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Lay Abstract

In the past two decades a significant decrease in the energy consumption for the lighting
purposes was achieved. The more efficient sources of white light for the general purposes rely on
the phenomenon of luminescence. Search of new efficient luminescent materials, known as
phosphors, is ongoing. Rigorous study is required before a new material can be considered as a
good candidate for practical applications.

In this work we focus on the phases emitting red light, which is crucial for the high-quality
lighting. During the research, we prepared a series of inorganic materials that demonstrate red
luminescence after the doping with Mn*". We characterized the structures of the new phases,
optimized their synthesis procedures, and studied their properties. The combined information on
the composition, structure, and properties is vital for the practical applications. These results are

also critical for the further performance optimization of the new phosphors.



Abstract

A series of new germanates was prepared and their structures were characterized with X-
ray diffraction (XRD). We employed solid-state synthesis, flux growth, and crystallization from
melts to obtain crystals of the new materials. The crystals were studied by means of single crystal
XRD, providing the information on the structure and composition of the new materials.
Germanates suitable to accommodate Mn** —a well-known activator ion for the preparation of the
rare-earth-free red phosphors — were of a particular interest. The Ge** substitution for Mn** is
possible if the crystal structure features octahedrally coordinated germanium atoms, and we indeed
were able to prepare such germanates.

The crystal structures of the following phases were characterized: MgsGe1-sOa(1-5)F2(1+25)
(6 = 0.1), Mg14GesO20F4, Mg2Pb2Ge207F2, Sr3Ge04Clo, BazGeO4Br2, SreGe207Cls, BasGeO4Bre,
Na;BaGegO1s, Rb2BaGegO1s, Nao3sSro.s2GesOg, NaSrGesO14, and KoSrGegO1s. Two phases,
MgsGei1-s0a(1-5)F2(1+25) and Nao.36Sro.s2GesOg demonstrate deficiency on certain crystallographic
sites. We analyzed the connectivity of the GeO4 and GeOg units in the new and reported tetra- and
octagermanates. Despite the similar stoichiometry, the connectivity of GeOn polyhedra is different
in R'2Ge409, R"GesOy and R'R""GesO15 germanates (R' = alkali, R" = alkaline earth metal).

The Ge** substitution for Mn** was successfully done for the Na,BaGesO1s, Rb,BaGesO1s,
Na>SrGesO14, and KoSrGegO1g phases yielding new red phosphors. Based on the powder XRD
data, the optimal synthetic strategies were developed yielding high purity (= 99 wt. %) samples.
The photoluminescent excitation and emission spectra were collected for the new phosphors.
Strong absorption of the UV light and emission in the far-red region of the visible spectra were
confirmed, which is in a good agreement with the literature. The Mn** doping level was optimized

to achieve the highest luminescence in the studied phases. Temperature-dependent luminescence



spectra were collected for the Na SrGesO14 : Mn*" and K2SrGesO1s: Mn**, and the K,SrGegO1s:

Mn** showed the highest resistance to temperature quenching.
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Ph.D. Thesis - S. Novikov; McMaster University — Chemistry & Chemical Biology

Chapter 1. Introduction

1.1 Luminescence

In the literature on the photoluminescence two terms, “phosphorescence” and
“fluorescence”, appear very often. The “fluorescence” is associated with fast spin-allowed (AS=0)
electronic transitions in the materials, while the slow spin-forbidden transitions account for the
“phosphorescence”. On the other hand, the spin-selection rule is not the single one governing the
rate of the electronic transitions in the phosphors: parity selection rule account for the slow rates
of some transitions in the rare-earth cations. To avoid the use of additional terms, the general term
“luminescence” will be used in this chapter to describe the phenomenon of the luminescent

materials glowing after the excitation.
1.1.1 Luminescent materials

Luminescence is the ability of a material to convert certain types of energy into
electromagnetic radiation above the thermal radiation. This definition distinguishes luminescence
from the thermal radiation of hot solids. Additionally, in contrast to light reflection, dispersion of
light, and Cherenkov radiation the luminescence does not quench immediately in the absence of

the excitation. Materials capable of luminescence are known as phosphors.

The valuable and intriguing property of luminescence is the ability to give us an insight
into energies sometimes invisible by a naked eye through the conversion of those energies into
visible light. For example, photoluminescence is caused by light (for example UV),
cathodoluminescence — by the energy of electron beams (cathode rays), electroluminescence — by
voltage, X-ray luminescence — by X-rays, chemiluminescence — by the energy of a chemical

reaction. Depending on the type of luminescence, various materials are used as phosphors.
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Common photoluminescent materials are electrical insulators containing a small level of the
impurity ions in their structures. The impurity ions accounting for the luminescence are known as
‘activator’ ions and are embedded into the ‘host matrix’, i.e. into the structure of a pristine material
(Figure 1.1).

Excitation Emission

Heat

Figure 1.1. Schematic representation of the direct activator ion (A) excitation in the host matrix.

In a phosphor, the excitation radiation causes the transition from the ground state to one of
the excited states in an activator ion. Return to the ground state occurs through the emission of
light (luminescence) from an activator. The luminescence involves a series of relaxation processes
accounting for the Stokes shift — an energy difference between the excitation (absorption) and
emission bands originating from the same electronic transition. The excitation radiation typically
undergoes a down-conversion in a phosphor material (Figure 1.2). The return to the ground state
can be nonradiative with the energy of the excited state dissipated by heating a host lattice. The
radiative and nonradiative relaxations are in competition, so the latter one should be suppressed in

favor of the radiative one to achieve a high-efficiency phosphor.
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Figure 1.2. Schematic representation of Stokes shift: the absorption maximum corresponds to blue

light, while the emission one — to the red light.

The excitation does not necessary happen only within an activator ion. The incoming
radiation can be absorbed by another ion of the host lattice. This excited ion would return to the
ground state through the transfer of energy to an activator. Such ion is referred as a sensitizer (S).
The host lattice itself can act as sensitizer and thus transfer the energy to activator ions. The
schematic process of energy transfer from sensitizer to an activator is shown below:

S + hv — S* (sensitizer excitation)

S* —» S+hvor S*+ A — S+ A* (sensitizer relaxation via luminescence or energy transfer
to an activator)

A* — A + hv (activator relaxation).

Thus, the luminescence process starts with an absorption of energy (excitation). The
relaxation from an excited state to the ground state is possible through the emission of light or

through the nonradiative return. The energy transfer between activators or sensitizer (including
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host lattice) and activator may occur. These processes are discussed in more details in the following

sections.

1.1.2 Excitation of an activator ion

In photoluminescent materials, the excitation radiation is UV or visible light, and the
absorption happens within an activator ion. An absorption peak has some intensity and width.
Intensity is associated with a probability of the specific electronic transitions. The width of an
absorption peak can be explained using the configurational coordinate model.

In the host lattice, an activator and its surroundings participate in lattice vibrations. The
vibration of the surroundings causes a change in the electronic states of an activator and vice versa.
In the configurational coordinate model, electrons are assumed to move in the static nucleus
surrounding (adiabatic approximation). The second assumption is that the only vibrational mode
under consideration is a fully symmetrical stretching, in which an activator remains at rest, while
surrounding atoms (ligands) move in phase toward and away from the center. In this case only one
nuclear coordinate, known as configurational coordinate, is needed. This coordinate corresponds
to the interatomic distance between the luminescence center and ligands. A configuration
coordinate energy diagram provides a graphical interpretation of the model.? On the diagram, the
energies of the ground and excited states of an activator are plotted as functions of the
configurational coordinate (interatomic distance, R). A configurational coordinate diagram in
Figure 1.3 includes two parabolas, corresponding to the ground state (lower one) and an excited
state (upper one). The parabolic shape of the potential energy curves comes from the harmonic
oscillator approximation. In this approximation, the restoring force F is a proportional to the

displacement and for the ground state F = - k(R - R,). The potential energy depends on R as:
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E= %k(R — Ry)?, thus, the shape of a E vs R curve is parabolic. Rois an equilibrium distance and

correspond to the minimum energy in the ground state. Discrete energy levels marked in Figure
1.3asv =0, v =1, etc. and depicted as horizontal lines correspond to the quantized energy levels

of the harmonic oscillator. The permitted phonon energy of the oscillator depends on the
vibrational frequency v as E = (v + %) hv, where v =0, 1, 2, etc. For v = 0 (lowest vibrational

level), the highest probability of finding the system is at Ro, while for higher values of v, the highest
probability is at turning points (edges of parabola, Figure 1.4). The ground state and an excited
state have different values of the equilibrium distance Rj and force constant k'. This arises from
differences in the chemical bonding between the ground and excited states. The difference in the

equilibrium distances AR (i.e., horizontal offset of parabolas) is shown in Figure 1.3.

E
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P
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Figure 1.3. Configurational coordinate diagram. Zero-phonon line shown as blue arrow.
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v=6
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Figure 1.4. Probability density functions for two vibrational levels v = 0 and v = 6 of the quantum

harmonic oscillator.

In the configurational coordinate diagram, the horizontal displacement corresponds to the
change of the internuclear distances R due to the vibrations. Transitions between two parabolas
are electronic transitions (shown with a black vertical arrow in Figure 1.3). Vertical transition
happens without changes in the configurational coordinate and depicts the static surrounding of an
electron during the transition (Franck—Condon principle).

Since the vibrational wavefunction has the maxima at Ro for the lowest vibrational states
and at the edges of parabola for the higher states (Figure 1.4), the most probable optical absorption
transition starts at the lowest vibrational level v = 0, R = Ro of the ground state and ends at the
edge of the excited state parabola. This transition corresponds to the absorption band maximum.
Transitions starting away from Ro are less probable, but still possible. Such transitions account for
the width of the absorption peak: for R > R, the energy difference between the lowest vibrational
level of the ground state and higher vibrational levels of the excited state is less, while for R < Ry,
the energy difference is more, comparedto R = Ro (Figure 1.5). For the case of a zero offset (AR

= 0) the most probable transition is from v = 0 of the ground state to v' = 0 of the excited state. The
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absorption spectra corresponding to that transition consist of a single line, known as zero-phonon

line (ZPL).
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Figure 1.5. The origin of the absorption peak width from the configurational coordinate diagram

consideration for two parabolas with a horizontal offset.

The vertical transition ends up away from the R{, of the excited state. The large parabolas
offset accounts for the broad absorption peaks. The large offset also means that there is a
significant difference in chemical bonding between the ground and the excited states. The value
of AR is a measure of the interaction between the electrons and the vibrations of the optically
active center. This interaction is referred to as “coupling” and the AR = 0 case corresponds to a
weak-coupling scheme (weak interaction), while the AR > 0 case to a strong-coupling scheme
(strong interaction). The increase of AR reflects on the absorption spectra as follows: for weak

coupling, a strong zero-phonon line is observed in the absorption spectra (with some side bands
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due to the coupling to the vibrational states), while for the strong coupling, the zero-phonon line
vanishes and the absorption spectra consist of a very broad peak.

The intensity of an optical absorption transition from the ground to the excited state is
attributed to the electronic states. The selection rules dictate what transitions are allowed. The spin
selection rule forbids the transitions between levels with different spin states (AS # 0). The parity
selection rule (Al # £1) forbids electronic transition between levels with the same parity, such as
transitions within the d shell, f shell (Al = 0) or between d and s shells (Al = 2). In the solid state,
the selection rules are relaxed by various phenomena (spin-orbital coupling, electron-vibration
coupling etc.) making possible some of the formally forbidden transitions.

An activator ion spectral features depend on the host lattice. Different host lattices are
characterized by different covalency of the activator surroundings. The interactions between the
electrons decrease in more covalent surroundings compared to the more ionic ones. The reduced
interaction shifts the electronic transitions to the lower energy. This means that experimentally
observed absorption peaks for the same activator would shift to the longer wavelength in a sulfide
matrix compared to an oxide one, or in an oxide when compared to a more ionic fluoride
surroundings. The influence of the covalency is known as the nephelauxetic effect.®

Even within the same chemical surroundings, the absorption properties of an activator vary
between compounds (for example between oxides). Phosphors are prepared by doping of an
activator into the host matrix. Depending on the host lattice, an activator will experience different
crystal field strengths. The influence of a crystal field is especially pronounced for the transition

metals as discussed below in 1.2.1.
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1.1.3 Emission

To illustrate the radiative return of the activator to the ground state (i.e. emission) we refer
again refer to the configurational coordinate diagram (Figure 1.6). For the case with an offset in
the parabolas, after the excitation the activator center is in a higher vibrational level (v' > 0). By
releasing part of the energy to the surrounding (relaxation process, shown with red arrow in Figure
1.6), the center returns to the lowest vibrational state (v' = 0) of the excited state. Almost no
emission happens during the relaxation due to much faster vibrational rates compared to the
emission rates. The return from the excited state to the ground state is possible through the
emission of radiation. Unlike the absorption, the emission process is spontaneous meaning no

external radiation is involved.

excited

ground _‘9: m
I
o @
2 S
\ /
\
v=0
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Figure 1.6. The adsorption followed by radiative return to the ground state on the configurational

coordinate diagram. The relaxation is shown by red arrows.
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The emission brings the center to a higher vibrational level of the ground state from where
further relaxation to the v = 0 and R = Ro state occurs. As mentioned earlier, the relaxation
processes accounts for the Stokes shift. These shifts are observed experimentally and used to infer
the difference in the electron-vibration coupling in the ground and the excited states. In order to
do so, the Stokes shift should be expressed in the terms of the parabolas displacement, AR (page
7). In the literature, two relations are the most common: Egiokes = (25 — 1)hw and Egiores =
2Shw, where S is the dimensionless Huang-Rhys parameter®# proportional to AR?. Thus, S relates
the Stokes shift and the change in the bonding between the ground and the excited states.

Additional factors influencing the emission spectra are the coupling with vibrational modes
and the influence of a host lattice. For luminescent centers with weak electron-lattice coupling, the
zero-phonon line would dominate in the emission spectra. In case of moderate coupling, zero-
phonon line intensity is significantly reduced, and the emission consists of equidistant lines (the
distance corresponds to some vibrational mode frequency). For centers with strong coupling the
emission spectra are not informative and consist of a broad band, and the zero-phonon line can be
hard to distinguish.

The influence of a host lattice on the emission is associated with the stiffness of the
luminescent center surrounding. Stiff surrounding limits the values of S and AR (thus decreasing
Stokes shift) so the vibrational structure may appear in some cases. The nephelauxetic effect and
crystal field also influence the emission spectra, and they will be discussed in 1.2.2 for the Mn**
activator.

The crucial property of an emission is the lifetime of the excited state. If we have a system

with two states, ground and excited, the population of the excited state decreases as:

dNg
at

— NePeg (1.1),

10
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where Ne is a number of luminescence centers in the excited state after an excitation pulse, t is
the time, Peg — a probability of the spontaneous emission. Integration of (1) gives
Ne(t) = Ne(0)ePeet (1.2)
or
Ne(t) = Ne(0)e~tr (1.3),

where tr=(Peg) ! is a radiative decay time. The logarithm of intensity decays linearly with time.

1.1.4 Nonradiative return to the ground state

Emission of radiation is not the only way for a system to return to the ground state. The
competing nonradiative return is also possible. In Figure 1.7, two configurational coordinate
diagrams for the strong electron-lattice coupling scheme are shown. Unlike the previously shown
diagrams, here a crossover point exists between the ground and the excited state parabolas (marked
as X).

E excited E excited

ground ground

»

Absorption
Emission
Absorption

R R
Figure 1.7. Configurational coordinate diagram corresponding to the radiative (left) and
nonradiative (right) return to the ground state. The nonradiative processes are indicated by green

arrows.

11
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In the left diagram, the absorption starts from the lowest vibrational level of the ground
state (point 1 in the Figure 1.7) and ends in the higher vibrational level of the excited state (point
2). This transition corresponds to the maximum overlap of the vibrational wavefunctions (see
Figure 1.4). Note, that point 2 lies below the crossover point X. The fast relaxation brings the
system to the lowest vibrational state (point 3) from which the emission occurs. After the emission
of light, the system relaxes from the non-zero vibrational level of the ground state (point 4) back
to the starting point.

The right diagram in Figure 1.7 describes a luminescent center with a higher Huang-Rhys
constant, so the crossover point X now appears lower than point 2. After the excitation, the
luminescent center relaxes to the vibrational state corresponding to the crossover point. The level
at the crossover of the ground and the excited state parabolas is degenerate in energy. From this
vibrational level the nonradiative relaxation is much more likely through the phonon states of the
ground state parabola rather than through the excited state one. Level marked as 3 remains
unpopulated and further return to the ground state via emission is not possible. Instead of the
emission, the system undergoes a full nonradiative relaxation within the ground state parabola®.

The configurational coordinate diagrams above can qualitatively explain the thermal
quenching of luminescence — a phenomenon of decreasing and complete cease of luminescence in
a phosphor at elevated temperatures. At higher temperatures, the higher vibrational levels are
thermally populated. This means the level corresponding to the crossover becomes populated too.
The system returns to the ground state via nonradiative decay, and luminescence is not observed.

The diagrams in Figure 1.7 correspond to the strong coupling scheme. For the weak
coupling scheme (S = 0) there is no crossover points for two parabolas, so that nonradiative return

to the ground state described above is not feasible. Alternatively, the processes known as

12
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multiphonon emission and cross-relaxation happen for such luminescent centers. The multiphonon
emission is possible if the energy difference between ground and exited states is equal to or less
than 4-5 times the higher vibrational frequencies of the center surroundings. The energy is spent
to excite the high-energy vibrations rather than being used in the emission process. The
multiphonon relaxation does not depend on the concentration of the luminescent centers. The
cross-relaxation relates to the energy transfer between two centers and discussed in the next

chapter.

1.1.5 Energy transfer

The luminescent center can return to the ground state via emission or via nonradiative
processes, as discussed in the previous sections. There is however also a probability of the return
to the ground state via energy transfer to another luminescent center. A schematic representation
of the process is S* + A — S + A* (asterisk for excited state). If the energy transfer is followed by
the emission from A, S is referred as a sensitizer for emission by A. In many cases however, the
A center return to the ground state non-radiatively, thus A acts as a quencher of the emission by
S. Energy transfer is possible between different luminescent centers (two dopants in one matrix)
as well as between the identical centers.

For two centers, S and A, located in the host matrix at some distance R, energy transfer is
possible if there is some interaction mechanism between these centers. The interaction includes
exchange interaction or an electrical or magnetic multipolar interaction. The probability of the

energy transfer from S to A is®":

P =22 | (ysyar | Hin | wsya) | 2f gs(E)ga(E)dE (1.4)

13
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where s and ys+ denote the wavefunctions of the ground and excited states of the S center
respectively, ya and wax — wavefunctions of the A center, Hint is the interaction Hamiltonian for
the initial and final states, |\|!S\|!A*) and |\us*\|fA> respectively. The integral in the equation (1.4)
represents the spectral overlap between the normalized optical line shape functions of the
luminescent centers, gx(E) (gs(E) — normalized emission line shape function for S, ga(E) —
normalized absorption line shape function for A). This term is at maximum when the energy
differences between the ground and excited states for S and A are the same (resonance conditions).
This is known as resonant energy transfer. The unlike luminescent centers usually have energy
mismatch®. In this situation, the energy transfer is assisted by lattice phonons of the appropriate
energy compensating the energy difference between the energy levels of S and A. This is known
as phonon-assisted energy transfer and electron-phonon coupling should be considered along with
the interaction mechanism allowing the energy transfer.

The interaction Hamiltonian in eqg. (1.4) may involve quantum mechanical exchange
interaction or multipolar (electric and magnetic) interactions. The dominant interaction is
determined by the spatial separation between the S and A centers and the nature of their
wavefunctions.

For the electric multipolar interactions, the rate of the energy transfer varies with the
distance R as 1/R", n = 6, 8, 10 for electric dipole-dipole, dipole-quadrupole, quadrupole-
quadrupole interactions. Exchange interaction depend on the distance exponentially. Conditions
for the high rate of the energy transfer (high Psa) are:

1) considerable level of resonance, meaning the spectral overlap of the S emission and A

absorption bands;

14
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2) considerable interaction, either exchange or multipolar. High transfer rates are
anticipated if the involved optical transitions are allowed electric dipole transitions for both S and
A centers. The rates due to the exchange interactions depend only on the wavefunctions overlap,
but not on the optical transition nature. Generally, for the electrical dipole-dipole allowed optical
transitions with a considerable spectral overlap the energy transfer is possible at the distances =~ 30
A. The exchange interactions are possible only between the closest neighbors at 5-8 A range.

For the energy transfer between identical luminescent centers, the same considerations
should be used. In case of a weak coupling (rare earth ions), the interactions between ions are very
weak since the 4f electrons are shielded. On the other hand, the spectral overlaps are large since
the absorption and emission lines coincide. The transfer rate surpasses the radiative rate because
the emission represents the forbidden electronic transition.

Energy transfer can be studied with luminescent decay curves. For the case of the isolated
center S with no energy transfer, the intensity decays exponentially with time:

I = [e "t (1.5),
where lp is the intensity at time t = 0 and vy is the radiative rate. The deviation from the exponential
law is an evidence of energy transfer. The decay rates for the SA transfer only as well as
simultaneous SA and SS transfers can be found in the literature.!

For the intermediate coupling scheme due to the larger Stokes shift of the emission, the
spectral overlap of the emission and absorption is very small or even nonexistent. In this case we
expect no energy transfer between the same luminescent centers at low temperatures. At higher
temperatures however with higher vibrational states being populated, the spectral bands broaden
and thus the overlap increases. The increased overlap makes a thermally stimulated transfer

possible.

15
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Energy transfer accounts for the concentration quenching of luminescence, a phenomenon
of a decreasing luminescence efficiency after some critical concentration of an activator is reached.
This is associated with efficient energy transfer between luminescent centers at higher
concentration when the spatial separation of the centers is reduced. Two mechanisms of the
concentration quenching are used for the explanation of the phenomenon:

1) the efficient energy transfer is not limited to the pair of neighboring centers. The excitation
energy can be transferred to some impurity ions or defects of the lattice which return to their
ground state via nonradiative processes. These ions and defect are referred as killers or quenching
traps;

2) the cross-relaxation mechanism. Here two centers are required, and the excitation energy is
transferred partially from one center, acting as donor to another, acting as acceptor. The resonant
energy transfer between two centers occurs due to the specific energy-level scheme. The
illustration is shown in Figure 1.8. In the absence of energy transfer the center return to the ground
radiatively (E3—EO emission). If the energy difference between levels 0 and 1 is the same as for
2 and 3, the resonant energy transfer brings the excited center from 3 to 2, while the neighboring
center goes up in energy from 0 to 1 (Figure 1.8). Because of this relaxation this state, the E3—E2
emission is quenched.

Generally, the concentration quenching is detected clearly with the luminescence decay
time rather than with quantum efficiency. At certain critical concentration the luminescence

lifetime is reduced indicating the concentration quenching.

16
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0 —— 0
Figure 1.8. Schematic representation of the cross relaxation. The isolated center return to the

ground state via emission (left). The cross relaxation between two centers quenches the emission

(right).

1.2 Mn** as luminescent center in solids

In this section the photoluminescent properties of tetravalent manganese are discussed. The
energy diagram of a free ion and an ion in the crystal field will be used to explain the absorption
and emission spectra of Mn**. Influence of the host lattice on the peak positions, possible

applications, and a brief comparison to the Eu?*- and Eu**- based phosphors will be provided.

1.2.1 Energy levels of free Mn** ion and Mn** in the crystal field
Tetravalent manganese has a 3d® electronic configuration. Three electrons can be

distributed over five d orbitals in 120 ways as can be found from the combination formula nC; =

, where n is the maximum number of electrons in five orbitals and r is the number of

ri(n—r)!

electrons available. The formula gives % = 120 microstates for the d® configuration. The

microstates form eight terms, *P, *F, 2P, 2D, 2D, °F, G, and *H. General symbol for the term is
251 where S is the total spin quantum number and L is the total orbital angular number (L = 0,
1,2,3,4,5,6,7... forthe S, P, D, F, G, H, I, K terms respectively etc.). The ground state defined

by Hund’s rules for Mn*" corresponds to the “F term. In quantum mechanical approach the
y

17
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wavefunctions for each term are built up based on the angular momentum addition theory. In
practice the relative energy positions of each term can be calculated by combination of the Racah
parameters (Table 1.1). The numerical values of B and C were calculated for free d® ions, and for

Mn** they are equal to 1160 and 4303 cm™, respectively?®.

