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A B S T R A C T

The literature on V-doped zircon pigments offers a puzzling situation with unanswered questions about the ori-
gin of turquoise colour. In this study, new diffraction (XRPD) and spectroscopic (EPR, EAS) data were obtained
on four industrial pigments, whose vanadium content is much higher than samples from previous investigations.
Both EPR features and XRPD results indicate the occurrence of tetrahedrally-coordinated V⁠4+ at the zircon in-
terstitial site 16g. EPR spectra at 5K exhibit a structured multiplet attributed to isolated V⁠4+ ions and an ex-
change-narrowed line resulting by clustering of V⁠4+ ions. The intensity of optical bands is stronger in samples
affected by V⁠4+ clusters. However, the turquoise colour stems from the window of transmitted green-bluish light,
which depends on both the tail of the main optical band (⁠2B← ⁠2A) and the onset of charge transfer phenomena.
Small variations in these two bands readily turn into a chromatic shift from light blue to green.

1. Introduction

The ceramic industry is currently utilizing only one pigment with
colour between green and blue, namely in the turquoise-cyan range,
that is vanadium-doped zirconium silicate [1,2]. Nickel-doped hibonite
or Mn⁠5+-doped oxides were also proposed as turquoise pigment [3–5],
but they never entered in the industrial use because of technological
limits in ceramic processing.

Seabright [6] patented the V-doped zircon as ceramic pigment in
1948. Its peculiar turquoise colour soon attracted the academic inter-
est and early attempts to explain the origin of colour go back to the
1960s [7–10]. Since the 1970s, the V-doped zircon has been a mile-
stone of the “ceramic palette”, being able to cover the wide colour space
from light blue to green and, by mixing with Pr-doped zircon, to yel-
lowish green [1,11]. However, the advent of inkjet printing, that since
2009 has almost completely replaced previous decoration techniques,
changed drastically both technological requirements and colour demand
for ceramic pigments [12].

On one side, inkjet printheads work properly only with submicronic
pigments, a constraint which has imposed the colorant industry to a

further process of micronization [13]. This makes conventional pig-
ments more reactive (due to higher specific surface area), but it dam-
ages their crystal structure, leading eventually to amorphisation [14].
These drawbacks can be somewhat overcome by increasing the solid
load of inks, but this has repercussions on ink viscosity and surface ten-
sion, which must be within the window acceptable by inkjet printers
[15]. On the other side, digital decoration is managed by quadrichromy
(four basic colours: Cyan, Magenta, Yellow and Black). This circum-
stance brought about a dramatic reduction of the potential candidates
as pigments in digital inks [1,12]. In principle, V-zircon should be the
best candidate for the Cyan ink, but strong limitations arise when the
pigment is micronized then applied on glazes for ceramic tiles [13,14].

The ceramic pigment manufacturers faced the “digital era” by re-
formulating their recipes in order to get better performances. This im-
provement was successful for various pigments, including blue and
black spinels, magenta malayaite, and particularly yellow zircon ob-
tained by praseodymium doping [16–19]. Noteworthy the reason why
V-doped zircon is unreliable for inkjet printing, while Pr-doped zircon
is widely utilized, is not fully understood yet. A deeper comprehension
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of this different behaviour would pave the way to an actual engineering
of micronized pigments, starting from a proper design of crystal struc-
tural features.

Vanadium may be in principle located at different sites of the zir-
con lattice, especially in the case of high V concentration, as in indus-
trial pigments. The crystal structure of zircon (ZrSiO⁠4; s.g. I4⁠1/amd) con-
sists of chains of alternating edge-sharing SiO⁠4 tetrahedra and ZrO⁠8 tri-
angular dodecahedra running parallel to the c-axis. As shown in Fig.
1A, those chains are joined by edge-sharing ZrO⁠8 dodecahedra along the
ab-plane, so that each ZrO⁠8 polyhedron shares edges with four adjacent
ZrO⁠8 dodecahedra [20,21]. Both Zr⁠4+ and Si⁠4+ are located at crystallo-
graphic sites (Wyckoff positions 4a and 4b, respectively) with the same
symmetry (i.e. -4m2 or D⁠2⁠d), whereas O⁠2− finds place at the 16h position
with site symmetry. m. or C⁠s. The polyhedral arrangement of the zircon
structure gives rise to voids between tetrahedral and dodecahedral sites,
i.e. potential interstitial sites within which impurity elements can be ac-
commodated [21]. Among those interstitial sites, the tetrahedral site lo-
cated at the 16g Wyckoff position (Fig. 1B) with symmetry 2 or C⁠2 has
been proposed for hosting V⁠4+ ions [22].

