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Abstract: Transition metal complexes have historically played a pivotal role in creating vibrant
pigments utilized across artistic mediums such as ceramics, paintings, and glass mosaics. Despite
their extensive historical use, our understanding of the mechanisms governing transition metal
complex behavior has predominantly emerged in recent times, leaving numerous aspects of this
process ripe for exploration. These complexes exhibit striking color variations under diverse
conditions when employed in pigment formulations. This review utilizes a bottom-up scientific
approach, spanning from microscopic to macroscopic scales, to unravel the molecular origins of the
colors generated by transition metal complexes in pigments and ceramic glazes. Advanced
spectroscopy techniques and computational chemistry play pivotal roles in this endeavor,
highlighting the significance of understanding and utilizing analytical data effectively, with careful
consideration of each technique's specific application. Furthermore, the review investigates the
influence of processing conditions on color variations, providing valuable insights for artists and
manufacturers aiming to enhance the precision and quality of their creations while mitigating
environmental impact.

Keywords: transition metal complexes; ceramic glazes; malachite; copper oxide; coordination
chemistry; temperature; spectroscopy; bottom-up approach; computation

1. Introduction

For millennia, transition metal complexes have served as captivating agents of color in human-
made art, their vibrancy enchanting viewers long before the sources of these colors were fully
understood [1,2]. From the brilliant blues of Ancient Roman glass mosaics [3] to the striking
turquoises of Ancient Egyptian faience [4], transition metal complexes have found themselves at the
center of artistic expression across civilizations. Despite the extensive usage of these pigments, the
nuanced exploration of the precise mechanisms underlying their coloration is a more modern pursuit.
It has been recognized that their vibrant colors are the visual manifestations of d-orbital splitting,
ligand field theory, and charge transfer [3,5-8] features inherent to the transition metal complexes
within the pigment. These complexes are not fixed, however, and their constitutions can be altered
by various environmental factors and interactions [9-12], therefore altering the visual light
wavelengths they absorb and reflect [13]. There are multiple examples of this, both during and after
the artistic process, where a new color arises that is different from the one initially applied [11,13]. To
understand the origins of these color changes, it is essential to delve into the intricate mechanisms
governing color formation within the complexes. With this knowledge, the ability to exercise
enhanced control in both preventative and intentional alterations of these pigments in diverse
applications can be developed [14]. This review concentrates on employing a bottom-up scientific
approach to investigate the molecular origins of colors produced by transition metal complexes in
pigments and ceramic glazes, utilizing advanced spectroscopy techniques. Furthermore, it explores
the impact of processing conditions on color variations, providing valuable insights for artists and
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manufacturers aiming to enhance the accuracy and quality of their creations while reducing
environmental impact. This is discussed alongside future implementation of high-level
computational analyses and fine-tuned laboratory synthesis techniques.

The following sections (1.1-1.3) aim to provide brief background information or establish
context, assisting readers in comprehending the content presented in the review article.

1.1. Perception of Color in Ceramics and Pigments

The vibrant world of pigments is fundamentally a phenomenon of light’s interaction with
materials. As light encounters an object, it undergoes several modifications including reflection,
transmission, absorption, scattering, dispersion, interference, and diffraction. These interactions
collectively contribute to our perception of colors as white, black, or colored. Central to this
interaction, and also this review, lies the principle of absorbance. This principle delineates how
specific wavelengths of light are absorbed by a material, while others are either reflected or
transmitted, ultimately determining the color we perceive [15].

Transition metal complexes in pigments are characterized by their ability to serve as
chromophores, undergoing electronic transitions that enable them to absorb specific wavelengths of
light within the visible range of the electromagnetic spectrum. The wavelengths that these pigments
fail to absorb are instead reflected, determining their color. This selective absorbance and reflection
process is at the heart of the color these pigments produce [13].

1.2. Transition Metal Complexes

A transition metal complex, also known as a coordination complex, is a compound comprised
of a central metal ion surrounded by one or more ligands, typically functioning as Lewis Bases [16,17]
(Figure 1a). These ligands donate their electrons to establish coordinate covalent bonds with the metal
center [13,18]. Transition metals readily form complexes due to their ability to coordinate with other
molecules or ions, deemed ligands [6]. Notably, colored complexes can be found naturally,
particularly in minerals, or artificially synthesized for a diverse array of applications [13].
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Figure 1. a) Representations of octahedral coordination complexes, with a metallic center (black) and
surrounding ligands (blue or red). b, c) Energy gaps between orbitals resulting from d-orbital splitting
[16].

The unique quality of transition metals that gives them the ability to produce these bright, visible
wavelengths of light derives from their unfilled valence d-orbitals and ligand interactions, resulting
in d-d orbital splitting and/or charge transfer [3,13,19]. The energetic interaction of visible light with
the electrons in the d-orbitals of the central metal ion and at times with those of the ligands, as well
as other variables that will be discussed, determine the magnitudes of the wavelengths that the gaps
between such orbitals (Figure 1b,c) [20-22]. These magnitudes are influenced by several factors
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including the electronic structure of the center metal ions, geometry of the molecular structure,
particle size, coordination number, and ligand field strength.

1.3. Historical Usage of Transitional Metal Complexes as Color Centers

The use of transition metals to create vibrant colors in art and art objects has been documented
extensively across civilizations. Dating back to 2500 BCE, Egyptian blue faience ceramics utilized the
first synthetic pigment, Egyptian blue [23]. This pigment was employed in early dynasties on notable
historical artifacts and landmarks, such as the famous bust of Queen Nefertiti (Figure 2), and as far
as at the ruins of the Parthenon and Pompeii in Rome [2]. Egyptian blue, CaCuSisO10, makes use of
copper as a metallic center, much like other early synthetic pigments such as Chinese Han blue,
BaCuSisO1o, and Han purple, BaCuSi>2Os, which were both theorized to be developed independently
from Egyptian blue [24,25].

BaluSi,0,
Han Purple CaCu0,

BaCuSi,0,,
Han Blue

CaCuSi,0,,
Egyptian Blue

Figure 2. Unit cells corresponding to Egyptian Blue (CaCuSisO10) and Han Blue (BaCuSisO10)
pigments with an example of their use in a bust of Queen Nefertiti (left), the Han Purple (BaCuSiO20s)
pigment and an example of their use in the Terracotta Soldiers (right), and the CaCuO2 compound
(white box). Cu?*ions involved in square-planar CuOs®- complexes are depicted in dark blue, whereas
SiO4* tetrahedrons are in green [2].