Table 1.1. The mathematical relationship between Racah parameters and electrostatic terms
energy in the ions with d® electron configuration. The ground term energy is taken as 0.

Term Energy

F 0

4p 158

2p 9B + 3C

’Day, °De) | 20B +5C + v193BZ + 8BC + 4C2

2F 24B + 3C

G 4B +3C

2H 9B + 3C

If we place a free ion in some crystalline matrix, the spherical symmetry will be reduced
to the point group symmetry of the crystallographic site and the energy levels of a free ion will be
split. This split can be analyzed with the group theory, which provides the number of energy levels
in the crystal field and establishes the selection rules for the allowed and forbidden electronic
transitions. Nevertheless, the relative positions of the levels on the energy diagram are unknown.
This problem for the transition metal ions was solved by Y. Tanabe and S. Sugano®*L. In their
approach along with the Racah parameters B and C, a new parameter, Dq, is used to describe
crystal field strength. This parameter shows the strength of the free ion energy level splitting by
the crystal field. As we can see, there are three independent parameters, yet two-dimensional
diagrams were proposed by Tanabe and Sugano by plotting the E/B versus Dg/B while fixing the

C/B ratio. The Tanabe-Sugano diagram for the ion with the d® electron configuration in the
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octahedral crystal field is shown in Figure 1.9. The octahedral surrounding is typical for Mn** in

solids.
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Figure 1.9. Tanabe-Sugano diagram for the ion with d® electron configuration in the octahedral

crystal field. Solid lines are for spin quartets, dashed — for spin doublets.

The energy interval between the *A; (ground state) and “T> levels equals to 10 Dq and can
be used to calculate the Dq value from the absorption data. The weak crystal field correspond to
the left part from the crossover point of the “T, and 2E levels, the strong crystal field — to the right
part from the crossover. The Dg/B value at the crossover is around 2.1. Note, that due to high
electric charge and small ionic radius, Mn** is always in the strong crystal field part of diagram,

meaning that the first excited state of Mn** is 2E. This is important since the emission of the
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tetravalent manganese is originated from the 2E to *A, transition. A key point here is that the energy
of 2E level is almost independent on the crystal field strength.

Note that transition between the electronic states of any d" configuration are forbidden by
parity selection rule. This selection rule can be partially lifted by admixture of the states with an
opposite parity. The spin selection rule forbids the transition between the state with a different
spin. The spin selection rule is partially relaxed via spin-orbit coupling of spin-quartet and spin-
doublet states. The transitions between the states with the same spin will have much higher
intensity.

Thus, in the absorption spectra of the Mn**-activated materials, we expect three dominating
peaks originating from the following transitions: “A,—*T> (energy is 10Dq), *A>—*T1(*F) and
*A—*T1(*P). The “A,—*T, excitation happens in the visible light region of the spectra, while two
other peaks are in the UV region. The absorption peak originating from the *A,—*T1(*P) transition
usually overlaps with the ligand-to-Mn*" charge-transfer absorption peak (charge transfer is
illustrated with the molecular orbitals theory in the Appendix Al). Transitions to the spin doublet
state (3T, 2A1, 2A2), although forbidden by spin selection rule, can manifest in the spectrum as
bands overlapped with the spin allowed ones. The emission of Mn** originates in the 2E2 — %A,

transition and lies in the red region of the spectra (Figure 1.10).
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Figure 1.10. (left) Configurational coordinate diagram for Mn**. The *A,—*T, transition shown
as blue arrow, “A,—*T1(*F) transition — as purple arrow, 2E2 — *A; transition — as red arrow. The
nonradiative processes shown as green arrows. (right) Excitation and emission data for the Mn**
doped magnesium oxofluoride with peak assignment (data from M. G. Brik and A. M.

Srivastava®?).

The B, C, and Dq values can be calculated from the experimental absorption and emission

spectra as?:

Dq = E(*T2+*A) /10 (1.6)
Dy _ 15(x—8) (1.7)
B x2—10x
. E(*T1(*F)) «<*A) - E(*T2 «—*A2) (1.8)
— b,
ECE; — *Ay) _ 3.05C L7 1.8B (1.9)
B B Dq

The values of Racah parameters calculated from the experimental data are reduced
compared to a free ion because of chemical bonds formation and the reduced electron repulsion in

a host matrix (nephelauxetic effect).
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1.2.2 Nephelauxetic effect

According to the Tanabe-Sugano diagram, the energy of the ?E; — *A; transition is almost
independent on the Dg/B. However, the position of the Mn** emission peak arising from the °E;
— Az varies significantly (around 100 nm) between different host matrixes. The position of the
peak depends on the Mn** chemical bonding to its surrounding because of the nephelauxetic effect.
As we mentioned earlier, the more covalent surrounding shifts the emission to a longer wavelength
and more ionic one to a shorter wavelength. If shorter wavelengths are required for practical
applications, fluoride host matrixes should be used for Mn*" doping. On the other hand, Mn**
doped oxides would produce longer emission wavelengths. The nephelauxetic effect and the
position of the ?E energy level was found to be in linear dependence: E(2E—*Az) = —-880.49 +

16261.92P1, where B1is a measure of the nephelauxetic effect and can be calculated as:
= [(By2 4 (Ey2
Br=G?+ @) (L10),

where Bo and Co are parameters for a free ion®.

1.2.3 Mn* phosphors for lighting

For decades the application of the Mn*"-activated materials was quite specific. The
phosphor prepared from magnesium oxide, magnesium fluoride and germanium oxide was almost
exclusively used for the color correction of high-pressure mercury lamps.** However, progress in
solid-state lighting brought a renaissance to research on Mn**-doped materials.

If we aim to create a light source for general application, we need a source of white light.
An incandescent lamp creates white light by a resistive heating of a tungsten wire. In luminescent
lighting, including solid-state lighting, the white light is usually created via the down-conversion

of the UV light. Due to the Stokes shifts, phosphors are capable of this down-conversion. Thus,
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by combination of the short wavelength source, such as light emitting diode (LED), and a few
phosphors, a white light can be created through the mixing of colors. The approach is known as
phosphor-converted LED (PC LEDSs) and is successfully commercialized. On the other hand, the
so-called fluorescent lamps are still widely used. These lamps rely on the luminescence as well.
The source of the excitation there is a UV light produced by mercury vapor under electrical

discharge.

LED LED

W @

L

Figure 1.11. White light PC LED schemes: blue LED with yellow phosphor (left) and UV LED

with RGB phosphors (right).

PC LED technology has already become the dominant one for general lighting. The
excitation sources here are UV or blue LEDs and no toxic mercury is required. To create white
light, a few color mixing schemes can be used. A simple two component scheme includes a blue
LED and yellow phosphor, typically Ce3* dopped garnet*® (Figure 1.11). Higher quality lighting
demands a red component, missing from a previous scheme. The “red-green-blue” scheme, widely
used from the pioneering times of color television, is employed in many white PC LEDs. The UV
chip (LED) in this scheme excites the combination of three phosphors resulting in white light
(Figure 1.11). Alternatively, a combination of three red, green, and blue LEDs can be used, but
such an approach is less efficient.

What are the requirements for the red phosphors used in general lighting? A good candidate

converts the excitation light efficiently, does not absorb the emission of other components, does
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not change the color, and keeps efficiency over the lifetime of the device. The red emission should
be in the spectral region where human eye remains sensitive to it. Additionally, the preparation of
the material should be cost efficient and reasonably ecologically friendly.

The number of host matrixes suitable for the Mn** doping is significant. Here we limit our
descriptions to general considerations, while more details can be found in the various reviews on
the topict®8. There are a few important points important for the phosphor development:

- Mn** requires octahedral surrounding, thus the structure of a host matrix should be
known to avoid unsuccessful doping attempts.

- In the fluoride matrices the emission of the Mn** is shifted to the shorter wavelength
compared to the oxides.

- At the elevated temperatures many phosphors demonstrate quenching of their

emission. The temperature dependent measurements are required.

1.2.4 Germanates as host matrices for Mn**

Tetravalent manganese has a similar ionic radius!® and the same formal charge as
tetravalent germanium. Therefore, compounds of tetravalent germanium, including oxides, are
good candidates for the phosphor preparation via the partial substitution of Mn for Ge. On the
other hand, the octahedral oxygen surrounding for Ge can be found in a limited number of
compounds and the most common coordination is a tetrahedral one.?°

The first commercial Mn*" phosphors were germanates???, initially referred as
“4MgO-GeO2” and “3.5Mg0O-0.5MgF,-GeO2”. The displayed compositions indicate the reagents
ratios in the synthesis, but not to the actual composition of the phosphors. The actual compositions

of two phases, Mg23Ge1004s and MgzsGersOzsF10, and their crystal structures were reported much
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later?>?*, As expected, the presence of the octahedral oxygen surrounding was confirmed for
germanium atoms.

As we mentioned before, the octahedral coordination of germanium is not common in
oxygen surroundings. Before the preparation of a phosphor, we need to know the structure of the
host material. In the Inorganic Crystal Structure Database (ICSD)? there are almost 450 entries
on the ternary germanium-oxygen compounds and almost 900 entries on the quaternary ones.
Among these compounds, polygermanates of the alkali and alkaline earth metals are well
structurally characterized and have been tested as potential Mn** phosphors?*~26, We can separate
these germanates into few groups: 1) R2Ge4Oq (R = Li-RDb) alkali tetragermanates; 2) RGesOg (R =
Sr, Ba) alkaline earth tetragermanates; 3) K.BaGegO1s and LisRbGegO1s octagermanates. The
compositions of these compounds are quite similar; however, their structures are not the same.

More details on the structural features of the alkali and alkaline earth germanates and their
phosphorescence are provided in the Chapters 5 and 6. Here we only mention some general
information: the structures of all mentioned germanates are built from anionic frameworks with
cations located in the channels of the frameworks. The anionic frameworks consist of vertex
sharing GeOn polyhedra (n = 4 or 6). The visual similarity of frameworks should not be considered

as equal to the structural similarities.

1.2.5 Mn** phosphors, Eu®* and Eu?* phosphors

Beside the red phosphors based on Mn** doping of various oxides and fluorides, promising
phosphors were found among the Eu?*- and Eu®*-containing phases. Based on the literature, the
two common material families employed for the red emitting components of PC LEDs are Mn**

and Eu?* activated phases. Some features of the Eu™ luminescence are provided below.
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Phosphors containing europium ions as activators have been known for a very long time.
For example, the cathode ray tube color television became possible thanks to red luminescence of
the Y20,S:Eu®*. Not surprisingly many materials doped with europium were tested as red emitters
for the luminescent lighting. Europium ([Xe]4f’6s? electron configuration) adopts two oxidation
states in its compounds, +2 and +3. Both Eu?* and Eu®" display luminescence when doped into a
proper matrix. The absorption and emission properties of these two species are quite different
because they originate from the different electronic transitions.

Eus* (4f° configuration) is characterized by less than half-filled 4f shell. The 4f orbitals are
shielded from the surrounding by 5s® and 5p® shells. Because of this shielding, the optical
transitions within the 4f shell are not significantly influenced by the host lattice. Crystal field
splitting of the energy levels in Eu®* is significantly lower than in Mn**. Transitions within the 4f
shell are strongly parity forbidden, but partial relaxation of the selection rule is possible via the
admixture of the 5d states. Also, the optical transitions are characterized by sharp lines in the
spectrum since the AR = 0 (change in the configurational coordinate). Additionally, the absorption
bands associated with allowed charge transfer transitions are observed for Eu®*. Eu® is
characterized by red emission, and this emission contains a few lines originating from the °D to
'F; (J =0, 1...6) transitions (Figure 1.12). In contrast to Eu®*, the optical transitions in Eu* are
allowed 4f—5d ones. The absorption and emission bands can be manipulated significantly by host
lattice via crystal field, since the 5d orbitals are larger and not shielded in contrast to 4f orbitals.
Additionally, nephelauxetic effect can be employed for tuning of the Eu?* optical properties. Also,

the optical properties of the divalent europium depend considerably on the temperature.
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Figure 1.12. Energy levels of Eu®" and Eu?* in CasY2(Si04)3%

The host matrices are quite different in the Eu* and Eu?* red phosphors: for Eu®*, oxides
are commonly used, while nitrides are typical hosts for Eu?*. Nitrides provide more covalent
surrounding compared to the oxides thus shifting the emission of the Eu?* to the red part of the
visible spectra.

All three activators, namely Mn**, Eu®*and Eu?*, have advantages and disadvantages when
compared to each other. The advantage of the Mn** is the wide absorption band, which however
does not overlap with the emission of the other components on the PC LEDs. Also, the preparation
procedures for the host matrices are simple and solid-state reactions can be used in the air
atmosphere. Eu®* exhibits stable emission at the elevated temperatures, while optical properties of
Eu?*can be easily tuned.

The disadvantages for Mn** are thermal quenching of the phosphorescence and tendency
to emit in a far-red region of the spectra in the oxide matrices. For Eu?*, a serious disadvantage is

the high cost of preparation of nitride host matrixes (prepared under high pressure of nitrogen and
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at very high temperature). Eu®* exhibits a line emission, which can be disadvantageous, but also
in many cases the transitions within the 4f shell cannot be excited by UV LEDs.

As we can see, both Mn*" and Eu™ phosphors possess advantages and disadvantages.
Currently, some rare-earth based phosphors are already used for the general lighting. If we aim to
replace the scarce rare-earth metals in phosphors with transition metals, the rigorous study is
required. The study on the new material should start with the structure characterization. As we
demonstrated earlier, the structure and composition of the host matrix has significant impact on

the luminescence of Mn**.
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Chapter 2. Preparation and characterization methods for the new materials

2.1 Synthesis of the new materials

The main approaches for the synthesis of new materials in this work are solid state
reactions, flux growth, and crystallization from melts. The choice of a method depends on the
synthesis goals. The aim of a flux growth and crystallization from melts is to obtain crystals of the
new phases suitable for the single crystal X-ray diffraction (XRD) experiments. Solid-state
reactions are employed mostly for the synthesis of pure polycrystalline materials for the property
measurements.

The study on a new material in this work typically starts with the characterization of its
structure (see 2.2) with single crystal XRD, thus methods yielding single crystals are employed
first. Once the composition is established, the preparation of a bulk material via the solid-state
routine is pursued.

The starting materials in this research are various inorganic oxides, carbonates, and halides.
Halides with lower melting points (compared to oxides) are commonly used as fluxes. During the
flux growth, the initial reagents in the desired ratios are mixed with an excess of a compound with
relatively low melting point (flux). The flux acts as a reaction medium and may also act as a
reagent. There are many possible fluxes, but in this research, we employed alkali and alkaline earth
halides. The mixture of reagents is placed in an inert crucible (we used Pt) and heated up above
the melting point of a flux. After some dwelling at the certain temperature, a slow cooling
(typically 5-10 °/ hour) starts and the reaction products solidify. Then the products are analyzed.
Crystallization from a melt is similar to the flux growth in terms of the heating and cooling profiles,

however no additional media is used.
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Solid-state reactions, as the name suggests, are done at temperatures below the melting
points of the reagents. The preparations include thorough mixing and grinding of the initial
reagents with mortar and pestle or by ball milling followed by the pressing of the mixed powders
into pellets. These pellets are annealed at certain temperatures for extended periods of time. A few

regrinding steps may be required to achieve phase-pure samples.

2.2 X-ray diffraction for the materials characterization

Crystalline materials demonstrate three-dimensional periodicity of the atomic
arrangement. Because of this periodicity, the structure of a crystal can be described within the
small volume of a space (unit cell) which can be extended in three dimensions infinitely. Physical
properties of the extended crystalline solids depend on the composition and structure. To study the
structures and composition of new materials, various diffraction techniques, such as X-ray
diffraction (XRD), neutron diffraction, and electron diffraction are used. XRD is the very common
technique for structural and phase analyses. The laboratory based XRD instruments are called
diffractometers. They consist of X-ray source, high-voltage generator, goniometer, optics for the
incident and diffracted X-ray beams, detector, and control unit. More details on the X-ray
generation and interactions of X rays with materials are provided below.

The direct observation of atoms in the crystalline materials is impossible with X-rays.
Instead, we collect diffraction information in the so-called reciprocal space, and then this

information is transformed into the one in the real space.
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2.2.1 Generation of X-rays

X-rays are a form of the electromagnetic radiation, discovered by W.C. Rontgen, who was
awarded the 1901 Nobel Prize in Physics for his discovery. The wavelength of the X rays lies in
~0.1-100 A region, but the wavelengths of 0.5-2.5 A are usually employed to study the atomic
structure.

In laboratory diffractometers, X-ray tubes are used as sources of the X-ray radiation. The

vacuum sealed X-ray tube is schematically shown in Figure 2.1.

HV

Cathode

e

X-rays X-rays
—I= 71—

lAnodel
IC

ooling water

Figure 2.1. Scheme of the laboratory X-ray tube. Be windows are shown in blue.

The tube is sealed under ultra-high vacuum (<10 mbar) and consists of a cathode (source
of electrons, typically tungsten filament), water-cooled anode, and beryllium windows. Electrons
generated by the emission from a hot cathode are accelerated toward the anode by means of a high
electrostatic potential between cathode and anode (tens of kV of voltage). The collision of
electrons with the metal anode generates X-rays and produce a lot of heat as well, thus the external
water cooling is necessary. X-rays come out through the Be windows and can be further

manipulated before reaching the sample. There are two or four Be windows located 90 ° apart at
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the cross section of an X-ray tube. One or two opposite windows are for the point focused beam,
used in single crystal XRD, another or other two windows are for the line focused beam, used in
powder XRD. The point focused beam has a higher photon flux (i.e. brighter) than a line focused
one.

X-rays of the tremendous brightness are created in cyclic particle accelerators known as
synchrotrons (such as the Canadian Light Source). Here, the electrons travel in circular orbits and
are accelerated by magnetic field. There are several beamlines for the outcoming X rays at each
synchrotron facility, and they are geared towards different applications (spectroscopy, diffraction,
imaging). Obviously, the construction and maintenance of a synchrotron requires great efforts and
large budget, thus such facilities are shared by many users across the country (or between different

countries), and they are created and supported by national governments.

2.2.2 X-ray tube emission spectrum

The schematic view of the X-ray spectrum from an X-ray tube is shown in Figure 2.2. It
features several distinct peaks and a continuous “white radiation”. The continuous radiation is
created by the decelerating electrons. Some electrons decelerate almost instantly, while other —
over some period of time, thus producing the continuous X-ray spectrum. Generally, the white

radiation is not used in the X-ray diffraction method.
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Figure 2.2. X-ray spectrum from a laboratory X-ray tube.

The minimum wavelength (and thus the maximum energy) of the X-rays depends on the
accelerating voltage. If an electron stops instantly, all the kinetic energy is transferred to the
emitted photon:

mv? _ _hc
- = eV = 'Y (21)

1.240x10%

50 Amin (A) = — (22),
where m is the rest mass of electron, v is the electron velocity, e is the charge of electron, V —
acceleration voltage, h — Planck’s constant, ¢ — velocity of light in vacuum, Amin — Shortest X-ray

wavelength.

Distinct peaks in the X-ray spectrum are known as characteristics lines and depends on the
anode material. These lines originate in the electronic transitions from the upper levels of an atom
to the lover levels, which become vacant after the impact of the accelerated electrons. In this work

two types of anodes were used — copper and molybdenum. Their characteristic wavelengths are

shown in Table 2.1.
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Table 2.1. Characteristic wavelength of Cu and Mo anodes*

Anode Wavelength, A°
Ka Koy Koo KB

Cu 154187 | 1.5405929(5) | 1.54441(2) | 1.39225(1)
Mo 0.71075 | 0.7093171(4) | 0.71361(1) | 0.63230(1)
*AKo = (2AK a1 +AKap)/3.

2.2.3 X-ray scattering

Various processes are possible when X-rays interact with a matter, but only the process of
coherent scattering is meaningful for XRD. In coherent scattering, the wavelengths of the incident
and scattered beams remain the same.

X-rays are scattered by the electron cloud of an atom (Figure 2.3). For the forward scattered
X-rays, there is no path difference between the incident and diffracted beams (E = K’). If the beams

are scattered at some angle, a path difference, 3, for the diffracted beam appears (K # E"), and thus
the phase mismatch between the beams is introduced. Scattering power of an atom declines with

an increasing scattered angle. For each element in the Periodic Table this decline can be illustrated

by an atomic scattering factor f versus % graph.

E{ Incident wavefront

Figure 2.3. X-ray scattering from an atom.
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The scattering from a regular array of atoms (a crystal lattice) can be described with
Bragg’s law, a fundamental relationship in X-ray crystallography. Bragg’s law (after W.H. Bragg
and W.L. Bragg, 1915 Nobel Prize laureates in Physics) establishes the relationship between the
diffraction angle (Bragg angle), spacing between the crystallographic planes of a lattice, and the

wavelength of the incident beam (Figure 2.4).

xR
A
@}_O

=

r 8
)
o, o
%

Figure 2.4. Illustration of Bragg’s law.

In figure 2.4, the incident beams are reflected from the crystallographic family of planes
with the (hkl) Miller indices and dnx interplanar distance. The angle between the incident beam
and plane, the diffracted (reflected) beam and plane is Bragg’s angle 6. A is a path difference
between a pair of waves before and after reflection. The total path difference is 2A = dnw sin6. For
constructive interference, the path difference should be nA, where n is an integer and A is a
wavelength of the incident wavefront. Thus, the Bragg’s law is

2dnaSind =nA  (2.3),
where n is usually taken as unity (for n>1, 2dn SinBnhia = nA and dhki = NAnh,nknl = 20nh,nk,nl SINOnh Akl

=). If Bragg’s law is satisfied, the diffraction event is observed.
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2.2.4 Reciprocal lattice. Ewald sphere

The description of the XRD diffraction phenomenon with Bragg’s law is complicated in
three-dimensional space created by crystallographic planes. The picture is simplified in the
reciprocal lattice. The elementary translations of the reciprocal lattice are defined with translations
of the real lattice as:
axb

a'=—,b"=—-¢"=— (24)

where V is the volume of the real unit cell. The reciprocal interplanar distance dj,; is reversed of
dhii:
dhp = — (2.5),
Anki

with dj,,; vector perpendicular to the corresponding crystallographic plane. Now, the infinite set
of the (hkl) planes in the real (direct) space is represented by a point, corresponding to the end of
the dj,,; vector in the reciprocal space. The symmetry of the direct space is preserved in the
reciprocal space.

To visualize the diffraction conditions in the reciprocal space, the construction known as
Ewald’s sphere is useful. This imaginary sphere has a radius of 1/A (A is an X-ray wavelength) and
the origin of the reciprocal lattice is tangent to the surface of the sphere. We assume a crystal to

be in the center of the sphere (Figure 2.5 left).
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X-ray
beam ’

Crystal

Figure 2.5. Ewald sphere with r =1/A, a crystal at the center of the sphere, and the corresponding
reciprocal lattice with a* and b* lattice vectors. For all reciprocal lattice points indices | assumed
to be 0 so only h and k are given for the clarity. Incident and diffracted beam vectors are connected
by d;., if diffraction happens from the 230 reciprocal point. CA is an altitude of a triangle formed

by incident and diffracted beam vectors and d35, vector.