It is recognized how difficult is to keep under strict control all vari-
ables in the synthesis of V-doped zircon pigments [23–25]. Vanadium
is more or less easily volatilized during calcination, that is usually car-
ried out at temperatures between 800 and 1000 °C with various miner-
alizers, mostly alkaline fluorides [26–29]. Such mineralizers are neces-
sary to get the formation of zircon, which takes place on zirconia by
transportation of silicon and oxygen across the interface [8,23]. The role
of fluorine is likely that of vehiculating silicon in the gaseous phase
through SiF⁠4 complexes [26,27]. In the industrial practice, the starting
batch contains the precursor (ammonium metavanadate) in excess with
respect to the “optimal” doping, i.e. 3%–5% wt. as vanadium pentoxide,
because some will be lost by volatilization [1,4]. Thus, pigment man-
ufacturers cannot exactly predict the amount of vanadium actually in-
side the zircon structure, that is a consequence of synthesis conditions
[23,27–29]. Although the vanadium concentration is the main factor
controlling the intensity and stability of turquoise colour, other factors
play a relevant role: amount and type of vanadium precursor, synthesis
route, particle size, and so on [30–33].

In the literature, there is a long time debate about the valence,
oxygen coordination, and localization of vanadium ions responsible of
turquoise colour in the zircon crystal structure [8,22,34–47]. Although
there is a large convergence on V⁠4+ as the chromophore ion, opinions
differ significantly about which site is hosting the V⁠4+ ions in the zir-
con lattice. Such disparate viewpoints stem from a remarkably wide
range of experimental techniques (Table 1) and produce a patchwork
of useful observations, even though none of them individually conclu

sive. Interestingly, some papers relate the V⁠4+ partition among the zir-
con sites to the amount of vanadium and/or the use of mineralizers
[44,46,47]. It is worthwhile noting that most literature data refer to zir-
con doped with low to very low amount of vanadium, at variance with
industrially manufactured pigments, which in most cases still rely on the
original patent recipe [6].

The main goal of the present study is to shed light – by cross-check-
ing literature data with new experimental results – on still unanswered
questions about the valence state and location of vanadium ions inside
the zircon lattice. This achievement would allow the full comprehension
of colouring mechanisms in industrial pigments, with important reper-
cussions on their technological properties and especially the behaviour
during micronization and firing.

2. Materials and methods

Materials: four samples of V-doped zircon (named BM61, TZ, 423
and 5108, respectively) were investigated to include industrially man-
ufactured turquoise pigments (supplied by four different colorant-mak-
ers) in order to widen the range of vanadium concentration and colour
properties. No specific information is available on the industrial synthe-
sis conditions and mineralizers employed, beyond a general description
of the process [6].

2.1. Chemical and physical characterization

The chemical composition of industrial pigments was performed
by X-ray Fluorescence Wavelength Dispersive Spectrometry (XRF-WDS)
using a Panalytical Axios spectrometer with experimental conditions
(power, voltage and current of the X-ray tube, diffracting crystal, detec-
tor window) tailored for each analyte. The sample was melted (1200 °C
in platinum crucible with lithium borate-to-sample ratio 9:1) to get a
glassy disc (50mm diameter). Calibration of the counts x concentration
straight lines were set up using zircon reference materials. The results
obtained in this way (10 replicates) are reported in Table 2.

The morphology of pigment particles was observed under a Scanning
Electron Microscope (SEM, Zeiss SUPRA 50VP). Pigment powders were
scattered and glued on a copper support, then gold coated.

The particle size distribution was determined by X-ray monitoring of
gravity sedimentation, using a Micromeritics SediGraph 5100 appara-
tus and applying the experimental conditions of ASTM C958 standard.
Samples were dispersed by ultrasonic bath in a 0.5% W/W sodium hexa-
metaphosphate aqueous solution. The median particle size (50th per-
centile of the cumulative curve) is reported in Table 2.

Fig. 1. Schematic representation of the ZrSiO⁠4 polyhedral arrangement in a perspective view along the c-axis where isolated SiO⁠4 tetrahedra share corners and edges with ZrO⁠8 dodeca-
hedra. These latter are arranged in chains parallel to the ab plane through edge-sharing (A); polyhedral representation of the zircon tetragonal unit-cell (s.g. I4⁠1/amd) where Zr⁠4+ (within
dodecahedra) and Si⁠4+ (within tetrahedra) occupy the 4a and 4b Wyckoff positions, respectively, whereas the 16g position is highlighted by means of a tetrahedrally coordinated atom
within an interstitial void (B).
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Table 1
Literature about localization in the zircon crystal structure of vanadium ions responsible of turquoise color. V(apfu): vanadium content in zircon (atoms per formula unit). V(prec): vana-
dium precursor. miner: use of mineralizers. Zr: cubic site 4a; Si: tetrahedral site 4b; Int: interstitial site 16g. Symbols indicate the probability level suggested by authors: conclusive or
probable (++), possible (+), ruled out (no).