Multiple transition metals have been studied for their role in creating the blue and green glazes
of ancient Chinese pottery, most notably cobalt, manganese, copper, iron, and titanium [26-28]. High
iron content and the use of iron oxides have been a rarer yet still historically documented source of
blue colorants in ceramics. This has been observed in Jun ware glazes and specifically an analysis of
the Tenmoku “Blue” glaze — a rare and highly valued glaze utilized during the Song dynasty, with
few surviving fragments [26]. Its beauty was written about extensively, distinguished as a “supreme
product,” and was considered to have involved an incredibly complicated and unpredictable firing
process lacking in production reliability [26]. The cool-toned, bright white and blue colors that
typically come to mind with the mention of Chinese pottery, especially Chinese porcelain (Figure 3),
also were not originally consistent results [29]. The bright white color of porcelain can be attributed
to the use of kaolin, composed mainly of the mineral kaolinite. However, kaolin clay was also not
originally a reliable material, as its whiteness often varied based on the presence of other materials
in the clay, such as titanium and iron, which are some of the most common transition metals and
“contaminants” found in Chinese pottery [30]. To be more intentional with designs’ final
appearances, titania (TiO2) has been studied for its ability to oxidize iron, causing what would be a
bright white or a creamy pale blue to become greener and subsequently impact its quality rating
(Figure 4) [27]. This will be further discussed in more detail in section 3.3 of this review. Over time,
empirical methods were developed to whiten and “purify” the underlying clay, resulting in what we
now can connect to lower titania levels and therefore more consistently cool-toned ceramics.
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Figure 3. Kangxi Blue and White Dragon Bowl,
possibly 18th/19th century [29].

0.0 wt% TiO2 0.1% 0.5% 1.0% 1.5% 2.0%
(No et al 2014. Fig. 1, p 151)

Figure 4. Increasing additions of titania to a blue celadon glaze containing 1.8 wt.% iron oxides [27].

The deep blue of Chinese porcelain (Figure 3), meanwhile, originates from the use of cobalt, a
method that came to be shared with ceramicists across the world. In the Middle Ages, cobalt began
to be used extensively in Valencian ceramic workshops as a glaze colorant (Figure 5) [31]. Before this,
cobalt had only been used in Europe as a colorant for stained glass. The earliest examples of these
cobalt-blue glazes date back to the 14th century CE, in Paterna and Manises, and this practice
continued until the 18th and 19th centuries. The blue colorant would have been applied over or under
a white metal oxide glaze, though the chemical composition of the pigment would likely have varied
based on different workshop recipes and available raw materials [31].

Figure 5. (a) Sample GMS], fragment of vase in Malaga style, century. 1330-1370. (b) Sample C124,
fragment of bowl in Pula style with radial metopes, century 1380-1410. (c) Sample GMS6, fragment
of bowl of the crown series, century 1410-1425. (d) Sample GMS9, fragment of “ivy leaf” vase, century
1450-1480 [31].
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In the 19th century, with the Industrial Revolution, major strides were made in developing
vibrant synthetic pigments for commercial use, most notably Prussian blue [32]. The popularity of
synthetic pigments gave artists a much wider color palette to work within their art, along with
making painting a more portable activity. These changes played a major role in the rise of
impressionism, and synthetic pigments became staples in the palettes of painters such as Van Gogh
and Picasso [1]. Prussian blue was also useful in Japanese ukiyo-e woodprints in the 19th century as a
cheap alternative to the organic pigments they were using, sometimes being employed
simultaneously, allowing for more blue colors to be featured in their works [33]. In addition, the
recent discovery of chromium introduced an entirely new transition metal to use as a coloring agent,
which led to significant growth in new ceramic glaze colors and recipes (Figure 6) [11]. The
‘Manufacture de Sévres’, a prominent French porcelain factory, was a prime example of this sudden
growth, as the Sevres laboratory went on to develop 76 chromium oxide glazes in the 19th century,
comprising over half of the 138 pigments established in the laboratory [11].

Figure 6. (C) Porcelain slab composed of the porcelain decoration prepared on December 25th, 1896.
The reference of the sample appears on the back of the slab (not shown). (D) Vase de Chagny A (1899)
from the collection of the “Cité de la céramique”, MNC12652, dimensions: 120 cm (height), 55 cm
(diameter). ©RMN-Grand Palais [11].

2. Chemical Origin of Color in Ceramics with Transition Metal Complexes

Delving deeper into the theory behind the coloring of transition metal complexes acts as a basis
of knowledge that can be used to understand their color variability through various stages of
production. Although earlier review articles [1,8] have explored the origin of color attributed to
transition metal complexes, this review offers a distinct perspective by focusing on the role of
transitional metal d orbitals, selection rules, and ligand field effects. Within this context, two primary
mechanisms — d-orbital splitting and charge transfer — which encompass the energetics of the
complex's orbital systems, are examined in detail.

2.1. d-Orbital Splitting

Transition metals, not bound to any ligands, have electrons occupying 5 degenerate d-orbitals.
Yet this is altered when involving ligands in a coordination complex, causing some of their d-orbitals
to energetically shift and become nondegenerate [5]. This phenomenon, called d-orbital splitting, is
the most common coloration mechanism for transition metal complexes [34]. Consequently, valence
electrons can transition from lower energy d-orbitals to those of higher energy when subjected to
radiation [19]. When the energy difference between the split orbitals falls within the visible light
range of the electromagnetic spectrum, these electronic transitions manifest as vibrant and distinct
colors, complementary to the wavelengths of light absorbed [9].

The quantity of d-electrons as well as the nature, number, and geometric configuration of the
ligands encircling the metal ion influence the magnitude of the energy gaps between their orbitals
[19]. The electron density of the 5 d-orbitals is distributed along the axes for the dx2y2 and d orbitals,
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and between the axes for the dy-, dx, and dx orbitals [35]. Upon ligands binding to the metal, the
behavior of the two axial orbitals diverges from that of the three non-axial in an octahedral complex
(Figure 7) [35]. Orbital orientations allowing overlapping with ligands’ bonding orbitals are
energetically shifted relative to the non-bonding d-orbitals due to electrostatic repulsions of their like
negative charges [7,35]. Consequently, this leads to an energy disparity between the previously
degenerate orbitals. Since the orientation of ligands and coordination number can vary, the relative
energies of different d-orbitals can also change. Therefore, different complex geometries exhibit
characteristic magnitudes of energy discrepancies in their metallic or molecular orbitals [36] (Figure
8).
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Figure 7. Orbital energies relative to the orientations of the split 5 d-orbitals on cartesian axes [35].
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Figure 8. MO splitting of different complex geometries [36].