At the certain rotations of a crystal (and the corresponding rotation of the reciprocal lattice),

the lattice point 230 intersects with a surface of the sphere. If C is the center of the sphere, CO =

1/h and OA = dj3,/2 (right part of the Figure 2.5). On the other hand, 0A = COsinf =

sin®@ 1

(1/A)sin @ and dj5, = 1/d,30, thus and so 2d230sin® = A, which is a Bragg’s

A 2d30
condition for the diffraction from the (230) planes. This derivation works for each point of the
reciprocal lattice, meaning that diffraction is observed when the reciprocal lattice point is at the
surface of the Ewald sphere. The corresponding diffracted beam is a vector from the center of the

Ewald sphere to the intersection of the reciprocal lattice point with the sphere.
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2.2.5 X-ray diffraction from a single crystal and a polycrystalline sample

If a crystal is fixed in space, the Bragg condition may be satisfied only for a few reciprocal
lattice points, touching the Ewald sphere at this given orientation. This generates few diffracted
X-ray beams at the corresponding 26 angles to the incident beam. We can register the outcoming

beams with some detector, placed after the sample and some number of spots (also called

reflections) is expected (Figure 2.6).
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Figure 2.6. Diffraction from a single crystal. At the given moment of time, Bragg’s condition is

satisfied for a few dj;; (dpi (1) — dpi (3), shown in red, green, and blue respectively). On the

detector three spots are expected plus an incident beam spot.

Polycrystalline sample (powder) is assumed to consist of an infinite number of tiny
crystals, oriented randomly in all possible directions. Thus, the orientation of the reciprocal lattice
for each grain is also random. When some volume of a polycrystalline sample is exposed to the X-
rays, Bragg’s condition is satisfied in many grains and thus a multitude of the diffracted beams is
generated. For a given d;,;,; across many grains all the corresponding reciprocal lattice points are
arranged as a circle perpendicular to an incident beam on the surface of the Ewald sphere. The

scattered vectors form a cone with 46 solid angle. The axis of the cone is an incident beam. If we
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place a detector behind the sample, the diffraction pattern known as Debye rings is registered.

Each ring corresponds to the certain dnx of a given sample (Figure 2.7).
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Figure 2.7. Diffraction from a polycrystalline sample. Bragg’s condition is satisfied for dp;
simultaneously in numerous grains generating a diffraction cone. The projection of the cone on
the detector is a Debye ring. In a real sample Bragg’s condition is satisfied for several dj,,; and

thus a corresponding number of the concentric rings constitute the diffraction pattern.

2.2.4 Structure factor

Intensity of the diffracted beam depends on many factors, external and internal. The
structure factor (or structure amplitude), Fn, is crucial for the structure determination from the
experimental data. The experimental intensity of the diffracted X-ray beam is proportional to the

square of the structure amplitude. Fn describes the amplitude of the X-ray scattered by a unit cell

containing multiple atoms:

39



Ph.D. Thesis - S. Novikov; McMaster University — Chemistry & Chemical Biology

F(h) =X, g7t/ (s)f7 (s)exp(2mi(hx’ + ky’ +127) (2.6),

— where F(h) is a structure amplitude of a hkl Bragg reflection. The reflection is represented
by a vector h. F(h) is a complex number and can be shown as a vector;

— nisatotal number of atoms in the unit cell (including all symmetry equivalents);

— S isSinOnk/A;

— g lis an occupancy factor of a jth atom;

— t!is an atomic displacement parameter, describing displacement of a jth atom;

— flis an atomic scattering factor of a jth atom, a function describing an interaction of an
incident X-ray beam with a certain type of atom (element) as a function of sin6/x;

— iisthe imaginary unit.

From Euler’s formula e = cos(x) + i sin(x) for (2.4) we have
F(h) =X, g7t/ (s)f! (s)cos(2m(hx/ + ky! +1z/) +
+iXL, gt/ ()f/ (s)sin(2m(hx! + ky! + 1z7) (2.7).
The structure amplitude includes the real (A) and imaginary (B) components, and (2.5) can
be rewritten as:
F(h) = A(h) + iB(h) (2.8).
F(h) can be visually represented as a vector in two dimensions with real and imaginary axes

perpendicular to each other:
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Imaginary axis
Imaginary axis

B(h)
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A(h) F(h) = A(h)

> > &

> —>
Real axis

Real axis

Figure 2.8. Vector representation of the structure amplitude F(h). Projection of F(h) on the real
axis is A(h) (red), projection on the imaginary axis is B(h) (blue, shifted from the origin for clarity).
In the acentric structure (left) B(h) # 0, in the centrosymmetric structure (right) B(h) = 0. The a(h)

angle is a “phase angle”.

F(h) can be represented by its magnitude |F(h)| and the phase angle a(h) varying from 0 to
2x. In the centrosymmetric structure each atom with the (Xx,y,z) coordinates has its symmetry
equivalent with the (-x,-y,-z) coordinates. Since sin(-x) = -sin(x), the imaginary component in the

(2.5) equation turns zero. The phase angle in that case is either O or .

2.2.5 Fourier transformation and phase problem

The XRD pattern from a single crystal is not a direct view of the spatial distribution of
atoms, but an image of the reciprocal space. To extract the information on the crystal structure, the
experimental data should be transformed into the direct space physical characteristics. The
transformation known as a Fourier transformation (forward or reverse) relates the real and
reciprocal spaces. More specifically for the XRD, the transformation relates the electron density

p(x) and structure amplitude F(h) (integrals substituted by sum):

F(h) =V Xy p(x)exp [2mti(h - x)] (2.9)
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and p(x) =+ X F(hexp [-2mi(h-x)]  (2.10)
where V is the volume of the real unit cell, x are coordinate vectors in the real unit cell, h —

coordinate vectors in the reciprocal cell. The position of the atoms in the unit cell represented by

the electron density can be found from the experimental structural amplitudes via Eq. (2.11):

h=4+00 k=400 [=+

1
Pryz = 7 Z z Z |F2ES |cos[ 2m(hx + ky + 12) — apy] (2.11)

h=—00 k=—00 [=—00
where |F228| is an absolute value of structure amplitude and anw is a phase angle.

The absolute values of |F22¥| can be extracted directly from the experimental intensity,
however the phase angles are lost. This creates so-called phase problem since the phase angles are
crucial for the Fourier transformation.

One approach to solve the phase problem is known as direct methods. In this approach the
nonnegative electron density is postulated for any part of the unit cell, pxy. > 0. The second
postulate is that the structure consists of the nearly spherical atoms spread almost evenly in the
unit cell. This generates a special relationship between phases of the triplets of reflections with
arithmetically related indices, h, h’, and h-h’. General expression for the phase determination from
triplets (tangent formula) was introduced by Karle and Hauptman?’ (awarded 1985 Nobel Prize in

Chemistry).

2hIE nrl|En—nISin (@n/+@n—_nr) (2.12)
2hlE nrllEn—nslcos (ans+an_ns) B

tan ah =
with the sum over all triplets including the reflection in question, h. Ey is a normalized structure
factor:

En = o4l (2.13)

(Ferp)l/z

and
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(Fip) = Xi=1f7(s) (2.14)
is the expected average value of the structure factor. In Eq. (2.12) fj(s) is the atomic scattering
factor of the jth atom, s = sin6/A.
If the phases are known, the electron density (E-map) can be calculated from Fourier

transformation:

h=+4o00 k=400 [=4

1 .
Pryz = Z Z z Epj cos[ 2r(hx + ky + 1z — a5°)] (2.15).

h=—00 k=—00 [=—00

Nowadays a powerful method known as “intrinsic phasing” (implemented in SHELXT?
software) is commonly used for a structure solution. This method belongs to the “dual space”
group of methods, with data refinement done in both real (electron density) and reciprocal (phases)
spaces. The procedure starts with an assignment of the initial phases, ®initiat, from the Patterson
superposition minimum function.?® Then, Fourier transformation in used to calculate an electron
density p(r) from observed intensities lobs and initial phases ®initial. Among the calculated electron
density maxima, 30% are omitted randomly in the next step (random omit procedure). From the
maxima, the normalized mask M(r) is calculated and a new electron density p'(r) = p(r)-M(r) is
found (negative p set to 0). New phases are calculated from p'(r) and refined with Eq. 2.12. These
phases are used in the next cycle of the refinement. The dual-space refinement is performed in a
P1 space group, while the correct space group is determined after from the symmetry of the phases

and the systematic absences.

2.2.6. Single crystal XRD
In this work, the composition and the structures of the new phases were determined from

single-crystal XRD data. In 2.2.5 it was shown that at the certain orientation of the crystal and an
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X-ray source only a few reciprocal lattice points touch the Ewald sphere. To collect enough data,
the crystal is rotated during the XRD experiment, thus more reciprocal lattice points have the
Braggs conditions satisfied. A data collected at the certain orientation of a crystal constitute a
single frame (Figure 2.9). A full data collection includes up to several hundred frames (with 1°
increment for rotation, for example) depending on the crystal structure. The instrument used in
this work is STOE IPDS I1. It features Mo anode and image plate detector system. The rotation of
the sample is possible along two axes, ¢ and ®. The details on the data collection, processing,

structure determination and refinement given in Chapters 3-6.

. . -

Figure 2.9. A single frame from the STOE IPDS II. The dark spots are the reflections, the big dark

area in the middle is from a beam stop, preventing the detector damage.
As we mentioned in 2.2.5, the electron density map can be calculated from the experimental

XRD data. The peaks on the map correspond to the atoms. The model obtained in the first step,

referred as structure solution, needs to be verified and further refined. The least-square refinement
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is used to validate the quality of the structural model. The most used refinement figures of merit,

known as residual factors (R factors) are:

R = W (2.16)
— 2 (Fo sz_Fca C2)2 1/2
WR2 = [ WZWb(Fobsz); ] @17
2 2.21/2
GOOF =S = [ZW(Fob;_PFcalc ) ] (2.18)

where Fops Stands for the experimentally observed structure factors, Fcac — for the calculated
structure factors; wR2 includes weighting factors w, calculated form the weighting scheme and
accounting for the different intensities of the observed reflections®’; GooF stands for “goodness of
fit”; N — is the total number of reflections, P — total number of the refined parameters.
Additionally, the residual electron density is also used to judge quality of the structural
model. The good refinement should not have intensive residual density peaks (or holes). Overall,

the model is expected to be reasonable from the crystallographic and chemical points of view.

2.2.7 Powder XRD

The physical principles behind the XRD from single crystal and polycrystalline samples
(powder) are the same. However, since the three-dimensional nature is lost in powder diffraction,
the more common application for powder XRD is phase analysis. If crystallographic data are
available from single crystal XRD, powder diffraction can be used to refine the structural
parameters.

The X-ray scattering from a given dj,;,; of a polycrystalline sample manifest itself as a
diffraction cone. However, the Bragg’s condition is satisfied for many dj,,;Simultaneously

producing several cones at once (Figure 2.10). There is no need to register the entire Debye ring
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as we assume the ring to be uniform. Instead, we can measure intensity over some area at the

circumference of equatorial plane of the Ewald sphere (Figure 2.10).

Ewald
sphere

/’ : . N

. b Y
Incident [~ Ko >
beam : e

AN
(€] —~ e?‘,aq o
G\

Figure 2.10. Coaxial diffraction cones from a polycrystalline sample3!.

The data collected on the powder diffractometer (powder diffraction pattern) is usually
represented as a plot of intensity against Bragg’s angle 20. The refinement of the structural
parameters is done via the least-square Rietveld refinement®232 (known as full profile refinement).
The Rietveld refinement is also used for the quantitative phase analysis of the diffraction data. The

figures of merit for Rietveld refinement are:

n obs calc
=Y Y

= 0,
Rp = =Lyt — X 100% (2.19),
2-1/2
2?=1Wi(yi0bs _ Yicalc)
= X 100% 2.20),
Tl smwey o2
n ; YiObS _Yicalc z
0= v ) (2.21),

n-p
where Y°’S and Y;°*¢ are observed and calculated intensity of the ith data point, w; is weight of

the ith data point (wi =1/Y,°); n is the total number of the measured points, p is a number of free
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least-square parameters. Rp is a profile residual, Rwp is a weighted residual, %2 is a goodness of fit.
The details on the powder XRD data refinement are given in Chapters 3-6.

In this work, powder XRD data were collected on a PANalytical X’pert PRO
diffractometer. It features copper anode, germanium monochromator, and 1D detector. The
wavelength used for the data collection is Cu Kay (Table 2.1), while Kay is eliminated with the
monochromator. Ground samples are placed on the silicon zero background wafer. During the data

collection the sample is constantly rotated for the better averaging of a signal.

2.3 Neutron diffraction

Study of crystal structures by means of the diffraction is not limited to X-rays. Electrons
and neutrons can be also scattered by crystal lattices due to the wave—particle duality. The
wavelength corresponding to the beam of particles can be calculated from the de Broglie equation:

h
X:_
mv

(2.22),

where h is a Planck’s constant (h = 6.626-107%* Js), m is a rest mass of a particle, v is its velocity
(in this work neutrons with wavelength of 2.2095 A were used, meaning their velocity was around
1.8 km/s).

Neutron diffraction experiments cannot be carried out in a regular laboratory since neutrons
are produced in nuclear reactors. The interaction of neutrons with matter is insignificant, thus much
more sample is required compared to the XRD experiment. The features of neutron scattering
differentiating it from X-ray diffraction are: 1) neutrons are scattered by nuclei and magnetic
moments, but not by electron density; 2) the scattering factor of a given nucleus is fixed and does

not depend on the scattering angle; 3) the atomic number has no connection to the scattering factor

so different isotopes scatter differently.
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In this work neutron diffraction was employed to test a bulk MgF. sample for the presence
of water molecules or OH™ groups. In the XRD experiment, it is hard to find the position of
hydrogen atoms since they only have one electron. Thus, we could not differentiate between OH"
and F groups in some specific cases, since the charge of both groups is the same and the X-ray
scattering powers of O and F are very close.

In a neutron diffraction experiment, the absence of hydrogen atoms in a MgF, sample can
be proven convincingly. Hydrogen has a large incoherent scattering cross-section (orders of
magnitude larger than magnesium or fluorine). Thus, the presence of hydrogen in MgF, sample
would result in a significant increase of the angle-independent background. Comparison between
neutron scattering data from an empty aluminum container and the same container filled with
MgF2 sample did not reveal any significant increase in the background, and thus the absence of

hydrogen atoms in MgF. was confirmed.

2.4 Nuclear magnetic resonance

The crystal structures obtained from single crystal XRD shows the averaged atomic
positions. The movement of some ions, molecules or groups is treated as a disorder during the
structure solution and refinement, therefore some fine structural details can be lost. On the other
hand, the nuclear magnetic resonance (NMR) techniques allow to probe for the local environment,
disorder, and dynamics effects.

Nuclei with non-zero spin | are characterized by magnetic moment p:

p=yhl (2.23),

where 7 is gyromagnetic ratio. In the absence of the external magnetic field, the nuclear magnetic

moments are distributed randomly. In a strong external field Bo, however, the nuclei start to align.
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This alignment is not perfect and nuclear spins precess around Bo with a certain frequency. For the
simplest case of | = £ %, the nucleus can be depicted as magnetic dipole with two possible
orientations of the u, projection on the external field direction z: parallel and antiparallel. Two
orientations create two different energy levels (u; parallel to Bo goes down in energy, antiparallel
— goes up) with energy difference proportional to the external field:

AE = 2p; Bo (2.24).

The transition between two states can be stimulated by an external electromagnetic
radiation at frequency v = (y/2m)Bo, which is usually in a radio wave frequency range. Through the
application of the external radio frequency, a signal associated with energy absorption by nucleus
can be registered.

In the NMR experiment, the so-called chemical shift is used to describe the nuclei in the
compound under study. Chemical shift characterizes the change of the NMR peak position of a
certain nucleus caused by the shielding effects, compared to the signal from a standard material.
Additional information is provided by NMR peak splitting, which arises from the spin-spin
coupling. Chemical shifts and peak splitting provide the information on the local environment.

The solid-state NMR is operated under the rotation of the sample at the certain angle to the
external field (Figure 2.11). The magic angle spinning (MAS, magic angle is 6 = 54.74°, so 3c0s?0
= 1) technique allows to mitigate the negative effects arising from the strong anisotropy of the

solid materials (compared to typical liquid NMR sample), so the peaks can be resolved properly.

Bo
5

%2 L8
K_N @‘é‘.’.\(\a&

Figure 2.11. MAS solid state NMR scheme.
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2.5 Optical properties measurements

Photoluminescence excitation (PLE) and emission (PL) spectra for the new phosphors in
this work were registered on a Varian Carry Eclipse spectrometer. The three basis components of
a spectrometer are an excitation source, a sample holder, and a detector.

The excitation source on the Varian instrument is a xenon flash lamp capable of the
continuum output of light in the UV-vis region of the spectrum. To control the excitation
wavelength the Agilent instrument utilizes the diffraction gratings monochromator. The second
monochromator is used for the emission wavelength. The monochromator slit can be changed
depending on the sample.

The photomultiplier tube sensitive up to 900 nm is used as a detector of the emitted light.
Photomultiplier tube is operated on the secondary emission of electrons. The detector multiplies
the current produced by the emitted light by many orders of magnitude (up to 108 times) so even a
weak flux of photons can be detected. The signal from the detector is further amplified and
displayed on a read-out device (computer display). The sample holder used in this work is a quartz

wafer placed in a quartz cuvette and inclined to the incident beam (Figure 2.12).
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Excitation

monochromator

Emission
monochromator

Photomultiplier tube

Figure 2.12. Scheme of the UV-vis-NIR spectrometer (not to scale). The monochromator scheme
is shown only for the excitation light for charity. Emission monochromator is operated on the same

principles.
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Chapter 3. Two new magnesium and magnesium-lead fluorogermanates and
revision of the Mg2sGe7s03sF10 phase

The following chapter was published as “Two new magnesium and magnesium-lead
fluorogermanates and revision of the Mg2sGe7503gF10 phase” article in Journal of Solid State
Chemistry (J. Solid State Chem. 2021, 293, 121741). Based on the initial study by Dr. R. Bagum,
the candidate synthesized the new materials, characterized them with XRD, and prepared the
manuscript for publication. Dr. Z.B. Yan conducted NMR study. Dr. J.P. Clancy conducted

neutron diffraction experiments.

Reproduced with permission from Novikov S., R. Bagum, Z.B. Yan, J.P. Clancy and Y.
Mozharivskyj, Journal of Solid State Chemistry, 2021, 293, 121741. Copyright by 2021 Elsevier

Inc.
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A new compound, MgsGe1-sOa4-5)F2(1+25) Was obtained by high temperature solid state
reactions and flux method and its structure was characterized by single crystal X-ray diffraction.
The structure relates to the silicate mineral norbergite, MgsSiO4(OH)F, a member of the humite
mineral group. The diffraction experiment revealed a deficiency of the Ge site in the new structure,
which can be compensated by the substitution of either OH- groups or F~ anions for O% anions.
The combination of the NMR, neutron scattering, and IR spectroscopy experiments suggest that
the F substitution is most likely; thus, the MgsGe1-s04(1-5)F2(1+25) formula is suggested. The F
substitution is present for the side product of the MgszGe1-s04(1-5)F2(1+25) Synthesis, the compound
known as Mg2sGe75038F10. Refinement of the twined Mg2sGe7503sF 10 crystal showed a slightly
higher Ge content and the final composition was assigned as Mg2sGegOaoFs. The PbF, flux method
yielded a new compound, Mg2Ph,Ge>O7F». The structure of this digermanate is related to the group
of naturally occurring and synthetic silicates containing R®*" cations. High-temperature powder
XRD experiments showed that the MgsGe1-sO4q1-5)F2(1+25) phase cannot be synthesized from

Mg2GeO4 and MgF in air due to the transformation of magnesium fluoride into MgO.

3.1 Introduction

Magnesium germanates and fluorogermanates doped with tetravalent manganese are
highly efficient red-emitting phosphors that are used for a lamp color correction!*?2 improvements
of the lamp color rendering index®**, and thermometry. The first attempt to utilize Mn**-activated
magnesium germanates as phosphors was made by Leverenz®® in 1936. However, the
stoichiometric meta- and orthogermanates (MgGeOs and Mg.GeQOs, respectively) showed
impractically low efficiency. The compositional modification made by Williams?! increased the

efficiency of the new magnesium germanate phosphor significantly, making it practically valuable.
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Williams?! established that doubling the amount of magnesium oxide compared to the Mg2GeO4
stoichiometry improves the optical properties: the optimal MgO : GeO: ratio for the synthesis was
found to be 4:1. The compositing of this phosphor was wrongly assigned as MgsGeQOs. The next
vital step was made by Thorington??, who was able to push the overall efficiency of material even
higher by a partial replacement of magnesium oxide with magnesium fluoride.

While the synthetic methodology to obtain a highly efficient germanate phosphor was
developed, the structural data were incomplete. Robbins and Levin explored the MgO-GeO, phase
diagram®’, but they did not establish the structure of MgsGeOs. Von Dreele et al.® were able to
grow suitable crystals from the PbO flux and reformulated the MgsGeOs (4MgO-GeQy) phase as
Mg14GesO24. The same group also established the structure and composition of the magnesium
fluorogermanate, Mg2sGe750ssF10>* by growing crystals from the PbF, flux. This phase is
isomorphous with Mg14GesO24 (Mg2sGe1004s) but has a significant Ge deficiency and a substantial
fluorine-oxygen substitution. Mg2sGe7503sF10 is the only verified magnesium fluorogermanate
structure to date. Lyon and Ehlers proposed the existence of a series of nMg.GeOs - MgF
fluorogermanate (n =1, 2, 3, or 4)* analogous to the silicates from the humite mineral family. The
authors described the synthetic routes for all phases, however no other reports on the structures of
the nMg2GeOs - MgF2 compounds could be found.

During our research targeted to clarify the structure and composition of the Mg2sGe7.503sF10
phosphor, we were able to grow crystals and establish the structure of the first member of the
nMg>GeO4-MgF, family with n = 1, MgsGeO4F> (the actual composition is MgaGe1-sOa-
§)F2¢1+25)). Compared to the silicate analogue, the MgsGeOsF2 structure has a pronounced
deficiency on the Ge site. Additionally, the structural refinement of the Mg14GesO2F4 (oOr

Mg2sGesOuoFs) crystals yielded a lower Ge deficiency than in MgzsGersOazsF10 2*. Also, the
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crystals of the magnesium-lead fluorogermanate Mg2Pb.Ge.O7F. were grown from the PbF. flux.

This paper discusses the synthesis, structure, and composition of these three fluorogermanate.

3.2 Experimental
3.2.1 Reagents

Crystals of MgaGe1-504¢1-5)F2(1+25), Mg2Pb2Ge2O7F2, and Mg14GesO20F4 were obtained by
a flux method and solid-state reactions. The initial reagents for all syntheses were powders of MgF»
(Alfa Aesar, 99.99 wt. %), MgO (Alfa Aesar, 99.995 wt. %) GeO, (Alfa Aesar, 99.999 wt. %),
and PbF, (Alfa Aesar, 99.9 wt. %). Magnesium orthogermanate, Mg>GeOs, also was used as a

starting material; it was prepared through the solid state route proposed by Lyon and Ehlers®.

3.2.2 Synthesis
Solid state synthesis of MgazGe1-s04(1-9)F2(1+26) (1) and Mg14GesO20F4 (2)

The mixtures of Mg.GeOs and MgF2 in the 1:1 and 2:1 molar ratios were ground
thoroughly in an agate mortar. Acetone was added during mixing to achieve a better
homogenization. After acetone removal the powders were pressed into an 8 mm pellets under 2
metric tons of pressure. The pellets were broken into pieces and placed in stainless steel tubes (1/4”
or 6.35 mm inner diameter, 35-40 mm length). Stainless steel tubes were found to be less reactive
compared to the initially tested Ta tubes. The tubes were sealed by arc welding under argon. The
stainless steel tubes were placed into silica tubes and sealed under high vacuum. The samples were
annealed in a box furnace at 1100 °C either for 25 hours (1:1 molar ratio) or 36 hours (2:1 molar
ratio). The products of both reactions were mixtures of MgzGe1-s04(1-5)F2(1+25), Mg14Ge4O20F4, and

MgF.
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Synthesis of MgsGe1-s041-6)F2+24 (1) and Mg2Pb2Ge O7F> (3) crystals from PbF flux

The mixture of MgO, MgF2, and GeO: in the 3.5:0.5:1 molar ratio was well homogenized
using agate mortar and pestle, and then annealed at 1200 °C for 16 hours in an alumina crucible in
air. The pre-reacted sample was mixed with PbF. in the 1:3 ratio (by weight). The mixture was
placed into a Pt crucible inside an alumina crucible with a cap. A cap was sealed with high-
temperature cement. After cement solidified, the setup was heated in a box furnace to 1100°C at
100°C/h, kept for 4 h, then cooled down to 800°C at 4°C/h. The reaction yielded crystals of
MgzGe1-s0a(1-5)F2(1+25) and Mg14GesO20F 4.

