4)

0.0002(7)

0.601(7)

0.0031(16)

Li2

0.5796(5)

0.2429(7)

0.102(5)

0.0088(15)
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Table B.9 – Atomic coordinates and equivalent isotropic atomic
displacement parameters (Å2) of LiAlSiO4
x

y

z

U(eq)

Li1

0.4544(9)

0.1431(10)

0.083(3)

0.011(2)

Li2

0.5380(9)

0.8558(11)

0.914(3)

0.012(2)

Al1

0.80322(15)

0.01765(17)

0.91718(15)

0.0084(5)

Al2

0.34503(16)

0.87572(16)

0.08376(17)

0.0084(5)

Si1

0.19700(14)

0.98331(16)

0.08287(12)

0.0089(5)

Si2

0.65595(15)

0.12480(15)

0.91591(14)

0.0090(5)

O1

0.8877(4)

0.1040(4)

0.0626(5)

0.0124(9)

O2

0.1192(4)

0.9034(4)

0.9459(6)

0.0129(9)

O3

0.6699(3)

0.0106(4)

0.9169(8)

0.0092(11)

O4

0.6011(4)

0.1335(4)

0.0744(5)

0.0115(9)

O5

0.3211(4)

0.9907(4)

0.0826(9)

0.0117(11)

O6

0.4314(4)

0.8820(3)

0.2320(5)

0.0118(10)

O7

0.3994(4)

0.8670(4)

0.9106(5)

0.0107(9)

O8

0.5798(4)

0.1234(4)

0.7770(6)

0.0122(9)
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Table B.10 – Atomic coordinates and equivalent isotropic atomic
displacement parameters (Å2) of LiAlGeO4
x

y

z

U(eq)

Li1

0.4750(19)

0.122(2)

0.133(5)

0.001(6)

Li2

0.6861(19)

0.142(2)

0.634(5)

0.001(6)

Al1

0.6857(4)

0.1375(4)

0.9638(8)

0.0126(16)

Al2

0.4711(4)

0.1239(4)

0.4647(8)

0.0122(16)

Ge1

0.68174(15)

0.13653(16)

0.29865(10)

0.0104(4)

Ge2

0.31539(15)

0.86301(15)

0.13255(10)

0.0097(4)

O1

0.6633(7)

0.0020(7)

0.2978(19)

0.008(3)

O2

0.4492(10)

0.8824(10)

0.1465(10)

0.015(2)

O3

0.2370(11)

0.7850(11)

0.2815(10)

0.015(2)

O4

0.7408(11)

0.2033(11)

0.1353(10)

0.017(3)

O5

0.7592(11)

0.2124(11)

0.4475(10)

0.015(2)

O6

0.3267(8)

0.9953(7)

0.133(2)

0.014(3)

O7

0.2598(10)

0.7969(10)

0.9662(9)

0.011(2)

O8

0.5478(10)

0.1204(11)

0.3117(10)

0.015(2)

424

Table B.11 – Atomic coordinates and equivalent isotropic atomic
displacement parameters (Å2) of LiGaSiO4
x

y

z

U(eq)

Li1

0.0212(9)

0.2095(8)

0.148(2)

0.005(2)

Li2

0.8100(10)

0.0188(9)

0.647(2)

0.007(3)

Ga1

0.01352(5)

0.20927(5)

0.81449(5)

0.00535(16)

Ga2

0.47061(6)

0.35287(5)

0.64792(5)

0.00383(15)

Si1

0.19606(14)

0.98341(13)

0.4803(2)

0.0027(5)

Si2

0.32128(14)

0.45719(14)

0.6461(2)

0.0026(4)

O1

0.4502(3)

0.5651(3)

0.6354(4)

0.0049(7)

O2

0.3206(3)

0.9937(3)

0.4800(6)

0.0034(8)

O3

0.8759(3)

0.0831(3)

0.8375(4)

0.0043(7)

O4

0.1313(3)

0.9286(3)

0.6360(4)

0.0044(7)

O5

0.2159(3)

0.1111(3)

0.4681(4)

0.0041(7)

O6

0.3319(3)

0.3435(3)

0.6474(6)

0.0042(8)