The higher symmetry of a transition metal complex can be disrupted, leading to a lower
symmetry configuration, as a result of Jahn-Teller distortions [37,38]. The Jahn-Teller effect dictates
that any non-linear molecule with a degenerate electronic ground state will experience a geometrical
distortion that resolves the degeneracy, as this distortion decreases the overall energy of the complex.
The theoretical basis of the Jahn-Teller effect lies in vibronic coupling, which represents a breakdown
of the Born-Oppenheimer approximation. A non-linear molecule with a degenerate ground state (the
degree of degeneracy depends on the ligand field strength and the number of d-electrons of a
transition metal ion) must break its symmetry to lower the molecule's energy via vibronic coupling
[37,38]. For instance, consider an octahedral Cu?* complex with a d? configuration, which
demonstrates a doubly-degenerate ground state when three electrons occupy the eg orbitals (Figure 1).
Octahedral Cu*complexes with On symmetry commonly undergo distortions, resulting in unequal
bond lengths. Specifically, the two axial bonds may either shorten or lengthen compared to the
equatorial bonds. This distortion reduces the molecular symmetry from On to Dan, primarily due to
the influence of the Jahn-Teller effect [37,38]. Therefore, in an open-shell octahedral complex with On
symmetry, the ez and tz orbitals undergo further splitting, resulting in four energy levels for the
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distorted complex with Dsn symmetry (either in elongated or compressed forms). Jahn-Teller
distortions are observable through various spectroscopic techniques. In UV-VIS absorption
spectroscopy, Jahn-Teller distortions lead to band splitting in the spectrum due to symmetry
reduction (from On to Dan) [37,38].

In the realm of d-d transitions in transition metal complexes, the Laporte selection rule
significantly influences the observed absorption spectra [3]. This rule dictates that transitions not
involving changes in parity (the symmetry concerning inversion through the center of symmetry)
would be forbidden [21,34]. Forbidden transitions, occurring between states with the same parity, are
notably weaker than allowed transitions between states with different parity, which is possible if the
transitions are intramolecular rather than intra-atomic [21]. In other words, electronic transitions
involving changes in the angular quantum number (e.g. AL=+1), from 0 or2 (sord)to1or 3 (p or
f), are favored more so than if the number was constant, for instance from 2 to 2 (d-d) (Figure 9)
[3,21,34,36]. However, any characteristic of the complex that would compromise its symmetry, like
the structure of ligands, complex geometry, and asymmetric sphere vibrations, relaxes this rule and
allows for complexes to conduct electron transfers with d-d splitting, which is the case for many
complexes. This is due in part to the mixing of d-p orbital character upon bonding with the ligands

as well [3,21].
(a)
photon
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Figure 9. Laporte a) allowed, b) forbidden cross-orbital transitions [3].

Additionally, alongside the Laporte selection rule, all electronic transitions must adhere to the
spin selection rule, which dictates that allowed transitions between electronic states must conserve
electron spin (AS=0). Any electronic transitions involving a change in spin multiplicity are forbidden.
For instance, in an octahedral half-filled d° high spin complex, transitioning from tzg orbitals to eg, is
prohibited due to the change in spin multiplicity (resulting in a non-zero AS). Consequently, such
transitions do not contribute to determining the intensity of the absorbed color [3,21].

2.2. Charge Transfer

Similarly, color can arise from the charge transfer within the orbitals of the metal center and
ligands rather than solely within the d-orbitals of the metal. This electronic transfer can be from the
metal to the ligand (MLCT) (Figure 10), the ligand to the metal (LMCT), or between metals of different
oxidation states called intervalence charge transfer (IVCT) [8,39,40]. LMCT transitions reduce the
metal center while MLCT causes its oxidation. For example, the purple color of the permanganate
ion (MnO*") is due to charge transfer originating from the filled oxygen p-orbitals to empty orbitals
from manganese (VII), making it an instance of LMCT [7]. Also, in Prussian blue, (Fes[Fe(CN)s]s), the
presence of alternating Fe?* and Fe® ions participate in IVCT [8].
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Figure 10. [llustration of MLCT in octahedral metal complex with 3 bidentate ligands [39].

This color is theoretically more favorable than those occurring in the d-orbitals of a single
metallic center [21]. Unlike d-orbital transitions, charge transfer transitions are allowed under the
Laporte selection, rendering these transitions inherently higher energy with absorption wavelengths
mainly in the UV range, yet they may extend into the visible range [3]. Additionally, charge transfer
transitions exhibit greater orbital overlap between the metal's orbitals and the ligand’s orbitals,
amplifying the strength of the transitions [21]. The covalent nature of charge transfer transitions,
indicative of bonding between the metal and ligands, results in enhanced orbital mixing compared
to the ionic bonding observed in d-orbital transitions, further contributing to their increased intensity
[3,21,34]. Though this phenomenon can occur concurrently with d-orbital transitions to produce the
overall reflected color of the complex, charge transfer does not require any of the d-orbitals to be
filled at all [41]. Charge transfer complexes are instead influenced by how the ligands and metal
interact, in terms of their electric fields, geometries, and quantities.

2.3. The Influence of Ligand Fields

When ligands bind to the metal center, they create an electric field around the metal ion, deemed
the ligand field, which arises from the distribution of electron density in the metal-ligand bonds
[6,42]. The strength of the ligand field, influenced by the ligands' nature (strong-field or weak-field)
[17], determines the intensity of the metal’s d-orbital splitting and/or degree of charge transfer
[20,43,44]. The energy differences between the molecular orbitals of the ligands and the valence d-
orbitals of the metallic center suggest the relative magnitude of the highest occupied and lowest
unoccupied molecular or d-orbital [16]. Such magnitudes of energy may lie in the visible light range,
with wavelengths complementary to the color reflected, therefore ligand fluctuation manifests in
color changes.

The spectrochemical series ranks ligands based on a qualitative measure of ligand strength,
which subsequently affects electronic transitions and the observed colors in transition metal
complexes [16,17,20,42]. Ligands are arranged in order from those causing the weakest d-orbital
splitting to those inducing larger splitting. Strong-field ligands lead to pronounced energetic splitting
in the central metal ion, resulting in the absorption of higher-energy violet or blue light. Conversely,
complexes with weak-field ligands typically absorb lower-energy wavelengths, such as yellow,
orange, or red light [17].

However, defining a single series to describe ligands across multiple metal complexes and
environments is nuanced, considering various factors influencing the degree of orbital splitting in
metallic centers beyond the ligand's identity alone. Ishii and Tsuboi [16] have sought to address these
discrepancies by proposing an adjusted spectrochemical series using advanced computational
methods, accounting for different metallic centers and environments. This revised series aims to
provide a more comprehensive understanding of ligand field effects (Figure 11) [16].
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Figure 11. 2D spectrochemical series demonstrating relative ligand field splitting of metal ions and

ligand combinations using the relative energies of the 3d orbitals of the metallic centers and molecular

orbitals of the ligands [16].

In terms of charge transfer, a ligand’s proclivity to either donate or accept m electrons is a key
factor in determining whether the metal and the ligands would participate in LMCT or MLCT [45].
The spectrochemical series goes in order of @ donors (i.e halides) to acceptors (i.e CO, CN-) [16].
LMCT is observed more with 7 donor ligands while MLCT tends to occur with 7 acceptor ligands
[45]. Therefore, the spectrochemical series is useful when discerning between these modes of charge
transfer.