The mixture of MgO, MgF,, and GeO; in the 2:1:1 molar ratio was homogenized, pressed
into a pellet and annealed at 1200°C for 16 hours. After annealing, the sample was grinded and
mixed with PbFz in the 1:3 ratio by weight. The sample was placed in a box furnace at 500°C and
heated up to 920°C at 100°C/h. After 8 hours a furnace cooled down to 800°C at 9°C/h. The

solidified product contained Mg2Ph,Ge,O7F crystals.

3.2.3 X-ray diffraction
Single crystal X-ray diffraction experiments (Mo Ka radiation) were carried out on STOE
IPDS 1l and Bruker APEX Il diffractometers. The absorption correction was performed using X-
shape software 3 (STOE) and SADABS* program (Bruker). The structures were solved by direct
methods (SHELXL97-2014%!, Olex2*?) and refined by full-matrix least squares** method against
F2 in an anisotropic approximation. The structure of Mgi12GesO20F4 was refined from a twin crystal
using the HKL5 data file.
Powder X-ray diffraction was performed on a PANalytical X Pert PRO diffractometer (Cu

Kay radiation) equipped with the Ge monochromator. The high temperature diffraction data were
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collected using an Anton Paar high temperature chamber HTK 2000 N with a Pt heating strip. The
data were collected in the 20-80° 26 range. Rietveld refinements were done with the Rietica

software**.

3.2.4 Solid-state nuclear magnetic resonance (NMR) spectroscopy

Solid-state magic-angle spinning (MAS) NMR experiments were performed on a Bruker
Widebore-300 MHz Avance Il system using a 1.3 mm outer diameter rotor with a double
resonance probe. The MAS frequency in all experiments was 60 kHz. For both *H and °F NMR
measurements the spin echo pulse sequence was employed, where an 86.2 kHz radiofrequency
(RF) field was applied in the *H experiments and a 142.8 kHz RF field was used in the °F
experiments. All the chemical shift assignments in the *H and °F NMR analyses were referenced

using water (H20, 6 = 4.78 ppm) and trichlorofluoromethane (CFCls, 6 = 0 ppm) respectively.

3.2.5 Neutron powder diffraction and IR spectroscopy

Neutron powder diffraction was carried out on the MgF. reactant at McMaster University
nuclear reactor. The data were collected for the empty container (as a reference) and the sample.
The wavelength used in these measurements was determined to be 2.2095 A (Y03 standard
reference sample). The data were collected in the 10-80° 26 range and refined with the Rietica
software* (Figure 3.5).

Infrared (IR) absorption spectroscopy was performed on the MgF» reactant and the product

of the solid state reaction on the Thermo Scientific Nicolet iS 5 FTIR Spectrometer (Figure 3.6).
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3.3 Results and Discussion
3.3.1 Structure of Mgs3Ge1-s04@-8)F2(1+25) (1)

The structural solution for the MgsGe1-5Oaa-5)F21+25) (1) crystals (MgsGeOsF2 for
simplicity) obtained either by a flux or a solid state synthesis was straightforward and all sites were
assigned to the corresponding atoms. The F and O atoms were easily identified, and they occupied
independent sites. The F and O displacement parameters did not suggest any deficiencies or
disorder. The MgzGeOasF structure is shown in Figure 3.1. The Ge atoms occupy the oxygen
tetrahedra, while the Mg atoms fill in the O4F> octadedra. The MgsGeOaF> structure can be seen
as consisting of infinite 2D layers within the ab plane (Figure 3.1). Within a layer, the MgOa4F:
octahedra form infinite zigzag chains by sharing the O-O or F-F edges, and the chains are joined
via the GeOys tetrahedra through the O corners. Two neighboring layers, that are mirror images of
each other, are offset by 2& and stacked along the c direction. The layers are joined by sharing
the F atoms between the MgO4F2 octahedra as well as the O atoms between the MgO4F2 octahedra
or MgO4F, octahedra and GeOs tetrahedra from different layers. Each O atom is shared between
three MgOaF octahedra and one GeOg tetrahedron and, thus, is surrounded by three Mg and one
Ge atoms in a tetrahedral fashion. Each F atom is shared only between three MgO4F, octahedra,
and its coordination environment is a distorted trigonal planar one. Bond lengths in MgsGeOasF>
structure are in good agreement with the average literature values?®* of 1.75 A and 2.09 A for
GeO4 and MgOs polyhedra respectively. The Mg-F bonds in the structure are slightly shorter

(2.00-2.03 A) than Mg-O bonds. This agrees with the data for MgsSiO4F2 “°.
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Figure 3.1. (left) Ball and stick representation of the MgsGeOsF, unit cell. (right) Infinite

polyhedral layer parallel to the ab plane in MgsGeOaF.

The single crystal refinement was done for solid state and flux growth crystals (Table 3.1).
During the refinement, the occupancy of the sole Ge site was found to be lower than a unity and
was set free. The overall structure for both crystals is the same while the level of the Ge deficiency
is slightly higher for the solid-state sample (Table 3.1). The unit cell volumes agree with each other
for the two refinements (434.0(2) A® and 434.6(2) A®for & = 0.14 and 0.11 respectively). The Ge

deficiency and accompanying O/F substitution are discussed in more details below.
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Table 3.1. Selected crystallographic data and parameters of XRD experiments for structures 1-3

Compound Mg3zGe1-60a(1-5)F2(1+26) (1) Mg14GesO20F4 (2) | Mg2Pb2Ge207F2 (3)
solid state flux

8 =0.140(3) 8 =0.110(3)
Instrument STOE IPDS Il | STOE IPDS 1l | Bruker Apex Il STOE IPDS 1l
Temperature, K 293 293 100 293
Formula weight 237.36 238.45 1026.70 758.18
Space group Pnma Pbam Pbcn
a(A) 10.299(2) 10.304(2) 10.2142(5) 7.2258(15)
b (A) 8.753(2) 8.747(2) 14.4213(6) 11.139(2)
c (A) 4.814(1) 4.822(1) 5.9275(3) 10.262(2)
V (A% 434.0(2) 434.6(2) 873.13(7) 826.0(3)
Z 2 4
Deatca/g cm3 3.633 3.644 3.905 6.097
u (mmY) 6.521 6.613 7.487 48.048
F(000) 454 456 984 1304
6 max (°) 34.88 29.16 46.56 32.50
Refl. collected / 4870 /990 4448 | 321 5646 / n/a 11934 / 1493
independent
Rint 0.0456 0.0517 0.1298 0.0933
R1 (I > 20(1)) 0.0301 0.0214 0.0367 0.0325
Largest 0.78/- 0.80 0.60/- 0.90 1.50/-1.40 1.61/-1.50
peak/hole (e/A3)
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3.3.2 Refinement of the twined Mg14GesO20F4 (2) crystal

The crystal of Mg14GesO20F4 was a pseudomerohedral twin with the two twin components

a*" -1/2 3/2 0\ a*
related by the following relationship in the reciprocal space: | b*"|=|-1/2 —1/2 0| b*'].
c" 0 0 1)c*

The twining stems from the fact that the a*b* face diagonal is approximately equals 2b*. Such
twinning creates an illusion of the hexagonal symmetry. Without accounting for the twinning, the
structure cannot be refined satisfactorily. Additionally, the data were collected till 26 = 93° and at
100 K to achieve the reliable results.

The refinement of Mg14GesO20F4 had similar issues as reported previously 2, namely one
tetrahedrally coordinated Ge site (Ge3) was deficient and there was O/F mixtures on three O sites
connected to this Ge. The occupancy of the deficient Ge3 site in the structure was refined freely
and it converged to 50.8(2) %. The oxygen sites (O7, O8, and O9 in the Supplementary
Information) showed occupancies higher than one and had notable thermal ellipsoids. These sites
were refined as split O/F sites with the following restrains: the total occupancy of each site is 100%
and the displacement parameters for the O and F atoms on the same site are identical. The atomic
coordinates of O and F were not coupled. The refinement yielded the following O/F ratios:
62/38(2)%, 54/46(2)% and 50/50(4)% for the O7, 08, O9 sites, respectively. The ca. 50%
occupancy of the Ge3 site commands a 50% substitution by F for the O7, O8, 09 atoms to maintain
the charge balance. While the O8 and O9 sites displayed the expected 50/50% mixture, the O7 site
was significantly richer in O. We believe that the O7 site is equally occupied by O and F, but due
to the similar atomic scattering factors of O and F and significant correlations, the refinement did

not yield the correct occupancy for the O7 site.
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The 50% occupancy of the Ge3 site and 50/50% O/F mixtures may suggest a lower symmetry
structure or a superstructure with a full occupancy of the Ge site and a separation of O and F on
the individual sites. There was no indication of a superstructure in the reciprocal space. Thus,
structural solutions and refinements with lower symmetries (subgroups of Pbam) were explored.
The idea was to separate the half-occupied Ge3 site in two independent ones, then make one site
fully occupied and remove the other one to keep the overall composition. A similar approach was
applied to the mixed oxygen and fluorine sites. For example, the Pbam symmetry was lowered to
the P2:am subgroup with the same axis orientation. However, the refinement in the new P2iam
space group produced a heavy electron density peak on the previously removed Ge site, and thus

the lower symmetry approach was eventually abandoned.

3.3.3 Ge deficiency and environment in MgsGe1-604(1-5)F2@+25) (1) and Mg14GeaOz0F4 (2)

The deficiency of the germanium sites in 2 is associated with the fluorine incorporation on
the oxygen positions. As mentioned above, there is solid experimental evidence for this; there is
an extra electron density next to the O atoms, which stems from the different coordination
requirements of the F atoms in structure 2. The Ge-F distances in the Mgi14GesO2oF4 structure
notably exceed the corresponding Ge-O distances, thus the shift of the fluorine atoms from the
original oxygen positions can be detected. In contrast, the refinement of the structure 1 gave only
an under-occupied Ge site, and the oxygen atoms did not display unusual occupational or
displacement parameters. The reasons for different behaviors for the O atoms surrounding the
deficient Ge sites may stem from the Ge deficiency levels; in the MgsGe1-s04(1-5)F2(1+25) (1)
structure, the sole crystallographic Ge site is 14 % underoccupied; on the other hand, the deficiency

of the Ge3 site in Mg14GesO20F4 (2) is 50 % (the other two Ge sites are fully occupied).
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The deficiency appears to be correlated to the level of the distortion of the GeOs tetrahedra
in 1 and 2. To describe the degree of this distortion we can use the distance between the Ge atom
and the centroid built from its surrounding oxygen atoms. A larger distance corresponds to a more
pronounce distortion of the GeOs tetrahedra. For Ge in the MgsGe1-s04(1-5)F2+25) (1) structure,
this distance is equal to 0.17 A. For the tetrahedrally coordinated Ge2 and Ge3 in Mg14GesO20F4
(2), the distances are 0.02 and 0.25 A, respectively. The Ge3 site with a more distorted surrounding
is the deficient one in Mg14GesO20F4 (2).

We would like to emphasize that the discussed Ge deficiencies and distortions of the GeO4
tetrahedra originate from the changes in the chemical composition due to the F substitution. The
charge balance dictates that for one Ge atom removed, four O atoms are replaced by the equivalent
number of F atoms. For structure 1, this yields the MgaGe1-s04(1-5)F2+25) formula.

It must be stated that incorporation OH™ groups on the O sites in 1 would yield an identical
Ge deficiency. From the perspective of the single crystal XRD refinement, the O% and OH" are
often indistinguishable. The possible source of hydroxyl groups are water molecules from one of
the initial reagents, namely MgF-, as suggested by other researchers®, In case of the F~ substitution,
it may be also difficult to differentiate F- from O? via the XRD techniques, if the substitution levels
are relatively small. To establish the substituting species, NMR, neutron diffraction and IR

spectroscopy studies were performed, and the results are discussed below.

3.3.4 NMR study of MgsGe1-604a-5)F2(1+25) (1)
To explore the possibility of OH™ or F~ incorporation on the O? site, we conducted *H and
1F NMR study for MgF2 and the product of the solid-state reaction between Mg.GeO4 and MgF..

From the powder XRD data, the product is a mixture of MgzGeOasF2 (89.9(7) wt. %), MgF- (6.4(1)
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wt. %) and Mg14GesO20F4 (4.6(1) wt. %). The *H NMR suggests absence of protons in the MgF2
starting material and product. Thus, the presence of OH™ groups in MgzGeOa4F can be ruled out.
It is worth mentioning that the single crystal X-ray analysis performed by us on MgF did not
reveal water molecules in the MgF structure. For this XRD experiment we used crystals of the

MgF. reagent directly, as MgF: is sold in the crystalline form.

YF NMR
60 kHz MAS at 7.0 T

Solid state product

!

|

| «
S N | —— e
|
|
|

0 -100 - 200 - 300 - 400 [ppm]

Figure 3.2. The *F NMR spectral comparison of MgF, and the MgsGe1-sOa(1-5)F21+25) (1) sample,

where * represents MAS spinning side bands.

The °F NMR study confirmed the presence of MgF, impurity in MgsGeQOaF, sample (Figure
3.2). The peak at -177 ppm in the MgsGeOsF, sample can be associated with the F site in the
MgsGeOasF- (1) structure. The spectrum contains a small, extra peak at -187 ppm suggesting an

additional F~ site. These additional F~ site may stem from the F substitution on the O% sites*’.

3.3.5 Neutron scattering study of MgF2 and IR spectroscopy
The comparative neutron diffraction experiments on the MgF reagent and empty container

showed no increase in the incoherent scattering for the MgF. sample. Thus, the MgF2 reagent is

64



Ph.D. Thesis - S. Novikov; McMaster University — Chemistry & Chemical Biology

unlikely to contain any water molecules, which would suggest that presence of OH™ groups in the
MgsGeOg4F; structure is also unlikely.

The IR spectra for the MgF2 reagent and product of the solid-state reaction (MgzGeOasF,
MgF, and some Mg14GesO20F4) did not contain absorption peaks in the characteristic region*® of
the v(H20) vibrations. Thus, these data also support the conclusion that OH" groups are not present

in the MgzGeOaF structure.

3.3.6 Structure of Mg2Pb2Ge207F2 (3)

Two independent magnesium atoms in the Mg2Pb.Ge,O7F> (3) structure occupy positions
with the Ci and C> symmetry and both have coordination numbers of 6. Their coordination
polyhedra are MgO4F» octahedra with two short (Mg—F), two intermediate, and two long bonds.
Each MgO4F2 polyhedron shares two OF edges with the neighboring ones forming an infinite chain
parallel to the c direction (Figure 3.3, right). The sole independent Ge atom in the structure 3 forms
GeOs tetrahedron. Two neighboring GeOs tetrahedra share one oxygen atom and form digermanate
anion Ge207% with Ge1-03-Gel angle equal to 127.9°. These anions connect the chains of the
MgOa4F polyhedracreating a 3D framework (Figure 3.3). The sole independent lead atom occupies
the 8d position (C1 symmetry) in the voids of the framework and coordinates six oxygen atoms
and one fluorine atom. The PbFOg polyhedra are significantly distorted due to the effect of the 6s?
Pb?* lone-pair. All oxygen atoms in 3 are tetrahedrally coordinated by Ge, Mg, and Pb, while the

sole fluorine atom have a trigonal coordination by two Mg and one Pb atoms.
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Figure 3.3. Polyhedral representation of the Mg.Pb.Ge>O7F> (3) structure (2x2x2 unit cells

fragment) in two projections. Lead atoms are orange with bonds omitted for clarity.

The Mg:Pb.Ge207F, (3) phase is structurally related to the R®* — Pb disilicate series: two
naturally occurring minerals Fe,Pb,Si>Og (melanotekite) and Mn2Pb,Si>Og (kentrolite), and
synthetic Al2Pb2Si,Og phase*®->!. Mg.Pb,Ge,O7F: (3), melanotekite, and Al,Pb,Si»Os crystallize
with the same Pbcn space group®?, while kentrolite — with the P2122; group with the Phcn pseudo-
symmetry®l. The R%" cations are six-coordinated and form ROg octahedra, which share edges in
the same manner as the MgOasF polyhedra in 3 (i.e. they also form infinite chains). The Si—O-Si
angles for the Si.O7% anions are slightly higher® than Ge—-O—Ge for Ge,0+% in 3. The disilicate
phases contain trivalent R®* cations, which demand the presence of O% (instead of F in 3) in the
structures for the charge balance. The F~ anion in 3 and the O% anions in the R2Pb2Si2Os structures
have a different coordination. In 3 fluorine has a trigonal coordination by two Mg and one Pb
atoms, while the corresponding O anions in R2Ph2Si-Og are tetrahedrally coordinated by two R

and two Pb atoms.
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3.3.7 High-temperature (HT) powder XRD

Solid-state reaction in open Pt crucibles, aimed to simplify the synthesis of the MgzGeOasF
(1) phase, did not give the desired product, leaving unreacted Mg.GeOs behind. The possible
reason for this is the side reaction between MgF. and the atmospheric water. To verity this
assumption we performed the HT diffraction experiment on the Mg.GeOs and MgF, mixture.
Mg>GeO4 and MgF in the 1:1 molar ratio were mixed in an agate mortar with acetone. The acetone
suspension was placed on the Pt heating strip of the HTK 2000 N high temperature chamber. The
measurements were done in the 50-1200 °C range with 100° C increments in air.

Analysis of the HT powder data showed that Mg.GeO4 did not react with MgF2 in air and no
MgsGeOsF, formed (Figure 3.4). The diffraction patterns confirmed the decomposition of MgF2
and the formation of MgO likely due to the following reaction:

MgF2 + H20O (atmospheric) — MgO + 2HF (above 600 °C) (1).
Thus, the synthesis of new magnesium fluorogeramantes requires completely sealed system

preventing this undesirable side reaction.
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Figure 3.4. The diffraction data from the heating of Mg.GeO4 and MgF. in the 1:1 molar ratio on
the Pt strip in air. The decomposition of MgF2 and the formation of MgO can be seen. The 25 °C

measurement (top) was done after the system cooled down from 1200 °C.

3.4. Conclusions

The structures of new magnesium fluorogermanates, MgsGe1-sO4@1-s)F2@+25 (1) and
Mg2Pb.Ge>07F> (3), were determined from the crystalline products of solid-state reaction and flux
growth. These structures relate to the two different groups of silicate minerals. The refinement of
the twined Mg14GesOas0F4 (2) crystal showed the Ge deficiency driven by the substitution of F for
O atoms. A similar deficiency is observed in MgsGe1-sO41-5)F21+25) (1). HT XRD diffraction data
confirmed the conversion of MgF2 into MgO in air at high temperatures and, thus, clarified our

inability to prepare MgaGe1-s04¢1-5)F2(1+25) (1) from Mg.GeO4 and MgF2 in open crucibles.
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3.5 Supplementary information
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Figure 3.5. The Rietveld refinement of the MgF. neutron scattering data. R, = 15.4 %
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Figure 3.6. The IR spectra of MgF> (red) and the solid state reaction product (green). The product
contains MgsGeOa4F> (89.9(7) wt. %), MgF2 (6.4(1) wt. %) and Mg14GesO20F4 (4.6(1) wt. %).
Absence of peaks in the characteristic region of the v(H20) vibrations (at ~ 3615, 4350, and 1640
cm for v3, v1, and v2 respectively) indicates the absence of the OH™ group in the structure.
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Table 3.2. Fractional atomic coordinates and equivalent isotropic displacement parameters for
MgsGe1-s041-5)F2(1+25) prepared by the solid state route. Ueq is defined as 1/3 of the trace of the
orthogonalised Ujj tensor. The O and F sites were assumed to be occupied only by O and F atoms,

respectively.

Atom Occupancy X y z Ueq
Ge 0.860(3)  0.72082(3) 1/4 0.07047(7)  0.00538(9)
Mgl 1 0.63136(6)  0.43013(8)  0.5054(1)  0.0077(2)
Mg2 1 0.40608(9) 1/4 0.9930(2)  0.0072(2)
F1 1 0.4664(1)  0.4132(1)  0.7217(3)  0.0105(2)
01 1 0.7943(1)  0.4039(2)  0.2407(3)  0.0093(3)
02 1 0.5682(2) 1/4 0.2276(4)  0.0089(4)
03 1 0.7213(2) 1/4 0.7156(4)  0.0087(3) |

Table 3.3. Interatomic distances for the Ge3 surrounding in Mg14Ge4O2Fs.

Atom Distance, A | Atom Distance, A
07 176(2) F7 19102
08  1.77(1) F8  2.01(1)
09  1.70(4) F9  1.78(3)

Table 3.4. Bond lengths for Mg2Pb2Ge0O7F.

Bond d, A Bond d, A Bond d, A

Pb-O1  2262(5) |Ge-02 1.769(3) | Mgl-F3 2.018(3)
~03  2.288(5) _03  1.742(4) ~03(x2) 2.100(5)
“F3  2.455(3) _01 1.737(4) F3 2.018(3)
~04  2.625(4) ~04  1.723(4) _04(x2) 2.026(4)
_02  2.975(4) Mg2-F3(x2)  2.008(3)
01 3.173(5) _01(x2) 2.090(5)
_03  3.246(5) _O4(x2) 2.075(4)
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Chapter 4. New halogen-germanates of Sr and Ba

The following chapter was published as “New halogen-germanates of Sr and Ba” article in
Journal of Solid State Chemistry (J. Solid State Chem. 2020, 282, 121075). The candidate

synthesized and characterized new materials, prepared the manuscript for the publication.

Reproduced with permission from S. A. Novikov and Y. Mozharivskyj, Journal of Solid State

Chemistry, 2020, 282, 121075. Copyright by 2020 Elsevier Inc.
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Crystals of four novel compounds, Sr3GeOsClz, BasGeOsBrz, SreGe.07Cls, and
BasGeO4Brs, were obtained through solid state sintering and flux growth. Single crystal X-ray
diffraction revealed that SrsGeO4Cl, and BasGeO4Br; are structurally related to MgsSiO4(F,OH)
(but not isostructural due to the significant difference in ionic radii). Application of the RHal> (R
= Sr, Ba; Hal= CI, Br) fluxes for the crystal growth yielded the SreGe.O7Cle and BasGeO4Bre
phases with higher Ge : Hal ratios. Presence of the additional Hal™ anions accounts for the
formation of 3D units built from Ba?* and Br in BasGeQ4Brg, while in the other germanates the

highest dimensionality of the R?* - Hal™ units is 2.

4.1 Introduction

The red part of the visible spectrum is necessary for the production of warm white light in
the LEDs. Some of the common red phosphors, based on the Eu?* doped nitrides®?°3, may display
performance losses due to their wide excitation regions and broad emission bands. The
disadvantages include photon re-absorption, lowering of color purity, and decrease in luminous
efficiency® 8. The nitride phases also require sophisticated synthesis procedures, such as very
high temperatures (above 1500°C) and high pressures of nitrogen®*-8, Because of this, Mn**doped
materials can be considered as a potential replacement for the rare-earth based red phosphors.
These oxides, fluorides, and oxosalts show excellent optical properties and can be prepared by
routine synthetic methods®®-°,

Mn** prefers octahedral sites in a crystal structure and can be doped into the Ge** sites due
to the same charges and ionic radii of both cations (0.67 A)*°. However, the octahedral sites are
much less common for the tetravalent germanium, compared to the tetrahedral ones®. Thus,
preparation of new germanate phosphors is based on the prior knowledge of crystal structures.