O7

0.1223(3)

0.9079(3)

0.3411(4)

0.0049(7)

O8

0.2622(3)

0.4644(3)

0.7998(4)

0.0037(7)
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Table B.12 – Atomic coordinates and equivalent isotropic atomic
displacement parameters (Å2) of LiGaGeO4
x

y

z

U(eq)

Li1

0.8573(8)

0.5453(9)

0.0838(11)

0.001(3)

T1

0.01957(7)

0.80478(6)

0.08194(9)

0.0144(4)

T2

0.12128(7)

0.64980(7)

0.08408(9)

0.0145(4)

O1

0.0966(5)

0.8829(5)

0.9308(6)

0.0184(13)

O2

0.0044(4)

0.6696(4)

0.0815(7)

0.0148(13)

O3

0.8734(5)

0.4120(5)

0.0827(6)

0.0172(12)

O4

0.1200(5)

0.5728(5)

0.2376(6)

0.0204(13)
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Table B.13 – Atomic coordinates and equivalent isotropic atomic
displacement parameters (Å2) of NaAlSiO4
x

y

z

U(eq)

T1

0.94939(7)

0.33199(12)

0.48916(4)

0.0060(2)

Si2

0.21446(7)

0.83995(12)

0.47034(4)

0.0068(2)

Si3

0.13647(7)

0.18234(12)

0.50872(4)

0.0065(2)

Si4

0.03465(7)

0.67302(12)

0.32670(4)

0.0064(2)

Si5

0.21500(7)

0.85283(12)

0.34604(4)

0.0062(2)

Si6

0.11981(7)

0.19172(12)

0.32294(4)

0.0064(2)

Si7

0.95286(7)

0.34215(12)

0.36809(4)

0.0062(2)

Si8

0.79960(7)

0.16244(12)

0.31760(4)

0.0066(2)

Si9

0.86431(7)

0.83152(12)

0.36248(4)

0.0067(2)

Si10

0.47048(7)

0.18067(12)

0.30326(4)

0.0070(2)

Si11

0.30487(7)

0.36565(12)

0.34056(4)

0.0064(2)

Si12

0.38277(7)

0.69544(12)

0.29943(4)

0.0058(2)

Si13

0.54675(7)

0.85354(12)

0.35255(4)

0.0063(2)

Si14

0.70318(7)

0.66457(12)

0.30837(4)

0.0067(2)

Si15

0.62443(7)

0.34788(12)

0.35367(4)

0.0066(2)

Si16

0.45520(7)

0.16369(12)

0.52105(4)

0.0071(2)

Si17

0.30485(7)

0.35090(12)

0.46809(4)

0.0074(2)

Si18

0.37900(7)

0.66716(12)

0.52047(4)

0.0068(2)

Na1

0.96476(13)

0.0010(2)

0.26340(8)

0.0243(4)

Na2

0.86830(11)

0.50752(19)

0.25603(7)

0.0180(3)

Na3

0.30534(11)

0.0389(2)

0.24413(7)

0.0197(4)

Na4

0.14032(12)

0.49162(19)

0.40915(7)

0.0171(3)

Na5

0.02701(13)

0.9938(2)

0.42558(8)

0.0246(4)

Na6

0.47007(11)

0.52643(19)

0.40876(7)

0.0171(3)

Na7

0.78442(11)

0.5235(2)

0.42307(7)

0.0194(4)
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Table B.13 Continued
x

y

z

U(eq)

Na8

0.29102(12)

0.9788(2)

0.58053(8)

0.0232(4)

Na9

0.38122(12)

0.0265(2)

0.40671(8)

0.0265(4)

O1

0.1666(2)

0.0027(3)

0.49206(13)

0.0202(7)

O2

0.67211(19)

0.5231(3)

0.35009(11)

0.0140(6)

O3

0.97387(19)

0.8289(3)

0.34586(12)

0.0151(6)

O4

0.33266(19)

0.4935(3)

0.50995(11)

0.0132(6)

O5

0.8441(2)

0.7829(3)

0.42603(12)

0.0171(6)

O6

0.83201(19)

0.0155(3)

0.35634(11)

0.0145(6)

O7

0.00090(18)

