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MATERALS WITH TRGONAL 
BIPYRAMDAL COORONATION AND 
METHODS OF MAKING THE SAME 

CROSS REFERENCE TO RELATED 
APPLICATION 

This application claims the benefit of the earlier filing date 
of U.S. Provisional Application No. 61/268,479, filed Jun. 11, 
2009, which is incorporated herein by reference in its entirety. 

ACKNOWLEDGMENT OF GOVERNMENT 
SUPPORT 

This invention was made with government Support under 
DMR0804167 awarded by National Science Foundation. The 
government has certain rights in the invention. 

FIELD 

This invention relates to the synthesis and use of novel 
materials, particularly chromophoric materials, such as mate 
rials useful for coloring paints, inks, including printing inks, 
plastics, glasses, ceramic products and decorative cosmetic 
preparations. 

BACKGROUND 

The development of the first known synthetic blue pig 
ment, Egyptian blue (CaCuSiO), is believed to have been 
patronized by the Egyptian pharaohs, who promoted the 
advancement of pigment technologies for use in the arts. The 
Subsequent quest for blue pigments has a history linked with 
powerful civilizations, such as the Han Chinese Han blue 
(BaCuSiO) and the Maya Maya blue (indigo intercalated 
in magnesium aluminosilicate clays). Currently used blue 
inorganic pigments include cobalt blue (CoAlO4), ultrama 
rine (NazAlSiOS), Prussian blue (FeFe(CN)), and 
aZurite (Cu(CO)2(OH)2). 

All of these pigments, however, suffer from environmental 
and/or durability issues. Cobalt is considered to be highly 
toxic. Ultramarine and azurite are not stable with respect to 
heat and acidic conditions. Additionally, ultramarine manu 
facture produces a large amount of SO2 emissions. Prussian 
blue liberates HCN under mild acidic conditions. Hence, 
there is a need for inorganic pigments, particularly intensely 
blue inorganic pigments, which are environmentally benign, 
earth-abundant and durable. 

SUMMARY 

Embodiments of compositions comprising materials, and 
embodiments of a method for making the materials, are dis 
closed. Embodiments of the disclosed material are chro 
mophoric. Embodiments of the disclosed materials satisfy the 
general formula AM-M', M"O, where A is Sc.Y.Gd, Tb, 
Dy, Ho, Er, Tm, Yb, Lu, Al, Zn, In, Ga., Ti, Sn, Fe, Mg, or a 
combination thereof; M is Sc, Y, Gd, Tb, Dy, Ho, Er, Tm, Yb, 
Lu, Al, Zn, In, Ga., Ti, Sn, Fe, Mg, or a combination thereof, 
or M is a 1:1 mixture of M and M cations where M is Zn, 
Mg, Cu, or a combination thereof, and M is Ti, Sn, or a 
combination thereof; M' is Mn, Fe, Al, Ga, In, or a combina 
tion thereof; M" is Mg., Zn, Cu, or a combination thereof: X is 
greater than 0.0 but less than or equal to 0.8; y is an integer 
from 0 to 15. In certain embodiments, at least one of MandM' 
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2 
comprises Al. Ga, or In. In particular embodiments, when 
y=0, M' is Mn and A is Y, Gd, Tb, Dy, Ho, Er, Tm, Yb, or Lu, 
then M is not Al. 

In some embodiments, M' is a +3 cation and at least some 
of the M" cations are bound to oxygen in a trigonal bipyra 
midal coordination as MOs. In certain embodiments, M is a 
+3 cation, and at least some of the M" cations are bound to 
oxygen in trigonal bipyramidal coordination as MOs. In par 
ticular embodiments, M' is Mn, and Mn is bonded to oxygen 
with an apical Min-O bond length of 1.80 A to 1.95 A. 

In some embodiments, M' is Mn and the material satisfies 
the general formula AM,Mn, M"Os. In certain embodi 
ments, A is Lu, M is Ga, M' is Mn, and the material satisfies 
the general formula Luga-Mn, M"O. 

In some embodiments, Mis Al, M' is Mn, and the material 
further includes carbonate. Such materials satisfy the formula 
AAl-MnO,(CO) where Z is greater than 0.0 and less 
than or equal to 1.0. 

In some embodiments, M' is Mn, y is 0, and the material 
satisfies the general formula AM MnOs. In certain 
embodiments, M is In and the material satisfies the formula 
YIn MnO. In particular embodiments, the YIn MnO. 
material has a Surprisingly intense blue color. 

In some embodiments, y is 0 and the material satisfies the 
formula AMMO. Such materials form crystal structures 
having hexagonal layers comprising MOs and M'Os trigonal 
bipyramids alternating with layers of A cations. In certain 
embodiments, the crystal structure has a unit cell wherein 
edge a has a length of 3.50-3.70 A and edge chas a length of 
10-13 A. In other embodiments, the crystal structure has a 
larger unit cell wherein edge a has a length of 5.5-7.0 A and 
edge c has a length of 10-13 A. 

Exemplary chromophoric materials satisfying the formula 
AM-M', M"Os include YIn, MnO, DyIn, MnO, 
Hon MnO, Erin MnO, YFe. In O. Lucia 
Mn, MgO, ScAl-Mn ZnO, ScAl-Min, MgO, InGa 
Mn, ZnO, InGa Mn MgO, ScGaMnznO, ScGa 
Mn, MgO, Lucja Mn ZnO, Lucja Mn, MgO, Luga 
Mn, ZnOs, Y(Cu,Ti). AlOs, Y(Cu,Ti) GaO, Y(Cu, 
Ti). In O.Y(Cu,Ti) Fe, O.Yb(Cu,Ti)MnO, Lu(Cu, 
Ti)MnO, Y(Fe. In)MnO, Y(Mn.In). FeO. (YEu) 
Mn. In O, InCIn,Ga), Mn, MgO, and Y(Ga, In), M 
in Os. 

In particular, exemplary chromophoric materials include 
YInolos Mnoos Cs. YInoo Mino. O. YInoss Mnois0s, 
YInos Mino O. YIno. 7s Mno.25 Os. YIno, Mno. O. 
YInoss MnossOs. YIno, MnO, YInoissMino-450s, 
YInos Minos.O. YIno.2s Mino. 7s Os. YIno, MnooC). 
DyInoo, MnO, DyInos Mn2O. DyIno, MnO, 
DyIno, Mino Os. DyInos Minos.O. DyInoa Mino O. 
DyIno, Mno,Os. DyIno, MnosO. Honoo Mino. O. 
HoInosMino Os. Hono, Mino O. Honos Minos.O. 
Hono. Mino, O. Hono-MinosC). Hono, MnooC), 
Erno Mino. O. Erns Muo. O. Erns Mino O. 
Erno 2MnosOs, YAlo. Cuo.4sTio.450s, 
YGao Cuo.4sTio.450s, YIno. Cuo.4sTio.450s. 
YFeo. Cuo.4sTio.450s. YFeo.2Cuo-Tio-Os. 
YMino CuoasTio.asCs. YMno.2Cuo-Tio-Os. 
YMno CuossTiossOs. YMino-4CuosTio.30s. 
YMnosCuo.2sTio 250s. YMnogCuo.2Tio.2O3, 
YMno,Cuois Tios Cs. YMinos Cuo. Tio O. 
YMnooCuoiosTiolos Os. LuMnos Cuo.2sTio.2sOs. 
YbMnos CuosTios Os. YGao. Inos Mino. Os. 
YGao. Ino.7Mino.2O3, YGao. Inoo, Mno. Os. 
YFeo. InosMino. O. YFeo. Ino, Mno. O. 
YFeo. Ino. Mino. Os. YFeo. Ino, Mino O. 
YFeo.2 Ino. Mino.2O3, YFeo. Inos Mino.2O3, 



YFeo. Ino. Minoa Os. 
YFeo Ino-Mino Os. 
YFeo.2 Ino-Mino-Os. YFeo. Inos Mino-Os. 

US 8,282,728 B2 

YFeo.2 Inos MinoaCs. 
YFeo. Inos Mino-Os. 

YFeo. Ino.oOs. 
YFeo.2 InosCs, YFeo. Ino.70s, YFeo.7Ino. Os, YFeos Ino.2O3, 
YFeoolno, Os, 

YAlo20MinosoCs (COs). 
YAlooMnogoO (COs). 
YAlocoMinoao.O. (COs). 

YSco. Mino O. 
Y1.9s Euloos Mino.2s Ino.750s. 

YSco MinosC). 
Y1.9Eulo. Mino.2s Ino.750s. 

YAlosoMno.700s (COs). 
YAlosoMnosoCs (COs). 
YAlozoMnosoCs (COs). 

YAlosoMno.20O3(COs). Lugao. 99 Minoo MgO4. 
Lugao.97MnooMgO, Lugaolos Mnoos MgO, 
LugaolooMnooMgO4. Lugaoss Mnois MgO4. 
Lugao.97Mnoos ZnO4. LuGaolos Mnoos ZnO4. 
ScAloooMnoo MgO, ScAloos Mnoos MgO, 
ScAloooMnoos MgO4. ScAloss Mnois MgO4. 
ScAloos Mnoos ZnO4. InGao.97 Mnoos ZnO4. 
InGaolo, Mnoos ZnO4, InGaoss Mnoos ZnO4, 
InGaolos Mnoos MgO4. ScGaolos Mnoos ZnO4. 
ScGaolos Mnoos MgO4. LuGaoloo Mino.o. ZnO4. 
Lugaolos Mnoos ZnO, In(Ino.2Gaos)oosMnoosMgO4. 
Lugao. 99 MnooZn2Os, Lugaolos Mnoos Zn2Os, and 
In(Ino.2Gaos)oos Mnoos MgO4. 

Also disclosed herein are compositions including the chro 
mophoric materials. In some embodiments, the composition 
includes a chromophoric material according to the formula 
AM-M', M"Os, and at least one additional component. In 
Some embodiments, the composition is a paint or an ink, and 
the additional component is a binder, a solvent, a catalyst, a 
thickener, a stabilizer, an emulsifier, a texturizer, an adhesion 
promoter, a UV stabilizer, a flattener, a preservative, or each 
and any combination thereof. In some embodiments, the 
composition is a colored glass, and the additional component 
is an oxide of silicon, boron, germanium, or a combination 
thereof. In certain embodiments, the chromophoric material 
is YIn MnO, and x is greater than 0.0 and less than 0.75. 

In some embodiments, the composition further comprises 
at least one additional chromophoric material. In particular 
embodiments, the additional chromophoric material also sat 
isfies the formula AM, M', M", O, 

Embodiments of a method for making the disclosed mate 
rials are disclosed. In some embodiments, the method com 
prises providing powders comprising metals desired in the 
material, combining the powders in Stoichiometric quantities 
to achieve a desired final ratio of the metals in the material, 
and heating the powders at an effective temperature and for an 
effective period of time to produce the desired materials. In 
Some embodiments, the powders were heated at a tempera 
ture of from about 700° C. to about 1500° C. for about 2 hours 
to about 20 hours to produce the material. In certain embodi 
ments, the powders are metal oxides or metal nitrates. In some 
embodiments, after combining the powders in Stoichiometric 
quantities, the powders are pressed into a pellet before heat 
ing. In particular embodiments, the pellet is ground after 
heating to produce a powder, the powder is re-pressed into a 
pellet, and the pellet is heated again at a temperature of from 
about 700° C. to about 1500° C. for about 2 hours to about 20 
hours. 

Also disclosed are embodiments of a method for varying 
color in a material having a formula AM-M', M"Os. In 
certain embodiments, the material has a color that varies 
along a color continuum as the value of X increases. Thus, the 
materials color can be varied by providing powders compris 
ing metals desired in the material, selecting a value of X to 
provide a desired color along the color continuum, combining 
the powders in Stoichiometric quantities according to the 
value of X, and heating the powders at a temperature of about 
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4 
700° C. to about 1500° C. for about 2 hours to about 20 hours 
to produce the material with the desired color. 