While crystal structures of germanates with GeOs polyhedra known for some time, their potential
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as Mn** hosts was investigated only recently. For example, two Mn**-doped R'2GesOs (R'= Li, K,
or Rb®7%) and R"GesOs (R" = Sr, Ba'?) series were characterized lately, and likely, more of the
existing germanates can act as red phosphors. On the other hand, the discovery of new Ge** phases
with octahedral sites is a challenging approach. An example of the later approach is the synthesis
of LisRbGesO15% that features new structural and notable optical luminescent properties.

While predominance of the tetrahedral coordination for Ge limits the number of the phases
suitable for the Mn** doping, it may provide opportunities for doping with other activators. The
study on the BasSiO4Cls’® and BasSiO4Brs">™* halogen silicates, showed that both smaller Si
tetrahedral sites and larger alkaline-earth sites can serve as activator hosts. The Ba sites can be
activated with Eu?*, which produced red emitting phosphor materials sensitive to the UV and X-
ray exitation’>"®. The doping of the silicon sites in BasSiO4Brs with Nb yields a photostimulable
X-ray storage phosphor’®. It is worth mentioning that the crystal structures of BasSiO4Cls" and
BasSi04Brs"® were determined after their optical properties were reported. Germanates are often
isostructural with silicates, thus the Ge analogues of BasSiO4Cls and BasSiO4Brs can display
interesting optical properties as well. The Sr halogen germanates can be also be of interest, since
the Sr sites are frequently utilized for the rare earth dopants’’~"°.

This paper reports on the synthesis and structure of the Sr and Ba halogen germanates. This
research originates from our work on the Mg2sGe7.s03sF10 material?*. By using the flux growth
method, we obtained crystals of MgzGeOasF- (to be reported in a separate paper). Motivated by our
discovery, we continued the investigation of the R"CO3;-R!"Hal.— GeO; (R = Sr, Ba; Hal = Cl, Br)
systems and obtained four new phases, Sr3GeO4Cl. (1), BasGeO4Br: (2), SrsGe20Cls (3), and

BasGeO4Brs (4).
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4.2 Experimental
4.2.1 Synthesis
Powders of GeO; (Alfa Aesar, 99.999 wt.%), SrCOz (Sigma-Aldrich, >99.9 wt.%), SrCl;

(Alfa Aesar, 99.5 wt.%), BaCO3 (Alfa Aesar, 99 wt.%), BaBr.-2H.0 (Alfa Aesar, 99.3 wt.%) were
used as received. Crystals of Sr3GeO4Cl> (1) were obtained by a solid state reaction between SrCO3
(0.2924 g), Ge0O2(0.1036 g), and SrCl> (0.1570 g) inthe 2 : 1 : 1 molar ratio. Reagents were mixed
in an agate mortar and placed in a Pt crucible. Then, the crucible with reagent was placed in
programmable box furnace at room temperature and heated at 150 °/h to 1000 °C. After 14 hours,
the furnace was cooled down to 800 °C at 6 °/h rate. The cooling to room temperature was done
by switching off the furnace at 800 °C.

Crystals of BazGeO4Br» (2) and BasGeO4Brg (4) formed as a mixture during the reaction
between BaCOs (0.4044 g), GeO2 (0.1072 g), and BaBr,-2H,0 (0.3414 g) with the 2 : 1 : 1 molar
ratio, which was heated at 150°/h to 950°C. After 12 hours at 950°C, the furnace was cooled down
to 800 °C at 6 °/h rate and then switched off.

SreGe207Cls (3) was obtained from the reaction between SrCOz (0.2878 g) and GeO:
(0.1020 g) with the 2:1 molar ratio. SrCl> (0.9850 g) was used as a flux. A crucible with the
reagents was kept at 200 °C for 6 hours, then heated at 150 °/h rate to 1000 °C and annealed for
30 hours. After this the furnace was cooled down to 800 °C at 6 °/h, and then to room temperature

by switching off.

4.2.2 Crystal structure determination
Single crystal X-ray diffraction was employed for the structure determination. The data for

1-4 were collected on a STOE IPDS Il diffractometer (Mo Ka radiation) at room temperature.

Structures of new germanates were solved by direct methods*' and refined by full-matrix least
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squares calculations against F? in an anisotropic approximation®>4,

Numerical absorption

correction was based on the crystals shapes. The shapes were determined optically from face

indexing followed by optimization against equivalent reflections using the X-Shape software®.

The crystal of BazsGeO4Br» (2) was a twin, with two components related by the [-100,0-10,00

1] law. The fractions of twin components were 68 and 32%. The crystal of SrsGe.07Cls (3) had a

second, randomly oriented component; as a result the refinement of 3 gave larger residual values.

Relevant crystallographic information for 1-4 is summarized in Table 4.1.

Table 4.1. Selected crystallographic data and parameters of XRD experiments for Srz3GeO4Cl> (1),
BasGeO4Br2 (2), SrsGe207Cls (3), and BasGeO4Brs (4)

Compound Sr3Ge04Cl; (1) | BasGeOasBrz (2) | SrsGe207Cls (3) | BasGeOasBrs (4)
Formula weight 470.35 708.43 995.60 1302.75
Space group Pnma P2i/c Pbcm C2/c

a (A) 12.279(3) 6.6992(13) 8.0348(16) 9.792(2)

b (A) 10.997(2) 11.544(2) 22.731(5) 15.214(3)
c(A) 5.8489(12) 12.003(2) 9.3876(19) 12.153(2)
B, () - 90.26(3) - 104.60(3)
Vv (A%) 789.8(3) 928.3(3) 1714.5(6) 1752.0(6)
Z 4 4 4 4
Dealca/g cm3 3.956 5.069 3.857 4.939

1 (mm™) 24.547 24.330 22.923 26.429
F(000) 848 1208 1800 2216

6 range (°) 3.32-34.71 3.04-33.49 2.69-32.50 3.19-34.76
Reflections 8612/ 1770 13608 / 3640 16003 / 3261 10180/ 3770
collected/

independent

Rint 0.1210 0.0848 0.1321 0.0621

Ri (1 >26(1)) 0.0621 0.0488 0.0802 0.0348
Largest

difference

peak/hole (e/A%) 1.707/- 2.244 1.920/-2.040 3.240/-3.290 1.634/-1.496

4.2.3 Powder X-ray diffraction
Powder data for 1-4 were collected on a PANalytical X'Pert PRO diffractometer in the 20-
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80° 26 range and with the CuKa: radiation (see Supplementary Information). The Rietveld
refinement was done with the Rietica software**. For 1, the product was a mixture of well
crystallized Sr3GeO4Cl, (1) (55.1(4) wt. %) and Sr.GeOs (44.9(4) wt. %). For 2, the reaction
contains mostly BasGeO4Br; (2) (80.1(2) wt. %) with some BasGeO4Brs (4) (4.40(1) wt. %) and
Ba>GeOs (15.5(3) wt. %). Note, that the ICSD does not have any entries for the Ba,GeOs structure.
The crystals of Ba,GeOs were obtained as a side product. The structural data for Ba,GeOs is
included in the Supplementary Information.

For 3, the powder XRD showed the presence of SreGe207Cls (3), Sr2GeOs, and some
unknown impurity. This sample is characterized by the low intensity of diffraction peaks making
the refinement somewhat unreliable. The refinement gave the following composition: 76(2) wt. %

of SreGe207Cle (3) and 23(1) wt. % of SroGeOa.

4.3. Results and Discussion
4.3.1 Crystal structures
Sr3Ge04Cl2 (1) and BasGeOsBr: (2)

The Sr3GeO4Cl2 (1) structure contains two independent Sr atoms: Srl in the 4c position
and Sr2 in the general 8d position. Coordination polyhedra for Sr are trigonal prisms Sr104Cl; and
capped trigonal prisms Sr204Cls. The prisms are distorted due to the differences in the Sr-O and
Sr-Cl bond lengths. The sole germanium atom in 1 occupies the 4c position and forms GeOs
tetrahedra. Each of these tetrahedra connects eight Sr atoms. The 3D structure of 1 is formed by
the corner and edge-sharing of Sr104Cl2, Sr204Cls, and GeO4 polyhedra. We can imagine the
formation of this framework as following: (Sr2Cl).. layers parallel to the ac plane are linked by
GeOq4 tetrahedra in the b direction giving a 3D unit, and Srl atoms are embedded into the residual

voids (Figure 4.1).
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Figure 4.1. Schematic representation of Sr3GeO4Cl> (1) framework formation: (Sr2Cl).. layers
(top) are connected in 3D unit (middle) by GeOs, and then the residual volume is filled by Srl
(bottom). Hereinafter, alkaline earth atoms and their polyhedra are blue, Ge polyhedra are cyan,

oxygen atoms are red, and halogen atoms are green.

The BasGeO4Br; (2) structure contains the following coordination polyhedra: BalO4Brs,

Ba204Brs, Ba304Br3, and GelOs. The formation of 2 can be described in a similar manner as 1,

however the lower symmetry of 2 makes this description more complex. In 2, Bal atoms and both

Br atoms form infinite layers parallel to bc. The other two Ba atoms are connected by bromine into

chains running along a. The intersection of these layers and chains creates a 3D framework,

additionally connected by GeO4 polyhedra (Figure 4.2).
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Figure 4.2. Schematic representation of the BasGeO4Br» (2) formation (ab projection): 2D and 1D
Ba-Br units form a 3D framework, with further connections by GeOj tetrahedra.

Compounds 1 and 2 are structurally related to the magnesium silicate mineral, norbergite,
MgsSiOa(F,OH)®%. Along with the CasGeO4Cl;® structure, 1 and 2 form a family of the
R3GeOsHal, halogen germanates. However, an increase in ionic radii leads to the inability of the
structures to adopt the MgsSiO4(F,OH) atomic arrangement. The coordination numbers of the R?*
cations increase from 6 in MgsSiO4(F,OH) to 9 in BasGeO4Br,. Moreover, BasGeO4Br: (5) crystals
are monoclinic, while the rest in the series are orthorhombic.

SreGe207Cls (3)

There are four independent Sr atoms in the structure. Their coordination polyhedra are
Sr10,Clg, Sr203Cls, Sr304Cl3, and Sr404Cls. Phase 3 is a digermanate: two GeOys tetrahedra share
one vertex to form Ge>Oy7 units. Connectivity with Cl atoms differs drastically between the four Sr
atoms (Figure 4.3). The Srl atoms are linked by chlorine into infinite chains parallel to c, Sr2
atoms form 0D units with CI, Sr3 atoms - linked into layers parallel to the bc plane, and Sr4 - into
layers parallel to the ac plane. Together these various 0D-2D units form an infinite framework

completed by digermanate anions (Figure 4.3).
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Figure 4.3. 0D - 2D units Sr-Cl units forming a 3D framework in SreGe207Cle (3). (bottom) The
fragment (3x1x3 unit cells) of the SreGe2.07Cle (3) crystal structure (ab projection).

BasGeO4Brs (4)

There are three independent Ba atoms in the structure: Bal and Ba3 in the 8f general
positions, and Ba2 in the 4e position. Their coordination polyhedra are Bal1O.Br7, Ba20.Brs, and
Ba303Brs. Here, Br atoms link the Ba2 atoms into chains parallel to the [101] direction, while both
Bal and Ba3 are linked into infinite frameworks (Figure 4.4). The interlacement of these 0D and

3D units generates a complex Ba-Br framework (Figure 4.5).
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Figure 4.4. 1D and 3D Ba-Br units in BasGeO4Brs (4).

The Hal : Ge ratio in 4 is the highest among the four new compounds and the GeO4
polyheda are separated from each other in this structure (Figure 4.5). BasGeO4Brs (4) is
isostructural with BasSiO4Cls’? and BasSiO4Bre™ ™

Ba-Br framework BasGeO4Brs (4)
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Figure 4.5. (left) Ba-Br framework in BasGeO4Brs (4). (right) BasGeO4Bre (4) structure (2x2x1
unit cells) projected on ab plane (right).
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4.3.2 Topology of R?*- Hal (R** = Ca-Ba, Hal = F-Br) nets in halogen germanates

A number of the 2D units built from the R?" cations and Hal™ anions can be found in
Ca3Ge04Cl%, SrsGe04Cl; (1), and BasGeO4Br, (2) structures. These units can be considered as
building blocks of the halogen germanate structures. However, the R-Hal 2D units, or layers, have
different compositions and levels of distortion, and thus the comparison of the corresponding
structures may be difficult. To overcome this challenge, we can focus on the topology of units,
rather than their geometry or stoichiometry. For the topological analysis presented below, we used
the ToposPro® program package. Briefly, the algorithm allows the calculations of the connectivity
between central cations (R?* in our case) and ligands (Hal) of 2D or 3D units (nets). Typically,
cations become the nodes of the net. The bonds between the nodes represent the connectivity
between cations by anions. The representation of anions depends on their coordination in the R%*-
Hal units. The crucial cases for the R?*- Hal nets are shown in Figure 4.6. It has to be mentioned
that the chemical compositions of the structures under consideration may be different as only the
R-Hal bonds are taken into account while the R-O bonds are omitted.

Crystal structure

1- and 2-coordinated Hal" 3-coordinated Hal 4-coordinated Hal

¢" 7%

00 0+0 0%

Topology

o © o"o o o

Figure 4.6. The transformation of two-, three-, and four coordinated Hal" ligands in the topological
analysis of R?*- Hal nets.
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All three structures, CazsGeO4Cl2, SrsGeO4Cl2 (1), and BasGeO4Br2 (2) contain infinite
R?*-Hal layers with the topology of the tts net (Figure 4.7). Hereinafter, the three letter symbols®
are used as net names. In the RsGeOsHal> series, these tts nets are connected into 3D units by
germanate anions as described above. Note that for BasGeO4Br: (2) the stoichiometry of the R-Hal
net is different due to higher coordination numbers of Ba atoms, however the topology remains
the same.

Other types of the R?*-Hal layers can be found in SrsGe20:Cls (3): for Sr3, a hch
(honeycomb or brick wall) net is formed (Figure 4.7), while Sr4 atoms are linked into a sgl (square
lattice) net by chlorine. In the crystal structure the hcb and sql nets share chlorine atoms. This
yields a 3D framework from the 2D nets.

R-Hal layers in R3GeOsHal, series Sr3-Cl layer in 3 Sr4-Cl layer in 3

DEK 0K 08 PR e on o
. 03 r«\ﬁ«mi s °Mi °
oic—ouo o} %DHQ&
Ma fvwéﬁ% o

heb net

Figure 4.7. The topology of 2D R?*-Hal nets in the halogen germanates.

The same approach can be applied for 3D units as well. For example, Bal atoms in

BasGeO4Brs (4) form a sra (SrAlz) net with Br, while Ba3 — a lon (lonsdaleite, ‘hexagonal
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diamond”) net (Figure 4.8). Two frameworks are embedded into each other, but due to the presence
of the shared Br anions in BasGeOsBrs (4), their combination cannot be considered as an

interpenetration. The arrangement of two frameworks is shown in Figure 4.8.

Bal-Br framework in 4 sra 3D net The arrangement of sra and /on nets in 4
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Figure 4.8. The topology of 3D R?*-Hal nets in the BasGeO4Brg (4). Ba3 atoms are shown in dark
blue. The bonds between sra and lon nets are omitted for clarity.

The topological analysis revealed significant structural difference between new halogen-
germanates. The increase in the Hal content in 1-4 accounts for the increase in the variety and
dimensionality of the R-Hal units in their structures. For 1 and 2, only a tts type of 2D nets is
presented; while more complex structures 3 and 4 contain 2 types of 2D (hcb + sql) and 3D (sra +
lon) nets, respectively. As we can see, simple ions can be connected in sophisticated ways; and the
topological analysis provides a comparative and sufficient description of the corresponding

structures.

4.4 Conclusions
Four new halogen germanates of Sr and Ba were successfully synthesized and

characterized by single crystal and powder X-ray diffraction. The structures of this new series
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feature high R?* : Ge ratios (3:1 and 5:1). Potentially, more representatives of the series can be
obtained by varying the GeO. : RHal> ratio during the synthesis. Unfortunately, the tetrahedral
coordination of Ge atoms makes these new compounds unsuitable for the Mn*" doping and
phosphor applications. Additionally, the phosphors are usually found among the compounds with

the R?* : Ge ratios being lower than one.
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Chapter 5. Synthesis and structure of the Na-Ba and Rb-Ba octagermanates

and phosphorescence of the Rb.BaGesxO1s:XxMn** series

The following chapter was published as “Synthesis and structure of the Na-Ba and Rb-Ba
octagermanates and phosphorescence of the Rb.BaGesxO1s:XxMn** series™ article in Journal of
Solid State Chemistry (J. Solid State Chem. 2021, 304, 122607). The candidate synthesized and

characterized new materials and prepared the manuscript for the publication.

Reproduced with permission from S. A. Novikov and Y. Mozharivskyj, Journal of Solid State

Chemistry, 2021, 304, 122607. Copyright by 2021 Elsevier Inc.
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Structures of two new phases, Na2BaGegO1s (1) and Rb2BaGesO1s (2), were determined by
single crystal X-ray diffraction. The phases are isostructural and crystallize with the P3c1 space
group. The new octagermanates are built from the 3D anionic germanate frameworks, with alkali
and alkaline earth cations located in their channels. The frameworks are made by corner-sharing
GeO4 and GeOg polyhedra. The way the GeOn polyhedra are connected in Na2BaGegO1s (1) and
Rb2BaGesO1s (2) demonstrates a specific topology different from the related compounds. The
partial doping of the octahedral Ge sites in Rb,BaGesO1s (2) with Mn** yielded a series of red-
emitting phosphors. The photoluminescent data for these phosphors were collected and the highest

phosphorescence intensity was found in the Rb,BaGe7.995015 : 0.005Mn*" sample.

5.1 Introduction

Light-emitting diodes (LEDSs) are a better alternative to incandescent and fluorescent lamps
for the household and industrial applications. LEDs require less energy to operate, possess longer
lifetimes, and are more environmentally friendly®®. In 2001, Bergh et al. reported “20 % of
electricity is used for lighting”®® and predicted a significant decrease of that number by 2020 due
to the development of the solid-state light sources. As we can see, in 2020 the lighting contributed
only 4.1 % to the total energy consumption in the United States®’, thus the prediction was correct.

One of the ongoing challenges for the LED technology is a production of a white light (w-
LED). White light can be achieved either by a combination of a few LEDs (for example, red, green,
and blue ones) or down conversion of a short wavelength light by a few phosphors in one device,
known as phosphor-converted (PC) LED®. The very common commercial phosphor-converted
scheme for w-LED is based on the blue emitting indium-gallium nitride chip® and the Ce**-doped

yttrium aluminium garnet yellow phosphor®. This highly efficient scheme suffers from a poor
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color rendering index and a high correlated color temperature, since the red component is
completely missing®®. In exchange of some efficiency losses, the w-LED performance can be
improved by an addition of a red phosphor. Such phosphors can be based on the Eu?* doped
materials — nitrides and oxonitrides®>>*%57  On the other hand, the complex preparation
procedures and unsatisfactory properties of many Eu?*-based phosphors encouraged the search for
rare-earth-free alternatives. For example, red luminescent materials containing Mn** were studied
extensively in the past decade®928%, These phases can be divided in two large groups — oxides and
fluorides. The red emission peak originating from a spin and parity-forbidden 2Ez;— *Axg electron
transition of Mn** typically lies in a shorter wavelength region for the fluoride materials compared
to the oxide ones. It is related to the covalency of the corresponding Mn** bonds in the host
structure — a more ionic fluoride surrounding accounts for the larger energy difference between
the exited and ground states®>°!. The detailed description of the Mn** optical properties can be
found elsewherg?919394,

To prepare a red-emitting phosphor, Mn*" activator cations are doped into the host
structure. Mn** ions with a d® electron configuration require an octahedral surrounding, so the
knowledge of the host structure is crucial for the successful synthesis. Octahedral coordination is
very common in inorganic solids, and octahedrally-coordinated atoms such as Al, Ge, Sn, Ti, Zr,
etc. can be partially replaced by Mn**. In particular, the doping of the germanate phases is
favorable due to the same formal charge of Ge** and Mn** and the same ionic radii 1°. Historically,
the first attempts to produce Mn** red phosphors can be traced to the MgO — GeO; system®. Two
efficient phosphors, commonly (yet inaccurately) referred to as 4MgO-GeO2 : Mn** and 3.5MgO—
0.5MgF>—GeO; : Mn**2122 \were prepared. However, their properties could not be fully explained

until their structures were solved a few decades later?3249,
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Since the octahedral coordination for germanium is not very common in the oxides 2, the
choice of the suitable host structures is rather narrow. Red phosphors were prepared from the alkali
and alkaline-earth tetragermanates, R,Ge4Og (R = Li — K)®679%97 and MGesOg (M = Sr, Ba)’?,
where both octahedral and tetrahedral coordination of Ge occurs. Another series of the
R®M,MIGeg015 germanates, containing alkali and alkaline earth cations was reported %, Single
crystal X-ray diffraction data were obtained for one compound in the series — K.BaGegO1s — and
the octahedral oxygen coordination was confirmed for Ge®®. In the current paper, we report on the
crystal structures of two more compounds in the series — Na;BaGegO1s (1) and Rb.BaGegO1s (2).
These phases demonstrate a unique way of the GeOs and GeOe polyhedra connection. The
octahedral Ge sites in Rb,BaGesOis (2) were used to prepare Mn**-based phosphors. The

photoluminescent data were collected and the Mn doping level was optimised.

5.2 Experimental
5.2.1 Single crystal growth

NazBaGesO1s (1) crystals were obtained through the reaction of Na,CO3 (98 wt.%), BaCOs3
(98 wt. %), and GeO> (99.999 wt.%) in 1:1:8 molar ratio. The starting materials were ground with
agate mortar and pestle, pressed into a pellet, and placed in a platinum crucible. The crucible was
placed into a box furnace preheated to 700 °C and heated immediately to 1150 °C at 200 °/h rate.
After two hours at 1150 °C furnace was cooled down to 950 °C at 6 °/h rate and further cooling
was done by taking a crucible out. Na2BaGegOig (1) crystals for X-ray diffraction (XRD)
measurements were picked manually from the final product.

Crystals of the Rb,BaGesO1s (2) phase were obtained from Rb2CO3z (99.9 wt.%), BaCOs

(98 wt.%), and GeO> (99.999 wt.%) in 1:1:8 molar ratio. The sample pellet was heated in a box
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furnace from 700 °C to 1150 °C at 200 °/h rate, kept for 1 h, then cooled down at 10 °/h rate to
1050 °C. Further cooling to 700 °C was done at 200 °/h rate, after which the sample was taken out.

After complete cooling, crystals of Rb,BaGegO1s (2) were picked for the XRD analysis.

5.2.2. Determination of crystal structure by X-ray diffraction

Single crystal XRD data for Na2BaGegO1s (1) and Rb2BaGesO1s (2) were collected on a
STOE IPDS II diffractometer (MoKa. radiation) equipped with an image plate detector at room
temperature. The numerical absorption correction was based on the optimization of the crystal
shape against equivalent reflections and was performed with the X-Shape software®. The structure
solutions (SHELXT?®) and least-square refinements (SHELXL*®) were run via the OLEX2
interface*?. The experimental data and refinement results are summarized in Table 5.1.

Table 5.1. Selected crystallographic data and refinement results for Na;BaGegO1s (1) and
Rb2BaGesgO1s (2).

