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Chapter 1: Introduction and Background

1.1 Blue Pigments: History and Current Situation

Humans have used pigments since the beginning of history'?, and these form a
ubiquitous component of modern life, present everywhere from clothes to buildings to
food. It is therefore important to make sure the commercial pigments present good
qualities like durability, cost efficiency, safety, and sustainability. Inorganic pigments are
well suited for this function, as, unlike organic pigments, they have intrinsically higher
thermal and chemical stability, while being able to match them in other properties.

Historically, blue pigments have been hard to find, and to this day remain the
most sought color. The Egyptians and Babylonians used pieces of lapis lazuli, but the
process to convert it into the pigment ultramarine was not discovered until the sixth
century B.C. Blue in nature is mostly caused by structural phenomena, which make them
unsuitable for grinding down into a pigment. Given its rarity as a natural pigment, the
Egyptians created the first synthetic blue 5000 years ago when they mixed sand, plant
ash, and copper to create Egyptian blue.>? Since then, the search for synthetic blue
pigments has not stopped, and the discovery of new pigments remains a rare and
noteworthy event.

This research focused on finding new blue pigments, as it is the rarest color and
modern commercial inorganic blues do not present the best qualities. These include
synthetic ultramarine (NasAleSis024S3), Prussian blue (Fes[Fe(CN)s]3), and spinel cobalt
blue (CoAl204), which suffer from an array of issues including low heat resistance in
ultramarine, poor chemical stability in Prussian blue, and toxicity in cobalt blue.>* Newer

pigments like YInMn blue present vibrant colors and useful IR reflectance properties, but



are too expensive for widespread applications.® The unsatisfaction with the properties of
these pigments gives research in this field greater importance than solely aesthetic
considerations, as new pigments can offer better sustainability and other useful properties
that are not found in common commercial pigments.

1.2 Color Theory: Mechanisms for Color

To understand color in synthesized inorganic pigments, theory presents three
main mechanisms that can generate a color. These are intraatomic excitations (d-d
transitions), intervalence charge-transfer excitations, and bandgap transitions.> Although
other mechanisms can produce color in minerals and nature, only these three can be
easily and consistently replicated in the laboratory and industrial environments to
produce new pigments.

Due to interactions from d-orbitals with the surrounding ligands, the energy of
these orbitals can be split into different levels depending on the geometry of the
coordination. Intraatomic excitations occur when photons of specific energies are
absorbed to produce a d-d excitation, transferring electrons between d-orbitals separated
by the crystal field energy splitting.® The color observed is complementary to the color
absorbed. An example of this can be observed in rubies, where the presence of Cr3* in
otherwise colorless corundum (Al203) gives the compound its iconic red color (Figure.

1.1).



Cr3+

Figure 1.1. Ruby structure ith Cr®* atoms marked in red (right), and electronic
configuration of Cr3* d-orbitals (left). The electronic transition of electrons from tzg to g
orbitals causes the coloration of the material.

The occurrence of d-d transitions is ordinarily forbidden due to selection rules,
although these can be relaxed, permitting the transitions under special circumstances. The
spin selection rule forbids transitions where the spin of the electron has to switch, and the
Laporte selection rule indicates that the orbital angular momentum quantum number has
to change by Al = £1 to conserve angular momentum, as the photon absorbed to produce
the transition also contains a unit of angular momentum. Even considering these
limitations, d-d transitions remain the most reliable mechanism for generating new
pigments.

The second mechanism for color is charge transfers, where color is generated by
the absorption of the energy of a photon to transfer an electron between two ions within
the lattice, which can be transition metals or ligands.® One classic example of this
phenomenon is the coloration of sapphires, which is produced by the transfer of an
electron from Fe3* to Ti** (Figure 1.2). This mechanism typically results in strong
coloration when compared to d-d transitions as intraatomic transitions are ‘allowed’ by

selection rules.® Similarly to d-d transitions, the color observed is complementary to the

color absorbed.
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Figure 1.2 Sapphlre structure with Fe** and Ti** atoms marked in blue and teal (right),
and electronic configuration of Fe** and Ti** d-orbitals (left). The electronic transition of
electrons from iron to titanium orbitals causes the coloration of the material.