0.5156(3)

0.35956(11)

0.0133(5)

O8

0.07266(17)

0.2026(3)

0.26180(11)

0.0119(5)

O9

0.19486(18)

0.3353(3)

0.33105(11)

0.0116(5)

O10

0.5343(2)

0.3400(3)

0.31342(12)

0.0139(6)

O11

0.70046(19)

0.5966(3)

0.24571(11)

0.0157(6)

O12

0.53192(19)

0.3062(3)

0.51937(11)

0.0139(6)

O13

0.0

0.5

0.5

0.0191(9)

O14

0.90335(17)

0.3363(3)

0.42777(11)

0.0111(5)

O15

0.41849(19)

0.1457(3)

0.58394(11)

0.0157(6)

O16

0.41382(19)

0.6715(3)

0.58380(11)

0.0150(6)

O17

0.33363(19)

0.5221(3)

0.30585(11)

0.0125(5)

O18

0.3667(2)

0.1933(3)

0.48081(12)

0.0167(6)

O19

0.5049(2)

0.0290(3)

0.33877(12)

0.0159(6)

O20

0.0223(2)

0.6371(4)

0.26150(12)

0.0204(6)

O21

0.46530(19)

0.7198(3)

0.34462(11)

0.0125(5)

O22

0.19498(18)

0.3163(3)

0.47494(11)

0.0121(5)
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Table B.13 Continued
x

y

z

U(eq)

O23

0.81013(19)

0.7064(3)

0.32303(12)

0.0137(6)

O24

0.30270(19)

0.8313(3)

0.30444(11)

0.0135(5)

O25

0.25565(19)

0.8618(4)

0.40831(11)

0.0166(6)

O26

0.87251(18)

0.3111(3)

0.32193(11)

0.0119(5)

O27

0.1658(2)

0.0185(4)

0.33125(14)

0.0231(7)

O28

0.6967(2)

0.2083(4)

0.33813(14)

0.0206(7)

O29

0.5

0.0

0.5

0.0332(13)

O30

0.03541(19)

0.2100(3)

0.36697(11)

0.0130(5)

O31

0.2995(2)

0.8028(3)

0.51243(11)

0.0143(6)

O32

0.6359(2)

0.8195(3)

0.31339(12)

0.0154(6)

O33

0.14407(18)

0.7024(3)

0.33894(12)

0.0130(6)

O34

0.36338(18)

0.2095(3)

0.32058(13)

0.0171(6)

O35

0.3244(2)

0.4062(4)

0.40507(11)

0.0191(6)

O36

0.02614(19)

0.1885(3)

0.49596(12)

0.0129(6)

O37

0.13479(18)

0.7012(3)

0.46778(11)

0.0112(5)
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Table B.14 – Atomic coordinates and equivalent isotropic atomic
displacement parameters (Å2) of NaAlGeO4
x

y

z

U(eq)

Ge1

0.56254(3)

0.27835(3)

0.40927(2)

0.00529(9)

Ge2

0.89036(3)

0.78347(3)

0.42063(2)

0.00538(9)

Ge3

0.41948(3)

0.78343(3)

0.23341(2)

0.00566(9)

Al1

0.89984(9)

0.17044(10)

0.42296(5)

0.00459(16)

Al2

0.42175(9)

0.17084(10)

0.23694(5)

0.00451(16)

Al3

0.55901(9)

0.66650(10)

0.40783(5)

0.00469(16)

Na1

0.73115(15)

0.03070(15)

0.58945(8)

0.0149(3)

Na2

0.77911(15)

0.47672(15)

0.56530(8)

0.0158(3)

Na3

0.75500(16)

0.46333(16)

0.25333(10)

0.0229(3)

O1

0.8315(2)

0.9773(2)

0.44860(14)

0.0104(4)

O2

0.7495(2)

0.2728(2)

0.37197(14)

0.0095(4)

O3

0.0586(2)

0.1535(2)

0.35445(13)

0.0087(4)

O4

0.0549(2)

0.7338(2)

0.47834(14)

0.0091(4)

O5

0.2524(2)

0.7579(3)

0.29120(14)

0.0114(4)

O6

0.4288(3)