Embodiments of a method for making the disclosed com 
positions are disclosed. In some embodiments, the method 
comprises providing a material that satisfies the formula 
AM-M', M"Os, and combining the material with at least 
one additional component to produce the composition. In 
certain embodiments, the composition is a paint, an ink, a 
glass, a plastic, a ceramic glaze, or a cosmetic preparation. 

In some embodiments, providing the material includes pro 
viding powders comprising metals desired in the material, 
combining the powders in Stoichiometric quantities to 
achieve a desired final ratio of the metals in the material, and 
heating the powders at an effective temperature and for an 
effective period of time to produce the desired materials. In 
Some embodiments, the powders were heated at a tempera 
ture of from about 700° C. to about 1500° C. for about 2 hours 
to about 20 hours to produce the material. 
The foregoing and other objects, features, and advantages 

of the invention will become more apparent from the follow 
ing detailed description, which proceeds with reference to the 
accompanying figures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The patent or application file contains at least one drawing 
executed in color. Copies of this patent or patent application 
publication with color drawing(s) will be provided by the 
Office upon request and payment of the necessary fee. 

FIGS. 1A and 1B are schematic diagrams of the trigonal 
bipyramidal structures of (1A)YMnO, and (1B) LugaMgO, 
with Minor Mg/Ga shown as blue trigonal bipyramids, brown 
Y or Lu atoms, and turquoise O atoms. FIG. 1B is also 
consistent with the structure of YbBeO with Fe as blue 
trigonal bipyramids, brown Yb atoms, and turquoise Oatoms. 

FIGS. 2-5 are schematic diagrams of trigonal bipyramidal 
structures according to the general formula AMMOs. 
with red O atoms, light blue A atoms, and pink M/M atoms. 
FIGS. 2 and 3 are shown from a top perspective, looking down 
the c-axis. FIGS. 4 and 5 are shown from a front perspective, 
with the c-axis being vertical. 

FIG. 6 is a schematic diagram of the energy levels for Mn 
3d orbitals. 

FIG. 7 includes graphs of unit cell dimensions and c/a ratio 
for the YIn MnO, solid solution with values of x from 0.0 
to 1.0. 

FIG. 8 is a series of color photographs of pellets and pow 
ders according to several embodiments of the disclosed com 
positions. The numbers under the pellets represent the value 
of X in the structural formulas YIn MnO and Lu(Ga. 
Mn MgO. 

FIG. 9 is a series of diffuse reflectance spectra for the 
YIn MnO solid solution with values of x from 0.05 to 1.0. 

FIG. 10 is a series of powder diffraction patterns from 
10-60° 20 for the YIn MnO solid solution with values of 
X from 0.0 to 1.0 with YMnO, at the bottom andYInO, at the 
top. 

FIG. 11 is a series of full reflectance curves of materials 
with the formulaYIn MnO. 

FIG. 12 is a graph of absorbance versus be (thicknessx 
concentration) for materials with the formulaYIn MnO. 

DETAILED DESCRIPTION 

The present disclosure concerns embodiments of materi 
als, particularly chromophoric materials. Certain disclosed 
embodiments comprise a metal selected from Mn, Fe, Al. Ga, 
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In, or a combination thereof, bound to oxygen in a trigonal 
bipyramidal configuration. Compositions comprising the 
materials also are disclosed. In particular embodiments, the 
metal is Mn, and the material has a blue color. Embodiments 
of a method for making the materials also are disclosed. 

Manganese is relatively abundant, constituting about 
0.085% of the earth's crust. Among the heavy metals, only 
iron is more abundant. Manganese-containing materials dis 
playing a variety of colors are known. The observed color of 
these compounds is determined by the oxidation state of 
manganese, commonly +I, +III, +IV, +VI and +VII, and the 
associated anions. For example, permanganate (+VII oxida 
tion state) compounds are purple. Manganese(II) compounds 
tend to be pink or red in color, although manganese (II) oxide 
is green. Examples of blue manganese compounds, especially 
bright blue manganese compounds, are less commonly 
observed. For example, hypomanganate, Mn(V), salts are 
bright blue, but are unstable, and Manganese Blue, which is a 
barium Mn(VI) sulfate is highly toxic. 

The inventors have discovered that a Surprisingly intense, 
bright-blue color is obtained when Mn" is introduced into 
the trigonal bipyramidal sites of metal oxides. 

I. Terms and Definitions 

The following explanations of terms and abbreviations are 
provided to better describe the present disclosure and to guide 
those of ordinary skill in the art in the practice of the present 
disclosure. As used herein, "comprising means “including 
and the singular forms “a” or “an or “the include plural 
references unless the context clearly dictates otherwise. The 
term “or” refers to a single element of stated alternative ele 
ments or a combination of two or more elements, unless the 
context clearly indicates otherwise. 

Unless explained otherwise, all technical and scientific 
terms used herein have the same meaning as commonly 
understood to one of ordinary skill in the art to which this 
disclosure belongs. Although methods and materials similar 
or equivalent to those described herein can be used in the 
practice or testing of the present disclosure, Suitable methods 
and materials are described below. The materials, methods, 
and examples are illustrative only and not intended to be 
limiting. Other features of the disclosure are apparent from 
the following detailed description and the claims. 

Unless otherwise indicated, all numbers expressing quan 
tities of components, molecular weights, percentages, tem 
peratures, times, and so forth, as used in the specification or 
claims are to be understood as being modified by the term 
“about.” Accordingly, unless otherwise indicated, implicitly 
or explicitly, the numerical parameters set forth are approxi 
mations that may depend on the desired properties sought 
and/or limits of detection under standard test conditions/ 
methods. When directly and explicitly distinguishing 
embodiments from discussed prior art, the embodiment num 
bers are not approximates unless the word “about is recited. 
A chromophore is the portion, or moiety, of a molecule that 

is responsible for the molecule's color. A metal-complex 
chromophore is believed to arise from the splitting of d-or 
bitals when a metal (e.g., a transition metal) binds to ligands. 
Visible light that hits the chromophores is absorbed by excit 
ing an electron from its ground state into an excited State. 
CIE L*a*b* (CIELAB) is a color space (i.e., a model 

representing colors as an ordered list of three numerical val 
ues) specified by the International Commission on Illumina 
tion (Commission Internationale d’Eclairage, CIE). The three 
coordinates represent the lightness of the color (L*-0-black, 
L*=100-diffuse white), its position between red/magenta 
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6 
and green (a-negative values indicate green, while positive 
values indicate magenta, and its position between yellow and 
blue (b-negative values indicate blue and positive values 
indicate yellow). 

Ferroelectricity is a property of certain nonconducting 
crystals that exhibit spontaneous electric polarization, mak 
ing one side of the crystal positive and the opposite side 
negative, that can be reversed in direction by the application 
of an external electric field. 

Gloss is an optical property based on the interaction of light 
with physical characteristics of a surface; the level of specular 
(mirror-like) reflection of light from a surface. 
A hexagonal unit cell is one of the seven crystal systems 

with the general unit cell geometry a-bzc: C. B=90° and 
Y=120°. Structures of the compositions disclosed herein are 
referred to as hexagonal. Strictly speaking, those with an odd 
value for y (i.e., 1, 3, 5, etc.) are rhombohedral. Rhombohe 
dral unit cells are most frequently described using a hexago 
nal unit cell, but they can also be described as a cell where 
a=b-c and C. B=y. For the single layer structure (y=0), both 
the Small and large cell structures are true hexagonal unit 
cells. More information on the rhombohedral-hexagonal 
transformation can be found in textbooks dealing with crys 
tallography (e.g., “Elements of X-ray Diffraction', by B. D. 
Cullity, Addison-Wesley, 1978; pp. 504-505). 

Masstone is the undiluted color of a pigment or a pig 
mented paint, e.g., the color it appears when applied thickly 
and no other color is seen beneath it. 

Opacity, or hiding power, refers to the ability of a pigment 
to obscure a black design painted on a white background. 
A pigment is a Substance, usually in the form of a dry 

powder, that imparts color to another Substance or mixture. 
A solid solution is formed when at least one solid compo 

nent is molecularly dispersed within another Solid compo 
nent, resulting in a homogeneous or Substantially homoge 
neous solid material. A solid solution may be formed, for 
example, by completely or Substantially completely dissolv 
ing two solid components in a liquid solvent and then remov 
ing the liquid solvent to produce the Solid solution. 
A tint is a color obtained by adding white to a colored 

pigment. 
Total solar reflectance (TSR) is a measure of the amount of 

incident terrestrial Solar energy reflected from a given Sur 
face. For example, white coatings exhibit a TSR of 75% or 
greater, whereas black coatings may have a total TSR as low 
as 3%. 

Trigonal bipyramidal geometry is found when a central 
atomina molecule forms bonds to five peripheral atoms at the 
corners of a trigonal dipyramid. Three of the atoms are 
arranged in a planar triangle around the central atom with a 
bond angle of 120 degrees between the peripheral atoms: 
these atoms are called equatorial, or basal, atoms. The 
remaining two atoms are located above and below the central 
atom, and are called axial, or apical, atoms. There is a bond 
angle of 90 degrees between the axial and equatorial atoms. 
One example of a trigonal bipyramidal molecule is PFs. 

FIG. 6 also depicts a trigonal bipyramidal molecule. Some 
crystals have trigonal bipyramidal geometry. In the crystal, 
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the peripheral atoms may be shared by more than one central 
atom as shown in FIGS. 1A-1B. 

II. Materials with Trigonal Bipyramidal 
Coordination and Compositions Thereof 5 

Embodiments of compositions comprising materials are 
disclosed. In preferred embodiments, the material is chro 
mophoric. In the disclosed embodiments, the compositions 
include at least one chromophoric material comprising a 10 
metal selected from Mn, Fe, Al, Ga, In, or a combination 
thereof bound to oxygen in a trigonal bipyramidal configura 
tion. In the disclosed embodiments, oxygenatoms occupy all 
five sites coordinated to the central metal in the trigonal 
bipyramid. 15 

A. Materials 
A person of ordinary skill in the art will understand that the 

following general formulas are compositional formulas and 
do not necessarily imply chemical structure and/or connec 
tivity. As such, the order of individual components in the 20 
general formulas may be rearranged when writing specific 
formulas to represent embodiments of the disclosed materi 
als. 

Embodiments of the disclosed compositions comprise a 
material according to general Formula 1: 25 

AM.M.M"Os, Formula 1 

With reference to Formula 1, A and M independently are 
selected from Sc, Y, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Al. Ga, 
In, Zn,Ti, Sn, Fe,Mg, or a combination thereof; alternatively, 30 
M is a 1:1 mixture of M and Mications where M is Zn, Mg, 
or Cu, and M is Ti or Sn; M' is Mn, Fe, Al. Ga, In, or a 
combination thereof M" is Mg., Zn, Cu, or a combination 
thereof: X is greater than 0.0 but less than 1.0, and y is 0 or a 
positive integer. In some embodiments, y is an integer from 0 35 
to 15 (i.e., y is 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, or 
15). In particular embodiments, M and Mare cations with a 
+3 oxidation state, and at least a portion of M and M cations 
are bound to oxygen in trigonal bipyramidal coordination. 

In some embodiments, the material is chromophoric. In 40 
exemplary embodiments, the material has a color that varies 
along a color continuum as the value of X increases. For 
example, the material may have a color darkens as the value of 
X increases. 

In some embodiments, at least one of M and M comprises 45 
a metal selected from Al. Ga, and In. In certain embodiments, 
M is not Al wheny is 0, M is Mn, and A is Sc, Y, Gd, Tb, Dy, 
Ho, Er, Tm, Yb, Lu. 