The third mechanism is bandgap transitions. In a semiconductor, color can be
generated if the bandgap energy is in the visible range of the spectrum, as the material
absorbs photons of energy equal to or higher than the bandgap to transfer electrons from
the valence band to the conduction band.® Unlike the other two mechanisms, band gaps
will not absorb only the light at specific energies but will absorb everything with equal or
more energy than the bandgap, so a narrow bandgap would lead to black and not blue.®
Therefore, colors obtained from bandgap absorbance do not correspond to the reciprocal
color (Figure 1.3) Because of this, bandgap transitions can only be used to generate
pigments within the red to yellow range of the spectrum. Some pigments that have this
mechanism include vermillion (HgS), and cadmium yellow (CdS), with bandgap energies

of 2.0 eV and 2.6 eV respectively.
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Figure 1.3. Relation between the color absorbed and reflected color in materials with
bandgap generated color.

1.3 Maagnetic Properties

Diamagnetism occurs when there are no unpaired electrons in the material. When
the material is placed inside a magnetic field, it repels it. Materials that have unpaired
electrons can present a variety of behaviors when placed in a magnetic field. This is due
to the alignment with the field for unpaired electrons within d and f orbitals of transition
metals and lanthanoids in the material.” The different behaviors can be classified as
paramagnetic, ferromagnetic, ferrimagnetic, and antiferromagnetic, depending on the
alignment of the electron spins with the field (Figure 1.4). The spins of unpaired electrons
in paramagnetic materials remain unaligned in the presence of a magnetic field. In
ferromagnetic materials, they align parallel to each other, while they align in an
antiparallel way for antiferromagnetic materials, canceling any reaction to the field.
Ferrimagnetic materials have a mixture of parallel and antiparallel alignments, generating

a net moment, although weaker than ferromagnetic materials.
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Figure 1.4. Different modes of magnetic ordering of unpaired electrons in the presence
of a magnetic field.

To understand the behavior of materials with unpaired electrons, the magnetic
susceptibility (y) for the material was measured at different temperatures. Magnetic
susceptibility is a dimensionless constant that indicates how the material responds to the
magnetic field. Their behavior can be described using the Curie-Weiss Law (Equation 1),

where C is the material-dependent Curie constant, and @ is the Weiss constant.
Cc
X=7> 1)
By inverting the equation, it is possible to perform a linear regression on the

graph of 1/y vs T to find the Curie constant from Equation 2.

1

c=i(D—¢ @

Then, the magnetic moment can be calculated from Equations 3-4, where kg is

Boltzmann’s constant, and N is the number of magnetic atoms.

__MHoN __ 2
C =3, Merr 3)
Hers = 2.84VC (4)



It is also possible to predict the magnetic properties of materials using a simple
formula (Equations 5-6), where ug is the Bohr magneton, n is the number of unpaired
electrons, and S is the spin quantum number. This is possible because the spin
contributions of electrons occur in a predictable way depending on the number of

electrons.

tso = nn+ 2)ug ®)

tso = /4S(S + Dug (6)

These calculations can be lower than the measured amounts because they only

take into consideration the spin contributions, but not the orbital contributions. Orbitals
can contribute to the magnetic moment of the material through rotations. In this case,
orbitals that are 90° rotations of each other, that is t, orbitals, can rotate and switch
places, as long as it does not contradict the Pauli exclusion principle. This is observed
more easily in tetrahedrally coordinated transition metals, than octahedrally coordinated

ones, as only partially filled t> orbitals can contribute to the magnetic moment.

1.4 Dielectric Properties

Dielectric materials are those whose behavior makes them useful for making

capacitors, ideally presenting no DC conductivity (Figure 1.5).