0.9781(2)

0.19030(14)

0.0126(4)

O7

0.4494(2)

0.1478(2)

0.34858(12)

0.0087(4)

O8

0.9270(2)

0.7769(2)

0.30982(13)

0.0091(4)

O9

0.5691(2)

0.7618(3)

0.30691(13)

0.0099(4)

O10

0.4867(2)

0.4711(2)

0.39362(14)

0.0102(4)

O11

0.7449(2)

0.6513(2)

0.44850(13)

0.0085(4)

O12

0.5638(2)

0.2337(2)

0.51979(13)

0.0089(4)
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Table B.15 – Atomic coordinates and equivalent isotropic atomic
displacement parameters (Å2) of NaGaSiO4
x

y

z

U(eq)

Na1

0.2667(2)

0.0327(2)

0.90966(13)

0.0167(4)

Na2

0.7257(2)

0.0298(2)

0.43420(13)

0.0176(4)

Na3

0.7461(2)

0.0292(3)

0.74818(15)

0.0259(5)

Ga1

0.56253(5)

0.71756(6)

0.90715(3)

0.00719(15)

Ga2

0.61046(5)

0.71391(6)

0.57913(3)

0.00709(15)

Ga3

0.08123(5)

0.71608(6)

0.76575(3)

0.00704(15)

Si1

0.60259(13)

0.32774(14)

0.57810(7)

0.0048(2)

Si2

0.94038(12)

0.82962(14)

0.59180(7)

0.0052(2)

Si3

0.42158(12)

0.82896(15)

0.73526(8)

0.0051(2)

O1

0.4387(3)

0.8485(4)

0.8413(2)

0.0105(6)

O2

0.0090(4)

0.0103(4)

0.6115(2)

0.0132(7)

O3

0.0579(4)

0.7376(4)

0.5250(2)

0.0112(7)

O4

0.7363(4)

0.2273(4)

0.6295(2)

0.0116(7)

O5

0.7692(3)

0.8464(4)

0.5486(2)

0.0108(6)

O6

0.6730(4)

0.5061(4)

0.5548(2)

0.0133(7)

O7

0.5612(4)

0.2367(4)

0.4857(2)

0.0125(7)

O8

0.5666(4)

0.7271(4)

0.6966(2)

0.0110(7)

O9

0.2614(4)

0.7434(4)

0.7071(2)

0.0123(7)

O10

0.4509(3)

0.3480(4)

0.6396(2)

0.0110(6)

O11

0.4280(4)

0.0088(4)

0.6900(2)

0.0150(7)

O12

0.9265(4)

0.7325(4)

0.6842(2)

0.0109(7)
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Table B.16 – Atomic coordinates and equivalent isotropic atomic
displacement parameters (Å2) of Na3KAl4Si4O16
x

y

z

U(eq)

Si1

0.2399(3)

0.9064(3)

0.37989(18)

0.0085(4)

Si2

0.6667

0.3333

0.3701(5)

0.0082(8)

Al1

0.2403(3)

0.9070(3)

0.7534(2)

0.0100(5)

Al2

0.3333

0.6667

0.2598(5)

0.0106(9)

K1

0.0

0.0

0.0575(7)

0.0220(4)

Na1

0.4453(2)

0.0010(2)

0.0648(6)

0.0224(4)

O1

0.2889(4)

0.9739(4)

0.5568(9)

0.0187(7)

O2

0.3474(8)

0.8383(7)

0.3222(11)

0.0222(15)

O3

0.0597(7)

0.7744(8)

0.3814(11)

0.0129(13)

O4

0.2639(7)

0.0422(7)

0.2575(10)

0.0149(14)

O5

0.3333

0.6667

0.058(2)

0.070(3)

O6

0.5254(7)

0.3529(9)

0.3072(11)

0.0258(15)

Table B.17 – Atomic coordinates and equivalent isotropic atomic
displacement parameters (Å2) of KAlSiO4
x

y

z

U(eq)

K1

0.0

0.0

0.8458(3)

0.0159(4)

Si1

0.3333

0.6667

0.53634(17)

0.0063(5)

Al1

0.3333

0.6667

0.15442(17)