Paper Ref. Experimental techniques V(apfu) V(prec) miner Zr Si Int

Demiray et al. (1970) [8] XRD, EAS N/A NHV,V⁠2O⁠5 NaF ++
Ball & Wanklyn (1976) [10] EPR, pEAS N/A V⁠2O⁠5 flux* + +
Di Gregorio et al. (1982) [34] EPR, pEAS ~0.03 V⁠2O⁠5,NaV flux ++
Monrós et al. (1990) [35] XRD, EDS, FTIR N/A NHV no +
Siggel & Jansen (1990) [22] XRD-SC 0-0.06 N/A flux ++
Chandley et al. (1992) [36] AIC, EDS, XRD-SC 0.043 N/A flux + + no
Andrés et al. (1993)
Beltrán et al. (1993)
Beltrán et al. (1994)

[37] [38] [39] AIC calc. calc. no +

de Waal et al. (1996) [40] Raman 0.02-0.7 V⁠2O⁠5 no ++
Ocaña et al. (1998) [41] XRPD, EXAFS-XANES, EPR 0.014- 0.043 V⁠2O⁠5 NaF + ++
Valentín et al. (1999) [42] XRD, EAS, EDS 0-0.03 V⁠2O⁠5 no ++
Rubio-Puzzo et al. (2000) [43] PAC (Zr) 0.026 NHV NaF ++ + +
Torres et al. (2002) [44] XRPD <0.05 V⁠2O⁠5 no ++

0.05-0.2 V⁠2O⁠5 no ++ +
Niesert et al. (2002) [45] pEAS, QCC 0.76 V⁠2O⁠5 flux ++
Dajda et al. (2003) [46] NMR ⁠29Si, ⁠91Zr, ⁠51V, ⁠17O <0.7 V⁠2O⁠5 NaF ++ ++

>0.7 V⁠2O⁠5 NaF +
Ardizzone et al. (2005) [47] XRPD, EPR, XANES, EAS <0.05 VCl no ++ ++

>0.05 VCl NaF ++

N/A: not available. AIC: ab initio calculations. EAS: Electronic Absorption Spectroscopy (p: polarized). EDS: Energy-Dispersive Spectroscopy. EPR: Electronic Paramagnetic Resonance.
EXAFS: Extended X-ray Absorption Fine Structure. FTIR: Fourier-Transformed Infrared spectroscopy. NMR: Nuclear Magnetic Resonance. PAC: Perturbed Angular Correlations. QCC:
Quantum Chemical Calculations. XANES: X-ray Absorption Near Edge Structure. XRD-SC: X-Ray Diffraction (Single Crystal). XRPD: X-Ray Powder Diffraction. calc.=calculated. Vanadium
precursor: NHV=NH⁠4VO⁠3, NaV=NaVO⁠3, VCl, V⁠2O⁠5. Mineralizers: NaF or flux (lithium molybdate; *PbO or Bi⁠2O⁠3).

Table 2
Chemical composition, particle size distribution, and color of pigments and zircon crystal chemistry.

Unit 423 5108 BM61 TZ Exp. error

Pigment chemical composition SiO⁠2 % wt 33.78 30.36 31.84 31.57 0.10
TiO⁠2 % wt 0.06 0.10 0.08 0.12 0.01
VO⁠2 % wt 2.62 3.13 3.15 2.76 0.02
ZrO⁠2 % wt 60.66 62.50 61.81 61.74 0.20
HfO⁠2 % wt 1.14 1.22 1.17 1.20 0.02
Al⁠2O⁠3 % wt 1.37 0.67 0.62 0.35 0.02
Fe⁠2O⁠3 % wt 0.08 0.12 0.11 0.09 0.01
Na⁠2O % wt 0.90 0.66 0.09 1.50 0.02
P⁠2O⁠5 % wt 0.33 0.28 0.33 0.15 0.02