A

+ + + .
Positive electrode

+ 4+ + + + + ,
Negative electrode

Figure 1.5. Dielectric material (teal) within a capacitor. The area and thickness of the
capacitor are denoted by A and t respectively.
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One of the main factors that make a material an effective capacitor, is its
polarizability. The overall polarizability of the material is composed of the addition of
different polarizabilities, which can vary in their contribution at different current
frequencies (Figure 1.6). These include electronic, ionic, dipolar, and space charge

polarizability.
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Figure 1.6. Frequency dependence of various polarizabilities.

To characterize the dielectric properties of materials, the dielectric constant and
dielectric loss tangent is measured at different temperatures and frequencies. The
dielectric constant, also known as relative permittivity, can be determined from the
capacitance of the material, as in Equation 7. This value compares the capacitance of the

material (C), considering its thickness (t) and area (A), to the permittivity of vacuum (&o).

R ()]
S_CO_ASO (7)

The dielectric loss tangent (tan ) measures how much of the current is lost, with

a small dielectric loss indicating a good dielectric. In an ideal dielectric, the current leads



the voltage by 90°, with the phase angle 6 and a 6 =90 — 0, being 90° and 0° respectively

(Fig 1.8). Real dielectrics do not follow this behavior perfectly, so some loss is observed.

»
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Figure 1.8 Dielectric loss tangent for a dielectric material. Adapted from reference [7].
1.5 Melilite

The crystalline structure chosen for this study was the melilite structure (Figure
1.9). It has the general formula A-MM 207, where A is a large cation, either an alkaline
earth metal or a lanthanide, M and A’ are small divalent to hexavalent ions. The structure
is a layered tetragonal lattice with lattice parameters a =b # ¢, and angles a = =y = 90°.
M and M oxides form layers of tetrahedra separated by A layers. Their space group is

P42,mzB

Figure 1.9. View of the melilite structure down the b and c axes.
We chose to study this structure because the tetrahedral layer contains distorted

tetrahedra that have the potential for allowing color-generating d-d transitions. Previous



studies in this structure have been able to produce blue pigments using manganese or
cobalt as chromophores.® However, these elements are not desirable, as cobalt is
carcinogenic and relatively expensive,'® and manganese present dull colors.!! This study
discovered a new solid solution presenting a violet-blue color using nickel as the
chromophore.

Chapter 2: Experimental Procedure

Syntheses performed followed the procedures for standard ceramic solid-state
reactions. Stoichiometric amounts of metallic oxides and carbonates were ground and
mixed in an agate mortar, pressed into pellets, and heated in atmospheric conditions to
temperatures between 1200 and 1310 °C for periods of 6 to 12 hours at a time. Samples
were reground and reheated multiple times to achieve purity and homogeneity. Powder
X-ray diffractometry (XRD) with a Rigaku Miniflex 11 diffractometer was used to
determine purity and unit cell parameters. Internal standards were measured by the
addition of NaCl and refined with Le Bail refinements in GSAS EXPGUI software. A
Konica Minolta CM-700d spectrophotometer was used to obtain CIE L*a*b* color space
coordinates. NIR reflectance and UV-vis measurements were performed using a JASCO
V-670 spectrometer up to 2500 nm. Magnetic susceptibility measurements of the x = 0.5
and 0.6 samples were taken with a Quantum Design MPMS between 5 K and 300 K.
Dielectric constant and loss tangent were measured for all samples between 25 °C and

200 °C.
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Chapter 3: Results and discussion

3.1 Structural Analysis

A new solid solution of melilite structure with the formula Sr.Zn1xNixGe2O7 was
formed, with x between 0.0 and 0.6, and fitted to the space group symmetry P42;m
(Figure 3.1). Substituting nickel at higher concentrations led to the formation of SrGeOs
impurities. The solution presented a violet-blue color that became darker through Ni?*

substitution.
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Figure 3.1. XRD patterns for the Sr.Zn1xNixGe207 system, with x ranging from 0 to 0.7.
At x = 0.7, SrGeOs impurity peaks start to appear, denoted by asterisks.