In some embodiments, A is Sc, Y, Gd, Tb, Dy, Ho, Er, Tm, 
Yb, Lu, or a combination thereof M is Al, Ga, In, Fe, or a 50 
combination thereof; alternatively M is a 1:1 mixture of Cu 
and Ti; M' is Mn, Fe, Al, Ga, In, or a combination thereof M" 
is Mg., Zn, or a combination thereof: X is greater than 0.0 but 
less than or equal to 0.8; and y is 0, 1, or 2. 

In certain embodiments, M, M', and/or M" may be a com- 55 
bination of the recited elements. For instance, M may be a 
mixture of Fe and In, e.g., A(Fe.In)-M', M"Os. One 
example of such a material is YFeo. InosMnO, where A is 
Y. M is (Feo. Ins), M' is Mn., x is 0.1, and y is 0. Another 
example is InCIno, Gaoz)MnooMgO, where A is In, M is 60 
(In Gaoz.), M is Mn, M" is Mg, X is 0.04, and y is 1; this 
composition also Ca be represented aS 

In 2Gao.7 Mnoo MgO4. 
In some embodiments, the compositions comprise a man 

ganese (III) material according to Formula 2. 65 

AM1, Mn, M"Os, Formula 2 

8 
With reference to Formula 2, A is Y. Sc, Gd, Tb, Dy, Ho, Er, 
Tm, Yb, Lu, or a combination thereof M is a cation in trigonal 
bipyramidal coordination, where M selected from Al. Ga, In, 
Fe, and combinations thereof; alternatively, M is a 1:1 mix 
ture of M and M cations where M is Zn, Mg, Cu, or a 
combination thereof, and M is Ti, Sn, or a combination 
thereof M" is Zn, Mg, Cu, or a combination thereof: X is 
greater than 0 and less than 1.0; and y is an integer number 
ranging from 0 to 6. 

In other embodiments, the compositions comprise a man 
ganese (III) material according to Formula 3. 

Luga-Mn,M"Os, Formula 3 

With reference to Formula 4, M" is Zn, Mg, Cu, or a combi 
nation thereof, X is greater than 0 and less than 1.0, and y is an 
integer number ranging from 0 to 6. 

In some embodiments, y is 0 and the compositions com 
prise a manganese (III) material according to Formula 4. 

AM MnO, Formula 4 

With reference to Formula 4, x is greater than 0.0 but less than 
1.0, and A and Mindependently are selected from Y, Gd, Tb, 
Dy, Ho, Er, Tm, Yb, Lu, Al. Ga, In, Zn, Ti, Sn, Fe, Mg, and 
combinations thereof In some embodiments, A and Minde 
pendently are selected from the group consisting of Y. Al, In, 
Ga, and combinations thereof. 

In certain embodiments where M is aluminum, the com 
positions further comprise carbonate (CO) as shown in 
Formula 5: 

AAIMO3(CO) Formula 5 

With reference to Formula 5. X is greater than 0.0 but less than 
1.0, Z is greater than 0.0 and less than or equal to 1.0: A is Y, 
Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Al. Ga, In, Zn,Ti, Sn, Fe,Mg, 
and combinations thereof, and M' is Mn, Fe, Ga, In, or a 
combination thereof. One example is YAloo MnO, 
(CO). The presence of carbonate arises from the use of 
organic compounds (e.g., citric acid; see Examples 70-76) 
when synthesizing AAIO. The organic matter decomposes 
during synthesis, producing a CO-rich atmosphere and pro 
moting carbonate formation. In the absence of M' (x=0). 
AAIOCO is produced. As aluminum content decreases, car 
bonate content also decreases and becomes Zero when X=1.0. 
However, when X is greater than 0.0 and less than 1.0, the 
carbonate content Z of the compound is variable for any given 
value ofx. Where CO' replaces O' in the crystal structure, 
the adjacent cation loses its trigonal bipyramidal coordina 
tion, and is thought to assume a distorted octahedral confor 
mation. Other cations in the crystal structure retain the trigo 
nal bipyramidal coordination. 

In particular embodiments, the compositions comprise a 
manganese (III) material according to Formula 6. 

YIn MnO, Formula 6 

With reference to Formula 6, X is greater than 0.0 but less than 
1.O. 
Compositions comprising Solid solutions of materials 

according to Formulas 1 through 7 are chromophoric. Table 1 
lists representative working embodiments of materials 
according to Formulas 1 through 7, along with their respec 
tive colors and crystal structures. 

TABLE 1 

Composition Color Structure 

YInO, White/Lt. Yellow Hexagonal Single layer 
YIno.95MnoosC3 Sky Blue Hexagonal Single layer 
YInog Mino. O3 Bright Blue Hexagonal Single layer 
YInossMino. 15.O.3 Bright Blue Hexagonal Single layer 
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TABLE 1-continued 

Composition 

YInos Mino.2O3 
YIno.7s Mino.25O3 
YIno.7Mino.O. 
YInossMino.35O3 
YInos Mino.O.3 
YInossMino.45O3 
YInos MinosC3 
YIno.25 Mino.7503 
YIno. MinogC3 
DyInogMino.O. 
DyInosMino.2O3 
DyIno.7Mino. 3O3 
DyInogMinoO3 
DyInos Minos,C) 

DyInoMino. 603 
DyIno.3Mno.7O3 
DyIno.2MnosC) 
HoInogMino. O3 
HoInosMino.2O3 
HoIno.7Mino. 3O3 
HoInos Minos,C) 

HoIno.3Mno.7O3 
HoIno.2MnosO3 
HoIno, Mnog03 
ErinogMino.1O3 
Erinos Mino.2O3 
Erinos MinosC3 
Erino.2MnosO3 
YCuosTiosO3 
YAlo. Cuo.45Tio.45O3 
YGao Cuo.4sTio 4503 
YIno. Cuo.45Tio.45O3 
YFeo. Cuo.45Tio.45O3 
YFeo.2Cuo Tio 4O3 
YMino. 1CuosTio 4503 
YMino.2Cuo Tio Os 
YMino.3Cuo.35Tio.35O3 
YMino Cuo.3Tio3O3 
YMinosCuo.2sTio 2503 
YMinogCuo.2TiO2O3 
YMino.7Cuo. 15Tio. 15O3 
YMinosCuo. Tio. O3 
YMinogCuloosTio osC3 
LuMnosCuo.25Tio.25O3 
YbMinos Cuo.25Tio.25O3 
YGao. InosMino.1O3 
YGao. Ino.7Mino.2O3 
YGao. InosMino.3O3 

Feo. Inos Mino. 1 O3 
Feo2.Ino.7Mino. O3 
Feo.3 Inos Mino. 1 O3 
Feo. Ino.7Mino.2O3 
Feo.2Ino.6Mino.2O3 
Feo.3 Inos Mino.2O3 
Feo. Ino.6Mino3O3 
Feo.2Inos Mino3O3 
Feo.3 Ino.4 Mino3O3 
Feo. Inos Mino.4O3 
Feo.2Ino.4 Mino.4O3 
Feo.3 Ino.3Mno.4O3 
Feo. InogO3 
Feo.2Ino.803 
Feo.3 Ino.7O3 
Feo.7Ino3O3 
Feos Ino.2O3 

Y19Eulo. Mino.25Ino.7503 
YAlo20Mino.8003-(CO3), 
YAlosoMno.7003 (CO3), 
YAlooMnogoO3(CO3), 
YAlosoMnosoC3 (CO3), 
YAlogo Minoao.O3(CO3), 
YAlo.7oMno.30O3(CO3), 

Color 

Bright Blue 
Royal Blue 
Royal Blue 
Navy Blue 
Navy Blue 
Navy Blue 
Dark Navy Blue 
Black 
Black 
Bright Blue 
Royal Blue 
Dark Royal Blue 
Dark Navy Blue 
Dark Navy 
Blue? Black 
Black 
Black 
Black 
Bright Blue 
Royal Blue 
Dark Royal Blue 
Dark Navy 
Blue? Black 
Black 
Black 
Black 
Flat Royal Blue 
Royal Blue 
Dark Navy Blue 
Black 
Yellow-green 
Bright green 
Bright green 
Bright green 
Light Brown 
Brown 

Bright Blue 
Bright Blue 
Bright Blue 

Grey/Blue 
Blue 
Dark Blue 
Grey 
Dark Blue 
Dark Blue 
Dark Blue Black 
Dark Blue 
Dark Blue Black 
Black 
Light Yellow 
Light Orange 

Dark blue 
Blue/grey 

Structure 

tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 

tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 

tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tiexagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
tleXagona 
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Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 

Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 

Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 
Sing 

ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 

ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 

ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
ayer 
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TABLE 1-continued 

Composition Color Structure 

YAlosoMino.20O3(CO3), Blue/grey Hexagonal Single layer 
LuGaogoMnooMgO4 Light blue/purple Hexagonal Double layer 
LuGaog,Mnoos MgOA Blue/purple Hexagonal Double layer 
LuGaogs Mnoos MgO4 Blue/purple Hexagonal Double layer 
LuGaogoMnooMgO4 Blue/purple Hexagonal Double layer 
LuGaoss Mnois MgOA Dark blue/purple Hexagonal Double layer 
LuGaog/MinologZnO4 Blue/purple Hexagonal Double layer 
LuGao.95Mnoos ZnO4 Blue/purple Hexagonal Double layer 
ScAloog Minoo MgO4 Purple Hexagonal Double layer 
ScAlogs Mnoos MgO, Purple Hexagonal Double layer 
ScAlogoMinogs MgO4 Purple Hexagonal Double layer 
ScAloss Mnois MgO4 Purple Hexagonal Double layer 
ScAlogs Mnoos ZnO4 Blue Hexagonal Double layer 
InGaog,MnooZnO4 Green Hexagonal Double layer 
InGaog/MinologZnO4 Green Hexagonal Double layer 
InGaogs Mnoos ZnO4 Green Hexagonal Double layer 
InGaogs Mnoos MgO4 Blue Hexagonal Double layer 
ScGaogs Mnoos ZnO4 Blue Hexagonal Double layer 
ScGaogs MnoosMgO4 Blue Hexagonal Double layer 
LuGao 99 MnooZnO4 Blue Hexagonal Double layer 
LuGao.95Mnoos ZnO4 Blue Hexagonal Double layer 
In(Ino.2Gaos) Blue Hexagonal Double layer 
ogs MnoosMgOA 
LuGao 99 MnooZn2O5 Blue Hexagonal Triple layer 
LuGao.95Mnoos Zn2O5 Blue Hexagonal Triple layer 
In(Ino.2Gaos) Blue Hexagonal Double layer 
ogs MnoosMgOA 

Materials according to Formula 6 exhibit a Surprisingly 
intense and bright blue color despite the fact that YInO (x=0) 
andYMnO (x=1) are white and black, respectively. Indeed, a 
blue color is observed throughout much of the YIn MnO, 
solid solution range. The key to this color appears to be Mn" 
in trigonal bipyramidal coordination to oxygen. Without 
being bound by any particular theory, it is believed that the 
blue color arises from crystal field splitting associated with 
the trigonal bipyramidal coordination and is Surprisingly 
intense due to a very short apical Min-O bond, e.g., 1.80 
1.95 A, or 1.85-190A. The inventors unexpectedly discov 
ered that such an intense and brightblue coloris characteristic 
of many layered oxides containing Mn" in trigonal bipyra 
midal coordination. 

B. Compositions 
The present disclosure is also directed to compositions 

comprising a material or materials satisfying at least one of 
Formulas 1 through 6. Such compositions include, for 
example, and without limitation: combinations of materials 
satisfying at least one of Formulas 1 through 6 in combination 
with another material or materials that facilitate pigmenting 
applications. Compositions for pigmenting applications 
include paints, inks, including printing inks, plastics, glasses, 
ceramic products, and decorative cosmetic preparations. 

