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Chromophores at different coordinations can give rise to different colors; usually, chromophores at non-
centrosymmetric coordinations are preferred for intense pigments. Different solid solutions Ms ,Co,M’O4 (M
= Mg/Zn, and M’ = Ti/Sn) with inverse spinel structure were synthesized with the goal of understanding color
variation with site distribution, as the chromophore Co?" in these solid solutions can occupy either the tetra-
hedral or octahedral sites or both depending on the composition. Another goal was to develop environmentally
friendly and cheap blue pigments by reducing the carcinogenic cobalt to obtain a similar color to that of
commercially available cobalt blue, which uses a significant amount of Co?" (33.31 % by mass). For Mgs.
xCoxTiOy4 series, turquoise blue hues were observed for low cobalt content, and different shades of blue were
observed for Mg».,Co,SnOy4 series with a color similar to cobalt blue, including just 4.90% of cobalt by mass.
While for Zny,Co,TiO4, and Znj.,CoxSnO4 series, different shades of brown and different shades of green,
respectively, were observed. One of the main reasons behind the major difference in color for the Mg and Zn
containing solid solutions, regardless of the same chromophore in the same structure is related to the chromo-
phore site distribution in the system. For the Mg-containing solid solutions, different shades of blue are observed
as Mg has no preference for any of the sites, Co?" mostly goes to tetrahedral sites. In contrast, for the Zn-
containing solid solutions, no blue shades were observed because of the strong preference of Zn for the tetra-
hedral sites owing to the sp® hybridization, which in turn forces Co?" to occupy the octahedral sites. Neutron
refinement proves that Co?* occupies mainly tetrahedral sites in the Mg-containing solid solutions and mostly
octahedral sites in the Zn-containing solid solutions.

1. Introduction

Rationally creating an intense colorant has been a challenge for
centuries [1]. The origin of color in gemstones and minerals has been
extensively studied [2-4]. Still, it is difficult to predict the color in solids
simply by any one of the known chemical and physical mechanisms
which are responsible for observed colors [1].

Compared to dyes, inorganic pigments are promising because of their
durability in different environments [5,6]. The current approaches to
predict color in new inorganic materials transcend the conventional
attribution of colors to certain elements in the solid (greenish blue colors
to copper, deep blue to cobalt, red to lead or cadmium, or green to
chromium or nickel), which can often be incorrect [7]. Instead, in
Prussian blue, cobalt blue, and YInMn blue, the blue color comes from
different chromophores in different coordinations. For intense pigments,
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chromophores at non-centrosymmetric coordinations are preferred,
such as tetrahedral, trigonal bipyramidal, etc. In some cases, the same
chromophore in different structures (for example, Cr>" in ruby and
emerald [2]) or the same chromophore in the same structure at different
coordinations can give rise to different colors.

Currently, there is an ongoing quest for a blue pigment that is non-
toxic, durable, and cheap [8]. Making a blue pigment has always
required either hard work or a stroke of luck [9]. The first blue material
discovered was lapis lazuli about 6000 years ago [9]. The problem with
lapis lazuli was its cost. In 1706, a German dye maker, John Jacob
Diesbach, accidently made Prussian blue (Fe4[Fe(CN)gls) [9]. In 1802,
pure cobalt blue pigment (CoAl,04) was synthesized by a French
chemist, although mixtures containing cobalt blue had previously been
used in Chinese porcelain [10,11]. After 200 years, YInMn blue was
accidently discovered while searching for magnetodielectric materials,
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sparking a renewed worldwide interest in pigment discovery [9,12].
Most of these compounds suffer from toxicity, stability, color, or cost
issues [9,13]. Out of all CoAly04, emerged as a dominant commercial
blue pigment for the past 200 years; its color is attributed to the d-d
transition of tetrahedral Co®" [14]. CoAl04 crystallizes in the normal
spinel structure. Spinels are one of the fascinating structures, with the
general formula AM>04 [15]. They generally crystallize in a cubic lattice
with space group Fd 3 m (Fig. 1). It is known for showing many different
properties and has been widely used as a host for pigments and inter-
esting or unusual magnetic behavior [16,17]. It crystallizes in two
forms, normal and inverse; in both forms, oxygen occupies the cubic
close packing while cations occupy the tetrahedral, and octahedral sites;
the only difference between them is the distribution of cations; for the
normal spinel structure AM>04, A occupies the tetrahedral site while M
occupies only the octahedral site, whereas, for the inverse spinel struc-
ture, AM04 (M(AM)O4) A occupies the octahedral site while M occupies
both sites [15], which makes the inverse spinel structure worthy of
investigation for understanding the site distribution with color, and also
for obtaining intense pigments with tunable hues, since any substituted
ions at the M site can occupy either or both of the sites (Fig. 1).