Lattice parameter refinements from the XRD indicated an increase in parameter a
with the substitution of Ni?*, and a decrease of parameter ¢ (Figure 3.2). Overall, this led
to a slight increase in the unit cell volume (Figure 3.2). This is a counterintuitive result,
as the ionic radii of Zn?* and Ni®* are 0.6 A and 0.55 A respectively.*? It is likely caused
by distortion in the tetrahedral sites and a change in the angle. This will be confirmed by

a future neutron diffraction study.
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Figure 3.2. (a) Change in lattice parameters a and ¢ with the substitution of Ni%*, and (b)
overall change in unit cell size.

3.2 Magnetic Properties

Magnetic susceptibility measurements of samples x = 0.5 and 0.6 were taken to
study the behavior of the sample and confirm the electronic configuration of nickel (Fig
3.3). Both samples showed paramagnetic behavior between 5 and 300 K. The data were
fitted with Equation 2 between 50 and 300 K. The effective magnetic moments, Curie
constant, and Weiss constant were calculated for each sample, with diamagnetic
corrections (Table 3.1).2 The measured values were significantly higher than the spin-
only theoretical values calculated from Equation 5, but still within the normally observed
range for tetrahedral Ni?*(d®), that is between 3.7 and 4.47 ugs (REF). The presence of two
unpaired electrons in the t> orbitals led to large orbital contributions observed in the
difference between the spin-only and experimental values. The negative Weiss constant

suggests weak antiferromagnetic interactions.
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Figure 3.3. Measured magnetic susceptibility and inverse magnetic susceptibility of
Sr2Zno.4Nio.sGe207 and SraZnosNiosGe20O7 between 5 and 300 K.

Table 3.1. Theoretical and calculated magnetic moment, along with observed Curie and
Weiss constant for SroZno 4Nio.sGe2O7 and SroZng sNio5Ge207 samples.

Composition Th. Mag. Curie Weiss Constant  Obs. Mag. Moment
P Moment () Constant (K) (Me)

Sr2ZnosNiosGe207 2.83 2.26 -51.46 4.2

Sr2Zno.4Nio.sGe207 2.83 2.24 -53.35 4.2

3.3 Optical Properties

The color of Sr2Zn1xNixGe207 changed systematically from white to violet
through the substitution of Ni?*. (Figure 3.4) The best coloration was observed at x = 0.6.
The UV-vis absorbance spectra of all pure samples were taken to investigate the origin of
the colors (Figure 3.5). From this, the color of the material was determined as originating
from the broadening absorption of Ni?* in the tetrahedral site. Previous literature

employing this chromophore has also reported blue coloration.*
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Figure 3.4. Color pictures of the synthesized Sr.Zn1xNixGe2O7 solid solution at different
X values.
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Figure 3.5. Measured UV-vis spectra of Sr.Zn1.xNixGe207 samples between 200 nm and
800 nm.

In addition, CIE L*a*b* color space measurements were performed to evaluate
samples in the Sr2Zn1xNixGe2O7 system and compare them to other pigments (Table 3.2).
The CIE L*a*b* system defines colors by three axes, with the L* axes denoting
brightness, a* going from green to red, and b* going blue to yellow (Figure 3.6). At x =
0.5 and 0.6, the samples present similar brightness and blue levels, but lower red levels,
to those of commercially available cobalt and manganese violets.'® Based on this, the
Sr2Zn1xNixGe207 system could be more accurately described as blue-violet or pastel
indigo. To our knowledge, the x = 0.6 sample presents the highest reported blue character

with Ni?* as the sole chromophore. The closest value in literature is -30.38 in
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CalaosAl11.5Nio5019. Compared to cobalt blue, the Sr2Zn1xNixGe207 system presents
similar brightness but slightly lower blue levels.® Their application might still be
favorable in certain conditions due to other advantages of using nickel as the

chromophore.

Figure 3.6. Diagram denoting the three axes of the CIE L*a*b* color space.

Table 3.2. L*a*b* coordinates of Sr.Zn1.xNixGe207 system, with additional values for
common or otherwise relevant pigments for comparison.