The interplay between ligand field theory and coordination complexes manifests in captivating
ways, as demonstrated by various studies illustrating how ligand alterations dynamically shape the
colors and optical characteristics of coordination complexes across diverse chemical systems. A 2021
study by Hills-Kimball et al. revealed that carboxylic acid byproducts, generated from the
autoxidation process of linseed oil, interact with Cu? ions in the georgite pigment's complex
structure, resulting in a shift in the reflected wavelengths from blue to green. This color shift occurs
because "carboxylated copper complexes may slightly alter the d-d absorption band due to different
metal-ligand interactions" [13]. This phenomenon highlights the profound effect that changes in
ligand identities and geometries have on the energetic properties of metal d-orbitals

Substitutions of the metallic center can also result in the alteration of the reflected color. In the
2022 paper by Goga et. al, the color of the Coa-yNixCr20s pigments changed from blue to greenish-
blue as the concentration of Ni?* ions (x) increased in the CoCr204 spinel oxide matrix [46]. This color
change is attributed to the substitution of Ni* ions for Co?  ions in the spinel structure, altering the
metallic centers coordinated to O? in the matrix. As the concentration of Ni2?* increased, there was a
corresponding rise in the intensity and occurrence of charge transfer bands "assigned to a charge
transfer of Ni* cation" and "due to the d-d transition of Ni?* ions in the tetrahedral coordinated O*~
environment" [46]. This is because Ni* ions have a smaller radius than Co? ions and disrupt the
spinel structure, altering the crystal field splitting energies and thus the energies of electronic
transitions. The changing intensities of absorption bands with increasing Ni?* concentration correlate
to the observed systematic shift towards greener pigments. Adjusting the nickel content enabled
control over the color of the pigment, demonstrating the profound influence of ligand field theory on
the optical properties and color variations of coordination complexes in diverse systems [46].

Ligand geometry can significantly impact the color of complexation [47,48]. In a study conducted
by Ren et al., alcohol of varying concentrations was employed to observe differences in Co?* ions
coordinated in octahedral (pink) or tetrahedral (blue) environments [9]. Figure 12 illustrates the
solutions in descending order of alcohol-based octahedral Co complex concentration (pink). The
chemical equilibrium shifts towards producing more tetrahedral Co complex (blue) with increasing
propanol concentration, acting as ligands [9]. As discussed in section 2.1, different ligand geometries
coincide with varying bonding and nonbonding orbital interactions, thereby altering the energetic
properties of molecular orbitals, including the d-orbital splitting of the metallic center. This study
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underscores how ligands can influence the geometry (or coordination number) of transition metal
complexes, resulting in variations in orbital energies and, consequently, color.

Figure 12. Solutions in order of decreasing concentration of alcohol-based octahedral Co complex
(pink) as increasing the concentration of propanol, shifting the chemical equilibrium toward
producing more tetrahedral Co complex (blue) [9].

Beyond the influence of ligands and central transition metals, the surrounding environment of
transition metal complexes, such as alkaline earth counter ions (e.g., Ca?, Ba?*) in the crystal lattice,
appears to influence the color or energy splitting. For instance, the copper silicate pigments Egyptian
Blue (CaCuSisO1w0) and Han Blue (BaCuSisOw) share isomorphous structures, differing only in the
exchange of the alkaline earth metal ion (Ca?* and Ba?* as counter ions, respectively) [49]. Both feature
layered structures wherein (SiO) silicate squares form the framework, and they utilize the same
CuO4% chromophore as their coloring agent. The subtle variation in tonality between the two
pigments can be traced back to the slight difference in the Cu—O distance. Experimentally, there is a
0.36% reduction in the Cu-O distance observed from CaCuSisOw (R = 1.929 A) to BaCuSisO1o (R =
1.921 A) [2], which aligns with Density Functional Theory (DFT) calculations predicting a 359 cm-!
increase in E(z?) when the Cu-O distance shifts from 1.929 to 1.921 A. Consequently, the presence of
different counter ions (Ba* vs. Ca*) within the layered structures results in slightly different
surrounding environments for the transition metal complexes, leading to minor alterations in the Cu-
O bond length and the observed differences in tonalities between Egyptian Blue and Han Blue
[2,49,50].

3. The Impact of Processing Conditions on Complex Coloration

The creation of art objects typically involves multiple stages, each influenced by a unique set of
external factors that collectively shape the final appearance. The optical properties of transition metal
complexes are particularly sensitive to these factors, leading to variability in their appearance. As a
result, artists often refine their techniques through trial and error [51]. For artists seeking greater
control over their artwork's final appearance, incorporating these transition metal complexes while
comprehending the effects of various controllable processing conditions can be immensely beneficial.
Adopting a bottom-up approach to understand how processing conditions impact the color of
transition metal complexes is essential for rational design and improved control of materials or
artistic creations.

3.1. Temperature

Temperature plays a crucial role in influencing the coloration of final products involving
transition metal complexes as coloring agents. The creation of ceramic art pieces with colored glaze
coatings involves exposing the pieces to a range of temperatures that often exceed 1150 °C [19,52]. At
high temperatures, significant structural changes occur in ceramic glazes which can interact with
colorants, causing a change in appearance during the firing process. Examining the entire firing
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process is essential for exploring the interactions between colorants and glazes at intermediate stages
[19].

A study by Peng. et al investigated the impact of temperature on the hue of ceramic glazes with
transition metal pigments throughout the entire firing process [19]. The laboratory experiment was
designed to understand the underlying mechanism of color change as a function of the temperature
using a bottom-up approach, complementary to the previous top-down approach focusing on
historical objects or artifacts [1]. This sheds light on intermediate colorant-glaze interactions that are
beneficial for understanding and predicting glaze coloring upon exposure to varying temperatures,
and the results from this study can be applied to better-controlled glaze production for artists and a
deeper appreciation of ceramic glaze chemistry and aesthetics.

The study utilized two common colorants: black copper (II) oxide (CuO) and blue-green basic
copper carbonate (malachite, Cu2CO3(OH)2) as initial colorant materials. The experimental procedure
involved integrating these colorants into other raw glaze materials, which were subsequently applied
to a bisque disk to create four distinct glaze variants: one containing 1% CuO, another containing 1%
malachite, a third combining 1% CuO and 1% SiC, and a control mixture devoid of any colorant.
Initial observations at 550 °C revealed a darkening of the malachite-infused glaze, attributed to the
decomposition of malachite, Cu2COs3(OH)z, into CuO. By the time the temperature reached 850 °C, a
sintering phase of the glazes was evident, resulting in a light blue hue. This transformation occurred
below the glaze's melting point, suggesting that complete vitrification is not necessary to achieve
color in the glaze [19].