We have investigated the solid solutions My.,CoxM'O4 (M = Mg/Zn,
M’ = Ti/Sn) with inverse spinel structure with the goal to do a sys-
tematic study on how the site distribution affects the color and with
another goal to develop environmentally friendly and cheap blue pig-
ments by reducing the carcinogenic cobalt to get a similar color to
commercially available cobalt blue which uses a considerable amount of
carcinogenic Co?*. We have found that the Mg-containing solid solu-
tions shows various shades of turquoise blue (Mgs.,CoxTiO4), and blue

Fig. 1. Schematic of the Unit Cell of Inverse Spinel Structure (AM,Og4:
[M] T3 [AM] ©°**0,). AQg is shown by green polyhedra, MO4 and MOg are
shown by blue polyhedra.
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(Mg2.xCo,Sn0y4), while for the Zn-containing solid solutions brown (Zny.
«C0xTi04), and green (Zny,CoxSnO4) shades were observed. No blue
shades were obtained for the Zn-containing solid solutions despite the
presence of Co?" in the system, which is mainly due to the presence of
the majority of chromophores at the octahedral sites.

2. Experimental

Stoichiometric amounts of MgO (CERAC, 99.5%), ZnO (Aldrich,
99.99%), TiO5 (Aldrich, 99.9%), SnO (Sigma-Aldrich, 99.9%), and CoO
(Alfa, 95%) were ground in an agate mortar, pressed into pellets, and
heated between 1273 and 1573 K for 12 h. Intermittent grinding and
reheating were performed to ensure sample purity and homogeneity.
Compositions for the formula Mgy ,Co,TiO4, Zny,Co,TiO4, Mgo
+C0,Sn04, and Zny ,Co,SnO4 were x = 0.0 to 2.0. Phase purity and unit
cell parameters were determined by powder XRD on a bench-top Rigaku
Miniflex IT powder diffractometer with Cu Ko radiation and a graphite
monochromator. Time-of-flight neutron diffraction data were collected
for Mgs.xCo,TiO4 (x = 1.5, 2.0), Mgy,CoxSnO4 (x = 1.5, 2.0), Zny.
«CoxTiO4 (x = 0.8, 1.5), and Zn,,Co,SnO4 (x = 0.8, 1.5) at the Oak
Ridge National Laboratory (ORNL) Spallation Neutron Source (SNS)
POWGEN beamline to investigate chemical composition and site dis-
tribution. Initial structures were refined using GSAS II software [18].
Magnetic measurements (2-350 K) of selected solid solutions from all
four series were obtained using a Quantum Design MPMS [19]. Diffuse
reflectance data (up to 2500 nm) were collected using a Jasco V-670
spectrophotometer and converted to absorbance using the
Kubelka-Munk equation [20]. A Konica Minolta CM-700d spectropho-
tometer (standard illuminant D65) was used to measure the L*, a*, b*
color coordinates [21]. Selected samples of Mgz ,C0,TiO4, Zng ,Coy.
TiO4, Mgs ,C0,SnOy4, and Zny ,Co,SnO4 were stirred in 50% HNO3 (aq.)
and 1 M NaOH for 4 h and dried, and their color properties and phase
purity were determined via XRD to determine acid and base resistance.

3. Results and discussion

Co?' substitution was attempted at the M site in various Mo.
+CoxM’O4 (M = Mg/Zn, M’ = Ti/Sn) inverse spinel systems. Phase pure
samples were obtained for all solid solutions from (x = 0.0 to 2.0)
(Fig. S1). Representative colors of the powdered samples are shown in
Fig. 2. For the Mgy ,Co,TiO4 (x = 0.0-2.0) solid solution, the color
changes from white (x = 0.0) to turquoise blue shades to green shades
with increasing x. While for Mg, ,Co,SnOj4, the color evolves from white
to light blue and gradually changes to dark blue and finally to green
shades with increasing cobalt content. In the case of Zn-containing solid
solutions, no blue hues were observed. The color of the Zn,.,Co,TiO4
solid solution varies from white to brown to green with increasing x. The
Zn3.,Co,SnO4 solid solution shows different shades of green, evolving
from light green to darker green shades with increasing x. The different
shades of color observed in Mgy ,CoxM'O4 and Zny,CoxM'O4 (M’ =
Ti**/Sn*") solid solutions are apparently due to the difference in the
Co-O bond distances arising from different ionic radii of Ti** (0.605 A)
and Sn** (0.69 A) in octahedral coordination.