Zircon crystal chemistry SiO⁠2 % mol 42.86 50.13 43.89 42.34 0.20
ZrO⁠2 % mol 53.04 45.58 51.29 52.55 0.20
HfO⁠2 % mol 0.58 0.52 0.57 0.60 0.02
VO⁠2 % mol 3.52 3.77 4.25 4.50 0.02

occupancy site 4a (Zr +Hf) apfu 1.072 0.922 1.037 1.063 0.005
occupancy site 4b (Si) apfu 0.857 1.003 0.878 0.847 0.005
occupancy site 16g (V) apfu 0.070 0.075 0.085 0.090 0.001

median particle size μm 6.2 4.0 5.0 5.2 <0.1

Pigment color L* (brightness) % 70.5 72.9 69.7 67.7 0.3
a* (green coordinate) % −11.6 −10.8 −10.7 −12.3 0.1
b* (blue coordinate) % −20.4 −8.6 −13.7 −14.3 0.1
*C (chroma) % 23.4 13.8 17.4 18.8 0.2

Optical density (640 nm) K/S 2.0 1.7 3.1 2.6 <0.1

The colour was measured on pigment powders by Hunterlab Minis-
can MSXP4000 spectrophotometer equipped with an integrating sphere
(illuminant D65, detection angle 8°, 5 replicates). The results are ex-
pressed in CIE L*a*b* coordinates, where L* is brightness (100=white,
0=black) while a* and b* are chromatic coordinates (+a*=red,
–a*=green, +b*=yellow, –b*=blue) and C*= (a*⁠2 +b*⁠2)⁠0.5. Aver-
aged values can be found in Table 2.

2.2. X-ray diffraction data collection and Rietveld refinements

X-ray powder diffraction measurements were performed at room
temperature using a Bruker D8 Advance diffractometer on a
Bragg-Brentano geometry with a X-ray tube operating at 40kV and
40mA. Experimental data were collected by means of a Si(Li) solid-state
detector set to discriminate Cu Kα⁠1,2 radiation in the 5–130° 2θ angular
range, with a counting time of 10s per 0.02° 2θ step.
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Structural parameters were determined from whole pattern profile
fitting of the diffraction data by the Rietveld method using the GSAS
code implemented into the EXPGUI interface [48,49]. The presence of
associated phases, detected in variable amounts as reported in Table
3, was accounted for by carrying out multiphase refinements in which
only the scale factors and the cell parameters were varied, except for
the zircon main phase. The starting structural models employed during
the Rietveld refinement were those of Kolesov et al. [50] for the zir-
con structure (tetragonal s.g. I4⁠1/amd), Hill et al. [51] for the badde-
leyite structure (monoclinic s.g. P2⁠1/c), and Baur et al. [52] for the low
quartz structure (trigonal s.g. P3⁠121). Peak profiles were modeled by a
pseudo-Voigt function, with the peak cut-off set to 0.05% of the peak
maximum, by means of three Gaussian terms (i.e., GU, GV, and GW, re-
spectively), and the two Lorentzian broadening coefficients (i.e., LX, and
LY, respectively) plus an asymmetry contribution. Besides 18 shifted
Chebyshev polynomial coefficients to reproduce the background and a
scale factor, the refinements included cell parameters (a- and c-axis),
oxygen atomic coordinates (y and z), and isotropic atomic displacement
parameters (U⁠iso) of the zircon phase.

2.2.1. Refinement strategy and evidence of V⁠4+ location
Several refinement strategies were explored. Specifically, structural

models with a full replacement of V⁠4+ (in its stoichiometric amount)
for both Zr⁠4+ and Si⁠4+ at the 4a cubic and 4b tetrahedral cationic sites,
respectively, as well as refinement with partial substitutions of V⁠4+ for
Si⁠4+ at the 4b site coupled with a small amount of V⁠4+ at the 16g in-
terstitial site were employed. Due to the “constrained” zircon structure
(where only a and c unit-cell parameters, y and z oxygen atomic coor-
dinates, and isotropic atomic displacement parameters (U⁠iso) can be re-
fined), those previous attempts didn't lead to an unambiguous structural
model (i.e., very few differences among the reliability indexes were ob-
served).

The main evidence of the possible location of vanadium cations was
derived from residuals of electron density calculated by mean of delta
Fourier maps. Indeed, for all the investigated samples some electron
density residuals (ranging from 0.30 to 0.45 e⁠−Å⁠–3) at the 16g intersti-
tial site were detected. Fig. 2A highlights some electron density residu-
als around Zr and Si cations, and the location of well defined electron

density residuals at the 16g interstitial position the latter being consis-
tent with local occurrence of V ions within a few unit cells averaged by
symmetry constraints all over the crystal structure.