Composition L* a* b*
Sr2ZnGe20O7 73.66 0.74 3.96
Sr2Zno.9Nig1Ge207 58.54 1.33 -22.81
Sr2Zno.7Nig3Ge207 50.98 4.46 -28.84
Sr2ZnosNig5Ge207 45.95 6.42 -32.20
Sr2Zno.4Nio6Ge207 42.46 8.37 -34.45
Sr2Zno3Co0.7Ge207 (Melilite blue) 34.59 6.52 -45.53
CoAl,04? (Cobalt blue) 43.51 -4.46 -44.39
Co3(PO4)2° (Cobalt violet) 46 33 -32

Y Ing.9sMng 1032 40.00 11.90 -47.90
Y Ino.795MnNo.005 Ti0.1ZN0.103° 39.36 9.23 -37.15
Calag5Al115Nig 5010 57 -6.5 -30.38

@From Duell, B. Aetal.?
®From Kim, S. W. et al.1¢
¢ From Li, J. etal.’?
4 From Li, J. et al.1
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Near-infrared reflectance spectra for the system were collected and plotted against
cobalt-containing pigments (Figure 3.7). It decreased through Ni?* substitution, with the x
= 0.1 sample presenting values between 30 % and 80% in the 780 nm to 2500 nm range
of the electromagnetic spectrum. Compared to the cobalt-bearing pigments, our nickel
system presented higher NIR reflectance between 1200 nm and 1600 nm. This indicates

that our Ni-based violet would be a better energy-saving material.

120 L T T T T T T T
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Co-contained Melilite Blue

Sr,Zn Ni Ge,O,
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x=0.1

x=0.6

% Reflectance

400 800 1200 1600 2000 2400

Wavelength (nm)

Figure 3.7. Visible and NIR reflectance for selected Sr.Zn1«NixGe2O7 samples, with
cobalt-containing pigment spectra for comparison.

3.4 Advantages over Cobalt-containing Pigments

Beyond better NIR reflectance, using nickel as chromophore gives our melilite
pigment several significant advantages when compared to commonly used cobalt-
containing pigments. The two main ones relate to cost and toxicity. Cobalt is a known
carcinogen, while nickel does not present any significant health hazards. The most

common adverse effect of nickel exposure is allergic reactions, and it presents no other

16



known ill effects on human health or ecosystems.*® Nickel is also significantly less
expensive than cobalt due to two times higher natural abundance.*® Both properties make
favorable the development and investment into nickel-containing pigments such as the
Sr2Zn1xNixGe207 melilite system.

3.5 Dielectric Properties

The dielectric properties of melilite materials have been widely investigated,
however, the SroZn1xNixGe207 system is new and has not been reported before. The
dielectric constant and loss of Sr2Zno.4Nio.sGe207 were measured (Figure 3.8). The
dielectric constant presented constant values between 25 °C and 200 °C at all frequencies.
Therefore, we concluded the dielectric constant and loss are nearly frequency and
temperature independent. The measured constant at 1 MHz and 25 °C was slightly higher
than the theoretical values (Table 3.3). The sample can be classified as an insulating

material since its dielectric loss is less than 1.
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Figure 3.8. Dielectric constant (a) and loss tangent (b) for Sr.Zn1xNixGe207 samples at
different frequencies and temperatures.

Table 3.3. Measured dielectric constant and loss tangent values at 1 MHz and 25°C.

Composition Relative Measured &  Calculated &> Loss tangent
Density (%)
Sr2Zno.aNiosGe207 95 9.25 6.46 0.0016
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Chapter 4: Conclusion

In summary, we discovered a new solid solution Sr2Zn1-xNixGe207, with 0.1 < x <
0.6, presenting violet coloration. The best color was found in Sr2Zng4Nio.sGe207.
Through magnetic susceptibility measurements, the presence of Ni?* was determined.
Measured NIR reflectance was between 30% and 80%, with the system presenting
overall better reflectance than cobalt-containing pigments. When compared with these
pigments, our Ni-based melilite also has the advantages of better costs and safety due to
the high abundance of nickel. Dielectric measurements performed on the system
characterize it as an insulator with nearly temperature and frequency independent

dielectric constant and loss tangent.
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