Magnetic measurements were performed on the selected Ma.
«CoxM’O4 (M = Mg/Zn, M’ = Ti/Sn) inverse spinel systems to verify the
oxidation state of cobalt ion. Temperature dependence of magnetic
susceptibility ()) is given in Fig. 3 (a). Using the slope and intercept of
the high temperature linear region (150-350 K) of inverse magnetic
susceptibility (1/y) vs. temperature plot (Fig. 3 (b), Fig. S2), Curie
constants (C) and Weiss constants () are determined (Table S1) All the
magnetic measurements indicated the antiferromagnetic behavior in the
low temperature region, with the Néel temperature (Ty) varying in the
range of 2-44 K (Table S1). The resulting magnetic moments are higher
than the expected spin-only values for a high-spin d’ electron configu-
ration (Table 1). However, Co** commonly has much higher measured
magnetic moments due to the contribution of both spin (S) and orbital
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Fig. 2. Images of selected M5.,Co,M’'O4 (M = Mg/Zn, M’ = Ti/Sn) compounds.
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Fig. 3. (a) Magnetic susceptibility, and (b) Inverse magnetic susceptibility of MCoM'O4 (M = Mg/Zn, M’ =

1072 A m? (SI units).

Table 1

Temperature (K)

Ti/Sn) as a function of temperature. 1 emu (cgs units) =

Calculated spin-only, experimental, and expected magnetic moments for high spin Co>* (d”) (M,.,Co,M’O, (M = Mg/Zn, M’ = Ti/Sn).

Hexp/B.M. (Experimental) ps + 1./B.M. (Expected)

Composition ps/B.M. (spin only)
Mg .6C00.4TiO4 3.87
Mg1.0C01,0TiO4 3.87
Mgo.5C01.5TiO4 3.87
C0,TiO4 3.87
Zn; 5C00 sTiO4 3.87
Zn1,0C01,0TiO4 3.87
Mg1.9C00.15n04 3.87
Mg1.5C00.55104 3.87
Mg1.0C01,05n04 3.87
C04Sn0,4 3.87
Zn;,9C00.15Sn04 3.87
Zn; 5C00,55n04 3.87
Zn; 0Co1,0Sn04 3.87

5.12 4.20-5.20
5.20 4.20-5.20
4.98 4.20-5.20
5.09 4.20-5.20
5.01 4.20-5.20
5.01 4.20-5.20
4.71 4.20-5.20
4.78 4.20-5.20
4.84 4.20-5.20
5.04 4.20-5.20
4.93 4.20-5.20
5.10 4.20-5.20
4.93 4.20-5.20

(L), resulting in moments ranging from 4.20 to 5.20 pg [22,23]. Mag-
netic data is consistent with the interpretation that cobalt is present in
the divalent state in all these phases.

Neutron structure refinements confirm that the synthesized phases
are stoichiometric with no observable oxygen vacancies. In addition,
bond valence sum (BVS) calculations confirm the presence of cobalt in
the divalent state. The addition of Co®" to the Mg2.,Co,TiO4 increases

the unit cell parameters owing to the increased size of Co?* over Mg?* at
both tetrahedral and octahedral sites, while for Zny,Co,TiO4, the
addition of Co?" decreases the unit cell parameters this might be due to
the different order of sizes for Co®" and Zn?" at both sites (Zn®" has a
higher ionic radius than Co?* at tetrahedral sites, whereas Zn>* has a
lower ionic radius than Co' at octahedral sites), (Fig. 4a, Table S2)
[24]. M5.,Co,SnO4 where M = Mg/Zn solid solutions follow the same
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Fig. 4. (a) Lattice parameter evolution with Co?" substitution in M;.,Co,TiO4 (M = Mg/Zn) and (b) neutron Rietveld refinement of Zng5Co; sTiO4.
Table 2

Summary of Unit Cell and Occupancy Results by Rietveld Refinement of M5.,Co,M'O4 (M = Mg/Zn, M’ = Ti/Sn). The refined formula is mentioned in the SI section
(S3-59).