Agreement factors and refinement details are listed in Table 3.
Unit-cell parameters, vanadium content, selected metal–oxygen bond
distances, bond angles, and polyhedral volumes of the zircon structure
for the investigated samples are summarized in Tables 3 and 4. The Ri-
etveld plot for the sample TZ is reported in Fig. 2.

2.3. Electronic Absorption Spectroscopy

Optical measurements were performed by Electronic Absorption
Spectroscopy (EAS) in diffuse reflectance (Perkin Elmer λ19 spectropho-
tometer, 300–2500nm range, 0.1nm step size, BaSO⁠4 integrating
sphere, white reference material: BaSO⁠4 pellet). Reflectance (R⁠∞) was
converted to absorbance (K/S) by the Kubelka-Munk equation: K/S=
(1–R⁠∞)⁠2⋅(2R⁠∞)⁠−1 [53]. Each one of the three absorbance bands in the
NIR-visible-UV range was fitted with a Gaussian function (PFM, Origin-
Lab) initially centred on peak maxima and going to convergence by an
automatic procedure. By this way, band energy (centroid) and width
(Full Width at Half Maximum, FWHM) were obtained, which experi-
mental error, including background correction and reproducibility, is
around 2%.

2.4. Electron Paramagnetic Resonance

X-band (ν ca. 9.4GHz) Electronic Paramagnetic Resonance (EPR)
spectra were measured on powder samples using a Bruker Elexsys E500
spectrometer (Bruker GmbH) equipped with a with a SHQ cavity and
a ESR900 continuous flow ⁠4He cryostat (Oxford Instruments). Spectra
were registered at different temperatures in the range 5–298K.

3. Results and discussion

3.1. General features

Ceramic pigments are manufactured by industry with a rather nar-
row particle size distribution achieved by jet milling. In the case of zir

Table 3
Quantitative phase analysis, goodness of fit (agreement factors), and refinement details of analyzed samples from X-ray powder diffraction. Furthermore, agreement factors, vanadium
content, and unit-cell parameters for the zircon structure. Standard deviations are within parentheses.

Sample 423 5108 BM61 TZ

Quantitative phase analysis (wt %)
zircon (ZrSiO ⁠4) 86.3(3) 93.9(1) 86.8(3) 87.6(3)
baddeleyite (ZrO ⁠2) 2.7(5) 6.1(6) 5.1(6) 3.6(6)
low quartz (α-SiO⁠2) 11.0(9) – 8.2(9) 8.8(9)

Agreement factors and refinement details
R⁠wp 0.0974 0.0915 0.1007 0.0989
R⁠p 0.0712 0.0676 0.0755 0.0718
No. of data 6250 6250 6250 6250
No. of variables 49 43 49 49
R(F⁠2) 0.0484 0.0340 0.0351 0.0347

ZrSiO⁠4 (s.g. I4⁠1/amd)
No. of reflections 138 138 139 139
R(F) 0.0232 0.0164 0.0171 0.0167

Vanadium content, xV⁠4+ (apfu):
0.071 0.075 0.084 0.090

Unit-cell parameters
a=b (Å) 6.61183(4) 6.61344(7) 6.61529(7) 6.61562(7)
c (Å) 5.99409(4) 5.99620(7) 6.00212(8) 6.00189(8)
V (Å⁠3) 262.040(4) 262.259(7) 262.665(7) 262.681(8)

Notes: data on the vanadium content have been obtained by weighting the VO⁠2 content from the chemical XRF analysis for the amount of the associated phases.
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Fig. 2. 3-dimensional perspective of the ZrSiO4 unit-cell (sample TZ) with highlighted electron density residuals around Zr and Si cations, and the location of well defined electron density
residuals at the 16g interstitial site (A); and, final Rietveld fit for the sample TZ (B). The experimentally observed data are indicated by crosses, the calculated pattern is the continuous
line among crosses, and the lower curve is the weighted difference between calculated and observed patterns (obs-calc). Vertical ticks mark the position of allowed reflections for the
crystalline phases present in the sample (i.e., zircon, baddeleyite, and low quartz, respectively).

Table 4
Final atomic coordinates, atomic displacement parameters (U⁠iso in Å⁠2 ×100), selected interatomic bond distances (Å), bond angles (°), and polyhedral volumes (Å⁠3) for ZrSiO⁠4 structures.
Values within parentheses represent estimated standard deviations.