Compound 1 2
Formula Na;BaGegO1s Rb,BaGesO1s
Formula weight 1052.04 1177.00
Crystal system trigonal
Space group P3cl
a, A 11.4837(16) 11.8400(17)
c, A 19.162(4) 19.276(4)
Volume, A3 2188.4(7) 2340.2(8)
Z 6
Pealcg, CM® 4.79 5.01
wmm? 19.057 23.966
F(000) 2868 3180
6 range, ° 2.952 — 32.498 2.113 - 32.495
Index ranges -14<h<17, -17<h <17,
-17<k<17, -14 <k <17,
-24<1<28 -29<1<29
Reflections 20812 32486
collected
Data/restraints/ 134
parameters
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GOOF 1.142 1.002
Ry (520 (1) 0.0617 0.0433
Largest diff. 1.823 /-1.666 1.678 /-1.741
peak/hole, e/A3

5.2.3 Preparation of the Rb2BaGesO1s : Mn** phosphors

The series of the Rb,BaGesxO1s : xMn** (x = 0.001, 0.003, 0.005, 0.010) phosphors was
prepared through a solid state reaction between the pristine Rb2Ge4Og and Mn**-doped BaGe4Oo.
Manganese acetate, Mn(CH3COO)2(H20)s (99.999 wt.%), was used as a Mn** source. The
tetragermanate precursors were prepared from the corresponding carbonates and germanium
dioxide. Rubidium and barium tetragermanates in the 1 : 1 molar ratio were mixed in an agate
mortar, pressed in a pellet, and annealed in a platinum crucible for 12 h at 900 °C. Arter the first
annealing, the powder XRD data showed the presence of the unreacted BaGesOg (=2 % by mass),
so extra Rb2GesOg was added and two more rounds of annealing at 900 °C for 12 h were done.
After the third annealing, the high purity (> 99%) of the Rb,BaGegO1s phase was confirmed by
powder XRD on a PANalytical X'Pert PRO diffractometer. The Rietveld refinement** results are
presented in the Supplementary Information.

We have also attempted to prepare Rb2BaGes.xO1s : XMn** directly from Rb,COs, BaCOs,
GeOz and Mn(CH3COO0)2(H20)4. However, two attempts gave poor yields, as witnessed from the
Rietveld refinements of the products in the Supplementary Information (Table 5.2, Figure 5.5).
Thus, we proceeded with the reaction between Rb2Ge4Og and BaGe4Og as it led to the formation
of pure Rb2BaGegO1s phase.

The preparation of the NaBaGesOi1s:Mn* phosphors whether through the reaction
between the corresponding carbonates or through the germanates is complicated by the formation

of the NasGegO20 phase with the Na:Ge ratio close to Na2Ge4Oq. According to the literature®, the
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Na>GesOg phase is metastable, thus the attempts to obtain pure Na,BaGegO1gand the corresponding

phosphors were abandoned.

5.2.4 Phosphorescence measurements
The photoluminescent excitation (PL) and emission (PLE) spectra for the Rb,BaGeg-xO1s :
xMn** series were collected on an Agilent Cary Eclipse fluorescence spectrophotometer at room

temperature.

5.3 Results and Discussion
5.3.1 Crystal structures of Na-Ba and Rb-Ba octagermanates

Na,BaGesO1s (1) and Rb,BaGesO1s (2) are isostructural and crystallize with the same P3c1
space group. In both compounds, germanium atoms are in the octahedral and tetrahedral oxygen
environments. There are four independent, octahedrally coordinated germanium sites in the
structure: 2a, 2b and two 4d Wyckoff positions. The site symmetries of these positions are D3z, Cai,
and Cs, and they represent the different distortions of the GeOe octahedra. Three independent,
tetrahedrally-coordinated germanium sites are on the 12g general positions. One independent
alkali metal atom is in a general position as well, while the alkaline-earth metal occupies the 6f
site.

GeOq4 polyhedra form GezOg rings through corner sharing. The rings are stacked along the
c axis in the structure. These rings are connected to the GeOe units by corner sharing. Each GeOs
polyhedron connects six GesOg rings forming Ge°Ge'isOss cluster (‘o’ — octahedral, ‘t” —

tetrahedral, Figure 5.1). In total, the anionic germanate framework contains 20 GeOs and 36 GeO4
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polyhedra per unit cell. The voids of the framework are occupied by the alkali and alkaline-earth

cations, which compensate for the negative charge of the framework (Figure 5.1).

Figure 5.1. (a), (b) A Ge°Ge'1sOs4 cluster in the Na,BaGesO1s structure in two projections; (c) the
Naz:BaGegO1g unit cell viewed along the ¢ direction. GeOs polyhedra are cyan, GeOs polyhedra are
green, Na atoms are yellow, Ba atoms are green, O atoms are red. Na—O and Ba—O bonds are

omitted for clarity.

The crystal structures of NazBaGegO1s (1) and Rb2BaGesO1s (2) display some similarities
to those of Na2GesOg (or Rb2Ges0g) 1% and BaGesOq °*. In the octagermanates as well as in the
tetragermanates, GeOq units are connected in GesOg rings and the linkage of these rings by the
octahedral GeOs units yields a 3D germanate framework. However, a connection of the GeOs —
GeOg polyhedra in the tetra- and ocagermanates is topologically different. The topological analysis
was performed with the ToposPro software 8. The anionic frameworks nets in Na2GesOsg and

BaGesOg belong to the known topological types — cat (after mineral catapleiite, Na>ZrSizOg-2H,0
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102 RCSR notation ) and ben (after mineral benitoite, BaTiSis09'%), respectively. Interestingly,
in the nature the Zr and Ti atoms take on the octahedral Ge sites, while Si the tetrahedral Ge sites
of the synthetic tetragermanates. For both Na and Rb octagermante, another topology of the
anionic framework net was found (no corresponding RCSR code). The difference in the
germanium polyhedra connectivity between cat, ben, and the Na,BaGegO1s (1) net types can be
seen from the coordination sequences 1% for the Ge' nodes of the net. For the first five coordination
spheres, the sequences are {4, 12, 30, 44, 80} for the cat net, {4, 12, 30, 50, 76} for the ben net,
and {4, 12, 30, 47, 78} for the octagermanate net. Curiously, the coordination sequence for all the
octahedral Ge® nodes is the same in Na;Ge4Oq, BaGe4Og, and octagermanates. This sequence —
{6, 14, 24, 62, 78} — indicates the formation of the Ge°Ge'1sOs4 clusters in all structures under
consideration (since the first digit in the sequence is 6, and the GeOs units do not share corners
with each other).

According to the ICSD?®, there are only two compounds isostructural to NazBaGesO1s (1)
and Rb,BaGesO1s (2) — K2BaGesOss, the first-reported octagermanate %, and Cs3UGe7015 1%. In
Cs3UGe7015 1® two independent pentavalent uranium atoms are in the octahedral coordination
and play the same structural role as the octahedrally coordinated Ge atoms in the octagermanates.
Another octagermanate compound known to date is LisRbGesO1s — a recently reported Mn**
phosphor 8. Like in 1 and 2, there is an anionic framework built from GeOg and GeO4 units in the
LisRbGegOss structure. However, the Li-Rb phase demonstrates significant divergence from the
R*-R?* octagermanate family. It crystallizes with a different space group — P31m. The connectivity
of the GeO,, polyhedra in LisRbGegOss is also different from 1 and 2 — GeOa units form GegO1s
rings through a corner sharing. Each GeOg octahedron connects six GesO1s rings into Ge°Ge'ssO10s

cluster (Figure 5.2). The corner sharing GeOn polyhedra in LisRbGegO1s yield an infinite anionic
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framework with the fsb type of the underlying net. The coordination sequences for the Ge® and Ge'

nodes here are {6, 14, 27, 50, 81} and {4, 14, 29, 50, 75}, respectively.

Figure 5.2. (a), (b) A Ge°Ge'3s010s cluster in the LisRbGesOss structure in two projections; (c) the
LisRbGegO1g unit cell viewed along the c direction. GeO4 polyhedra are cyan, GeOe polyhedra are

green, Rb and Li atoms are yellow, O atoms are red. Li—O and Rb—O bonds are omitted for clarity.

As we can see, the stoichiometric resemblance between Na-Ba, Rb-Ba and Li-Rb
octagermanates or Na and Ba tetragermanates does not yield the same connectivity of the GeOn
polyhedra. Three types of the nets in the previously reported germanates (cat in Na2GesOg, ben in
BaGesOy, fsb in LisRbGegO1g) have two unique nodes each (2-nodal net), and the correspondence
between the number of the unique nodes and the number of the germanium atoms in the octahedral
and tetrahedral oxygen surrounding is apparent. In the simplest case of LisRbGegOss, there is one
independent Ge' and one Ge®°. For NaxGesOg and BaGe4Og there are two independent Ge® and two
Ge' sites. However, in Na;BaGesO1s (1), Rb2BaGesO1s (2), K2BaGegO1s and CssUGe7O1s the
number of octahedral and tetrahedral sites does not match. The o : t ratio is 4 : 3 in the compounds.

The anionic frameworks nets are no longer 2-nodal since an additional unique node appears
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(Figure 5.3). The presence of the 3" node indicates a higher complexity of the anionic frameworks

and should account for the larger unit cells in the R*-R?* octagermanates and CssUGe7O1s.

Figure 5.3. The underlying nets of the anionic frameworks in germanates (projections on the ab
plane): (a) cat net in NaxGesOog; (b) ben net in BaGesOo; (C) fsb net in LisRbGesgO1s; (d) a new net

in Na;BaGegO1g and RboBaGegOss.

5.3.2 Photoluminescent properties of the Rb2BaGesO1s : Mn** phosphors

A series of the red emitting Rb2BaGesxO1s : XMn*" phosphors was prepared by doping the
octahedral germanium sites. The PL and PLE spectra of the Rb,BaGe7.99501s : 0.005 Mn** are
shown in Figure 5.4a. The absorption spectrum features two distinguished regions typical for
Mn**. The wide asymmetric peak in the UV region ( = 300 nm) originates from the ‘ligand to
metal’ charge-transfer band and the spin allowed transitions of the Mn** cation 1°11%7 The charge

transfer transition has the highest energy (the lowest wavelength). Then the lower energy *T1<*A;
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(*P) and *T1«<*A; (*F) transition follows (all states are ‘g’) 1%. The exact positions of the peaks
are hard to determine due to the overlap. The third spin allowed “T«*A; transition accounts for
the wide absorption peak in the blue region. The position of the peak (470 nm) can be used to
estimate the crystal field strength Dq, since E(*T2) = 10Dq, so Dq = 2128 cm™*?2,

Under the UV excitation, the emission of the red light with a maximum intensity in the
660-670 nm region occurs. To optimize the Mn*" doping level of the Rb,BaGesO1s phase, a
Rb2BaGes-«O1s : xMn** series (x = 0.001, 0.003, 0.005, 0.010) of phosphors was prepared and their
PLE data were collected (Figure 5.4b). Among the samples, the highest intensity of the red
emission was found for x = 0.005. The red emission is associated with the spin and parity forbidden
2Eog— *Aog relaxation of the Mn** ion in the octahedral crystal field. As we mentioned above, there
are four octahedral sites suitable for the Mn** doping in the Rb.BaGesO1s structure. The presence
of the multiple sites with different degrees of distortion complicates the emission spectra. We can
see two peaks at 664 and 670 nm persisting through the series (Figure 5.4a). The positions of the
peaks (above 645 nm) imply high covalency of the Mn-ligand bonds, which is typical for the oxide
hosts®>%. The emission of a deep red light limits the application of the oxide based Mn**
phosphors, since a human eye is not sensitive to such long wavelengths. However, the PC LEDs

based on these phosphors can be used for the green house plants cultivation.1%810°
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Figure 5.4. (a) PL and PLE spectra of the Rb,BaGer.g9501s : 0.005Mn** sample at room

temperature; (b) PLE spectra of the Rb,BaGesxO1s : XMn** samples.

The luminescence decays were measured at room temperature and a single exponential fit
of the decays was used to determine the decay time (Figure A3.1). The phosphorescence lifetime
does not change significantly between the samples, and for the Rb,BaGesxO1s : XMn** series the
lifetime values are 0.960, 0.953, 0.921 and 1.06 ms for the x = 0.001, 0.003, 0.005, and 0.010,

respectively.

5.4 Conclusion

Two new octagermanates — Na,BaGegO1s (1) and Rb2.BaGegO1s (2) — were synthesized and
their structures were characterized with X-ray diffraction. The new phases and the previously
reported Na, Rb and Ba tetragermanates share some structural similarities: a trigonal symmetry,
the presence of the GeO4 and GeOe polyhedra, the formation of the GesOg rings by corner-sharing
the GeOy4 units, and the formation of the anionic germanate frameworks. However, the topological
analysis revealed a new and more complex way of the GeO, polyhedra connection in the new

phases: the anionic framework net in 1 and 2 has 3 unique vertices (nodes) in contrast to the 2-
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nodal nets in NaxGesOg, Rb2GesOg or BaGesOq. The higher complexity of the nets in 1 and 2 also
distinguish them from other octagermanate — LisRbGegO1s.

We produced and studied a series of the red emitting phosphors by the Mn** doping of the
Rb,BaGesO1s phase. Typically for the oxide host, the red emission of the Mn** activator lies in the
deep red region (660-670 nm) of the spectra. If the compounds of the R*-R?* octagermanate family
are to be used for the PC LED devises, the choice of the R* and R?* should be narrowed to K*, Sr*,
and Ba*, since the synthesis of the Na* phases is complicated by the formation of a side product,
and the Rb* derivates would be expensive. The further decrease of a price can be achieved through

the synthesis of the zirconate-silicate and titanate-silicate phases isostructural to 1 and 2.

5.5 Supplementary information

Table 5.2. Two examples of the Rb,BaGegO1g synthesis attempts from Rb,CO3, BaCO3z and GeO..

Trial 1 Trial 2
Molar ratio of reagents Rb2CO3 : BaCOs : GeOo. Rb2CO3 : BaCOs : GeOo.
1:1:8 2:1:8

Sample preparation

Powders were mixed in an agate mortar, pressed into pellets, and annealed

in a platinum crucible.

Heating trend

From room temperature to 1050 °C
at 100 °/h rate. Dwell for 2 hours.
Cool down to 800 °C at 6 °/h rate.

From room temperature to 1000 °C at
100°/h rate. Dwell for 12 hours.
Switch off the furnace.

Rietveld refinement
data

A mixture of BaGesOg (22.9(4) wt.
%) and Rb2BaGegO1s (72.9(8) wit.
%), traces of Rb.GesOy and
unknown impurity. Figure S4 (top).
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A mixture of Rb2GesOg (47.4(7) wit.
%) and Rb2BaGegO1s (48.6(8) wt. %),
traces of GeO2, BaGesOy and
unknown amorphous phase. Figure S4
(bottom).
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Figure 5.5. Rietveld refinement for the unsuccessful Rb,BaGesO1g synthesis directly from

carbonates.
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Chapter 6. Phosphorescence in Mn**-doped R*/ R?* germanates (R*= Na*

or K*, R%" = Sr?Y)

The following chapter was published as “Phosphorescence in Mn**-doped R* / R
germanates (R* = Na* or K*, R?* = Sr?*)” article in Inorganic Chemistry (Inorg. Chem. 2022, 61
(24), 9364-9374). The candidate synthesized and characterized new materials by XRD, room
temperature luminescence measurements, and prepared the manuscript for the publication. Dr. W.
Zhang and Prof. P. S. Halasyamani provided DRS and SHG measurements. S. Hariyani and Prof.
J. Brgoch measured temperature dependent luminescence. Dr. V.V. Klepov, and Prof. H.-C zur

Loye performed DFT calculations.

Reproduced with permission from S.A. Novikov, Lu, Y.; Zhang, W.; Halasyamani, P. S.;
Hariyani, S.; Brgoch, J.; Klepov, V. V.; zur Loye, H.-C. and Mozharivskyj, Y., Inorg. Chem. 2022,

61 (24), 9364-9374). Copyright by 2022 American Chemical Society.
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Single crystals of three new compounds, Nao3sSros2GesOg (1, proposed composition),
Na2SrGesO14 (2), and K2SrGegOss (3), were obtained and characterized using single crystal X-ray
diffraction. Their structures contain 3D anionic frameworks built from GeO4 and GeOe polyhedra.
Presence of the octahedral Ge** sites makes the new phases suitable for Mn** substitution to obtain
red-emitting phosphors with a potential application for light conversion. Photoluminescent
properties of the Mn**-substituted Na,SrGesO14 (2) and K2SrGesO1s (3) samples were studied over
a range of temperatures, and red-light photoluminescence associated with the electronic transitions
of tetravalent manganese was observed. The Na.SrGesO14 (2) phase was also substituted with Pr3*
on the mixed Na-Sr site similar to the previously studied Na;CaGegO14:Pr3*. The red emission
peak of the Pr3* activator occurs at a shorter wavelength (610 nm) compared to Mn** (662-663
nm). Additionally, second harmonic generation (SHG) data were collected for the non-
centrosymmetric Na>SrGesO14 (2) phase indicating weak SHG activity. Diffuse reflectance
spectroscopy and density of states calculations were performed to estimate the band gap values for

the pristine Na2SrGeeO14 (2) and K2SrGegOss (3) phases.

6.1 Introduction

New compounds featuring unique germanate frameworks in their structures exhibit
important physical properties''®'3, More specifically, germanates with simultaneous tetrahedral
and octahedral coordination of Ge** are of interest both from the fundamental and practical aspects.
These compounds can be used to mimic some high pressure silicates, in which silicon atoms can
adopt an octahedral coordination as well***, From the application perspective, the octahedrally
coordinated Ge** sites are attractive due to their potential phosphorescence upon the transition

metal substitution’-6766.97.639.11369 " nonlinear optical''® and piezoelectric properties'!’. In
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particular, the similar size®® and oxidation state of Mn** and Ge** enable substituting the octahedral

2263,66,67,96.97 \nhich can be suitable for

Ge** sites with Mn**, often yielding red emitting phosphors
phosphor-converted LED devices'!8%21¢, There are several advantages of Mn**, such as a strong
absorption in the UV-blue region, an intense emission band in the red region of the visible
spectrum, and in the case of the oxides, relatively simple preparation.8”:66:97.639%22 The known
drawbacks of the Mn*" phosphors are thermal and concentration quenching of the
luminescence.%®” The latter, however, can be employed for the thermal sensing applications.-
121

Substituting in the germanate phases is not limited to Mn** since the larger cationic sites
can accommodate lanthanides*??* or Bi®*.1?° For example, langasite!?® type Na;CaGesO14 Shows
thermal-sensitizing phosphorescence when doped with Pr3*.!22  Non-centrosymmetric
Na,CaGegO14, Which crystallizes with the P321 space group, is also interesting due to its
piezoelectric properties.!!” Non-linear optical properties of the related phase, Na2SrGesO14, Were
also investigated*® but no structural data have been deposited in the ICSD.%

Among germanate-based Mn** phosphors, tetragermanates containing alkali (R2GesOg, R
= Li-Rb) and the alkaline-earth (RGesOs, R = Sr, Ba) metals are well-studied, both
structurallyl01:127.99.100128 = anq  optically’6766:97.9%6%  The anionic frameworks of these
tetragermanates are built from GeO4 and GeOs polyhedra. Despite the same stoichiometry of these
anionic frameworks, the structures of RnGesOg (n = 1 or 2) compounds are different. For example,
the compounds in the Na—Rb series are trigonal and centrosymmetric (P3c1 space group), whereas
Sr and Ba phases are non-centrosymmetric (P321 space group). In contrast, the Li phase exhibits
a lower symmetry crystallizing with the acentric orthorhombic space group P2ica'?®. Such

variations are associated with the different radii and charges of the R* and R?' cations.
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Interestingly, Na,GesOg forms a metastable phase, while the lack of the reliable structural data on
R = Mg and Ca tetragermantates may indicate their lower thermodynamic stability as compared to
the other phases®.

In this report we describe the synthesis, structure, and optical properties of three new
compounds based on germanate frameworks: a tetragermanate Naog.3sSro.s2GesOg (1), a langasite-
type Na;SrGesO14 (2), and an octagermanate K>SrGesO1s (3), isostructural to K.BaGesO1s ®. The
new phases were successfully doped with Mn** (phases 2 and 3) and Pr3* (phase 2) to explore their
photoluminescence properties. As NaSrGesO14 (2) crystallizes in a non-centrosymmetric space

group, its second harmonic generation (SHG) response was measured.

6.2 Experimental

Powders of GeO2 (99.999 wt. %), KHCO3 (99 wt. %), NaCl (99 wt. %), Na2COs (99.5 wt.
%), SrCl2 (99 wt. %), SrCO3 (99 wt. %) MnCOz (99.9 Wt.%), Mn(CH3COO)2-4H,0 (99.999
wt.%), and PreO11 (99.9 wt.%) were used as received.
6.2.1 Synthesis of the new phases as single crystals

The reagents in the calculated ratios were thoroughly ground in an agate mortar and pressed
into pellets. The pellets were placed into a platinum crucible and thermally treated as described
below. Note that the use of alumina or silica reaction vessels results in Al or Si admixtures on the
Ge sites, thus the use of platinum crucibles in these reactions was essential to obtain pure Ge
phases.

Nao.36Sr0.82Ge40g (1) crystals were obtained while targeting NaxxSr1-xGesOg phases. When
carbonate precursors were used during synthesis instead of chloride precursors, Na>SrGegO14 (2)

crystals were obtained. Attempts to obtain the hypothetical K.SrGesO14 phase yielded the
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octagermanate phase, K>SrGegO1s (3). The synthetic conditions and molar ratios shown below
yielded single crystals of the new phases suitable for the single crystal X-ray diffraction (yet not
the target phases).

Nao.36Sr0.82Ge40q (1) crystals were obtained in a reaction between NaCl (0.0094 g), SrCl
(0.0383 g), and GeO> (0.1348 g) in a 0.50:0.75:4.0 molar ratio. A pellet of the starting materials
was heated to 1050 °C at a rate of 200 °C/h and dwelled at this temperature for 18 h, after which
the furnace was cooled to 700°C at a rate of 6°C/h and switched off.

Single crystals of NaSrGesO14 (2) were obtained by reacting Na,COs (0.0492 g) with
SrC0O3(0.0086 g) and GeO- (0.1214 g) in a 1.6:0.20:4.0 molar ratio. The sample pellet was heated
to 1050 °C at a rate of 200 °C/h and dwelled for 2 h at this temperature. The reaction was cooled
to 900 °C at a rate of 100 °C/h and then to 800 °C at 10 °C/h rate. Further cooling to room
temperature was done by switching the furnace off.

Single crystals of K>SrGegO1s (3) were obtained in a reaction between KHCO3 (0.0392 g),
SrC0z3 (0.0289 g), and GeO- (0.1228 g) in a 2:1:6 molar ratio. The sample pellet was heated to
1050°C at a rate of 200 °C/h. After 2 h the furnace was cooled down to 950°C at a rate of 50 °C/h,
and then to 850 °C at 10 °C/h rate. Further cooling to room temperature was done by switching

the furnace off.