Mgo.5C01 5TiO4 Zn; 5Cop gTiO4 Znp 5Co; 5TiO4 Mgo.5C01.55n04 Zn; 5C00 gSNO4 Zn 5Co;1 5Sn04
wRp(%) 3.85 3.31 2.64 7.38 4.05 4.98
a(A) 8.4478(1) 8.4515(1) 8.4506(1) 8.6473(1) 8.6524(1) 8.6523(1)
Mg(Tq) 0.118(5) 0.131(5)
Mg(On) 0.197(1) 0.157(1)
Co(Tq) 0.882(5) 0.005(7) 0.501(6) 0.869(5) 0.075(8) 0.51(1)
Co(Op) 0.299(1) 0.450(1) 0.459(1) 0.333(1) 0.358(6) 0.491(7)
Ti(Op) 0.504(1) 0.499(2) 0.520(2)
Sn(Op) 0.510(1) 0.5 0.5
Zn(Tq) 0.995(7) 0.499(6) 0.925(8) 0.49(1)
Zn(Oy) 0.051(1) 0.021(1) 0.142(6) 0.009(7)

Table 3

L*a*b* color coordinates of Mg, ,Co,SnO,4 samples Compared to other well-known blue compounds.
Composition % mass Co L* a* b*
CoAl,04" 33.31 43.51 —4.46 —44.39
lapis lazuli stone 30.06 7.51 —24.21
Mg1.6C00.2Sn0;4 4.95 44.29 -10.32 —33.53
Mg1.6C00.4Sn04 9.61 36.36 —-10.43 -30
Mg 4C00,65n04 14.03 29.91 -11.17 —25.12
Mg1.6C00.25n0,4~HNO3" 4.95 44.56 -10.43 —33.42
Mg;.8C00.2Sn04-NaOH b 4.95 44.39 -10.35 —33.50

@ Sample from Shepherd Color Company.
b Data collected after stirring samples in 50% HNOj (aq.) or 1 M NaOH.
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Fig. 5. Images of CoAl,04 and other selected compounds of Mgs.,C0,SnOy.
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Fig. 6. XRD patterns for as-synthesized Mg; gCooSn0O4 and after acid/
base tests.

order as titanium-containing series. The lattice parameters calculated
from the neutron data are in good agreement with the X-ray data.

The Zn-containing solid solutions show no blue coloration for both
the Ti and Sn containing series; this originates from the strong site
preference of Co?* substitution, affirmed by structural analysis of
neutron diffraction data of Mgy,Co,TiO4 (x = 1.5) (Fig. S3), Mgs.
+C0,Sn04 (x = 1.5), Zny,CoxTiO4 (x = 0.8, 1.5) (Fig. 4b), and Zn,.
xC0xSnO4 (x = 0.8, 1.5). Neutron structure analysis reveals that nearly
60% of Co®" is in the tetrahedral site for Mg 5Co1.5TiO4 and
Mg 5Co1.5Sn04, whereas 1.25, 8.85, 35, and 34% of Co?* are in the
tetrahedral site for Zn; 2Cog.gTiO4, Znj 2C00 gSn04, Zng 5Co1 5TiO4, and
Zng 5Co1 55004 respectively (Table 2, $3-9).

The Co?* ion shows a preference for tetrahedral coordination in Mg-
containing solid solutions, even though the crystal field stabilization
energy for octahedral Co®" is higher. This may be because the d’ elec-
tron configuration of Co?* favors a weak Jahn—Teller distortion in
octahedral coordination, which is not available in these particular
structures [8]. In contrast, for Zn-containing solid solutions, the strong
preference of Zn for tetrahedral coordination due to sp® hybridization
dominates over the other factor, forcing the Co?* ion into octahedral
coordination.

The color of these materials has been evaluated using CIE L*a*b*
color space. It is a three-dimensional color model where L*a*b* uses
three primary numbers to quantify the brightness (L*), green-red (a*),
and blue-yellow (b*) values (Fig. S4). Higher L* values are the result of
brighter colors with higher light reflectivity. Positive a* values corre-
spond to more red coloration, while more negative b* values are more
blue [21]. Mgy,Co0,SnO4 spinel blue pigments with tunable hue give
intense negative b* blue competing with that of CoAl;04 (Table 3)

(Fig. 5). This tunability is rare in blue pigments and shows that these
spinel pigments can be used as a versatile pigment with multiple hues to
suit various needs (Fig. 5) [25,26].