Suitable additional materials for use in paints and inks 
include, for example, binders, solvents, and additives such as 
catalysts, thickeners, stabilizers, emulsifiers, texturizers, 
adhesion promoters, UV stabilizers, flatteners (i.e., de-gloss 
ing agents), preservatives, and other additives known to those 
skilled in the art of pigmenting applications. In some embodi 
ments, the compositions may include more than one material 
satisfying at least one of Formulas 1-6. In other embodiments, 
the compositions may include a material satisfying at least 
one of Formulas 1-6 in combination with another pigment. 

Suitable additional materials for use in glass products 
include, for example, network formers (e.g., oxides of silicon, 
boron, germanium) to form a highly crosslinked network of 
chemical bonds, modifiers (e.g., calcium, lead, lithium, 
Sodium, potassium) that alter the network structure, and inter 
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mediates (e.g., titanium, aluminum, Zirconium, beryllium, 
magnesium, Zinc) that can act as both network formers and 
modifiers. 

Suitable additional materials for use in plastic products 
include, for example, dispersion aids (e.g., Zinc Stearate, cal 
cium Stearate, ethylene bis-steamide), plasticizers, flame 
retardants, internal mold release agents, and slip agents. 
When coloring a ceramic product, the material typically is 

added to a ceramic glaze composition. Other materials used in 
glazes include, for example, silica, metal oxides (e.g., 
Sodium, potassium, calcium), alumina, and opacifiers (e.g., 
tin oxide, Zirconium oxide). 

II. Molecular Structure 

Some embodiments of materials that satisfy general For 
mula 1, AM-M', M"Os form layers of hexagonal trigo 
nal bipyramids. The particular crystal structure is determined, 
at least in part, by the value of y. When y is 0, the material 
forms a crystal structure with a single hexagonal layer of 
trigonal bipyramids (see, e.g., FIG. 1A). When y is 1, the 
crystal structure has a double hexagonal layer of trigonal 
bipyramids (see, e.g., FIG. 1B). Similarly, when y is 2, the 
crystal structure has a triple hexagonal layer of trigonal 
bipyramids. 

Although materials with the general formula AMMO. 
(y–0) form a crystal structure with a single hexagonal layer of 
trigonal bipyramids, the crystal structure can take one of two 
slightly different configurations, as shown in FIGS. 2-5. At 
high temperatures (>600°C.), the materials form a small unit 
cell (outlined in blue) as shown in FIGS. 2 and 4. However, at 
lower temperatures, the structure distorts slightly via a ferro 
electric transition, forming a larger, polar unit cell (outlined in 
blue) as shown in FIGS. 3 and 5. In FIGS. 3 and 5, the smaller 
unit cell is shown outlined in black. The transition between 
the Smaller and larger unit cells is temperature dependent and 
readily reversible. Edge 'a' is the width of the unit cell. In the 
Small unit cell, a is the distance between two basal, or equa 
torial, oxygenatoms. Edge 'c' is the height of the unit cell. As 
shown in FIGS. 4-5, c is the height of three layers of A atoms 
alternating with two layers of trigonal bipyramids. In the 
small unit cells, a typically is 3.50-3.70 A, more typically 
3.60-3.65 A. In the large unit cells, a typically is 5.5-7.0 A, 
more typically 6.0–6.5 A. Both the small and large unit cells 
have similar values for c, typically 10-13 A. 

Both YInO andYMnO are known in the common orthor 
hombic and centric form of the perovskite structure (i.e., a 
crystalline structure of the formula A"B"X'", where the 
A cations are larger than the B cations; X is usually oxygen 
and is in a face-centered position in the crystal), but they also 
can be prepared in an acentric hexagonal structure (FIG. 1A) 
that is not perovskite related. This hexagonal structure com 
prises layers of Y" ions separating layers of corner-shared 
MO trigonal bipyramids (M=In, Mn). In this structure, 
Mn/In is located in trigonal bipyramidal MnO/InOs units 
with corner sharing of the trigonal basal plane oxygenatoms. 
However, the Mn/Inatoms are not located in the exact centers 
of the trigonal bipyramids; they are displaced in both the ab 
basal plane and along the c axis. This structure has been of 
considerable recent interest because it exhibits an unusual 
form of improper geometric ferroelectricity accompanied by 
tilting of the MOs polyhedra. Such ferroelectricity is compat 
ible with M-site magnetism and therefore allows multiferroic 
behavior. 

Although hexagonal YInO and YMnO are isostructural, 
there is a significant difference between the two structures. In 
the case of YInO, all In Odistances in the trigonal bipyra 
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12 
midal arrangement are nearly the same at about 2.1 A. In 
YMnO, on the other hand, the apical Min-O distances are 
1.86 A and the basal plane distances are 2.05 A. Thus, the 
apical Min-O bond lengths in YMnO are considerably 
shorter than those in the basal plane. This leads to crystal field 
splitting of the 3d orbitals energies in YMnO as shown in 
FIG. 6. Notably, the e'->a' energy splitting, which is the 
lowest energy excitation for a d" cation in the cluster limit, 
depends on the apical M–O bond length through its influ 
ence on the energy of the d2 orbital. While the crystal field 
stabilization associated with a dication in trigonal bipyrami 
dal coordination has been invoked to explain the stability of 
hexagonal YMnO relative to the competing perovskite struc 
ture, trigonal bipyramidal is not a common coordination for 
Mn. 

In compounds with the general formula, AMnO, where A 
is a rare earth metal, Substitution with metal cations such as 
Fe, Co, Ni, Cr, Ti, Ga, or Al is limited before the hexagonal 
structure converts to the perovskite structure. This behavior is 
seen even when the end-point compound (i.e., complete 
replacement of Mn) of the solid solution is stable in the 
hexagonal phase. However, the inventors Surprisingly were 
able to prepare a complete single-phase YIn MnO solid 
solution despite the fact that the size mismatch between In" 
and Mn" is significant. Without being bound by any particu 
lar theory, this complete miscibility is attributed to the similar 
In O and Mn Obasal plane distances in hexagonal YInO. 
andYMnO, The large size difference between In" and Mn" 
is manifested only in the apical distances. 
A plot of unit celledges for theYIn MnO, solid solution 

is shown in FIG. 7. FIG. 7 also includes a plot of c/a ratio 
versus X. It is clear that the similar basal-plane bond lengths 
lead to a weak variation of a across the Solid-solution series. 
However, both c lattice parameter and the c?a ratio decrease 
dramatically as X increases because of the large difference in 
apical In O and Mn-O bond lengths. 
The blue color of the powders is evident in FIG. 8 for even 

very low values of X. To understand the origin of this blue 
color, diffuse reflectance spectra were measured (FIG.9), first 
principles density functional theory (DFT) calculations were 
performed with the LSDA+U method, which has been shown 
previously to give reliable results forYMnO, (Fennie et al., 
Phys. Rev. B., 72:100103 (2005).) With reference to FIG.9, at 
low doping concentrations, there is a strong, narrow (~1 eV 
width) absorption centered at ~2 eV that absorbs in the red 
green region of the visible spectrum. The absorbance then 
decreases between 2.5 and 3 eV with a secondonset near 3 eV. 
The lack of absorption in the 2.5-3 eV (blue) region of the 
spectrum results in the blue color. As the concentration of Mn 
increases, the lower-energy absorption peak broadens and the 
higher-energy onset shifts to lower energy, consistent with the 
gradual darkening of the samples toward navy blue. In pure 
YMnO, absorption occurs throughout the entire visible 
region, resulting in the black color. 
DFT calculations of the densities of states and optical 

properties of the fully relaxed end-point compounds and 
selected intermediates indicate that the peak at 2 eV arises 
from the transition between the Valence-band maximum, con 
sisting of Mn3d 2, states strongly hybridized with O2p, 2 - x, 

states, and the lowest unoccupied energy level, which in 
lightly Mn-doped YInO is a narrow band formed from the 
Mn3d 2 state that lies in the band gap of YInO. (The absence 
of midgap Mn3d 2 states in pure YInO, leaves it colorless.) 
Notably, in the local D, symmetry of the trigonal bipyra 
mids, the d-d component of this transition (between symme 
try labels a' and e' in FIG. 6) is formally symmetry-allowed 
according to the Laporte selection rule, whereas the e"->a' 
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transition is symmetry-forbidden. This results in a high tran 
sition probability and intense absorption. The strong d-d 
absorption is in Striking contrast to the behavior in the 
approximate Oi, crystal field environment of perovskites, 
where it is formally symmetry-forbidden. In O, symmetry, 
hybridization with ligands or structural distortions is required 
to circumvent the dipole selection rules, and d-d transitions 
are usually weak. Indeed, no blue color was seen when Mn" 
was substituted into YGaO, or YAIO with the perovskite 
structure, where the Mn" would be in an environment with 
approximate O, Symmetry. 
The higher-energy peak is assigned to the onset of the 

transition from the O 2p band to the Min 3d 2 band. With 
increasing Mn concentrations, the calculations indicate that 
the Min 3d levels (particularly the lowest unoccupied state, 
corresponding to the 3d 2 band) broaden substantially, caus 
ing the absorption peaks to become broader. 

To determine which structural features correlate with the 
blue color, the structural properties of some intermediate 
compositions were investigated. DFT calculations on the 
relaxed structures for both YMn. In O and YMn. In O. 
units show that while the basal plane Mn O and In O 
distances in these intermediates are similar to each other to 
those of the end members, the apical Min-O and In O 
distances are very different from each other, maintaining 
values close to those of the respective end members. Since the 
energy of the d2 state relative to the Valence-band maximum 
is determined primarily by the Mn O apical bond length, 
this explains the lack of shift in the energy of the 2 eV 
absorption peak as a function of Mn concentration. If Mn is 
artificially inserted into the YInO structure without allowing 
the structure to relax to its energy minimum, the d2 peakshifts 
to considerably lower energy, and the calculated absorption 
spectrum changes markedly. 
The structure of YMno Ino,O was refined from single 

crystal X-ray diffraction data in space group P6cm, the same 
space group used for hexagonal YMnO and YInO. The 
structure refined normally except for displacement param 
eters for one of the apical Oatoms, suggesting the presence of 
static disorder arising from the different In O and Mn O 
distances. There are two extreme possibilities for these apical 
oxygenatoms in the Solid solution. One is that the In—O and 
Mn Odistances of the end members would be maintained in 
the solid solution. The other is that the O atom in the apical 
position is not disordered in the solid solution but instead 
accepts a position intermediate between that expected for the 
end members. The lack of a significant shift in energy of the 
2 eV absorption peak as a function of X in YIn MnO. 
phases indicates that the short apical Min-O distances are 
maintained in the Solid solution. This conclusion is Supported 
by the failure of an ellipsoid to adequately define the electron 
density at an apical O site. Thus, the YMino Ino, O struc 
ture was refined with two O atoms at each apical site having 
occupation values fixed on the basis of the Mn/In ratio. The 
refinement converged with shorter distances for the sites with 
the higher occupation. Apical Mn Odistances of 1.86 A and 
1.89A and apical In Odistances of 2.05 A and 2.20 A were 
extracted. Because of the complication of overlapping elec 
tron density, this refinement of the apical Oatoms in the split 
model can only be considered an approximation. Nonethe 
less, the Success of this split atom refinement is highly com 
pelling evidence that the apical Oatoms do not reside at Some 
average position for both Mn and In trigonal bipyramids. 
Furthermore, these values are in excellent agreement with the 
first-principles calculations. Violations of Friedel's law in the 
diffraction data confirm a polar space group. Relative to the 
paraelectric structure, displacements of atoms along the c 
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axis, which is the polar axis, were found to be of the same 
magnitude as in YMnO. Thus, another conclusion from this 
structure analysis is that the degree of ferroelectric distortion 
in YMino Ino,O is essentially the same as in YMnO. 
However, first-principles calculations Suggest that the polar 
ization might be substantially Suppressed from the values in 
the end-member compounds due to frustration of the coop 
erative tilting by the different sizes of the MOs polyhedra. 
Mn" also was substituted into another structure with trigo 

nal bipyramidal sites, the YbFeO structure. This structure 
(FIG. 1B) has layers of rare-earth cations alternating with 
double layers of MOs trigonal bipyramids. As in YMnO, the 
polyhedral in each MO plane share corners through their 
basal-plane oxygen atoms. Here, however, polyhedral in the 
second plane share edges between apical and basal oxygens 
with those in the first plane. As inYMnO, the topology of the 
layering should allow the apical bond lengths to adopt differ 
ent values for the different M-site cations without introducing 
large strain energies into the lattice. Although YbFeO is not 
a suitable host because of its black color related to Fe"/Fe" 
mixed valency, there are several oxides with this structure that 
are transparent throughout the visible spectrum." 