Sample 423 5108 BM61 TZ

Atomic coordinates ⁠* and ADPs
Zr⁠4+ U⁠iso 0.23(2) 0.31(2) 0.27(2) 0.30(2)
Si⁠4+ U⁠iso 0.25(4) 0.19(4) 0.15(4) 0.12(4)
O⁠2− y 0.0692(1) 0.0691(1) 0.0679(1) 0.0691(1)

z 0.1926(1) 0.1932(1) 0.1944(1) 0.1934(1)
U⁠iso 0.78(6) 1.01(5) 0.95(6) 0.99(6)

Interatomic bond distances
Zr O'(x4) 2.149(1) 2.149(1) 2.144(1) 2.151(1)
Zr O''(x4) 2.248(1) 2.252(1) 2.264(1) 2.255(1)
Si O(x4) 1.620(2) 1.619(2) 1.621(2) 1.619(2)
Zr Si 2.997(1) 2.998(1) 3.001(1) 3.001(1)

Bond angles
Zr O Zr 111.26(3) 111.13(3) 110.95(3) 111.05(3)
Zr O Si 100.33(4) 100.24(3) 99.85(4) 110.26(4)
Zr O Si 148.41(4) 148.63(4) 149.20(5) 148.68(5)

Polyhedral volumes
ZrO⁠8 19.073 19.127 19.185 19.175
SiO⁠4 2.083 2.081 2.098 2.082

⁠*Notes: Both Zr⁠4+ and Si⁠4+ atoms at special positions: Zr coordinates: x=0, y=¾, and z=⅛; Si coordinates: x=0, y=¾, and z=⅝. The x coordinate for the O⁠2− atom is equal to 0.
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con pigments, this distribution range is comprised between 1 and 20µm
(98%) with 80% of the population from 3 to 10µm approximately (Fig.
3A). The median particle size is in the order of 4–6µm (Table 2). Jet
milling allows maintaining in many cases the crystal shape of as-synthe-
sized zircon particles, as it can be appreciated from SEM micrographs
(Fig. 3B).

The chemical composition of pigments is characterized, along with
the major constituents of zircon (ZrO⁠2 and SiO⁠2), by significant amounts
of the chromophore (VO⁠2) and HfO⁠2 (since Hf⁠4+ is a natural vicari-
ant of Zr⁠4+). The minor content of Na⁠2O is a remnant of mineralizers,
while the small amounts of Al⁠2O⁠3, Fe⁠2O⁠3, TiO⁠2 and P⁠2O⁠5 presumably
stem from post-calcination contamination (during removal from refrac-
tory crucibles or milling) and/or impurities of precursors (Table 2). As a
consequence, only Zr, Hf, Si and V enter the zircon structure, the other
analytes being likely present as secondary phases. The composition of
zircon was recalculated on this assumption, by subtracting the contribu-
tion of other crystalline phases, resulting in the crystal chemistry shown
in Table 2. By this way, Zr (+Hf) occupancy of the cubic site is clearly
higher than Si occupancy of the tetrahedral site, instead of the expected
1:1 ratio. Exception is the only sample (5108) without quartz, but with
some zirconia excess, that is odd and let envisage the occurrence of
amorphous silica, easy to form in some synthesis conditions [55]. There-
fore, the Zr/Si ratio >1 is compatible with a preferential localization
of vanadium at a tetrahedral site, but not at the cubic site. The occur-
rence of fluorine (not detectable by XRF) into the zircon structure was
reported in the literature for both pigments and crystals obtained by
hydrothermal synthesis in F-rich environment. In particular, fluorine is
supposed to substitute oxygen [27,28] or replace silicon as tetrahedral
nests F⁠n(OH)⁠4–n [56,57]. In both cases, the incorporation of fluorine into
the zircon structure led to a contraction of the unit cell volume. In our
samples, a conspicuous expansion of the unit cell volume is observed –
as it will be discussed in Section 3.3.1 – thus, any significant incorpora-
tion of fluorine can be ruled out.

The industrial pigments exhibit a different turquoise colour (Table
2). A significant variance is found for the blue component
(−8.6<b*<−20.4) while the green component fluctuates in a rather
narrow range (−10.7<b*<−12.3). These differences translate into a
more or less intense turquoise shade (13.8<C*<23.4) in decreas-
ing order: 423>TZ>BM61>5108. Interestingly, the chroma values
scale linearly with the median particle size: the finer the dimension of
individual pigment grains, the lower the C* values. However, this trend
does not hold with the optical density (i.e., the intensity of the main
optical band in Fig. 3A) implying a not trivial relationship between the
optical spectrum and colour rendering that will be discussed in detail in
Section 4.