To check the stability of Mgy ,CoxSnO4 blue spinel samples under
rigid acidic and basic conditions, a series of experiments were per-
formed. The Mg; gCop 2SnO4 composition was chosen for acid and base
stability tests. Specimens of Mg; gCog oSn0O4 were stirred in either 50%
HNOj3 (aq.) or 1 M NaOH for 4 h, filtered, and examined via L*a*b* color
measurements and X-ray diffraction (XRD). XRD patterns (Fig. 6) show
no change in structure, and L*a*b* measurements reveal no change in
color. This is consistent with other solid solutions in the series Mgy
+«C0,Sn0Oy4, which have high acid/base stability, and therefore, we
believe that they are stable in most pH environments.

Neutron structure analysis reveals that Co®* occupies both sites but
preferentially tetrahedral sites in Mg-containing solid solutions and
octahedral sites in Zn-containing solid solutions. The origin of color in
all solid solutions is attributed to the d-d transition of tetrahedral and
octahedral Co®*. The spectroscopy of Co?" in tetrahedral and octahedral
coordination of oxides has been well studied. Co?" in both tetrahedra
and octahedra gives rise to three high-intensity peaks. One peak appears
in the visible region (~650 nm), and the other two appear in the NIR
region (~1400 nm and ~ 1600 nm). The peak around 650 nm in the
visible region splits and has been explained by spin-orbit interactions of
the d’ ions [27]. Despite having the same number of peaks in both
tetrahedra and octahedra, the spectra can be differentiated as Co" gives
more distinct peaks in tetrahedra than in octahedra due to relaxation in
the orbital selection rule. For Mg-containing solid solutions, when x is
less than 1, peaks are sharp as x becomes greater than 1, peaks become
more diffuse, indicating the presence of more Co?" occupying octahe-
dral sites (Fig. 7a), the opposite is observed for Zn-containing solid so-
lution as x increases peaks become more distinct as Co?* starts to occupy
more of the tetrahedral sites (Fig. 7b). For CoTiO4 and Co2SnO4, no
distinct peaks are observed, although Co?" is present at both sites; this
might be due to broadening caused by relatively small shifting in Co**
peaks for tetrahedral and octahedral sites (Fig. 7a and b).

The strong absorption in the UV region in all solid solutions results
from charge transfer between metal and oxygen.

Lastly, we investigated the usefulness of Mg, ,C0,SnO4 blue pig-
ments as a near-infrared (NIR) reflective material. NIR reflectivity is a
property necessary for compounds to be used as energy-saving heat
reflection colorants (“cool pigments™”) and is the subject of increasing
interest [28]. Current blue pigments containing cobalt, such as CoAl;04,
have very low NIR reflectivity. This is due to two d—d transitions for
tetrahedral C02+, 4A2(4F)-4T2(4F) at 1400 nm and 4A2(4F)-4T1(4F) at
1600 nm [29]. The high concentration of Co?tin CoAl,04 gives a large
absorption in the NIR region. Thus, most Co>" containing compounds
have very low NIR reflectivity, making them unsuitable for
energy-saving coatings. The spinel blues (e.g., Mgj sCo ¢.2Sn04) show an
increase in NIR reflectivity by as much as 100% between 1200 and 1600
nm and around 12.50% increase between 800 and 1000 nm while still
maintaining the intense blue color (Fig. 8).
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Fig. 7. (a) UV-Vis absorbance spectra of Mg,,Co,M’O4 (M’ = Ti/Sn) (b) UV-Vis absorbance of Zn, ,Co,M’O4 (M’ = Ti/Sn) series.
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Fig. 8. NIR reflectance of Mg; §Cop 2Sn0O4, Commercial Co blue (CoAl,04) was
measured for comparison.

4. Conclusions

From prehistoric times, colored pigments have played an essential
role in human civilization as they are one of the means of giving color to
matter. Rationally creating an intense colorant has been a challenge for

centuries [1]. The current approaches to predicting color in new mate-
rials transcend the conventional attribution of colors to certain elements
in the solid, which can often be incorrect [7].

In this study, we have shown the impact of coordination on color,
where the same chromophore at different coordinations in the same
structure can give rise to entirely different colors. By controlling site
distribution in the system, we can design different intense pigments.
Also, we have successfully created intense blue pigments with L*a*b*
values similar to commercially available cobalt blue with a substantial
reduction of carcinogenic cobalt from 33% to 4.9% by mass using Mgs.
+C0,Sn04 solid solution. It can also be used in polymer-based coatings
due to its strong absorption in the UV region [30]. The pigments are
stable in both acidic and basic environments, with no change in struc-
ture or color after treatment. This is comparable to the durability of both
cobalt blue and YInMn blue.
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