Additional compositions with this structure include com 
pounds with the general formula AMM"O, where A, M. 
and M" are defined as in Formula 2, such as ScAlMgO, 
ScGaMgO, ScGaZnO, Lu(GaMgO, and InGaMgO. Add 
ing manganese to these compounds produces manganese(III) 
materials according to Formula 2 with a blue color. For 
instance, an intense blue color is produced with 5% doping of 
Mn" to produce a material with the formula 
AMoos MnoosM"Os, e.g., ScAloos Minos MgO. Thus, the 3+'s 
blue color appears to be a general characteristic of Mn" in a 
trigonal bipyramidal site in oxides, provided that structural 
features such as layering allow for the appropriate apical 
Mn-O bond length. 

III. Methods of Making the Materials 

Polycrystalline materials, particularly chromophoric 
materials, according to Formulas 1-6 are prepared by heating 
mixtures of reactants, such as metal oxides, in air. For 
example, powders of YO, MnO, and In-O can be mixed 
thoroughly in desired quantities and heated to produceYIn 
MnO. 

In certain disclosed embodiments, the material has a color 
that varies along a color continuum to form a homologous 
series as the value of X in Formulas 1-6 increases. For 
example, the material having the formula YIn MnO. 
exhibits an intense blue color. A shown in FIG. 8, the blue 
color darkens and eventually appears black as X increases. 
Thus, a material having a desired color along the continuum 
can be prepared by selecting the value of X corresponding to 
the desired color, and combining the reactants in Stoichiomet 
ric quantities according to the selected value of X. 

In some embodiments, the reactants are dried, e.g., at 800 
1000°C., before mixing. The reactants can be mixed by any 
Suitable means, including dissolving the reactants in a Suit 
able solvent or by mechanical mixing (e.g., mortar-and 
pestle, ball milling). In certain embodiments, the powders 
may be mixed, e.g., by mortar and pestle or using anagate ball 
mill, under a suitable liquid in which they are substantially 
insoluble, e.g., a lower alkyl (i.e., 1-10 carbon atoms) alcohol 
Such as methanol or ethanol. The liquid is evaporated, and the 
residual Solids are ground into a powder. 

In some embodiments, the materials are prepared by dis 
solving hydrated nitrate salts of the metals in deionized water. 
An organic acid (e.g., citric acid) is added to the solution, and 
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the solution then is neutralized with an aqueous base (e.g., 
ammonium hydroxide). The Solution is evaporated to form a 
Viscous gel, which Subsequently is combusted. In a working 
embodiment, the gel was combusted at 250° C. for 2 hours. 

In some embodiments, the mixed powders are pressed into 
pellets. For example, the powders may be pressed into pellets 
using a pressure of 500 psi. The mixed, and optionally pel 
leted, powders are calcined. In some embodiments, the mixed 
powders are calcined at temperatures from about 700° C. to 
about 1500° C. for about 2 hours to about 20 hours. Calcina 
tion can be performed in air. Typically, the material undergoes 
multiple calcinations. The material may be re-ground and 
re-pelleted between each calcination step. In a working 
embodiment, pellets comprisingYIn MnO were calcined 
for twelve hours in air at 1200°C., and twelve hours in air at 
1300°C. with intermediate grinding and re-pelleting; in some 
instances a third calcination for twelve hours in air at 1300° C. 
was performed. 

Other synthesis techniques such as sol-gel, co-precipita 
tion, hydrothermal including Supercritical conditions, spray 
drying, freeze drying, high-temperature spray pyrolysis (e.g., 
TiO, and ZnO) can be used to prepare powders; these tech 
niques may be especially Suitable for controlling particle size. 

IV. Examples 

Examples 1-31 

YIn MnO, DyIn MnO, Hon MnO, 
Erin MnO. 

The compositions of YIn MnO (0.05sxs0.9), Dy 
In MnO, (0.1 sys0.8), Holn, MnO, (0.1 sys0.9), 
Erin MnO (x=0.1, 0.2,0.5,0.8) of Example 1-31 were 
made using the following procedure. For each Example, 
appropriate amounts of the starting oxides, YO, DyOs, 
HoO, ErOs. InO and MnO were weighed according to 
the Stoichiometric ratios and mixed thoroughly in an agate 
mortar. The gram amounts for 0.5-6 g sample sizes of the 
starting materials used are shown in Table 2. In each Example, 
the mixed powder was pressed into pellets and was fired in air 
at 1200° C. for 12 hours. The calcined pellet was reground, 
pressed into pellets and fired again at 1300° C. for 12 hours. 
In some cases it was necessary to repeat grinding and firing in 
air at 1300° C. for 12 hours. The ramping rate of each heating 
cycle was 300° C./hr. Cell parameters a and c were deter 
mined by X-ray diffraction as described in Example 104. 

Examples 32-47 

YCuosTios Os. Y(CuosTios), Mn, Os, 
YCuosTios Mo.O. (M-Al. Ga), Y(CuosTios) 

Fe, Os (X=0.1, 0.2), LnCuosTios Mnois0s 
(Ln=Yb, Lu) 

The compositions of YCuosTios O. Y(Cuos Tios) 
MnO (0.1sxs0.9), YCuosTios Mo.O. (MAl, Ga), 
Y(Cuos Tios), Fe, Os (X=0.1, 0.2), LnCuosTios Minos.O. 
(Ln=Yb, Lu) of Examples 32-47 were made using the follow 
ing procedure. For each Example, appropriate amounts of the 
starting oxides, YO, LuC), YbO, CuO, TiO, MnO, 
Fe2O, Ga-Os, and Al-O were weighed according to the 
Stoichiometric ratios and mixed thoroughly in an agate mortar 
for approximately 15 minutes under ethanol. The gram 
amounts for 1.5-2.5 g sample sizes of the starting materials 
used are shown in Tables 3 and 4. In each Example, the mixed 
powder was pressed into pellets and was fired in air at 900° C. 
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16 
for 10 hours (Examples 32-34, 46, 47) or 12 hours (Examples 
35-45). The calcined pellets were reground, pressed into pel 
lets and fired at 1050° C. for 12 hours (Examples 46,47) or 18 
hours (32–45). The calcined pellets were reground, pressed 
into pellets and fired a third time at 1050° C. for 12 hours 
(Examples 32, 33, 35-41) or 18 hours (42-45). The calcined 
pellets were reground, pressed into pellets and fired a fourth 
time at 1050° C. for 12 hours for Examples 32,33, 35-41 and 
at 1100° C. for Examples 42-45. The ramping rate of each 
heating cycle was 300° C./hr. Cell parameters a and c were 
determined by X-ray diffraction as described in Example 104. 

Examples 48-62 

YGao. Inoo, MnO, YFe, Inoo-Mino. Os. 
YFe, Inos Mno.2O3, YFe, Ino.7 Mino. Os. 

YFe, Ino, Mno-O- 

The compositions of YGao Inoo, MnO, YFe, Inoo, 
Mino. O. YFe, Inos Mino.2O3, YFe, Ino, Mno. O. 
YFeIn, MnO (0.1 sxs0.3) of Examples 48-62 were 
made using the following procedure. For each Example, 
appropriate amounts of the starting oxides, YO, Ga-Os. 
InO, MnO, and FeO were weighed according to the 
Stoichiometric ratios and mixed thoroughly in an agate mor 
tar. The gram amounts for 1 g sample sizes of the starting 
materials used are shown in Table 5. In each Example, the 
mixed powder was pressed into pellets and was fired in air at 
1200° C. for 12 hours. The calcined pellet was reground, 
pressed into pellets and fired again at 1300° C. for 12 hours. 
The calcined pellet was reground, pressed into pellets and 
fired again at 1300° C. for 12 hours. The ramping rate of each 
heating cycle was 300° C./hr. Cell parameters a and c were 
determined by X-ray diffraction as described in Example 104. 

Examples 63-67 

YSc MnO, YIn Fe, O. 

The compositions of YScMnO, (0.8sxs0.9) and 
YIn Fe, O (0.1 sxs0.3) of Examples 63-67 were made 
using the following procedure. For each Example, appropri 
ate amounts of the starting oxides, YO, MnO, ScC), 
InO, and FeO were weighed according to the Stoichio 
metric ratios and mixed thoroughly in an agate mortar. The 
gram amounts for 0.5-1 g sample sizes of the starting mate 
rials used are shown in Table 5. In each Example, the mixed 
powder was pressed into pellets and was fired in air at 1200° 
C. for 12 hours. The calcined pellet was reground, pressed 
into pellets and fired again at 1300° C. for 12 hours. The 
ramping rate of each heating cycle was 300° C./hr. Cell 
parameters a and c were determined by X-ray diffraction as 
described in Example 104. 

Examples 68-69 

YEu, Mno.2s Ino.750s 

The compositions of YEuMnos Inois O (X=0.05 and 
0.1) of Examples 68-69 were made using the following pro 
cedure. For each Example, appropriate amounts of the start 
ing oxides, YO, MnO, ScC). InO, and Fe2O were 
weighed according to the Stoichiometric ratios and mixed 
thoroughly in an agate mortar. The gram amounts for 0.5-1 g 
sample sizes of the starting materials used are shown in Table 
5. In each Example, the mixed powder was pressed into 
pellets and was fired in air at 1300° C. for 12 hours. The 



US 8,282,728 B2 
17 

calcined pellet was reground, pressed into pellets and fired 
again at 1300° C. for 12 hours. The ramping rate of each 
heating cycle was 300° C./hr. Cell parameters a and c were 
determined by X-ray diffraction as described in Example 104. 

Examples 70-76 

YA1 MnO, 2(COs ). 

The compositions of YAl-MnO, (CO) (0.2sxs0.8; 
0.0szs 1.0) of Examples 70-76 were made using the follow 
ing procedure. For each Example, appropriate amounts of the 
starting hydrated nitrates, Y(NO), .6H2O, Al(NO).9H2O, 
Mn(NO).4H2O were weighed according to the stoichio 
metric ratios and dissolved in a small amount of deionized 
water. The gram amounts for 1.5 or 4 g sample sizes of the 
starting materials used are shown in Table 6. In each Example, 
the solution was heated to 60° C. with stirring for about 15 
minutes. Citric acid (CHsO4) was then added to the solution 
and allowed to dissolve under stirring. The Solution was neu 
tralized with aqueous NH4OH. The solution was evaporated 
at 90° C. for several hours until a viscous gel is formed. The 
dried gel was combusted at 250° C. for 2 hours. The resulting 
black product was ground, and the powder was heated at 750 
C. for 10 hours in air. The powder was then pressed into 
pellets, and the pellets were heated to 900°C. for 12 hours in 
air, reground, pressed into pellets, and heated at 900° C. for 12 
hours in air. The ramping rate of each heating cycle was 300° 
C./hr. Cell parameters a and c were determined by X-ray 
diffraction as described in Example 104. 

Examples 77-80 

YFe. In O. 