Following the elevation of temperature beyond 850 °C, the malachite, Cu2CO3(OH)2 and CuO
exhibited a uniform light blue coloration. Upon exceeding 1000 °C on the bisque disk, the glaze
without colorant turned transparent and colorless. Both the 1% malachite and 1% CuO glazes shared
a transparent, light blue appearance [19] (Figure 13). It was concluded that the colors of copper-
containing glazes are not due to the colorant in the physical mixture of the raw glaze but rather to a
change in overall glaze structure and transition metal complexation as the firing temperature
approaches and exceeds 850 °C. The increase in temperature and resulting vitrification of the glaze
prompt the coordination of the silica-alumina matrix to the metallic center of the colorant, adopting
modified geometries and therefore reflecting altered colors (Figure 13). Other than the color
transformations visible with the naked eye, the authors utilized various analytical techniques (which
will be discussed in Section 4, Methods of Investigation) at the microscopic scale to make this
conclusion [19].
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Figure 13. Depicts a sequence of images showing a glazed bisque disk at various stages: prior to firing,
and then post-firing at 250 °C, 550 °C, 850 °C, and finally at 1000 °C. The dots of glaze on the disk are
marked as follows: (1) without any colorant, (2) containing 1% malachite, (3) with a mix of 1% CuO
and 1% SiC, and (4) with 1% CuO alone [13].

Proposed mechanisms and timelines of the firing process for the "Robin's egg blue" glaze
variations, based on spectroscopy measurements, are illustrated in Figure 14 [19]. At room
temperature, CuO and malachite, represented by black and turquoise dots respectively, exist as a
physical mixture with other raw glaze materials (tan). As the kiln temperature rises, free water
particles and lattice-bound water evaporate, as depicted by the blue arrows. For the 1% malachite
glaze, by 550°C, malachite (turquoise dots) decomposes to CuO (black dots), producing CO: as a
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byproduct (green arrow). By 850°C, the presence of color due to Cu?* coordination suggests the
presence of a silica-alumina matrix (represented by the regularly ordered lattice structure), which
becomes more disordered as the glaze transforms into glass while maintaining the same local
structure with the same coordination around the Cu?* center ions. In the case of the 1% SiC/1% CuO
glaze, SiC (gray dots) remains unreacted until temperatures exceed 1000°C, when it reacts with CO2
to reduce Cu? to Cu+t, generating SiO:z as a byproduct (yellow dots). This study [19] underscores the
significance of employing a bottom-up approach to investigate the molecular mechanisms
underlying coloring in ceramics or other pigment production.

e = Cu0
= malachite
= sic 1% CuO 1% malachite 1% SiC/1% CuO
o = Sio,
25°C
250°C
550°C
850°C
1000°C(+)

Figure 14. Illustration of reaction mechanisms that occurred during the glaze firing process during
different temperatures in the study by Peng et al [19].

3.2. Redox Environment

In addition to temperature throughout the firing process, the end color of the glaze is also
affected by firing conditions and may vary based on whether the firing is performed in an oxidative
or reductive kiln. Kiln firings in environments with abundant oxygen concentrations promote
oxidative conditions, whereas environments with limited oxygen availability facilitate reductive
conditions [53,54]. Copper-based transition metal oxides are commonly used as colorants in ceramic
glazes because of their ability to produce a wide range of colors depending on the redox environment
[4,53-56]. More precisely, copper-based colorants usually exhibit blue and green colors during
oxidative firing conditions. Conversely, under reductive firing conditions, they induce red tones
through Cu*Ozand/or Cu® nanostructures [19,57-59].

This dichotomy was explored in the same study discussed previously by Peng et al. [19]. On top
of exploring the effect of temperature as discussed in section 3.1, the study also aimed to investigate
the effect of the redox environment on copper colorants in ceramic glazes. To do this, the authors
intentionally added silicon carbide (SiC) to a glaze with CuO to create copper reds in an oxidizing
atmosphere instead of the normal reduction kiln [19,53]. After being applied to a bisque and fired at
1000°C, the glaze turned to a light greenish-blue and appeared to include uniformly scattered reddish
areas (Figure 14). The authors hypothesized that the red color in the final glaze, achieved by using
SiC as a reducing agent during firing, originated differently compared to the blue color produced
under oxidative conditions. Specifically, SiC was used to reduce Cu? to Cu*! or Cu?, and the red color
could be from Cu20 (Cu*') or nanostructures [19,53,59-61].
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3.3. Raw Materials

The composition and properties of raw materials utilized in the creation of art objects
significantly influence the aesthetic characteristics. One of the most notable instances of this is Kaolin
clay, a finely granulated white clay commonly used in the production of paints and ceramics,
particularly in porcelain. It is primarily composed of the mineral kaolinite [Al2Si20s(OH)4], which is
favored for its white color and chemically inert properties [30]. From the beginning of the Yuan
through to the Qing Dynasty, kaolin was added to improve the whiteness and quality of porcelain
objects. Kaolinite clay, along with the diverse cobalt blue minerals, contributed to the distinctiveness
of Chinese porcelain (Figure 3) [62]. Small variations in kaolin composition have been observed to
affect the whiteness of the bodies it is added to. The main contaminants in commercial kaolin are iron
and titanium [63]. Impurities diminish the whiteness of kaolinite by incorporating within its layered
structure, substituting aluminum ions (Al*) with iron ions (Fe®*). This substitution disrupts the
crystal field symmetry, affecting the material's optical properties. The enhancement of kaolin's
whiteness in industry is achieved through a series of processing steps that include magnetic
separation to remove iron impurities and chemical treatment designed to reduce ferric iron (Fe®) to
a soluble ferrous (Fe?*) complex, facilitating its removal from the kaolin matrix [30].

Beyond the ceramic body, impurities can also influence the color of fired glazes. In the blue and
white Chinese porcelain depicted in Figure 3, the blue pigment originates from cobalt blue minerals
(Al2C00s), where Co?* is bonded to four equivalent O* atoms to form CoQO, tetrahedra that share
corners with twelve equivalent AlOg¢ octahedra. The cobalt blue mineral (Al2CoO4) exhibits its blue
color due to the tetrahedral Co? color center, consistent with observations from previous studies [9]
(Figure 12) discussed in section 3.3. Any contamination in raw materials, whether in Kaolin or cobalt
blue minerals, could lead to changes in color, explaining the varying shades of blue found in Chinese
blue and white porcelains. In the case of Egyptian Blue minerals, detailed analysis suggests that the
presence of contaminants within the reactants, notably sodium chloride (NaCl), iron (Fe), alongside
elevated concentrations of zinc (Zn) and calcium (Ca), is associated with the formation of greenish-
hued byproducts within the glazes of Egyptian Blue [64].

4. Methods of Investigation

Accurate characterization of complexation in transition metal complexes can be achieved
through a variety of research techniques. These investigative methods play a crucial role in
understanding the interactions between metal ions and ligands that govern the dynamic properties
of transition metal complexes. This section will particularly delve into two notable studies by Hills-
Kimball et al. and Peng et al. [13,19], which utilize a bottom-up approach with common techniques
for analyzing transition metal complexes as colorants and tracking their fluctuations in response to
changes in external conditions. Furthermore, this section will draw upon examples from other studies
to underscore the significant role of advanced analytical techniques including using synchrotron
radiation as a light source in chemical analysis.