0.0043(6)

O1

0.3333

0.6667

0.3492(18)

0.0277(12)

O2

0.6066(6)

0.6137(6)

0.5952(5)

0.0163(6)
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Table B.18 – Atomic coordinates and equivalent isotropic atomic
displacement parameters (Å2) of KAlGeO4
x

y

z

U(eq)

Ge1

0.99885(5)

0.66914(5)

0.69562(14)

0.0140(3)

Ge2

0.83576(5)

0.49093(5)

0.29576(10)

0.0132(2)

Ge3

0.82473(5)

0.32467(5)

0.79629(11)

0.0130(2)

Ge4

0.01226(5)

0.84084(5)

0.31818(11)

0.0138(2)

K1

0.81384(12)

0.66730(11)

0.4964(3)

0.0236(4)

K2

0.86333(12)

0.66587(12)

0.9993(3)

0.0252(4)

K3

0.99664(12)

0.52401(12)

0.9935(3)

0.0245(4)

K4

0.6667

0.3333

0.5075(4)

0.0236(7)

K5

0.0

0.0

0.9914(4)

0.0221(7)

K6

0.6667

0.3333

0.0080(4)

0.0222(7)

Al1

0.84514(13)

0.83223(12)

0.2017(3)

0.0059(5)

Al2

0.83537(13)

0.49424(13)

0.6781(3)

0.0079(5)

Al3

0.82576(13)

0.32190(14)

0.1775(3)

0.0088(5)

Al4

0.00002(11)

0.66542(11)

0.3021(5)

0.0100(5)

O1

0.0476(3)

0.8612(4)

0.5089(7)

0.0204(12)

O2

0.9053(3)

0.8041(3)

0.3178(7)

0.0213(12)

O3

0.0623(4)

0.9353(4)

0.2199(7)

0.0195(12)

O4

0.9716(4)

0.7412(4)

0.7653(7)

0.0221(13)

O5

0.8538(4)

0.4749(3)

0.4880(7)

0.0197(12)

O6

0.7941(4)

0.3995(4)

0.7782(7)

0.0197(12)

O7

0.9285(4)

0.5708(4)

0.7696(7)

0.0212(13)

O8

0.7610(4)

0.5266(4)

0.6764(7)

0.0201(12)

O9

0.8054(4)

0.2870(4)

0.9858(7)

0.0234(12)

O10

0.7311(3)

0.4616(4)

0.2771(8)

0.0203(12)

O11

0.0993(4)

0.6998(4)

0.7587(7)

0.0234(14)
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Table B.18 Continued
x

y

z

U(eq)

O12

0.8615(4)

0.4294(4)

0.1821(7)

0.0205(12)

O13

0.9893(4)

0.6656(4)

0.5003(11)

0.0327(17)

O14

0.0704(4)

0.6328(4)

0.2461(7)

0.0241(15)

O15

0.9001(4)

0.5936(4)

0.2321(7)

0.0211(13)

O16

0.0331(4)

0.7670(4)

0.2335(7)

0.0222(13)
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Table B.19 – Atomic coordinates and equivalent isotropic atomic
displacement parameters (Å2) of KGaSiO4
x

y

z

U(eq)

Ga1

0.16430(3)

0.65402(3)

0.79957(7)

0.00613(10)

Ga2

0.17615(3)

0.49971(3)

0.29896(7)

0.00640(10)

Ga3

0.00950(3)

0.17061(3)

0.28304(7)

0.00554(10)

Ga4

0.99992(3)

0.33092(3)

0.91237(8)

0.00618(11)

K1

0.18470(7)

0.85159(7)

0.60057(17)

0.0173(2)

K2

0.86400(7)

0.19674(7)

0.60127(18)

0.0184(2)

K3

0.00469(7)

0.52704(7)

0.10493(16)

0.0178(2)

K4

0.3333

0.6667

0.5875(3)

0.0159(4)

K5

0.0

0.0

0.6135(2)

0.0146(3)

K6

0.3333

0.6667

0.0873(3)

0.0164(4)

Si1

0.99907(7)

0.33487(7)

0.3054(2)

0.0054(3)

Si2

0.84310(8)