3.2. Phase composition

As reported in Table 3, the tetragonal zircon structure (s.g. I4⁠1/amd)
is the major phase in all samples. The amount of ZrSiO⁠4 ranges from a
minimum of 86% (sample 423) to a maximum of 94% (sample 5108).
Therefore, as typical in the industrial production, the analyzed samples
are not strictly monophasic. The variable amount of associated phases,
i.e., low quartz (0<SiO⁠2 <11%) and baddeleyite (3<ZrO⁠2 <6%),
refers to unreacted precursors related to a slow reaction kinetics and/
or low temperatures of calcination, which led to an incomplete crystal-
lization of the zircon structure. The occurrence of a glassy phase, ac-
counting for the impurities of Na, Al, P and Fe, is possible, but surely
limited to 1% by weight or so (thus, resulting below the detection limit
by XRPD).

As a matter of fact, the presence of associated phases could com-
plicate the effective vanadium incorporation into the ZrSiO⁠4 lattice. A
hypothetical incorporation of V⁠4+ into the ZrO⁠2 lattice would provoke
a volumetric shrinkage (since the ionic radii of heptacoordinated Zr⁠4+

and V⁠4+ are 0.78 and 0.65Å, respectively); on the contrary, the lattice
of SiO⁠2 would undergo a significant increase (i.e., the ionic radius of
tetracoordinated Si⁠4+ is 0.26Å [58], whereas that estimated for ⁠[IV]V⁠4+

is 0.46Å). On the other hand, the unit-cell volumes of quartz and bad-
deleyite have a negligible variation, i.e. about 0.1% on average, with
respect to pristine phases. Therefore, a significant vanadium incorpora-
tion into the lattice of ZrO⁠2 and/or SiO⁠2 can be excluded. Furthermore,
as discussed in depth in the next section, the incorporation of V⁠4+ in the
ZrSiO⁠4 main phase is confirmed by large variations on the unit-cell vol-
ume and lattice parameters.

3.3. Crystal structure

3.3.1. Unit-cell volume and lattice parameters
Lattice parameters (axes a and c) and unit-cell volume (V) for the

investigated zircon structures are reported in Table 3. In order to visual-
ize their evolution and highlight possible anisotropies, the obtained data
are compared with those of literature [22,32,36,41,42] as a function of
the vanadium content (x⁠V

⁠4+) in Fig. 4.
The incorporation of vanadium into the zircon lattice is clearly tes-

tified by a progressive and remarkable increase of both unit-cell vol-
ume (Fig. 5A) as well as a and c lattice parameters (Fig. 4B and C)
with the vanadium concentration. In particular, a volumetric deviation
δV=2.2 Å⁠3 is observed between the undoped sample of Torres et al.
[32] and the sample TZ (i.e. the one with the highest vanadium con-
tent). The occurrence of such structural expansion coupled with infor-
mation on the phase composition (see previous paragraph) strongly sug-
gests that the V⁠4+ should substitute for a smaller ion (i.e. an isova

Fig. 3. Particle size distribution of pigments (A) and SEM micrograph (field 35×26µm) of pigment TZ (B).
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Fig. 4. Variation of the unit-cell volume (A), a and c lattice parameters (B and C), and c/a ratio (D) as a function of the vanadium content (x⁠V
⁠4+). Error bars are within the symbol size.

Dashed lines are a reader's eye guide.

lent substitution with Si⁠4+ at the tetrahedral site 4b) or should be hosted
at an interstitial site (e.g. at the tetrahedral site 16g), the lattice elec-
troneutrality being maintained by Si vacancy. Furthermore, the lattice
response to the vanadium incorporation is anisotropic. Fig. 5D shows
that the c lattice parameter expands more rapidly than a with the V⁠4+

content, meaning that a preferential expansion occurs along the chains
of alternating edge-sharing SiO⁠4 and ZrO⁠8 polyhedra.

3.3.2. V-doped zircon structural features
In order to get further insights on the possible location of vanadium

ions within the zircon structure, we report here a systematic description
of the structural changes by means of the cation-anion interactions for
atoms centred at sites with Wyckoff position 4a, 4b, and 16g, respec-
tively. Fig. 5 shows the variation of the mean metal-oxygen bond dis-
tances at the cubic (A), tetrahedral (B), and interstitial sites (C) for sam-
ples from literature [22,32,36] and those investigated in this work as
function of their nominal vanadium content.