The compositions of YFe. In O (0.1 sxs0.3) of 
Examples 77-80 were made using the following procedure. 
For each Example, appropriate amounts of the starting 
hydrated nitrates, Y(NO)6H2O, Fe(NO).9H2O. In 
(NO).HO were weighed according to the stoichiometric 
ratios and dissolved in a small amount of deionized water. The 
gram amounts for 1.5 g sample sizes of the starting materials 
used are shown in Table 6. In each Example, the solution was 
heated to 60°C. with stirring for about 15 minutes. Citric acid 
(CHO) was then added to the solution and allowed to 
dissolve under stirring. The solution was neutralized with 
aqueous NH.OH. The solution was then evaporated at 90° C. 
for several hours until a viscous gel is formed. The dried gel 
was combusted at 250° C. for 2 hours. The resulting black 
product was then ground, and the powder was heated at 700° 
C. for 18 hours in air. For x=0.3, an additional heating at 700° 
C. for 20 hours in air as powder was required. The ramping 
rate of each heating cycle was 300° C./hr. Cell parameters a 
and c were determined by X-ray diffraction as described in 
Example 104. 

Examples 81-103 

LuGa Mn MgO, Lucja Mn, ZnO, ScAl 
Mn, MgO, ScAl-Mn ZnO, InGaMnznO, 
InGa Mn, MgO, ScGaMnznO, ScGa 
Mn, MgO, Lucja Mn ZnO, InCIno Gaos) 

Mn MgO, Lucja Mn, ZnOs 

The hexagonal double-layer and triple-layer compositions 
of Examples 81-103 were made using the following proce 
dure. For each Example, appropriate amounts of the starting 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

18 
oxides were weighed according to the desired Stoichiometric 
ratios. The gram amounts of the starting materials used are 
shown in Table 7. In general, the powders were ball-milled for 
2 hours and then calcined at 1,000°C. for 5 hours. Following 
calcination, the powders were ball-milled for 2 hours, pressed 
into pellets and then calcined again under the conditions 
shown in Table 7. The ramping rate of each heating cycle was 
3OOO CAhr. 

Example 104 

Synthesis and Characterization of YIn MnO, 
Materials 

Synthesis 
Polycrystalline samples were prepared by heating mixtures 

of reactants in air. Reactants were Y.O. (Nucor: Research 
Chemicals, 99.99%), MnO (JMC, 98%+), and In-O (Ald 
rich, 99.99%). Powders of YO, were dried at 850° C. before 
weighing. Appropriate quantities of reactants were mixed 
thoroughly under ethanol in an agate mortar. Intimately 
mixed powders were pressed into pellets under a pressure of 
approximately 500 psi. The pellets were calcined for twelve 
hours once in air at 1200°C., and twice in air at 1300°C. with 
intermediate grinding. Ramp rates were 300° C./hr. 

Single crystals were grown in a Pb.F. flux using a 10-fold 
excess by weight of flux. The mixture was placed in a plati 
num crucible, which was placed in an alumina crucible and 
capped. The mixture was rapidly heated in air to 840° C. 
(melting point of PbF) and held for 3 hours. The sample was 
then heated slowly (5° C./hr) to 950° C. (the temperature at 
which PbF evaporates), and held for 6 hours before cooling 
to room temperature at 300° C./hr. The flux was dissolved in 
nitric acid. The product consisted of thin black hexagonal 
plates. 
Single Crystal and Powder Diffraction 

X-ray powder diffraction (XRD) patterns were obtained 
with a Rigaku MiniFlex II diffractometer using Cu KO. radia 
tion and graphite monochromator. Single crystal X-ray dif 
fraction data were collected on a Bruker SMART APEXII 
CCD system at 173 K. A standard focus tube was used with an 
anode power of 50 kV at 30 mA, a crystal-to-plate distance of 
5.0 cm, 512x512 pixels/frame, beam center (256.52,253.16), 
total frames of 6602, oscillation/frame of 0.501, exposure/ 
frame of 10.0 s/frame and SAINT integration. A subsequent 
SADABS correction was applied. The crystal structure was 
solved with the direct method program SHELXS and refined 
with full-matrix least-squares program SHELXTL. (G. M. 
Sheldrick, SHELEXTL, Version 6.14, Bruker Analytical 
X-ray Instruments, Inc., Madison, Wis., 2003.) Crystallo 
graphic results forYIno, MnOs are summarized in Tables 
8-11. The crystal was found to be twinned with an up/down 
polarization ratio of 0.35(3). X-ray powder diffraction (XRD) 
patterns were obtained with a Rigaku MiniFlex II diffracto 
meter using Cu KO. radiation and graphite monochromator. 
Powder diffraction patterns from 10-60° 20 for the YIn 
MnO, solid solution with values of x from 0.0 to 1.0 can be 
seen in FIG. 10. The bottom pattern is YMnO, and the top 
pattern is YInO. 

TABLE 8 

Crystal data and structure refinement YIno, MnoO. 

Formula weight 214.00 
Temperature 173(2) K 
Wavelength 0.71073 A 
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TABLE 8-continued 

Crystal data and structure refinement YIno, MnO, 

Crystal system Hexagonal 
Space group P6cm 

a = 6.1709(6) A 
c = 11.770(2) A 

Unit cell dimensions 

Volume 388.17(9) A3 
Z. 6 

Density (calculated) 5.437 mg/m 
Absorption coefficient 28.267 mm 
F(000) 576 

O.OS X O.O3 x 0.01 mm 

3.46 to 28.31 

–7 s h a 8, -7 a ke 

Crystal size 
Theta range for data collection 
Index ranges 

7, -15 s is 15 
Reflections collected 3766 

Independent reflections 363 R(int) = 0.0263) 
Completeness to theta = 28.31 98.0% 
Absorption correction Semi-empirical from equivalents 

0.7653 and 0.3322 

Full-matrix least-squares on F2 
363.O.31 

1.178 

R1 = 0.0219, wR2 = 0.0407 
R1 = 0.0288, wR2 = 0.0438 
0.934 and -0.629 e? A3 

Max. and min. transmission 

Refinement method 

Data restraints, parameters 
Goodness-of-fit on F2 

Final Rindices I 2sigma(I) 
Rindices (all data) 
Largest diff. peak and hole 

TABLE 9 

Atomic coordinates and equivalent isotropic displacement 
parameters A2 x 10). 

X y Z. U(eq) 

Y1 O O O 3(1) 
Y2 / 2/ 0.9636(1) 13(1) 
M.In 0.3342(4) O 0.7211(4) 6(1) 
O1 0.322(4) O 0.879(3) 21 (6) 
O1 0.289(5) O 0.893(2) O(6) 
O2 0.635(3) O 0.061 (2) O(3) 
O2 0.655(5) O 0.034(2) 7(6) 
O3 O O 0.202(2) 24(4) 
O4 / 2/ 0.749(1) 13(3) 

U(eq) is defined as one third of the trace of the orthogonalized Uitensor. 
Refining occupation parameters gave an Mn. In ratio of 1.70 for this site. The O1/O1" and 
O2/O2 occupancy ratios are fixed at the Mn. In ratio. 

TABLE 10 

Bond lengths (A) 

Y1 O1 X 3 2.44(3) 
Y1 O1 X 3 2.18(3) 
Y1 O2 X 3 2.36(2) 
Y1 O2 X 3 2.17(3) 
Y1 O3 2.38(2)/3.51(2) 
Y2. O1 X 3 2.32(2) 
Y2 O1 X 3 2.36(2) 
Y2- O2 X 3 2.28(1) 
Y2 O2 X 3 2.18(1) 
Y2. O4 X 3 2.53(1)/3.35(1) 
Mn. In O1 1.86(3) 
Mn. In O1 2.05(3) 
Mn. In O2 1.89(2) 
Mn. In O2 2.20(3) 
Mn. In O3 2.074(3) 
Mn. In O4 X2 2.08O(3) 
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TABLE 11 

Anisotropic displacement parameters (Ax 10). 

U 11 U22 U33 U23 U13 U12 

Y1 2(1) 2(1) 6(1) O O 1(1) 
Y2 6(1) 6(1) 28(1) O O 3(1) 
Mn. In 7(1) 5(1) 5(1) O -1(1) 2(1) 
O3 33 (7) 33 (7) 5(7) O O 17(3) 
O4 3(3) 3(3) 33 (7) O O 1(1) 

The anisstropic displacement factor exponent takes the form: -2ath’ a'U+...+ 2 hk 
a bi U's 
Split atoms O1, O1, O2, and O2 were refined with isotropic displacement parameters. 

First-Principles Calculations 
First-principles calculations were performed with plane 

wave density functional theory using the Vienna Ab-initio 
Simulation Package (VASP). (Kresse, G., and Furthmueller, 
J., Phys. Rev. B 54, 11169-11186 (1996); Kresse, G., and 
Joubert, D., Phys. Rev. B 59, 1758-1775 (1999).) Exchange 
and correlation effects are treated on the level of LSDA+U, 
with an on-site Coulomb repulsion U-5.0 eV and an intra 
atomic exchange splitting of J-0.5 eV for Mn d states. 
(Liechtenstein, A. I. Anisimov, V.I., and Zaanen, J., Phys. 
Rev. B52, R5467-R5470 (1995).) A globalantiferromagnetic 
ordering with ferromagnetic Mn planes was adopted for the 
simulations. Intermediates within periodic boundary condi 
tions were studied using the Supercell approach with lattice 
constants taken from experimental values presented in FIG.7. 
The 40-atom supercells permit concentrations of x=0.0, 0.25, 
0.5,0.75 and 1.0 while maintaining equal numbers of In and 
Mnatoms in each layer. An ordering was chosen in which the 
minority component was maximally separated in space; thus, 
the possibility of In or Mn clustering was ignored. 

All structures were initialized in the centrosymmetric P6/ 
mmc space group and all atomic degrees of freedom were 
optimized until forces were less than 0.1 meV/A. This strict 
tolerance allowed accurate study of delicate features of the 
atomic structure. Such as tiltings of the polyhedra that are 
responsible for ferroelectricity. (Fennie, C.J., and Rabe, K. 
M., Phys. Rev. B 72, 100 103(4) (2005).) 
Summary of Convergence Parameters: 
1) 450 eV plane wave cutoff (33.1 Ry, 16.5 Ha) 
2) 3x3x2 Monkhorst-Pack k-point mesh containing 

k-k-0 
3) Electronic total energy converged to 1x10 eV 
4) Average ionic force relaxed to s0.5 meV/A 
Results are summarized in Tables 12 and 13. 

TABLE 12 

Distances and polyhedral volumes obtained after relaxation. Multiple 
entries indicate structural disorder within the simulation cell. 

In O, In O. Mn-e-O, MnO, 
Compound (A) (A) (A) (A) 

YInsOis 2.11, 2.13 2.13, 2.14 NA NA 
YsInsO24 2.09, 2.12 2.13, 2.13 NA NA 
YsMn2InsO24 2.10, 2.12 2.14 1.91, 1.93 2.00, 2.04 
YMinIn O2 2.08 2.16, 2.18 1.88, 1.91 2.01, 2.08 
YsMinsO24 NA NA 1.85, 1.88 2.03, 2.11 
YMnOs NA NA 1.87 2.04, 2.11 
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TABLE 13 

First-principles calculations of the 
importance of short apical Min-O bonds. 

E(d2) - 
Eizar(eV) 

2.2 
O.9 
2.1 

Structure a (A) c(A) Mn-O(A) Mn-O(A) 
Relaxed 
YInO, 
YMnO. 

6.26 
6.28 
6.12 

12.1 
12.2 
11.4 

2.04 
2.13 
2.03 

1.91, 1.93 
2.09, 2.12 
1.85, 1.88 

We choose three structures for x = 0.25 composition: fully relaxed, and doping within the 
constrainedYMnO andYInO3 ground-state structures. 

Evaluation of YIn MnO, Pigmentary Properties 
Three samples of YIn MnO were prepared as described 

above with X values of 0.05, 0.20, and 0.35. Thus, sample A 
had composition YInos Mnoos.O. sample B had composi 
tion YInosoMnooO, and sample C had composition 
YInos Minos.O. Each sample had a mass of 8-10 grams. 