0.01058(9)

0.39932(16)

0.0045(2)

Si3

0.16392(8)

0.65762(8)

0.41716(17)

0.0055(2)

Si4

0.32044(8)

0.82507(8)

0.91770(17)

0.0056(2)

O1

0.9068(2)

0.3110(3)

0.3752(5)

0.0124(7)

O2

0.1477(2)

0.6209(2)

0.5944(4)

0.0109(6)

O3

0.2741(2)

0.7369(2)

0.8186(5)

0.0124(7)

O4

0.1371(2)

0.5593(2)

0.9138(5)

0.0145(7)

O5

0.0671(2)

0.4310(2)

0.3598(5)

0.0160(8)

O6

0.2046(2)

0.6100(2)

0.3166(5)

0.0129(7)

O7

0.2314(2)

0.7590(2)

0.4195(5)

0.0134(7)

O8

0.2870(2)

0.8048(2)

0.0961(4)

0.0126(7)

O9

0.0270(3)

0.2687(2)

0.3752(5)

0.0130(7)

O10

0.8578(2)

0.0444(2)

0.5794(4)

0.0093(6)

O11

0.8729(2)

0.9400(2)

0.3837(5)

0.0118(7)
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Table B.19 Continued
x

y

z

U(eq)

O12

0.8973(2)

0.0918(2)

0.2867(5)

0.0126(7)

O13

0.9913(3)

0.3264(3)

0.1204(6)

0.0255(10)

O14

0.0751(2)

0.6388(3)

0.3366(4)

0.0131(8)

O15

0.7434(2)

0.9668(2)

0.3471(4)

0.0119(8)

O16

0.2968(3)

0.8930(2)

0.8427(4)

0.0144(8)

Table B.20 – Atomic coordinates and equivalent isotropic atomic
displacement parameters (Å2) of Na0.25K0.75AlSiO4
x

y

z

U(eq)

K1

0.0

0.0

0.6625(13)

0.0215(7)

Na1

0.0

0.0

0.6625(13)

0.0215(7)

Si1

0.6667

0.3333

0.3539(3)

0.0192(11)

Al1

0.3333

0.6667

0.4725(3)

0.0157(10)

O1

0.3333

0.6667

0.668(4)

0.054(3)

O2

0.9999(13)

0.6089(10)

0.414(2)

0.0330(11)
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Table B.21 – Atomic coordinates and equivalent isotropic atomic
displacement parameters (Å2) of KAlSiO4 after heating
x

y

z

U(eq)

K1

0.0

0.0

0.1510(5)

0.0168(5)

Si1

0.6667

0.3333

0.4632(2)

0.0077(7)

Al1

0.6667

0.3333

0.8450(3)

0.0079(8)

O1

0.6667

0.3333

0.648(2)

0.0313(19)

O2

0.3945(8)

0.3863(8)

0.4057(12)

0.0193(9)

Table B.22 – Atomic coordinates and equivalent isotropic atomic
displacement parameters (Å2) of RbAlSiO4
a

b

c

U(eq)

Rb(1)

0.00098(2)

0.70344(3)

0.51322(7)

0.02058(12)

Si(1)

0.30665(6)

0.41605(6)

0.53224(18)

0.00639(15)

Al(1)

0.68659(6)

0.41649(7)

0.5319(2)

0.00653(16)

O(1)

0.2430(2)

0.53097(18)

0.7386(4)

0.0116(7)

O(2)

0.24690(19)

0.25663(17)

0.6089(4)

0.0157(4)

O(3)

0.48983(14)

0.4142(2)

0.5314(5)

0.0181(4)

O(4)

0.2426(2)

0.46261(19)

0.2579(4)

0.0107(6)
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Table B.23 – Atomic coordinates and equivalent isotropic atomic
displacement parameters (Å2) of RbAlGeO4
x

y

z

U(eq)

Rb(1)

0.19059(3)

0.76184(4)

0.74905(2)

0.01697(8)

Rb(2)

0.30393(3)

0.75157(6)

0.50026(2)

0.02038(8)

Ge(1)

0.07231(4)

0.23367(4)

0.59363(2)

0.00648(8)

Ge(2)