4.1. UV-Vis Spectroscopy

UV-Vis spectroscopy is a widely used investigative technique for analyzing light absorbance of
colorants, distinguished by its non-invasive and cost-effective nature in contrast to chromatographic
methods. To gather the absorption spectra using UV-Vis spectroscopy, an incident beam of UV or
visible light passes through a sample and measures the absorbance of light at different wavelengths
[65]. Molecules absorb specific wavelengths of light due to the energy transitions of their electrons.
The absorption spectrum produced provides valuable information about the electronic structure of
the molecules in the sample. There are two modes of detection used in UV-visible measurements:
absorption, applicable to liquid samples where light can penetrate, and reflection, employed for solid
samples where light cannot penetrate. Fiber optic reflectance spectroscopy (FORS), a non-invasive
analytical technique capable of identifying certain types of colorants, is necessary for assessing the
reflective light from solid pigment samples [65]. The Reflectance data provide detailed insights into
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the wavelengths absorbed and reflected, attributed to d-d orbital splitting and charge transfer
interactions, facilitating precise analysis of transition metal complexes as they respond to changing
external conditions.

In the study by Hills-Kimball et al [13], UV-Vis Fiber Optic Reflectance Spectroscopy (FORS)
was used to quantify the color change of blue georgite pigment in linseed oil over time. Specifically,
the reflectance peak of the georgite and linseed oil paint red-shifted 89 nm (from 473 nm to 562 nm)
upon paint drying (Figure 15) [13]. The advantage of UV-Vis measurements over visual observation
is that UV-Vis spectroscopy can distinguish whether the color green arises from changes in
complexation or results from physically mixing separate yellow and blue pigments to create green.
UV-Vis data ruled out the possibility that the green color observed was due to the mixing of the blue
pigment of georgite with "yellowish " linseed oil; rather, it confirmed that the color change was
indeed caused by alterations in the complexes. This method of investigation provided accurate
reflectance data that showed how chemical interactions affected molecule absorption, setting the
stage for a thorough examination of the cause of these absorption changes using additional
techniques.

Reflectance (%)

400 600 800
Wavelength (nm)

Figure 15. The color of georgite pigment transformed after it was combined with a linseed oil binder
and allowed to dry. (A) Images of a mixture of georgite pigment with linseed oil on canvas right after
the paint was made. (B) Images of the same canvas spot four days later, with the paint dried, revealing
a shift in color from blue to dark green [13].

Peng et al. [19] also utilized the UV-Vis FORS technique on glaze samples which revealed that
increased temperatures led to a blue shift in reflectance peaks for 1% CuO and one with 1% CuO and
1% malachite glazes, indicating changes in their optical properties [19]. Additionally, for a glaze
containing 1% CuO + 1% SiC, the method identified dual reflectance peaks on a red spot in the glaze,
pointing to the coexistence of red and blue copper centers that occurred from the differing redox
environments.

Goga et al. utilized UV-Vis spectroscopy to observe the change in absorption spectra as the
concentration of Ni?* ions increased in the Co(1-x)NixCr204 (x =0, 0.25, 0.50, 0.75, 1) matrix [46]. Upon
gathering data for 4 solutions of each x value, a distinct trend correlating to Ni?** concentration was
the broadening and increasing intensity of the band at 350 nm, a relative decrease in absorbance from
747-700 nm, and an increase in visibility of bands at 750-760 nm and 820 nm. The band at 350 nm is
associated with charge transfer involving Ni?* while the bands at 750-760 nm and 820 nm derive from
the energetic transitions among split d-orbitals of Ni?* in a tetrahedral complex with O? ligands. The
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appearance of these peaks in the absorption spectra act as identifiers of the Ni** ions coordinated in
the spinal matrix while displaying a computational representation of the blue to blue-green color
shift [46].

4.2. X-ray Diffraction Spectroscopy

X-ray diffraction spectroscopy (XRD) is an analytical technique that can be employed to analyze
the structure and relative positions of molecules in crystalline materials. This nondestructively
measures the diffraction, or the constructive interference, resulting from the interaction of incident x-
ray beams with a sample to determine relative electron distance and therefore structure/crystallinity.
These constructive interferences occur in a diffraction pattern that contains information about the
spacing between planes of atoms [66]. A sample with an amorphous structure yields a weak or
unsubstantial signal, while a crystalline sample exhibits defined peaks in its spectra [67]. This
information can be used to grasp the relationship between a crystalline pigment sample’s color and
its structure.

In the same study by Hills-Kimball [13], XRD was utilized to identify changes in the degree of
crystallinity before and after adding a linseed oil binder [13]. XRD analysis revealed that the
synthesized blue pigment (georgite) is amorphous, unlike the crystalline form of malachite (Figure
16). Additionally, no changes in the degree of crystallinity of the amorphous blue pigment of georgite
were observed after mixing it with linseed oil, compared to their original states. Both malachite and
georgite-based paints maintained broad peaks typical of linseed oil in their XRD spectra, indicating
minimal alteration in their crystalline structure during the curing process. This XRD analysis led to
the conclusion that the transition of georgite from blue to green upon drying was not due to the
formation of the green-colored crystalline form of malachite. Instead, it suggested that the color
changes were likely attributable to chemical interactions at the molecular level, such as the formation
of new Cu?-carboxylate complexes, rather than changes in the crystal structure of the pigments.

A & =
~ <
= ™
i g~ N
Blue Base
o
3
©
N
=
7] iy ot e BES
= - o 8 o Green Base
g 8 g g3
1| = Q S8
28] ¢ -3
SI°
Comm. Malachite
— T

10 20 30 40 50 60

Figure 16. Comparison of XRD spectra for the synthesized blue base pigment (shown in blue) and
green base pigment (displayed in green) against that of commercial malachite (represented in black)
[13].

XRD also played a critical role in the study by Peng et al,, revealing phase transitions and
changes in crystallinity with varying firing temperatures [19]. As temperatures increased to 850°C,
XRD analysis confirmed the development of a silica-alumina matrix that alters the complexation of
the transition metal pigments in the ceramic glaze. This structural reorganization is crucial for the
emergence of the blue hue in copper-based glazes.
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4.3. Infrared and Raman Spectroscopy

To discover information about the specific chemical nature of translation metal complexes
throughout manufacturing processes, Infrared spectroscopy (IR) and Raman spectroscopy serve as
common investigative techniques. IR is a method that analyzes molecular vibrations and
transmittance. Broader peaks indicate weaker vibrations, suggesting a less organized structure [68].
Raman spectroscopy measures the energy shift of scattered photons caused by interactions with
vibrational modes, whereas IR spectroscopy identifies the absorption of infrared radiation associated
with molecular vibrations. Vibrations specific to the structure of certain pigments can be identified
and compared to signals of known structural characteristics [68].