6.2.2 Single crystal X-ray diffraction

The single crystals of 1-3 that were suitable for X-ray diffraction (XRD) were picked
manually. The experimental data for 1-3 were collected at room temperature on a STOE IPDS 1l
diffractometer (MoKa radiation) equipped with an image-plate type detector. The numerical

absorption correction was performed by optimizing the crystal shape against equivalent reflections
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with the X-Shape software®. Initial structure solution was done with the SHELXT?® software and
refined using the SHELXL software by full-matrix least square refinements*. The solution and
refinement programs were run via the OLEX2 interface?. The crystallographic data and
refinement results are summarized in Table 1. Compositions of the single crystals were determined
based on the single crystal diffraction. In Nao.3sSro.s2Ge4Oq (1), the composition of the mixed Na/Sr
site was determined based on the two constrains: (1) the density of the Na/Sr site equals the refined
electron density; (2) the charge of the Na/Sr site balances the charge of the GesO¢?~ framework

(more details are in the footnote of Table 6.1)

Table 6.1. Selected crystallographic data and refinement results for 1-3

Compound 1 2 3
Formula Nao36Sr0.82Ge409* | NaxSrGesO14 K2SrGegO1s
Formula weight 514.47 793.12 1034.54
Crystal system trigonal
Space group R32 P321 P3c1
a, A 11.3584(13) 8.2322(12) 11.5937(16)
c, A 4.6701(15) 4.8677(10) 19.225(4)
Flack parameter 0.01(2) -0.054(19) -
Volume, A3 521.8(2) 285.68(8) 2237.9(6)
z 3 1 6
Pealcg, CM® 4.946 4.610 4.606
wlmm? 24.730 20.361 20.088
F(000) 705 364 2856
26 range, ° 7.18-69.64 5.72-69.66 5.87-69.88
Index ranges -14<h <15, -13<h<13, -18<h <18,
-18 <k <18, -13<k<13, -18<k <13,
-7<1<3 -7<1<7 -30<1<30
Reflections 1922 5196 25219
collected
Data/restraints/ 507/0/30 846/0/38 3273/0/134
parameters
GOOF 1.073 1.203 1.044
R: (I>26 (1)) 0.0160 0.0194 0.0653
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Largest diff. 0.54/-0.96 0.88/-0.68 3.01/-2.40
peak/hole, e/A3

*Electron density from the experiment was ~ 5.86 ¢ (or 0.154 of the Sr atom). If x is the Na
occupancy and Yy is the Sr occupancy, then 11x + 38y = 5.86. The total charge from Na and Sr is
+2 to balance GesOg?". Considering the symmetry of the structure, the total charge on the mixed
Na* / Sr?* site should be +%5. Thus X + 2y = %4. From those two equations, x and y were found to
be =~ 0.060 and =~ 0.137, respectively, giving the Nag.3sSro.s2GesOg formula.
6.2.3 Synthesis of the new germanate phosphors by solid-state reaction

The NazSrGes«O14:XxMn** (2) samples were prepared through a solid-state reaction
between Na,COgz, SrCO3, GeO., and MnCOs in the 2:1:(6-x):x ratios, where x = 0.002, 0.008, and
0.016. The reagents were ground, pressed into a pellet, and annealed at 950 °C for 12 hours. The
NazSr1xGesO14: XPr3* sample was prepared in a similar way with a molar ratio of 2:0.994:6:0.001
for Na2COs, SrCOs, GeO- and PrgO11, respectively. Note that a 4:1 Na : Sr molar ratio was initially
proposed for the solid state synthesis of Na>SrGesO14 (i.e., two times Na excess based on the
stoichiometry) because the exact 2:1 ratio resulted in the formation of the significant amount of
the SrGesOg phase. We found, however, that the purest Na,SrGesO14 product can be obtained with
a slight excess of sodium (Na2COs: SrCO3=1.2:1).

Samples of K2SrGesxO1s: xXMn** were synthesized by solid-state reactions between SrCOs,
KHCOs3, GeO2, MNnCO3 or Mn(CH3COO0)2-4H20 in a 2: 1: (8-x): x ratios, where x = 0.003, 0.005,
0.016, and 0.032. The mixtures were ground, pressed into a pellet, and annealed at 950 °C for 8
hours. A second annealing for another 8 hours at 950 °C was done for each sample after regrinding
and pressing it into a pellet. To avoid the formation of side products, such as SrGesOo, a very
thorough grinding is required before each annealing. Alternatively, the K>SrGegO1s phase can be

prepared by the solid-state reaction between K.GesOg and SrGe4sOgin a 1:1 molar ratio. This route

is much slower and takes 3 to 4 annealing steps for 24 hours each.
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The powder X-ray diffraction data of NaxSrGegO14 (2) and K>SrGegO1sg (3) prepared via
the solid-state route were collected on a PANalytical X'Pert PRO diffractometer equipped with a
germanium monochromator (Cu Koy radiation) in the 20-80° 26 range. The Rietveld refinement**

results are provided in the Supplementary Information (Figure 6.11, 6.12).

6.2.4 Photoluminescence measurements

Absorption and emission spectra of the prepared Na>SrGegO14 (2)- and K>SrGegOss (3)-
based phosphors were collected on an Agilent Cary Eclipse fluorescence spectrophotometer at
room temperature.

For the temperature-dependent photoluminescence measurements, polycrystalline samples
of Na,SrGesO14: Mn*" and K2SrGegO1s: Mn** were combined with an optically transparent resin
(United Adhesives) and deposited onto a quartz slide (Chemglass). Temperature-dependent
emission spectra from 80 K to 500 K were obtained using a Janis cryostat (VPF-100) and a PTI

fluorescence spectrophotometer with a 75 W xenon arc lamp for excitation.

6.2.5 Second harmonic generation (SHG) measurements

SHG measurements were performed on powders using a pulsed Nd:YAG laser (Quantel
Ultra 50) with a wavelength of 1064 nm. Ground crystalline a-SiO2 was used a reference SHG
material. For Na2SrGesO14, the SHG intensity is roughly 0.9 of a-SiO,. The sample was slightly
impure. The impurity phase was SrGesOg (< 1 wt. %), which is also non-centrosymmetric. A pure
sample of SrGesOgwas obtained and its activity was measured for a comparison. The SHG activity
of the SrGesOg phase was found to be much lower than NaxSrGeeO14 (0.4 of a-SiO>), and thus,

should not significantly impact the Na,SrGeeO14 SHG measurement.
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6.2.6 Band gap calculations and experimental measurement

UV-visible reflectance data were collected on a Varian Cary 5000 scan UV-vis-NIR
spectrophotometer over the 200-2000 nm spectral range at room temperature.
Polytetrafluoroethylene was used as a reference material. The reflectance spectrum was converted
to absorbance using the Kubelka-Munk function?%1%,

First-principles calculations were performed using density functional theory (DFT) with
the Vienna Ab-initio Package (VASP) planewave code®3!1%2 generalized gradient approximation
of Perdew, Burke, and Ernzerhof (PBE)™3, and projector augmented wave (PAW) method
134135 The Na, K, Sr, Ge, and O valence electron configurations considered for construction of
PAW potentials were 2p®3s?, 3s23p®4s!, 4s24p%5s?, 4s?23d'%4p?, and 2s?2p*, respectively. To
eliminate partial occupancy on the Sr/Na site in NaxSrGegO14, the symmetry of the structure was
lowered to triclinic and 2 out of 3 equivalent sites were assigned to Na. Spin-polarized calculations
were performed, with 520 eV cut-off energy for the plane wave basis set, 10° eV energy
convergence criteria and 5x5x7 and 3x3x2 k-point meshes for Na;SrGesO14 and K>SrGegO1s. The
ground state geometries at 0 K were optimized by relaxing the cell volume, atomic positions, and

cell symmetry until the maximum force on each atom is less than 0.001 eV/A.

6.3. Results and Discussion
6.3.1. Crystal structure

Phase (1): Nao.3sSros2GesOg or y-SrGesOg? The structure solution and refinement of
Nao.36Sr0.82Ges0g Was performed with the R32 space group. As we mentioned above, the electron
density on the 9e Wyckoff position where the cations reside would be insufficient for a fully

occupied Sr position. Additionally, the fully occupied Sr position would make the structure not
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charge balanced. Thus, the mixed Na-Sr site was accepted as a possible reason for the presence of
the electron density deficient position.

There are two crystallographic Ge sites in the structure of this rhombohedral
tetragermanate, octahedral Gel (3b Wyckoff position) and tetrahedrally coordinated Ge2 (9d). The
Ge-O bond lengths are 1.891(3) A for the six symmetrically equivalent Gel-O bonds and
1.738(3)-1.758(2) A for the Ge2-O bonds, and are in a good agreement with the previously
reported values 2°. The corner sharing GeOxs tetrahedra form infinite helical chains running along
the c direction (Figure 6.1). These chains are linked into an infinite framework by the GeOs
octahedra. Na and Sr cations share the same 9e site and occupy the channels within the anionic

germanate framework.

Figure 6.1. A view of the NaossSros2GesOg (1) structure fragment along the c direction.
Hereinafter, GeOs octahedra are green, GeOs tetrahedra are cyan, oxygen atoms are red. Na* and

Sr?* cations are gray (with o representing the deficiency).

In comparison to the previously reported tetragermanates, SrGesOg > and Na2GesOg %, the
Nao.36Sr0.82Ge4Og (1) structure containing mixed Na-Sr positions demonstrates new features. First,

Nao.36Sr0.82Ge4Og crystallizes with a rhombohedral unit cell, while the pure Na and pure Sr phases
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crystallize with primitive trigonal ones. Another feature of Nag.3sSro.s2GesOg (1) is the cationic
deficiency on the Na/Sr site, which is only 39% occupied by the cations. Thus, the chemical
formula for 1 can be also written as Nag.3sSro.s201.82GesOg, with O representing the deficiency.

When compared to SrGe;Og'?

, Nao3sSros2GesOg (1) has nearly the same unit cell
dimensions but there is a significant topological difference between the two structures. As
illustrated in Figure 6.2, the GeO4 tetrahedra in SrGesOg form isolated rings that are stacked along
the c direction and connected to each other through GeOs octahedra. In Nao.3sSro.s2GesOg (1), the
rings open, and two terminal GeOs units shift along the stacking direction, connecting to the
adjacent units to form infinite helical chains (Figure 6.2). These chains and rings are further
connected by GeOs octahedra. The topological analysis of the GeOn polyhedra connectivity in 1
performed with the ToposPro®? software did not reveal any matches within the topological
database. On the contrary, the germanate framework in SrGe4Oq'?’ resembles the titanate-silicate
one in the naturally occurring BaTiSisO compound® (a rare mineral benitoite). Thus, the cationic
vacancies and the rare connectivity type of the germanate framework in the Nao 36Sro.82Ge4Og (1)
phase establishes that the phase formation cannot be described as a simple Na / Sr admixture in
the SrGesOg structure??’.

Nag 36Sr0.82Ge400 (1) SrGesOg

bc projection ab projection bc projection ab projection

s A A A
chain of GeQ4 polyhedra Gez0grings

| LA%% Yy
chains of GeO4 connected by GeOsg Ges0grings connected by GeOs

Figure 6.2. The comparison between GeOn, (n = 4 and 6) polyhedra connectivity in
Nao 36Sr0.82Ge40q (1) and SrGesOq 12’ Oxygen atoms are omitted.
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An alternative structure solution for phase 1 should be mentioned. The literature reports
the y-PbGesOg phase, a lead tetragermanate polymorph with the C2 symmetry possessing a
trigonal pseudosymmetry*®’. The structural similarities between phase 1 and y-PbGesOg include
the formation of the infinite helical chains from GeOg units. Because of these similarities, phase 1
can be thought as y-SrGe4Os, since the structure solution and refinement can be done in the C2
space group as well, with a = 7.2490(14) A, b = 11.333(2) A, ¢ = 4.6562(9) A, and p = 115.45(3)°.
However, the available experimental data casts doubt on the existence of the monoclinic y-
SrGesOq. First, polymorphism of SrGesOg has never been reported as there is only one entry in
ICSD for SrGesOg and it is for the trigonal P321 phase. Moreover, differential thermal analysis for
SrGesOg shows no phase transition until the melting point (Figure 6.13). Second, there was no
experimental evidence of twinning from our single crystal XRD experiment (the data processed
with Apex4'®). Third, phase 1 was obtained in the presence of NaCl, which gives the possibility
of mixed Sr/Na sites. If the synthesis is repeated under the same conditions, but in the absence of
NaCl, the well-known trigonal SrGe4Os phase forms. Finally, the Le Bail simulated diffraction
pattern of the R32 cell demonstrates the same features as the experimental diffractogram (Figure
6.14, 6.15). These features are not described in the C2 Le Bail simulation. Taking these points into
account, we consider phase 1 as Nao.36Sro.82GesOq.

Na2SrGesO14 (2). The Ge atoms in NaSrGegO14 occupy three sites: 3f (Gel), 1a (Ge2),
and 2d (Ge3). Ge2 is octahedrally coordinated by oxygen, while Gel and Ge3 adopt a tetrahedral
environment. GeOg4 tetrahedra corner-share to form infinite layers that are parallel to the ab plane
(Figure 6.3 top). The neighboring layers are connected into a 3D anionic framework by the GeOsg

polyhedra (Figure 6.3 center). The channels of this framework are occupied by Na and Sr cations
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(Figure 6.3 bottom). The Na and Sr cations share the 3e site in a 2:1 ratio, giving the Na>SrGesO14

composition.

-/ % & Z ‘ GeOy

layers of GeOs tetrahedra

Na>SrGegO14 (2) structure

Figure 6.3. GeOy, polyhedra connectivity in Na:SrGesO14 (2) and a fragment of the Na>SrGegO14

(2) structure in two projections.

The Na2SrGesO14 (2) structure demonstrates the same features as Na2CaGesO14 one Y.
Ge2 is surrounded by six oxygen atoms forming a regular octahedron. Gel1Os is slightly distorted
(with two shorter and two longer Ge—O bonds), while the distortion of the Ge3 tetrahedral
surrounding is more pronounced. One of the Ge—O bonds (1.68 A) is much shorter than the three

other (1.76 A). Overall, the Na;SrGesO14 (2) phase adopts a langasite-type'®® crystal structure.

112



Ph.D. Thesis - S. Novikov; McMaster University — Chemistry & Chemical Biology

K2SrGesOss (3). Similar to 1 and 2, the K2SrGegOs (3) structure contains germanium
atoms in both octahedral and tetrahedral oxygen environments. Three tetrahedrally coordinated Ge
atoms occupy general positions, while four octahedrally coordinated ones are located on special
positions. In contrast to 1 and 2, K and Sr atoms occupy two distinct crystallographic sites in 3,
12g (K) and 6f (Sr). As in 1 and 2, GeOs and GeOs polyhedra are connected to form an anionic
framework. The arrangement of the Ge polyhedra in 3 is similar to that in KoGesOg % and SrGesOo

127 with 0D GesQpg rings connected by GeOs octahedra through corner sharing.

Figure 6.4. The fragment of the K2SrGegO1s (3) structure in two projections. K atoms are yellow,

Sr—gray.

K2SrGegOss (3) and K2Ges0q'® crystallize with the P3cl space group, while SrGesOg
adopts the non-centrosymmetric P321 group!?’. Despite the similar stoichiometries and
germanium polyhedra arrangements, there is a subtle difference between these three structures
resulting from differences of the GeOn polyhedra connectivity. This connectivity difference for
some germanates structures has been analyzed in a previous work on Na,BaGegOis and

Rb,BaGesO15 phases®C.
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6.3.2 Calculated and experimental band gap

The electronic structures of Na;SrGesO14 and K>SrGegO1g were calculated using ab initio
methods (Figure 6.5). In both compounds, the top of the valence band consists mostly of O states,
whereas the bottom of the conduction band consists of both Ge states with a significant
contribution from the O orbitals. The theoretical bandgaps, 2.61 and 2.78 eV for Na>SrGesO14 and

K>SrGesO1s, respectively, indicate insulating behavior in both oxides.

(a) Na (b) K
Sr Sr
15 —Go 120 — Ge
O 100 (o]
Total 80 Total
2 g >
© o 40
® @ 203
ks ksl
= = 0
w w
& $ -20
o o
40
-60
-80
-100
-15 T T T T r T T T ) -120 + T T T T T T T T T )
5 4 3 2 A 0 1 2 3 4 5 5 4 3 2 -1 0 1 2 3 4 5

Energy (eV) Energy (eV)

Figure 6.5. Density of states of Na>SrGegO14(a) and K2SrGegOss (b).

The calculated values of the band gaps for 2 and 3 are significantly lower than the
experimental data (Figure 6.6): 2.61 eV and 2.78 eV vs. 4.82 eV and 5.23 eV for NaSrGesO14 and
K2SrGesO1s, respectively. The mismatch is the result of the known drawbacks of DFT calculations
of insulators using the PBE functional. The magnitude of the mismatch for our calculations is
comparable to that of another germanate phosphor material — LisRbGegO1s, Where the calculated

band gap was 2.72 eV, while the experimental one was measured to be 5.26 eV,
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Figure 6.6. The F(R) versus energy (in eV) plot for the pristine Na,SrGegO14 (2) and K2SrGegO1s

(b) phases. The corresponding optical band gap values are given on the plot.

6.3.3 Photoluminescent properties of the Pr3* and Mn** activated germanates

A phosphor was prepared from the Na,SrGesOi: phase via Pr¥* doping and the
photoluminescent emission (PL) and excitation (PLE) spectra were collected (Figure 6.7). The Pré*
content was 0.6 mol. %, which is identical to that of the previously studied Na,CaGegO14 %2, Under
the UV excitation (Aex. = 246 nm), the Na,Sro.994GesO14:0.006 Pré* sample demonstrates the same
emission features as Pr*-substituted Na,CaGesO14 1?%: one emission peak at 493 (3Po — 3Ha
transition) and a second, dominating emission peak at 610 nm (*D2 — 3Ha transition) in the visible
region (Figure 6.7). The peaks are slightly shifted (1-2 nm) compared to Na,CaGesO14, where the

corresponding peaks occur at 492 and 612 nm?*??,
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Figure 6.7. PLE and PL spectra of the NazSro.0s4GesO14 : 0.006 Pré* sample at room temperature.

The octahedral Ge site in the Na;SrGesO14 (2) structure was doped with Mn** and the PL
and PLE spectra were collected (Figure 6.8a) for the corresponding samples. This material has two
distinct absorption maxima. The first and dominant absorption peak is located in the UV region at
290 nm, and the second is in the visible region =~ 440 nm. The latter is associated with *Toq «*Asq
transition of the Mn** ion. The UV absorption band is asymmetric and likely formed by the overlap
of the 0% to Mn*" charge-transfer band and the allowed “T1g < *Azq electron transitions of
Mn4+ 1.

The emission peak at 663 nm is associated with 2Eq — *Azg relaxation of Mn** and the peak
position is in good agreement with previous reports of Mn** phosphors®*6214:-143 The position of
the emission peak is known to be independent on the crystal field strength but affected by the
covalency of the Mn—ligand bonds®*.

The performance of the NazSrGes.«O14:Mn** (x = 0.002, 0.008, 0.016) phosphor was
optimized by adjusting the activator substitution level. We found that Na,SrGes 992014:0.008 Mn**

sample exhibits much higher emission intensity compared with the initially prepared
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Na,SrGes g98014:0.002 Mn** sample (Figure 6.8b), whereas a higher substitution level of Mn**

leads to luminescence quenching and a decrease in the emission intensity.

(a) EX. Aem. = 663 nm (b) Na,SrGes.«O1s : xMn#
= Em.Aex. = 290 nm
200 600 x =0.002
—x=0.008

004 x=0.016
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Figure 6.8. PLE and PL spectra of the NazSrGes 99s014: 0.002 Mn** sample (a) and the PLE spectra

of the NazSrGes-xO14 : XMn** series (x = 0.002, 0.008, and 0.016) (b).

The PLE and PL data for the Mn** doped K2SrGesO1s (3) samples were collected at room
temperature (Figure 6.9a). The emission peak positions are close to those observed from
Na2SrGesO12:Mn*". Under UV excitation, the sample emits red light with a narrow peak at 662
nm. This data is in a good agreement with other reported Mn*"-substituted germanate
phases’t%144 K,SrGe7.995015:0.005 Mn** exhibits the highest emission intensity (Figure 6.9b) in

the series.
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Figure 6.9. PLE and PL spectra of the K2SrGe7.9g5018 : 0.005 Mn** sample (a) and the emission

spectra of K,SrGesxO1s : XMn** (x = 0.003, 0.005, 0.016, and 0.032) (b).

For both NazSrGesO14 (2) and K2SrGesO1s (3) the approximate positions of the 4T1g «*Azg

(*F) peaks overlap with the charge-transfer peaks, which can be estimated from the following

equations?:

Dq = E( 4T2g €4A2g) /10 (1)
D, 15(x—8) @)

B x2-—10x
« = E(*T1g €*Asg) - E(*T2g <*Asg) 3

Dq
E(’Eg > “A 3.05C 1.8B
( g Zg) _ +7.9— (4)
B B Dy

where Dy is a crystal field strength for Mn**, B and C are Racah parameters.
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If a free Mn** cation is introduced into a crystal field, the Racah parameters are reduced
due to the nephelauxetic effect®. The magnitude of this effect depends on the covalency of the Mn-
ligand bonds and influences the optical properties of the Mn*'-substituted phosphors. The
nephelauxetic ratio P1, suggested by Brik et al.,*! has a linear correlation to the energy of the 2Eq
level (i.e. the emission frequency, cm™):

E(PEg—*Azg) = —880.49 + 16261.92 B1 (5)

where s - / (Bﬁ)2 + (CE)2 (6)

(Bo = 1160 cm™ and Co = 4303 cm™ are free Mn*" Racah parameters'®®). The results of the
calculations for NaxSrGegO14 (2) and K2SrGegO1s (3) are summarized in Table 2. The calculated
positions of the “T1g «*Azy absorption peaks are 328 and 337 nm for Na;SrGesO14 (2) and

K2SrGegOas (3), respectively.

Table 6.2. PLE and PL parameters of the Mn*" doped Na:SrGesO1s (2) and K2SrGesOis (3)

samples*
Sample Dg,cm? B,cm? C,em?  Bi E(%Eg),cm?  E(*Tig), cm*
NaxSrGes014 (2) 2252 774 3099 0.982 15083 30520
K,SrGesOss (3) 2174 771 3117 0983 15106 29664

*The values of B, C, and E(“Tyg) calculated from equations 1-6 and may vary from the experimental data.

The calculated values of the crystal field parameters Dq, B and C, and nephelauxetic ratio
B1 for 2 and 3 are close to those reported for the K,GesOg phase at room temperature '°. The Mn**
cation in the oxide matrix with the more covalent bonds typically has B1 < 1, while in the fluoride
matrix with more ionic bonds this value exceeds 1°%. Thus, the B1 values for Na,SrGesO14 (2) and

K2SrGegOss (3) are in the typical covalent oxide region.
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6.3.4 Temperature-dependent phosphorescence in Na2SrGesO14 (2) and K2SrGegOas (3)

Photoluminescence thermal quenching is one of the limitations of transition metal-based
luminescent materials. To study the change in emission intensity as a function of temperature,
temperature-dependent luminescence spectra were collected for the NapSrGes g92014:0.008Mn**
and K2SrGe7.995015:0.005Mn*" samples (Figure 6.16 and 6.17in the Supplementary). The emission
from the Na,SrGes 99,014:0.008Mn*" sample was weak and demonstrated significant artifacts; for
that reason, only the data for K,SrGe7.99s015:0.005Mn** is shown below.

Figure 6.10 includes a contour plot of the temperature dependent PL spectra for the
K2SrGe7.995015: 0.005Mn** sample (Figure 6.10a) and the normalized integrated intensity data for
the 77 — 500 K temperature range (Figure 6.10b). As expected, the increasing temperature results
in the decrease in the photoluminescence intensity, which gradually drops to 50 % of the low
temperature emission intensity at 420 K (Figure 6.10b). The decrease in the photoluminescence
intensity at the elevated temperatures originates from the higher probability of the non-radiative
relaxation®. It can be illustrated with configurational coordinate diagram: at elevated temperatures
the relaxation from 2Eg4 state may occurs to “Tog state and then to the ground “Aq state via the
crossover points without emission of light. The sample demonstrates decent luminescence thermal
stability at the operational temperature of LED bulbs. A moderate redshift and broadening of the
emission peak with the increasing temperature was also observed (Figure 6.18 in the

Supplementary).
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Figure 6.10. Contour plot of the temperature dependent PL spectra for K2SrGe7.g95015 : 0.005Mn*

(a) and the normalized integrated intensity of its emission as a function of temperature (b).