0.59449(4)

0.75687(5)

0.65557(2)

0.00689(8)

Al(1)

0.92543(10)

0.73401(12)

0.59301(5)

0.00670(17)

Al(2)

0.40471(9)

0.25719(14)

0.65664(5)

0.00744(18)

O(1)

0.9807(2)

0.7504(4)

0.49999(12)

0.0125(4)

O(2)

0.2573(2)

0.1732(4)

0.60065(12)

0.0171(4)

O(3)

0.0250(2)

0.5034(3)

0.63885(11)

0.0116(4)

O(4)

0.9746(2)

0.0043(3)

0.63881(11)

0.0127(4)

O(5)

0.7396(2)

0.6750(4)

0.59854(12)

0.0168(4)

O(6)

0.3515(2)

0.2321(3)

0.75064(13)

0.0192(4)

O(7)

0.4531(2)

0.5582(3)

0.63479(12)

0.0163(4)

O(8)

0.5463(2)

0.0551(3)

0.63461(12)

0.0148(4)
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Table B.24 – Atomic coordinates and equivalent isotropic atomic
displacement parameters (Å2) of RbGaSiO4
x

y

z

U(eq)

Rb1

0.68963(6)

0.23484(10)

0.75029(5)

0.01994(15)

Rb2

0.19775(7)

0.74457(18)

0.50161(6)

0.02831(18)

Ga1

0.09436(9)

0.23484(12)

0.66033(5)

0.01223(18)

Ga2

0.42337(9)

0.26224(13)

0.90973(5)

0.01324(19)

Si1

0.4253(2)

0.2614(3)

0.59558(11)

0.0125(4)

Si2

0.0943(2)

0.2365(3)

0.84493(11)

0.0112(4)

O1

0.4733(5)

0.2498(10)

0.5081(2)

0.0214(9)

O2

0.2506(5)

0.3202(10)

0.6020(3)

0.0276(12)

O3

0.4700(6)

0.0066(8)

0.6375(3)

0.0176(10)

O4

0.5177(6)

0.4777(8)

0.6374(3)

0.0196(11)

O5

0.2261(5)

0.3221(9)

0.9007(3)

0.0228(11)

O6

0.1515(5)

0.2589(8)

0.7591(3)

0.0216(10)

O7

0.9540(5)

0.4142(8)

0.8608(3)

0.0221(11)

O8

0.0521(6)

0.9516(9)

0.8636(3)

0.0235(11
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Table B.25 – Atomic coordinates and equivalent isotropic atomic
displacement parameters (Å2) of CsAlSiO4
a

b

c

U(eq)

Cs1

0.0

0.75

0.04943(4)

0.0220(3)

Si1

0.0

0.43718(14)

0.33452(12)

0.0108(4)

Al1

0.0

0.43718(14)

0.33452(12)

0.0108(4)

O1

0.25

0.5029(3)

0.25

0.0193(7)

O2

0.0

0.25

0.3378(5)

0.0226(11)

O3

0.0

0.5

0.5

0.0290(12)

Table B.26 – Atomic coordinates and equivalent isotropic atomic
displacement parameters (Å2) of CsAlGeO4
a

b

c

U(eq)

Cs1

0.99939(6)

0.79991(10)

0.35974(2)

0.0244(5)

Al1

0.1842(3)

0.4153(4)

0.369(2)

0.0098(9)

Ge1

0.18540(13)

0.58567(12)

0.8713(9)

0.0129(5)

O1

0.0005(6)

0.5955(18)

0.873(3)

0.037(4)

O2

0.2489(13)

0.4639(10)

0.084(2)

0.017(2)

O3

0.2478(13)

0.5386(10)

0.584(2)

0.0165(19)

O4

0.2503(10)

0.7492(6)

0.954(3)

0.027(3)
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Table B.27 – Atomic coordinates and equivalent isotropic atomic
displacement parameters (Å2) of CsGaSiO4
a

b

c

U(eq)

Cs1

0.99859(12)

0.19614(12)

0.89178(19)

0.0273(5)

Ga1

0.17757(17)

0.41374(18)

0.3867(15)

0.0172(6)

Si1

0.1868(4)