Hills-Kimball et al. [13] employed Fourier-transform infrared (FTIR) spectroscopy to identify the
alteration of ligands bound responsible for the color change in copper-based colorants after curing in
linseed oil-based paint. Specifically, the carbonate asymmetric stretching peaks shifted, and
symmetric stretching peaks were split into two peaks (Figure 17A,B), indicating a change in the short-
range order of the georgite pigment upon incorporation into the paint. An additional Cu?-
carboxylate peak also emerged at ~1575 cm™ due to pigment interactions with the linseed oil binder.
Surprisingly, the FTIR spectrum for the malachite linseed oil-based paint matched the spectrum of
the georgite linseed-oil based paint (Figure 17E), indicating similar short-range order for both
pigments following paint curing, which is most likely responsible for the similar final green color of
the two paints. Since both pigments possessed the Cu?*-carboxylate vibrational peak, it is evident that
carboxylate acid moiety byproducts of the linseed oil autoxidation reaction are able to disrupt Cu?-
carbonate interactions in both pigments, forming Cu?-carboxylate complexes. This study
demonstrated that FTIR spectroscopy is highly sensitive to any changes in the local ligand
environment surrounding the transition metal ions in complexes.
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Figure 17. (A) The FTIR spectrum of the georgite pigment both before (light blue) and after (dark
blue) combination with the linseed oil binder alongside the spectrum of linseed oil (black). (B)

Enhanced section highlighted in blue in (A). (C)-(D) Enlarged images of areas highlighted in red in
(A) pre- (black) and post-incorporation (dark blue) into the georgite paint. (E) The FTIR spectra of the
georgite (dark blue) and malachite (green) linseed oil-based paints [13].

IR spectroscopy methods were instrumental in detecting Prussian Blue in a mixture with indigo

pigments in Japanese ukiyo-e woodprints from the 19th century, where other methods were
ineffective. Identified by the very specific and intense cyano stretching vibration v(C = N), Prussian
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blue would not have been detected without FTIR. In this case, IR spectroscopy contributed
significantly to the analysis and dating of the development of Prussian Blue’s implementation
globally [33].

Raman spectroscopy, complementary to FTIR, relies on the phenomenon of inelastic scattering
of photons, known as Raman scattering, to reveal information about the vibrational modes of
molecules or complexes. Widely used in art and industry, Raman spectroscopy is a non-destructive
chemical analysis technique that provides detailed insights into chemical structure, phase,
polymorph, crystallinity, and molecular interactions.

Raman spectroscopy stands out as one of the most powerful techniques for identifying ancient
pigments like Ultramarine Blue, Egyptian Blue, Han Blue, and Han Purple due to their characteristic
fingerprint patterns in the spectrum. Interestingly, variations in Raman spectra are observed between
samples of virtually pure Egyptian Blue from the crown of the Bust of Nefertete and from a sample
of fresco in the Monastery of Miistair, Switzerland [49]. Similarly, discrepancies are noted in Raman
spectra of Han Purple from samples obtained from the pigment layer of the Terracotta Army in Xian,
China, and frescoes from the tomb of Bin Wang [49]. These differences highlight the sensitivity of
Raman spectroscopy in identifying ancient blue pigments from different sources, attributed to
variations in microstructures such as phases and the degree of crystallinity, which may vary
depending on synthesis conditions.

4.4. Electron Paramagnetic Resonance

Electron Paramagnetic Resonance (EPR) is an analytic method that detects the spin of unpaired
electrons. When the imposed magnetic field matches the energy difference between the electron's
spin states, resonance occurs, and the electrons transition between spin states, absorbing energy from
the microwaves [69]. By measuring the absorption of this energy, information about the unpaired
electrons' environment, such as their quantity, spin state, and interactions with neighboring atoms or
molecules, can be obtained. In the context of transition metal complexes, EPR can be employed to
investigate the presence of paramagnetic species, potentially identify specific metal ions or radical
species, and discern structural changes around the metal center ions [69].

In the study by Peng et al, EPR data further confirmed that the new coordinated Cu? complexes
after firing at 850°C are formed due to the interaction with the glass matrix under high temperatures
[19]. The data specifically suggested that before the glaze became completely molten, Cu? was
already coordinated with the other glaze compounds as evidenced by the light blue color.
Additionally, EPR data also gave insight into the oxidation state of the copper center throughout
firing: the 1% malachite and 1% CuO glazes kept an oxidation state of Cu?* throughout the entire
firing process, indicating that no redox reactions occurred [19].

In the study conducted by Hills-Kimbal et al., EPR data provided evidence of changes in the
electron paramagnetic resonance of georgite pigment when it was mixed with linseed oil and allowed
to dry [13]. This observation suggests that there is an interaction between the linseed oil and the
copper centers within the pigments, impacting the metallic center’s d-orbital splitting. The EPR
spectra of the paints showed an anisotropic Cu?* signal, which points to the presence of a square-
planar Cu? molecular complex (Figure 18). This evidence suggests that carboxylic acid byproducts
produced during the autoxidation of linseed oil were effective in extracting Cu? ions from the
structure of georgite. Consequently, this process resulted in the formation of evenly dispersed Cu?*
molecular complexes within the paint, causing a color change [13].
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Figure 18. (A) displays the EPR spectrum of pure georgite with broadened peaks. (B) presents the
EPR spectrum of the georgite paint after curing. Included insets feature images of both georgite and
its paint counterpart [13].

EPR spectra techniques can also be used to control the quality of ceramic objects by detecting
impurities in clay. In a study by Bertolino et al, EPR was a powerful technique used to detect and
quantify iron included in between the structural layers of Kaolin, which had the greatest impact on
whiteness. The researchers determined that EPR is an effective method for tracking the elimination
of iron from kaolin throughout the various stages of its industrial processing [30].

4.5. Synchrotron Radiation (SR) Based Techniques

Synchrotron radiation (SR) generates intense light beams suitable for various spectroscopic
applications [70]. The high-intensity X-ray beams produced by SR surpass conventional high-
performance rotating anode X-ray tubes by 8 to 12 orders of magnitude, offering superior spectral
resolution and signal-to-noise ratio. Owing to its brightness, these X-ray beams can be focused to a
one-micrometer spot size while maintaining high photon fluxes (>10'° ph/s/mm?), enabling rapid
acquisition of diffraction patterns with exposure times of mere seconds. This capability facilitates the
swift investigation of microstructural features at multiple locations within a single object [71]. For
instance, employing SR-based high-resolution X-ray diffraction (XRD) analysis enabled the
identification of crystallographic phases within a minute quantity of Han purple pigment sourced
from a Terracotta soldier [71]. Chemical and phase mapping provided insights into the pigment's
synthesis process. Data from various measurements, including SR-based micro X-ray diffraction (u-
XRD), micro X-ray fluorescence (u-XRF), and Scanning Electron Microscopy (SEM) based Energy
Dispersive X-ray (EDX), demonstrated that Chinese Han Blue and Han Purple were produced
independently of Egyptian blue, despite their similar coordination numbers and center transition
metal ions. The primary evidence supporting this conclusion was the detection of lead oxide, a flux
used in Han purple production, whereas no lead was detected in Egyptian blue [71].