The thermal quenching activation energy (AE) can be calculated from the following
equation 4

lo

1+ Aexp <_k_41‘E)

It =

where It is the emission intensity at given temperature, lg - emission intensity at room
temperature, k — Boltzmann constant, A — constant for a host material, AE — activation energy. By
plotting In(lo/l1T-1) versus 1/kT from the experimental data and the following linear fitting (Figure

6.19), the activation energy AE was found to be 0.33 eV for the K2SrGe7.995015:0.005Mn** sample.
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6.4 Conclusion

Single crystal X-ray diffraction was used to study the structures of three new Na-Sr and K-
Sr germanates, Nao.3sSr0.82Ge409 (1), Na2SrGesO14 (2), and K2SrGegO1s (3) while 2 and 3 adopt
known structural types with primitive unit cells, 1 demonstrates a rare example of the Ge polyhedra
connection and has a rhombohedral lattice. The new phases doped with Pr3* (2) and Mn** (2 and
3) exhibit the red emission upon UV excitation. The phosphorescence intensity of the Mn** doped
Na:SrGesO14 (2) and KoSrGegO1s (3) was optimized by adjusting the doping level. The
temperature dependent phosphorescence spectra of K;SrGez.995015 : 0.005Mn** showed that the
material loses half of the intensity at 420 K, which is at the normal LED lamps operating
temperature range. Further research should focus on the application of the K.SrGesO1s (3) phase,
rather than the Na SrGegO14 (2) compound. Furthermore, the Na;SrGesO14 (2) phase also exhibits

non-linear optical properties, yet the SHG activity of the phase is low.

6.5 Supplementary information
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Figure 6.11. Rietveld refinement of the Na>SrGes 992014 : 0.008Mn** sample.
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Figure 6.12. Rietveld refinement of the K,SrGe7.99s015: 0.005Mn** sample.

DTA /(uV/mg)
| exo

0.84

0.6 J/\.

-
o

0.04

-0.24

200 400 800 800 1000 1200
Temperature /°C

Figure 6.13. DTA curve (heating) for the SrGe4Og phase. Sample starts melting at 1142 °C. There

is no indication of phase transitions prior the melting point.
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Figure 6.14. Experimental data and the Le Bail simulation (R32 and C2 space groups) for

Nao.36Sr0.82Ge40g.
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Figure 6.15. Fragment of the Figure S1 at 50-80° 20 range. The features of experimental peaks
(black) matching the R32 Le Bail model (red), but not the C2 model (blue).
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Figure 6.16. Temperature dependent emission spectra of NazSrGes 992014 : 0.008Mn** sample in
the 100-500 K range
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Figure 6.17. Temperature dependent emission spectra of the K2SrGe7.995018 : 0.005Mn*" sample
in two temperature regions (for clarity): 77-300 K (a) and 320-520 K (b)
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Figure 6.18. Normalized temperature dependent emission spectra of the K>SrGe7.99501s:
0.005Mn** sample in 77-520 K range.
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Figure 6.19. Linear fitting of the In(lo/IT-1) versus 1/kT data for the K2SrGe7.99501s : 0.005Mn**
sample.
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Chapter 7. Conclusions and future work

The dissertation was focused on the preparation and characterization of the new germanate
phases. Firstly, we aimed to unravel some uncertainties in the structural data on the magnesium
fluorogermanates. Then, the halogen-germanate series was expanded to the strontium and barium
compounds. Next, the phases, featuring extended anionic frameworks based on the GeOp
polyhedra (n =4 or 6), were successfully synthesized. These phases (referred as “polygermanates”)
were explored for the emission of red light under the UV excitation. The synthesis conditions were

established and optimized for new germanate phosphors.

7.1 Magnesium fluorogermanates

The solid-state reaction between MgO, GeO, and MgF. produces various compounds
depending on the reagent ratio. Among these compounds, the Mg2sGe7.503sF10 phase activated
with Mn** was used as a red phosphor for many decades. The reports on the other magnesium
fluorogermanates were scarce and no crystal structures were reported. We were able to prepare a
new phase, MgaGe1-s04(1-5)F2(1+25), featuring notable germanium deficiency in the structure. Note
that the Mg2sGe7.5038F 10 is deficient as well. The reason for the deficiency is a partial oxygen for
fluorine substitution, creating a charge imbalance. Additionally, the other magnesium
fluorogermanates related to the humite mineral series with the n(Mg2GeOas)-MgF2 (n = 2, 3, 4)
general composition were predicted. More research is required to confirm their existence and to

study the trends in the structural deficiencies.
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7.2 R?* halogen-germanates (R?* = Sr?* or Ba?*)

This research was not limited to the magnesium fluorogermanates. More halogen-
germanates, namely Sr3GeO4Cl2, BazGeO4Br2, SreGe207Clg, and BasGeO4Brs, were prepared via
solid-state reactions or by the application of the halide fluxes. These materials feature intriguing
mixed oxygen-halogen coordination of the alkaline earth cations. From the practical point of view,
the doping of the large alkaline earth sites with the rare-earth cations should be possible in the new
compounds yielding luminescent materials. Of particular interest would be the doping with Eu?*
as this cation is known for a tunable emission wavelength depending on the covalency of the
surrounding. Before that, however, the preparation routine for the phase-pure Sr and Ba halogen-

germanates needs to be established, which was not done in our research.

7.3 New germanates with extended anionic frameworks

Unlike the revised Mg2sGe7.503sF10 phase, the new halogen-germanates synthesized in this
research contain only tetrahedrally coordinated germanium atoms. The GeOs pohyhedra do not
form extended anionic frameworks — instead there are just GeOs4 monomers and Ge,O7 dimers.
Since our primary focus was on the luminescence of the Mn** doped oxides, the presence of the
GeOe units in the structure of the new compounds was essential. Due to this, the following phases
prepared in this research are of great interest: Na,BaGegOis, Rb.BaGegO1s, KoSrGegOis
octagermanates and Na>SrGesO14 hexagermanate. Initially obtained as single crystals, these phases
contain germanium atoms in both octahedral and tetrahedral oxygen surroundings with GeOy units
sharing vertices and forming infinite frameworks.

The octagermanates are isostructural and possess their own structure type, with

K2Ba(GesOo)2 being the first reported compound of the series®®. The NaSrGesO14 phases adopts
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the common Cas(Ga.Ge)Ges014 structure. The octagermanates feature unique way of the
germanium polyhedra connection distinct from the alkali metals tetragermanates and alkaline earth
tetragermanates. Moreover, R2Ge4Og and RGesOg tetragermanates are related to the naturally
occurring minerals — catapleite (Na2ZrSisOg-2H20) and benitoite (BaTiSisOo) respectively, while
there is no such correspondence for the octagermantes.

As intentioned, the luminescent materials were prepared from Na;BaGegOus,
Rb,BaGesO1s, K2SrGesO1s and NapSrGesO14 by a partial substitution of Ge** for Mn**, and the
corresponding luminescence spectra were collected. The level of the substitution was optimized
for a better performance. The emission from the new phosphors is in the far-red region, typical for
the oxide materials. Considering the preparation routine and cost, further investigation should be
focused on the Mn** activated K.SrGesO1s. The Pr* activated Na,SrGesO14 also requires further
investigation, namely temperature-dependent luminescence property measurements.

The follow-up research on the K,SrGesO1s: Mn** should look at its quantum efficiency.
Additionally, the actual white LED should be fabricated, and the produced white light should be
tested for color rendering.

As we can see, there are minerals related to some germanates structures, but not to the
octagermanates. What we can learn from the nature is that GeOs is a structural resemblance of
SiO4, while GeOs unit resembles ZrOg or TiOs in the structure of the corresponding minerals. If
we seek for the wide-scale applications and cost efficiency in the octagermanate series, we can try
to synthesize analogues of the germanates by replacing Ge (low abundant element) for much more

available Si, Ti, Zr, Sn etc. The new phases will have to be tested for the luminescent performance.
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Appendix Al. Energy levels of octahedrally coordinated activator

Figure Al.1 The energy levels of the octahedrally coordinated activator A in terms of the
molecular orbital theory®>'#’. The “ligand-to-metal” charge transfer transition is shown by red

arrow.
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Appendix A2. NasSn>GesOse structure and Na* ionic conductivity in the

Nas-xSn2xSbxGesO16 Series

This chapter contains unpublished data on the structure of the NasSn>GesO16 phase and the
ionic conductivity of the Sb-doped Nas«xSn2xShxGesO16 Samples (x =0, 0.05, 0.10, 0.15, 0.25, 0.30,
0.35). The candidate synthesized and characterized the new material by means of XRD, prepared
a series of the pristine and Sb-doped samples for the electrical impedance measurements, wrote
the part of manuscript covering these results. The electrical impedance measurements, data
interpretation and writing were done by Christopher J. Franko. The DFT calculations were
provided by Zan Yang. The study requires additional data before submission to a peer-reviewed

journal.
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New NasSn>GesO16 phase was characterized with single crystal X-ray diffraction. Data
analysis demonstrated a potential Na* ionic conductivity in the new phase. To achieve a higher
conductivity through increase in the Na* mobility, Sn** atoms in the structure were partially
substituted for Sh°* yielding a lower concentration of the Na* ions. A series of the NasxSny-
xSbxGes016 (x =0, 0.05, 0.10, 0.15, 0.25, 0.30, 0.35) samples was prepared via solid-state reactions,
and electrical impedance spectroscopy (EIS) data were collected in the 25-200 °C range. Bond-
valence energy landscape calculations were used to investigate the Na* conductivity pathways in

NasSn2GesOs1s.

A2.1 Introduction

Nowadays small electronics (cell phones, tablets, laptops) as well as electric vehicles rely
on the rechargeable lithium-ion batteries (LIB). Moreover, wind and solar electrical energy
production depends on the energy storage technologies since the solar and wind output is weather
dependent. The excess of energy from the sustainable sources should be stored to provide a
constant supply to the power grid irrespectively of the weather conditions. Rechargeable batteries
can be used to store the energy®*®. The increasing energy demands and high cost of the LIB
components stimulated interest in the alternatives to LIB, such as sodium-ion!4%-*5! and multivalent
ion batteries'>21%*, Historically, the LIB outperformed the sodium batteries because of the superior
intercalation of lithium into the electrode materials — LiCoO2 and graphite!®!. Search for similar
materials for the sodium-ion batteries is an ongoing challenge!*®153155-157 \While electrode
materials for the sodium-ion batteries draw a huge attention, the other crucial component — a
suitable electrolyte — is yet to be discovered. The potential electrolytes can be liquids (solvents or
ionic liquids), gels, or solid phases (polymers or inorganic compounds)**-61, In terms of safety,
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solid electrolytes are preferred over liquid ones, since the latter may leak from a battery causing
significant damage.

Oxide-based materials are commonly considered as promising solid electrolytes due to
their high chemical and thermal stability. The structures of the oxide-based electrolytes are divided
into “layered” materials and materials featuring extended 3D frameworks. Examples of the
“layered” materials include the LiSnOz-type phases and B-alumina, while the most known 3D
materials belong to the NASICON family62:163,

Inorganic Crystal Structure Database (ICSD)? contains 56 entries on the Li»SnOs type
oxides with the A,BO3 general formula (A — mostly Li or Na, B — various p-, d-, or f-elements). In
the Li-SnOs structure, two types of the alternating layers can be distinguished: layers made from
both SnOs and LiOg octhahedra and layers built from LiOg polyhedra exclusivelly®*. Li* ions here
support the overall 3D framework.

The discovery of the ionic conductivity in the non-stoichiometric Na-Al oxides, referred as
B-Al,Ozand B"-Al.0s, was extremely important for the Na ion batteries!®®>1%, These two structures
are sometimes referred as “layered” too. Indeed, the alternating Al-O and Na-O layers can be
distinguished in their structures, however the Al-O-Al bridges between the neighboring Al-O
layers connecting these layers into infinite frameworks66-168,

Various NASICON-type electrolytes are a broad group of the 3D oxide-based Na* ion
conductors, originally reported in 19766263, The anionic framework of the original NaZr2P3sO12
structure is built from the corner-sharing ZrOs octahedra and PO tetrahedra, while the Na ions
occupy the channels of the framework. The composition, structure and properties of the NASICON

type phases can be tuned within a very broad range by the chemical substitution¢%17°,
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In the present work we report synthesis and structure of the new 3D sodium ion conductor,
NasSn.GesO16, and the ion conductivity study of the NasxSn2xShxGesO16 (x = 0, 0.05, 0.10, 0.15,
0.25, 0.30, 0.35) series. The structure of NasSn.GesO16 was determined from single crystal X-ray
diffraction (XRD) data and feature an anionic framework built on the SnOs and GeOs polyhedra.
The patrial Sn** substitution for Sb>* improved the ion conductivity, and the highest conductivity
value was achieved for the NazgoSn1.s0Sho.20GesO16 sample. The NasSnGesO16 phase can be a

prototype for the new family of the Na* ion conductors.

A2.2 Methods
A2.2.1 Synthesis of the NasSn2GesOs1s single crystals

Crystals of the NasSn2GesO16 phase were obtained from the reaction between Na,COs (98
wt.%), SrCOs (99 wt.%), Sn02(99.9 wt.%), and GeO2 (99.999 wt.%) in the 2 : 1 :1 : 5 molar ratio.
The powders were mixed in an agate mortar and pressed into pellet with a steel die. The pellet was
placed in a platinum crucible and heated to 1050 °C at the 200 °/ h rate in a box furnace. After 2
hours at 1050 °C, the furnace was cooled down to 900 °C at 100 °/ h and then to 800 C at 10 °/ h.
The further cooling was done by switching of a furnace. NasSn,GesO16 crystals were picked
manually from the reaction products and studied with single crystal XRD.
A2.2.2 Single crystal XRD

Single crystal XRD (Mo Ko radiation) were carried out on a STOE IPDS 11 diffractometers
equipped with an image plate detector. The absorption correction was performed based on the
optimization of the crystal shape against the equivalent reflections (X-shape software®®). The
structures were solved by intrinsic phasing (SHELXT?®, Olex2%?) and refined by the full-matrix

least squares method against F2 in an anisotropic approximation (SHELXL?3).

134



Ph.D. Thesis - S. Novikov; McMaster University — Chemistry & Chemical Biology

A2.2.3 Synthesis of the Nas-xSn2xSbxGesO1s series (x = 0, 0.05, 0.10, 0.15, 0.25, 0.30, 0.35)

The preparation of the Nas.xSn2xSbxGesO16 samples (x = 0, 0.05, 0.10, 0.15, 0.25, 0.30,
0.35) was done by solid-state reaction between Na2Sn(OH)s (98 wt. %), GeO2 (99.999 wt. %), and
NaSbOs. Ball milling in the isopropanol medium was used to grind and mix the reagents. After the
complete isopropanol removal, the powder was pressed, and the pellet was placed in a platinum
crucible. This crucible was heated to 1050 °C at 100 °/h in a box furnace and sintered at this
temperature for 24 hours. After this the furnace was switched off and the product purity was tested
with powder XRD.
A2.2.4 Powder XRD

To confirm the formation of the NasxSn2xShxGesO16 phases and study their purity, powder
XRD data were collected on a PANalytical X Pert PRO diffractometer (CuKay radiation) equipped
with the Ge monochromator. Rietveld refinements of the data were done with the Rietica
software**,
A2.2.5 Calculations

Density functional theory calculations were performed via the Quantum Espresso
software!’172, The exchange-correlation energy was in the form of Predew-Burke-Ernzerfhof
(PBE) pseudopotentials based on generalized gradient approximation (GGA) and projector-
augmented wave (PAW) technique was chosen to model the electron-ion interaction'’>17>, The
cutoff energy for the wave function was set to 80 Ry, and a 12 x 6 x 4 k mesh was adopted for the
Brillouin zone integration. Both cell parameters and atomic positions were fully relaxed until the
force on each atom is less than 10 eV/ A.

The relaxed structure was used to illustrate the diffusion paths and estimate the migration

energy barriers for the Na* cations in the NasSn>GesO16 crystal structure. Bond valence (BV)
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maps'’® and bond-valence energy landscapes (BVEL)"1"® for the Na* cations were calculated

with Bond_Str program implemented within the FullProf Suite'® and visualized with Vestas!,

A2.3 Results and Discussion
A2.3.1 Crystal structure

The NasSn.GesO16 phase crystallizes with the Pbcn space group, Z = 4 (Table 1). There is
a sole Sn 8d general position in the structure, three germanium sites — two 8d (Gel and Ge3) and
one special 4c (Ge2), three sodium sites— one 8d (Nal) and two 4c (Na2 and Na3). Sn atoms in
are surrounded by six oxygen atoms in a distorted octahedral manner, while Ge and oxygen atoms
form GeOQg tetrahedra.

Table A2.1. Selected crystallographic data and refinement results for Na;Sn>GesO16

Formula NasSnGesO16
Formula weight 948.29
Crystal system Orthorhombic
Space group Pbcn
a, A 6.5063(13)
b, A 11.912(2)
c, A 18.995(4)
Volume, A3 1472.2(5)
Z 4
Pcalcg, cm?® 4.278
ulmm? 13.613
F(000) 1728.0
Radiation MoKa (A =0.71073)
26 range, ° 6.842 - 70.012
Index ranges -10<h<10,-19<k<18,-30<1<28
Reflections collected 23211
Data /restraints/ parameters 3225/0/124
GOOF 1.041
R1 (I>26 (D)) 0.0542
Largest diff. peak/hole, e/A3 1.91/-3.58
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Corner-sharing germanium polyhedra form quite rare GesO16'> polyanionic chains in the
NasSn.GesOss structure. These chains stack parallel the bc plane of the unit cell (Figure A2.1).
Each SnOs octahedron connects four GesOqe units through corner sharing to form a 3D anionic
framework with Na* cations located in the channels of the framework. The Na2 and Na3 atoms
occupy the same type of channels marked as A, while Nal atoms — different channels marked as

B in Figure A2.1.

A\ "u\r A\%A\“r .
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Figure A2.1 (top left) GesO16'> polyanions stacking in the NasSn.GesOss structure; (top right)
anionic framework built on GeOs and SnOs units in the NasSn.GesOss structure; (bottom center)
Na* cations in the channels of the anionic framework.

ISCD contains entries on two phases structurally related to NasSn,GesO16. The phases —
NasSn2Ges016-H20 (ICSD #20545) and NasSnzSisO16-H20 (ICSD #20551) — were obtained via
hydrothermal synthesis at 450 °C and 1000 atm of pressure®?8, As we can see, the hydrated

compounds have lower symmetry compared to NasSn>GesO1e: the silicate crystalizes with the C2/c

space group, while the germanate — with the acentric P2 group. Like NasSn,GesO1s, the structures
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of the hydrothermally obtained compounds contain TsO16 polyanions (T = Si or Ge) connected by
the SnOg octahedra into infinite frameworks and Na atoms (and water molecules) occupying the
channels of the frameworks. Geometric configuration of the polyanions differs between the three
compounds. In NasSn2GesO16-H20 and NasSn2SisO16-H20 the TsO16 groups are almost linear with
the distances between the terminal T atoms of ~11.0 A and ~11.6 A for the Si and Ge, respectively.
In the NasSn,GesO1s, the TsO16 Units are curved, so the terminal Ge atoms are at ~7.5 A from each
other. The way the polyanions and SnOs groups are connected changes between the three
structures. In the hydrated phases, each SnOs connects six TO4 tetrahedra from five TsO16 units
through the corner sharing, so only one 6-membered SnT>O3 cycle forms (Figure A2.2). As we
mentioned before, in the NasSn>GesO16 structure each SnOs unit connects four TsO1e units and two

SnGe203 cycles form instead of one (Figure A2.2).

Figure A2.2 SnOs and TO4 (T = Si or Ge) polyhedra connection in the NasSnzSisO16-H20 (left)
and NasSn>GesOss (right) structures. One SnT.Os3 cycle forms in silicate, while two cycles form in
the germanate.
A2.3.2 Na* ionic conductivity

The Na* ionic conductivity of the NasxSn2.xSbxGesO16 samples was measured using EIS.
The electrochemical impedance spectra of the pristine NasSn.GesO16 sample and the doped
Naz gSn1.8Sho.2Ges016 ONe, as well as the corresponding equivalent circuit model fits, are shown in

Figures A2.3a and A2.3b respectively. Each spectrum shows the expected features of a solid-state

ion conductor, including the high frequency semi-circle representing the bulk conductivity and
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capacitance, as well as the low frequency tail representing unideal Warburg diffusion. In both

samples the capacitance is not ideal, giving depressed semi-circles. This depression is likely the

result of the natural inhomogeneity of ceramic conduction grains, leading to a dispersion in the

distribution of grain boundary resistances. This dispersion may result in the grain boundaries

acting as so-called “leaky capacitors”, causing the aforementioned semi-circle depression'®*. The

extent of these grain boundary effects appears to be larger in the Naz gSn1.sSho 2GesO16 phase than

in the undoped analogue.
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Figure A2.3 (a) EIS spectrum (black circles) and corresponding equivalent circuit model fit (red
line) of the undoped NasSn,Ges016 phase. The EIS spectrum of the doped Naz gSn1.8Sho2Ges016
phase is included for comparison (blue circles). (b) EIS spectrum of the NazgSni1sSho2GesOss,
zoomed into the high frequency region (blue circles). As well as the corresponding equivalent
circuit model fit (black line). (c) lonic conductivity values of each NasxSn2xSbhxGesO16 phase.
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The obtained Na® ionic conductivity is plotted as a function of the Sb content (x in
Nas-xSn2«ShxGes0s16) in Figure A2.3c. The undoped phase (NasSn2GesOs16) expectedly gives the
lowest bulk conductivity of 1.0 x 10 mS-cm™. As Sn** is substituted for Sb®*, a stoichiometric
number of the Na* vacancies is created in order to conserve the charge balance. The Na* vacancies
facilitate the Na* migration. As a result, the conductivity increases significantly as more Sb®" is
doped into the structure. The ionic conductivity of 0.11 mS-cm™ is reached in the
NaszsSn18Sho2GesO16 (X = 0.2) phase at room temperature, and the maximum conductivity
measured for this phase is 1.6 mS-cm™ at 200 °C. At higher Sb°* doping levels, the creation of
vacancies begins to have the opposite effect as the number of charge carriers is significantly
reduced, and the ionic conductivity begins to fall.

A room temperature conductivity of the NassSn1.sSho2GesO16 phase is similar to that of
other Na-conductors (~10' mS-cm™) studied for use in Na-ion solid state cells'®. The large
difference in conductivity values between this sample and the undoped phase is highlighted in
Figure A2.3a, where only the high-frequency Warburg tail of the Nasz sSn1.sSho2GesOss is visible

when overlaid with the EIS spectrum of NasSn,GesOss.
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Figure A2.4 Temperature dependent ionic conductivity measurements of NasSn.GesO16 (black)
and NazsSn18Sho.2GesO1s (blue), with the corresponding activation energies obtained from the
slope.
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In order to probe the mechanism of conduction from this new phase, further temperature
dependent ionic conductivity was measured for both the undoped NasSn,GesO16 and the most
conductive Nasz gSn1.8Sho.2GesO16 phases. The corresponding Arrhenius plots are shown in Figure
A2.4. As expected, the ionic conductivity increases with temperature for both phases. The
activation energy for conduction is extracted from the slope of the linear fit and found to be 0.33

+ 0.01 eV for the undoped phase, and 0.23 + 0.01 eV for the optimally doped phase.

A2.3.3 BVEL calculations

Na* migration pathways from the BVEL calculations for the NasSn,GesO1¢ Structure are
shown in Figure A2.5. The diffusion of the Na* cations is possible in two dimensions with small
energy barriers of 0.30 eV and 0.36 eV along the a and b directions, respectively, which agrees
well with the activation energies obtained from the EIS as discussed above. The 3D migration

requires much a higher activation energy of 1.14 eV.

S

Figure A2.5 (top) Na" conduction pathways in the Nas;Sn.GesO16 unit cell viewed on the b
direction; (bottom) 2D Na* conduction pathways in the NasSn>GesO16 unit cell with atoms omitted
for clarity.
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Appendix A3. Single exponential fit of the decays for the Rb,BaGes.xO1s : XMn**

phosphors
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Figure A3.1 Single exponential fit of the luminescence decay curves for the Rb,BaGesxO1s :

xMn** phosphors (x = 0.001, 0.003, 0.005, and 0.010).
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