Each sample was crushed using a mortar and pestle, and 
ground into a powder. Laser-scattering particle size analysis 
showed that the average particle size for the samples ranged 
from 13–28 um. To further reduce the particle size, the mate 
rials were milled by shaking in waterina Small plastic jar with 
zircon beads. Table 14 shows the particle size of each sample 
after milling. BL385 is a control pigment, Shepherd Blue 385 
(Shepherd Color Company, Cincinnati, Ohio). 

TABLE 1.4 

10 

15 

25 

Particle Size (in 30 

Sample 10% 50% 90% 

BL385 O.S 
A. O6 
B 0.7 
C 0.7 

O.8 
1.1 
1.2 
1.2 

1.4 
2.0 
2.2 
2.2 

The materials were evaluated for color in a polyvinyliden 
edifluoride (PVDF)/acrylic coating. Masstone and 4:1 tint (4 
parts titanium dioxide? 1 part blue pigment) coatings were 
prepared and coated onto aluminum panels. color, gloss, 
opacity, and total solar reflectance (TSR) results are shown in 
Tables 15 and 16. Full reflectance curves (UV/VIS/NIR) are 
shown in FIG. 11. 

TABLE 1.5 

Masstone Color 

Opacity 
(contrast 
ratio) 

60 
Pigment L* b: Gloss 

BL385 3S.O 
A. 45.9 

5.3 
5.4 

-42.0 
-45.6 

82 
89 

13,30 
24.f42 

33 
48 

E X . Composition 

YIno.95Mnoosos 
YInogMino. O3 
YInoss Mino. 15O3 
YInosMino.2O3 
YIno.7s Mino.25O3 
YIno.7Mino O. 
YIno.65 Mino.35O3 
YIno.6MinoO3 

Sky 
Brig. 
Brig. 
Brig. 

35 

40 

45 

50 

Color 

Blue 
ht Blue 
ht Blue 
ht Blue 

Royal Blue 
Royal Blue 
Navy Blue 
Navy Blue 

22 
TABLE 15-continued 

Masstone Color 

Opacity 
(contrast 
ratio) 

60 
Pigment L* a: b* Gloss 

B 34.1 
C 30.4 

11.7 
S.6 

-44.4 
-31.5 

98 
99 

21,34 
20.31 

45 
46 

TABLE 16 

Tint (4:1 

60 
Gloss 

% STR 
SUM 

% STR 
Pigment L* a: b* SWL 

BL385 77.2 
A. 83.8 
B 77.9 
C 75.4 

-8.0 
-3.5 
-2.9 
-3.5 

-22.8 
-14.1 
-19.3 
-17.6 

51 
53 
51 
53 

control 
32 
62 
76 

control 
53 
110 
145 

UV opacity of sample B and BL385 were measured by 
preparing PVDF films of various thicknesses at 5% pigment 
loading, and measuring the transmission through the films 
over the UV wavelength range. The results are shown in Table 
17 and FIG. 12, where b is the thickness of the sample in 
microns, and c is the concentration (g/g) of the pigment in the 
sample. 

TABLE 17 

Pigment c (gg) b: c 

O.OS 
O.OS 
O.OS 
O.OS 
O.OS 
O.OS 
O.OS 
O.OS 
O.OS 
O.OS 
O.OS 

b (Lm) A (350 nm) 

Blue 385 
Blue 385 
Blue 385 
Blue 385 
Blue 385 
Blue 385 
Sample B 
Sample B 
Sample B 
Sample B 
Sample B 

19 
15 
25 
27 
23 
35 
17 
2O 
26 
39 
33 

O.9S 
0.75 
1.25 
1.35 
1.15 
1.75 
O.85 
1.00 
1.30 
1.9S 
1.65 

O.2O24 
0.1507 
O.2592 
O.27OO 
0.2377 
0.3715 
O.2832 
O.3318 
O4467 
O.6558 
O.S400 

At this time, PVDF/acrylic panels including the sample 
pigments are undergoing an accelerated weathering study in a 
QUV accelerated weathering tester (Q-Lab Corporation, 
Cleveland, Ohio). 

In view of the many possible embodiments to which the 
principles of the disclosed invention may be applied, it should 
be recognized that the illustrated embodiments are only pre 
ferred examples of the invention and should not be taken as 
limiting the scope of the invention. Rather, the scope of the 
invention is defined by the following claims. We therefore 
claim as our invention all that comes within the scope and 
spirit of these claims. 

TABLE 2 

Precursor masses (g) 

YO DyO. HoO ErO. In2O, Mn2O3 

O.S409 
0.5513 
2.7907 
2.8.256 
O.S724 
0.5796 
2.9356 

O.6363 
O6101 
2.9166 
2.7793 
0.5278 
O4989 
2.3461 
O4388 

O.O191 
O.0386 
O.2927 
O.3951 
O.1OO1 
O.1216 
O.7183 
O. 1663 
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TABLE 7-continued 

Ex. Composition Color Structure 

103 Lucialogs Mnoos Zn2Os Blue Hexagonal 
Triple layer 

Reactants 

1.292 g Lu2O 
0.577 g GaO. 

32 

Calcination* 

BM 2 hr.: 1000 C.f5 hr. 
BM 2 hr.: 1350 C./2 hr. 

0.0256 g MnO, 
1.057 g ZnO 

*BM: powders are ground in an agate ball mill. 

We claim: 
1. A material, having a formula: 

where A is Sc, Y, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Al, Zn, In, 
Ga, Ti, Sn, Fe, Mg, or a combination thereof; 
M is Sc, Y, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Al, Zn, In, Ga. 

Ti, Sn, Fe, Mg, or a combination thereof, or M is a 1:1 
mixture of M and M cations where M is Zn, Mg, or 
Cu, and M is Ti or Sn; 

M" is Mn, Fe, Al, Ga, In, or a combination thereof, M' is a 
+3 cation, and at least some M" cations are bound to 
oxygen in trigonal bipyramidal coordination as M'Os: 

M" is Mg., Zn, Cu, or a combination thereof; 
X is greater than 0.0 but less than or equal to 0.8; 
y is an integer ranging from 0-15; 
at least one of M and M comprises Al. Ga, or In; and 
M is not Al wheny=0, M' is Mn and A is Y, GdTb, Dy, Ho, 

Er, Tm, Yb, or Lu. 
2. The material of claim 1 where the material is chro 

mophoric. 
3. The material of claim 1 where M is a +3 cation, and at 

least some M" cations are bound to oxygen in trigonal bipy 
ramidal coordination as MOs. 

4. The material of claim 3 where y is 0, and the material 
forms a crystal structure having hexagonal layers comprising 
MOs and M'Os trigonal bipyramids alternating with layers of 
A cations. 

5. The material of claim 4 where the crystal structure has a 
unit cell wherein edge a has a length of 3.50-3.70 A and edge 
c has a length of 10-13 A. 

6. The material of claim 5 where the crystal structure has a 
unit cell wherein edge a has a length of 5.5-7.0 A and edge c 
has a length of 10-13 A. 

7. The material of claim 3 where M is Mn. 
8. The material of claim 7 where Mn is bonded to oxygen 

with an apical Mn-O bond length of 1.80 A to 1.95 A. 
9. The material of claim 1 where M is Mn and y is 0. 
10. The material of claim 1 where A is Y. M is In, M' is Mn, 

and y is 0. 
11. The material of claim 10 where x is greater than 0.0 and 

less than 0.75. 
12. The material of claim 1 where A is Lu, Mis Ga, and M' 

is Mn. 
13. The material of claim 1 where Mis Aland M' is Mn, and 

further comprising carbonate, wherein the chromophoric 
material has the formula AAl-MnO (CO) where Z is 
greater than 0.0 and less than or equal to 1.0. 

14. The material according to claim 1 selected from YIn 
MnO, DyIn MnO, Hon MnO, Erin MnO, 
YSc MnO, YFeIn, O Luga-Min, MgO, ScAl 
MnznO, ScAl-Mn MgO, InGaMnznO, InGa 
Mn, MgO, ScGa Mn, ZnO, ScGa Mn, MgO, Luga 
Mn, ZnO, Luga-Min MgO, Luga Mn ZnOs, Y(Cu, 
Ti). AlO, Y(Cu,Ti) GaO, Y(Cu,Ti). In O, Y(Cu, 
Ti) Fe, O, Yb(Cu,Ti)MnO, Lu(Cu,Ti)MnO, 
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Y(Fe.In)MnO, Y(Mn.In). Fe O. (YEu)Mn. In O. 
In(In,Ga), Mn, MgO, and Y(Ga, In)MnO. 

15. The material according to claim 1 selected from 
YInolos MnoosCs. YInoo, MnO, YInoss Mnois0s. 
YInos Mino O. YIno. 7s Mno.25 Os. YIno, Mno. O. 
YInoss MnossOs. YIno, MnO, YInoissMino-450s, 
YInos Minos.O. YIno.2s Mino. 7s Os. YIno, MnooC). 
DyInoo,Mno. O. DyInos Mino O. DyIno, Mino O. 
DyIno, Mino Os. DyInos Minos.O. DyInoa Mino O. 
DyIno, Mno,Os. DyIno, MnosO. Honoo Mino. O. 
HoInosMn2O. Hono, MnO, Honos Mino O. 
Hono. Mino, O. Hono-MinosC). Hono, MnooC), 
Erno Mino. O. Erinos Mino Os. Erns Mino O. 
Erno 2MnosOs, YAlo. Cuo.4sTio.450s, 
YGao Cuo.4sTio.450s, YIno. Cuo.4sTio.450s. 
YFeo. Cuo.4sTio.450s. YFeo.2Cuo-Tio-Os. 
YMino CuoasTio.asCs. YMno.2Cuo-Tio-Os. 
YMno CuossTiossOs. YMino-Cuo Tio Os. 
YMnosCuo.2sTio 250s. YMnogCuo.2Tio.2O3, 
YMno,Cuois Tios Cs. YMinos Cuo. Tio O. 
YMnooCuoiosTiolos Os. LuMnos Cuo.2sTio.2sOs. 
YbMnos Cuo.2sTio.2sOs. YGao. Inos Mino. Os. 
YGao Ino, Mno.2O3, YGao. Ino, Mno Os. 
YFeo. InosMino. O. YFeo. Ino, Mno. O. 
YFeo. Ino, Mno. Os. YFeo. Inc.,Mn2O. 
YFeo.2 Ino. Mino.2O3, YFeo. Inos Mino.2O3, 
YFeo. Ino. Minoa Os. YFeo.2Inos MinoaCs. 
YFeo. Ino-Minoa Os. YFeo. Inos Mino-Os, YFeo.2 Ino-Os. 
YFeo. Inos Mino-Os. YFeo. InooCs. YFeo.2 InosCs. 
YFeo. Ino,Os, YFeo, Ino, Os, YFeos Ino.2Os, YFeoolno. Os. 
YSco. Mino.oOs, YSco.2MnosO3, Yoseuloos Mno.2s Ino.750s, 
YoEulo, Mno.2s Ino.750s. YAloo MinosoCs (COs). 
YAlosoMno.700s (COs). YAlo.4oMnogoOs (COs). 
YAlosoMnoso Os (CO3), YAlocoMinoao.O. (COs). 
YAlozo MinosoCs (COs). YAlosoMnooCs (CO3), 
Lugao. 99 Minoo MgO4. Lugao.97MnoosMgO4. 
Lugaolos Mnoos MgO, Lugaoloo Minoo MgO, 
Lugaoss Mnois MgO4. Lugao.97Mnoos ZnO4. 
Lugaolos Mnoos ZnO, ScAloooMnoo MgO, 
ScAloos Mnoos MgO4. ScAloooMnoosMgO4. 
ScAloss Mnois MgO4. ScAloos Mnoos ZnO4. 
InGao.97 Mnoos ZnO4. InGao.97 Mnoos ZnO4. 
InGaolos Mnoos ZnO4. InGaolos Mnoos MgO4. 
ScGaolos Mnoos ZnO4. ScGaolos Mnoos MgO, 
Lugao. 99 Minoo ZnO4. Lugaolos Mnoos ZnO4. In(Ino.2 
Gaos)oosMnoosMgO4. LuGao 99 MnooZn2Os. 
Lugaolos Mnoos Zn2Os, and InCIno.2Gaos)oos MnoosMgO4. 