0.5871(4)

0.879(3)

0.0118(12)

O1

0.0167(13)

0.6009(19)

0.876(6)

0.040(4)

O2

0.2457(16)

0.5381(17)

0.151(3)

0.025(4)

O3

0.2399(19)

0.4672(18)

0.690(3)

0.031(5)

O4

0.2552(18)

0.7378(16)

0.806(3)

0.032(4)

Table B.28 – Atomic coordinates and equivalent isotropic atomic
displacement parameters (Å2) of SrBeSiO4
x

y

z

U(eq)

Sr1

0.0

0.0

0.5324(4)

0.0137(4)

Si1

0.3333

0.6667

0.3197(5)

0.0063(8)

Be1

0.3333

0.6667

0.697(4)

0.017(4)

O1

0.3333

0.6667

0.508(2)

0.105(10)

O2

0.6335(16)

0.6357(16)

0.267(2)

0.0344(18)

441

Table B.29 – Atomic coordinates and equivalent isotropic atomic
displacement parameters (Å2) of BaBeSiO4
x

y

z

U(eq)

Ba1

0.0

0.0

0.25824(14)

0.00741(9)

Si1

0.3333

0.6667

0.55388(17)

0.0042(2)

Be1

0.6667

0.3333

0.4416(9)

0.0089(10)

O1

0.6667

0.3333

0.2447(4)

0.0112(5)

O2

0.3771(4)

0.3791(4)

0.4957(3)

0.0092(3)

Table B.30 – Atomic coordinates and equivalent isotropic atomic
displacement parameters (Å2) of BaBeGeO4
x

y

z

U(eq)

Ba(1)

0.0

0.0

0.6464(3)

0.0141(5)

Be(1)

0.3333

0.6667

0.974(5)

0.05(2)

Ge(1)

0.3333

0.6667

0.3544(4)

0.0094(7)

O(1)

0.3333

0.6667

0.154(6)

0.044(8)

O(2)

0.642(3)

0.625(4)

0.4100(18)

0.025(3)
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Table B.31 – Atomic coordinates and equivalent isotropic atomic
displacement parameters (Å2) of Rb2BeSi3O8
x

y

z

U(eq)

Rb1

0.75

0.45278(9)

0.2113(2)

0.0322(3)

Si1

0.43682(18)

0.33523(17)

0.7220(5)

0.0151(4)

Be1

0.43682(18)

0.33523(17)

0.7220(5)

0.0151(4)

O1

0.5001(5)

0.2821(4)

0.4414(9)

0.0202(8)

O2

0.25

0.3415(8)

0.719(2)

0.0347(14)

O3

0.5

0.5

0.7920(12)

0.0269(15)

Table B.32 – Atomic coordinates and equivalent isotropic atomic
displacement parameters (Å2) of RbBePO4
x

y

z

U(eq)

Rb1

0.49669(4)

0.30007(7)

0.0098(4)

0.0272(3)

P1

0.18488(11)

0.41592(10)

0.5197(12)

0.0110(4)

Be1

0.1763(6)

0.5896(6)

0.011(8)

0.0107(16)

O1

0.0095(2)

0.3995(6)

0.5252(13)

0.0196(8)

O2

0.2376(4)

0.5374(4)

0.7211(6)

0.0123(8)

O3

0.2397(4)

0.4659(4)

0.2371(6)

0.0135(9)

O4

0.2587(3)

0.2620(3)

0.5947(10)

0.0208(9)
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Table B.33 – Atomic coordinates and equivalent isotropic atomic
displacement parameters (Å2) of SrGeBe4O7
x

y

z

U(eq)

Sr1

0.6667

0.3333

0.75126(3)

0.0118(3)

Ge1

0.6667

0.3333

0.37628(14)

0.0080(4)

Be1

0.1671(6)

0.3342(12)

0.560(2)

0.0132(16)

Be2

0.0

0.0

0.316(3)

0.016(2)

O1

0.4986(4)

0.5014(4)

0.5014(10)

0.0104(7)

O2

0.3299(10)

0.1650(5)

0.2532(7)

0.0100(10)

O3

0.0

0.0

0.5054(12)

0.0110(14)
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