In addition to discerning the crystalline structure and morphology of pigments and identifying
elements, understanding the chemical environment surrounding transition metal center ions and
their interactions with ligands, as well as coordination numbers, is crucial for comprehending
pigment degradation, color mechanisms, and structure-property relationships in transition metal
complexes. SR-based X-ray absorption near edge structure (XANES) spectroscopy has proven
effective in probing the molecular environment, including oxidation states, coordination numbers,
site symmetry, and distortion, providing essential insights with chemical specificity [72]. Whereas
SR-based Extended X-ray absorption fine structure (EXAFS) analysis, performed by scanning X-ray
energy far beyond the absorption edge of interest, yields quantitative information on specific bond
distances between center ions and surrounding ligands, as well as coordination numbers, through
the analysis of constructive and destructive interference patterns between outgoing and
backscattered photoelectron waves [72]. Furthermore, SR-based micro-Fourier Transform Infrared
Spectroscopy (u-FTIR) can offer greater power than conventional laboratory-based techniques,
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enabling the measurement and mapping of small pigment quantities or large painting areas and
providing valuable insights into the interactions between transition metal ions and surrounding
ligands [70].

5. Future Perspective

The concepts and research methods outlined in this review article have numerous practical
applications. Advancements in understanding the color-producing mechanisms inherent in
transition metal complexes hold potential for aiding in the development of new pigment synthesis
routes, thereby offering a broader spectrum of options for manufacturers and consumers [73]. The
examination of interactions within transition metal complexes presents exciting opportunities for
discovering new phenomena, given the varied outcomes resulting from specific ligands and
conditions. Additionally, gaining precise insights into pigment and glaze matrix interactions during
firing can provide valuable information on further refining the final color of ceramics [19].

The bottom-up research approach discussed here could also benefit artists or individuals
interested in working with the vibrant colors offered by transition metals. Just as this research aids
in developing alternative pigments or methods for their creation in various applications [14,74], these
same pigments could be utilized to develop new paints or ceramic glazes. Gaining more knowledge
and control over ceramic glaze colors and impurities, and understanding how to consistently achieve
a desired color or effect, holds immense value. This heightened accuracy and control can lead to time
and material savings at a production level. From an artistic perspective, a deeper understanding of
kiln processes and pigment properties empowers artists to use their materials to create art that aligns
with their original intentions, allowing for more confident experimentation and the development of
new techniques or glazes.

Advanced computational methods, when paired with experimental techniques, play a crucial
role in utilizing a bottom-up approach to inform rational design and deepen our understanding of
the function of transition metal complexes in color formation. Higher-level computational techniques
become imperative for resolving disparities between experimental observations and theoretical
predictions.

For instance, recent computational investigations [2] have revealed that the d-d splitting energy
is not solely influenced by the ligand type and coordination number, but also by the configuration of
the internal electrostatic potential, denoted as VR(r). This potential is contingent upon the lattice
structures surrounding the transition metal complexes. By integrating the internal electrostatic
potential, VR(r), into computations, accurate predictions of absorption band energies for substances
like Egyptian blue become achievable [2].

Although similar calculations have not been conducted for Han Purple, it has been suggested
that differences in lattice network arrangement or VR(r) may result in changes in d-d splitting
energies, leading to the purple color observed in Han Purple. However, Han Purple synthesized
using ancient procedures did not exhibit a purple color but rather appeared dark blue. It was
proposed that the purple color observed in the terracotta warriors arises from the presence of red
impurities of copper(I) oxide, Cu20 (known as cuprite), generated by the decomposition of Han
Purple. This discrepancy between experimental results and theoretical predictions necessitates
further investigation to verify the findings and resolve inconsistencies. Therefore, future high-level
calculations, such as those involving the internal electrostatic potential, VR(r), are required to
reconcile experimental and theoretical results. The development of more advanced computational
methods will also aid in the rational design of novel materials by modifying the structure of the
insulating lattice in which a given chromophore resides.

Collaborative research among experimental and theoretical scientists, as well as artists or art
historians, employing a bottom-up approach, will advance our understanding of the origin of color
in various materials and facilitate the rational design of novel, less toxic, and cost-effective pigment
materials beneficial to artists and society at large. For instance, laboratory-synthesized Han blue,
obtained through a low-temperature hydrothermal reaction, exhibits intriguing magnetic properties
and quantum effects, making it useful not only as a pigment for artists but also as advanced functional
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materials, such as nanomaterials and optical sensors [25]. Similarly, the laboratory-synthesized
brilliant blue pigment YInMn blue, as demonstrated by Subramanian, represents another promising
example of future developments [36].

Efforts to develop environmentally sustainable colorants, such as the study by Goga et al., which
explored Nickel substitution as an alternative to Cobalt pigments, are critical for reducing reliance
on potentially toxic pigments [46]. These endeavors aim not only to enhance control over impurities
and refine color nuances but also to provide a bottom-up methodology for understanding the
molecular mechanisms underlying these vibrant colors. For instance, chromium, commonly used as
a pigment for pink or green colors in cookware, exists naturally as Chromium III or Chromium VI
ions, with the latter posing health risks upon ingestion. Thermal treatment can oxidize Chromium III
into Chromium VI, which can then be absorbed by the body, leading to adverse health effects.
Similarly, consumer exposure to cobalt pigments used in various applications, including cookware,
has been linked to health issues affecting multiple organ systems. Therefore, the bottom-up approach,
allowing for the rational design of safer pigments, is instrumental in developing safe pigments for
food and ceramic cookware.

6. Conclusion

This review employs a bottom-up scientific approach, integrating scientific inquiry, artistic
expression, and industry demands to explore the role of transition metal complexes in pigments
while discussing sources of variability in their appearances. The investigation unveils the molecular
origins of coloration, with a focus on d-orbital splitting and charge transfer mechanisms. Factors
influencing color, such as temperature, redox environment, and the nature and orientation of ligands,
are thoroughly examined, offering valuable insights for enhanced control during artistic or
manufacturing processes. Utilizing analytical methods such as UV-visible spectroscopy, X-ray
Diffraction, Infrared Spectroscopy, Electron Paramagnetic Resonance, and synchrotron radiation-
based spectroscopies provides crucial insights into the color-shifting phenomena observed in
transition metal complexes.

The knowledge gained from this exploration carries significant implications for art,
manufacturing, and materials science. It has the potential to lead to the development of novel
pigments and glazes that are both less toxic and cost-effective, benefiting artists and society at large.
Collaborative research among experimental and theoretical scientists, artists, and art historians,
employing a bottom-up approach, will further advance understanding of color origins and facilitate
the rational design of innovative pigments. From ancient ceramicists in China to contemporary
manufacturers and artists, users of transition metal complex pigments strive to ensure their products
achieve the desired colors. Thanks to the capabilities of modern analytical techniques and theoretical
knowledge, a wealth of new insights has emerged, allowing for a deeper understanding and
adherence to aesthetic intentions across diverse applications.
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