16. A composition, comprising: 
a material having a formula AM-M', M"O, where A is 

Sc.Y. Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Al, Zn, In, Ga., Ti, 
Sn, Fe,Mg, or a combination thereof; Mis Sc.Y. Gd, Tb, 
Dy, Ho, Er, Tm, Yb, Lu, Al, Zn, In, Ga., Ti, Sn, Fe,Mg, or 
a combination thereof, or M is a 1:1 mixture of M and 
M. cations where M is Zn, Mg, or Cu, and M is Ti or 
Sn; M' is Mn, Fe, Al, Ga, In, or a combination thereof, M 
is a +3 cation, and at least some M'" cations are bound 
to oxygen intrigonal bipyramidal coordination as M'Os, 
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M" is Mg., Zn, Cu, or a combination thereof: X is greater 
than 0.0 but less than 1.0; y is 0 or an integer from 1-6; at 
least one of M and M' comprises Al. Ga, or In; and M is 
not Al when y=0, M is Mn and A is Y, Gd, Tb, Dy, Ho, 
Er, Tm, Yb, or Lu; and 

at least one additional component. 
17. The composition of claim 16 where the composition is 

a paint, an ink, a glass, a plastic, or a decorative cosmetic 
preparation. 

18. The composition of claim 16 where the composition is 
a paint or an ink, and the at least one additional component is 
a binder, a solvent, a catalyst, a thickener, a stabilizer, an 
emulsifier, a texturizer, an adhesion promoter, a UV stabi 
lizer, a flattener, a preservative, or a combination thereof. 

19. The composition of claim 15 where the composition is 
a glass, and the at least one additional component is an oxide 
of silicon, boron, germanium, or a combination thereof. 

20. The composition of claim 16 where the material is 
selected from YIn MnO, DyIn MnO, Hon. 
MnO, Erin MnO, YSc MnO, YFe. In O, 
LuGa Mn MgO, ScAl-Mn ZnO, ScAl-Mn MgO, 
InGa Mn, ZnO, InGa Mn, MgO, ScGaMnznO, 
ScGa Mn, MgO, Lucja Mn ZnO, Lucja Mn, MgO, 
LuGa Mnzn-Os, Y(Cu,Ti). AlOs, Y(Cu,Ti) GaO. 
Y(Cu,Ti). In O, Y(Cu,Ti) Fe O, Yb(Cu,Ti)MnO, 
Lu(Cu,Ti)MnO, Y(Fe. In), MnO, Y(Mn.In). Fe, O, 
(YEu)Mn. In Os. In(In,Ga), Mn, MgO, and Y(Ga, 
In)MnO. 

21. The composition of claim 16 where the material is 
selected from YInolos MinosoCs. YInoo, MnO, 
YInoss Mnois0s, YInos Mino O. YIno. 7s Mino.25Os, 
YIno, Mino Os. YInogs MnossOs, YInoe Mino-Os. 
YInoissMino-450s, YInos Minos0s. YIno.2s MnozsCs. 
YIno, MnooC). DyInoo Mino. O. DyInos Mino.2O. 
DyIno, MnO, DyIno, MnO, DyInos Mino O. 
DyIno-Mino. O. DyIno, Mno,O. DyIno, MnosO. 
HonoloMno. O. HoInosMino O. Hono, Mino O. 
Honos Minos.O. Hono. Mino,O. Hono-MinosC). 
Hono, MnooCs. ErnooMino. Os. Erinos Mino.2O3, 
Erinos Mnois0s, Erino 2Mnos0s, YAlo CuosTiosCs. 
YGao. Cuo.4sTio.450s, YIno. Cuo.4sTio.450s. 
YFeo. Cuo.4sTio.450s. YFeo.2Cuo-Tio-Os. 
YMno. CuoasTio.asCs. YMno.2Cuo-Tio-Os. 
YMino CuossTiossOs. YMino-4CuosTio.30s. 
YMnosCuo.2sTio 250s. YMnogCuo.2Tio.2O3, 
YMno.7CuosTiois0s. YMinos Cuo. Tio Os. 
YMnooCuloosTiolos Os: LuMnosCuo.2sTio 250s. 
YbMnosCuo.2sTio.2sOs. YGao. Inos Mino. Os. 
YGao. Ino, Mno Os. YGao. Ino, Mno Os. 
YFeo. InosMino. O. YFeo. Ino, Mno. O. 
YFeos Ino. Mino. Os. YFeo. Ino, Mino O. 
YFeo.2 Ino. Mino.2O3, YFeo. Inos Mino.2O3, 
YFeo. Ino. Minoa Os. YFeo.2 Inos MinoaCs. 
YFeo Ino-Mino Os. YFeo. Inos Mino-Os. 
YFeo.2 Ino-Mino-Os. YFeo. Inos Mino-Os, YFeo. Ino.oOs, 
YFeo InosC. YFeo. Ino, Os, YFeo, Ino, Os, YFeos Ino.2O3, 
YFeoolno. Os. YSco. MnooCs. YSco2MnosC). 
Y1.9s Euloos Mino.2s Ino.750s. Y1.9Eulo. Mino.2s Ino.750s. 
YAlo20MinosoCs (COs). 
YAlo.aoMnogoOs (COs). 
YAl goMno.40Os (COs 

YAlosoMno.700s (COs). 
YAlosoMnosoCs (COs). 
YAlozoMnogoOs (COs). 

YAlosoMno.20O3(COs). Lugao. 99 Minoo MgO4. 
Lugao.97MnooMgO, Lugaolos Mnoos MgO, 
LugaolooMnooMgO4. Lugaoss Mnois MgO4. 
Lugao.97Mnoos ZnO4. LuGaolos Mnoos ZnO4. 
ScAloooMnoo MgO4. ScAloos MnoosMgO4. 
ScAloooMnoos MgO4. ScAloss Mnois MgO4. 
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ScAloos Mnoos ZnO4. InGao.97 Mnoos ZnO4. 
InGaolo, Mnoos ZnO4, InGaoss Mnoos ZnO4, 
InGoos Mnoos MgO4. ScGaolos Mnoos ZnO4. 
ScGaolos Mnoos MgO4. Lugao. 99 Minoo ZnO4. 
Lugaolos Mnoos ZnO4. In(Ino.2Gaos)oos MnoosMgO4. 
Lugao. 99 MnooZn2Os, Lugaolos Mnoos Zn2Os, and 
In(Ino.2Gaos)oos MnoosMgO4. 

22. The composition of claim 16 where the material is 
YIn MnO, and X is greater than 0.0 and less than 0.75. 

23. The composition of claim 16, further comprising at 
least one additional material, wherein the at least one addi 
tional material is chromophoric. 

24. The composition of claim 16, further comprising at 
least one additional material according to claim 1. 

25. A method for making a material having a formula 
AM-M', M"O, where A is Sc, Y, Gd, Tb, Dy, Ho, Er, Tm, 
Yb, Lu, Al, Zn, In, Ga., Ti, Sn, Fe, Mg, or a combination 
thereof; Mis Sc.Y.Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Al, Zn, In, 
Ga, Ti, Sn, Fe, Mg, or a combination thereof, or M is a 1:1 
mixture of M and Mications where M is Zn, Mg, or Cu, and 
M is Ti or Sn; M' is Mn, Fe, Al. Ga, In, or a combination 
thereof, M' is a +3 cation, and at least some M" cations are 
bound to oxygen in trigonal bipyramidal coordination as 
M'Os: M" is Mg., Zn, Cu, or a combination thereof: X is greater 
than 0.0 but less than 1.0; y is 0 or an integer from 1-6; at least 
one of M and M comprises Al. Ga, or In; and M is not Al when 
y=0, M' is Mn and A is Y, Gd, Tb, Dy, Ho, Er, Tm, Yb, or Lu, 
the method comprising: 

providing powders comprising metals desired in the mate 
rial; 

combining the powders in Stoichiometric quantities to 
achieve a desired final ratio of the metals in the material; 

heating the powders at a temperature of about 700° C. to 
about 1500° C. for about 2 hours to about 20 hours to 
produce the material. 

26. The method of claim 25 where the powders are metal 
oxides or metal nitrates. 

27. The method of claim 26, further comprising, after com 
bining the powders in Stoichiometric quantities, pressing the 
powders into a pellet before heating. 

28. The method of claim 27, further comprising: 
grinding the pellet after heating to produce a powder, 
pressing the powder into a pellet; and 
heating the pellet at a temperature of 700-1500° C. for 2-20 

hours. 
29. The method of claim 25 where the material has the 

formula YIn MnO. 
30. A method for varying color in a material having a 

formula AM, M', M"O, where A is Sc.Y.Gd, Tb, Dy, Ho, 
Er, Tm, Yb, Lu, Al, Zn, In, Ga, Ti, Sn, Fe,Mg, or a combina 
tion thereof; M is Sc, Y, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Al, 
Zn, In, Ga., Ti, Sn, Fe,Mg, or a combination thereof, or M is 
a 1:1 mixture of M and M cations where M is Zn, Mg, or 
Cu, and M is Ti or Sn; M' is Mn, Fe, Al. Ga, In, or a 
combination thereof. M' is a +3 cation, and at least some M'" 
cations are bound to oxygen in trigonal bipyramidal coordi 
nation as M'Os: M" is Mg., Zn, Cu, or a combination thereof; 
X is greater than 0.0 but less than 1.0; y is 0 oran integer from 
1-6; at least one of M and M comprises Al. Ga, or In; and M 
is not Al when y=0, M' is Mn and A is Y. Gd, Tb, Dy, Ho, Er, 
Tm, Yb, or Lu; and where the material has a color that varies 
along a color continuum as X increases, the method compris 
1ng: 

providing powders comprising metals desired in the mate 
rial; 

selecting a value of X to provide a desired color along the 
color continuum: 
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combining the powders in Stoichiometric quantities Ga, or In; and M is not Al when y=0, M is Mn and A is 
according to the value of X; and Y, Gd, Tb, Dy, Ho, Er, Tm, Yb, or Lu: 

heating the powders at a temperature of about 700° C. to combining the material with at least one additional com 
about 1500° C. for about 2 hours to about 20 hours to ponent to produce the composition. 
produce the material with the desired color. 5 32. The method of claim 31 where providing the material 

31. A method for making a composition, comprising: comprises: 
providing a material having a formula AM-M', M"O. providing powders comprising metals desired in the mate 
where A is Sc.Y. Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Al, Zn, rial; 
In, Ga., Ti, Sn, Fe,Mg, or a combination thereof; Mis Sc, combining the powders in Stoichiometric quantities to 
Y. Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Al, Zn, In, Ga,Ti, Sn, 10 achieve a desired final ratio of the metals in the material; 
Fe, Mg, or a combination thereof, or M is a 1:1 mixture and 
of M and M cations where M is Zn, Mg, or Cu, and heating the powders at a temperature of about 700° C. to 
M is Tior Sn; M' is Mn, Fe, Al. Ga, In, or a combination about 1500° C. for about 2 hours to about 20 hours to 
thereof. M' is a +3 cation, and at least some M" cations produce the material. 
are bound to oxygen in trigonal bipyramidal coordina- 15 33. The method of claim 31 where the material has the 
tion as M'Os: M" is Mg., Zn, Cu, or a combination formula YIn MnO. 
thereof: X is greater than 0.0 but less than 1.0; y is 0 or an 
integer from 1-6; at least one of Mand M comprises Al, k . . . . 