Although slightly scattered, data plotted in Fig. 6 define three clearly
distinct patterns. The effect of the vanadium incorporation into the zir-
con lattice leads to an opposite response of the mean bond distances of
the cations centred at the cubic and tetrahedral sites. Specifically, while
the mean 〈Zr‒O〉 distances (site 4a) undergo a bond lengthening (Fig.
5A), the mean 〈Si‒O〉 distances (site 4b) are subjected to a bond length
decrease (Fig. 5B). A vanadium substitution occurring at the 4a site or
at the 4b site should be nevertheless characterized by an opposite slope
with respect to what observed. Indeed, in terms of ionic radii, the iso-
electronic substitutions ⁠[VIII]Zr⁠4+ (i.r. 0.84Å) ↔ ⁠[VIII]V⁠4+ (i.r. 0.72Å) and
⁠[IV]Si⁠4+ (i.r. 0.26Å) ↔ ⁠[IV]V⁠4+ (i.r. 0.46Å) should provide a bond short-
ening/lengthening at the 4a/4b site, respectively.

The last trend, i.e., the increase of the bond distances at the site 16g
as a function of the vanadium content (Fig. 6C), is consistent with the

incorporation of V⁠4+ ions at the interstitial site. This last evidence is also
in good agreement with the V O bond distances provided by Ocaña et
al. [41] from XAS measurements.

3.4. Optical properties

Optical spectra exhibit light absorptions in four distinct ranges in the
NIR, visible and UV (Fig. 6).

The optical bands in the NIR (~7000cm⁠−1) and in the visible spec-
trum (at ~15,600cm⁠−1 with a shoulder at ~12,300cm⁠−1) is completely
different from optical patterns of V⁠3+ and V⁠5+ [59,60] and are at-
tributable to crystal field transitions of V⁠4+. The optical spectrum of
vanadium doped zircon is also clearly distinct (Fig. 7A) from those
of vanadyl ion in cavansite [61,62] and apophyllite [63,64]. Similar-
ities may be seen with spectra of V⁠4+ in tetrahedral coordination at
the SiO⁠4 site in Mg⁠2SiO⁠4 or at the GeO⁠4 site in Ca⁠2GeO⁠4 [65] even
though with conspicuous differences in the band energies (Fig. 7A). The
broad absorption extended over the UV range is likely to be a jumble
of metal-oxygen charge transfers and further colour centres (induced by
lattice defects, for instance caused by comminution).

Strict analogies exist in the V⁠4+ optical fingerprint of compounds
isostructural with zircon, i.e. coffinite and its germanate correspondent
[34], besides the lower energy of electronic transition in Th phases (Fig.
7B). The features of the three optical bands in the NIR and visible ranges
are summarized in Table 5. They can be attributed, with reference to the
energy levels diagram of Fig. 3, to electronic transitions of V⁠4+ in tetra-
hedral coordination at the interstitial site with C⁠2 symmetry (Fig. 7C).
The resulting energy and width values of bands are very close in all pig-
ments under examination, as their relative intensity, once normalized to
the maximum absorbance of the main peak (Table 5).
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Fig. 5. Variation of the mean metal-oxygen bond distances at the cubic 4a (A), the tetra-
hedral 4b (B), and interstitial 16g (C) sites as a function of the vanadium content (x⁠V

⁠4+).
Dashed lines are reader's eye guides.

3.5. Electron Paramagnetic Resonance

The room temperature EPR spectra of the different samples re-
veal the presence of numerous paramagnetic signals. From the inten-
sity-to-noise ratio, all registered signals are attributed to species occur-
ring as impurities in the sample (Table 2). Among them, the presence of
Fe⁠3+, both in concentrated and diluted magnetic environment, and the
absence of signals clearly due to V⁠4+ or VO⁠2+, have to be highlighted.

The EPR spectra, registered as a function of the temperature in the
range between 298 and 5K, of two representative samples, 423 and
5108, are shown in the Fig. 8A and B, respectively.

The two sets of spectra present a common evidence, i.e. the appear-
ance at T<220K of a strong Lorentzian line at B values of ~350mT,

Fig. 6. EAS spectra of the four zircon pigments investigated in this study. The dotted win-
dow evidences the visible range.

the intensity of which increases with decreasing temperature. Con-
versely, its width markedly decreases. The spectra registered at 5K on
both samples reveal the presence of a structured EPR signal, attributed,
on the basis of its average resonant field (centred at ~343.9mT, corre-
sponding to a g value of 1.954), and on the appearance of an hyperfine
structure, to V⁠4+ a single V⁠4+ species (Fig. 9).

The spectrum of Fig. 9 also reveals an apparent anisotropy of the
Zeeman and hyperfine interactions. Both interactions were parame-
terised through the use of numerical simulations, performed by using
Easyspin [66]. The best fit results are listed in Table 6. The numerical
simulation was carried out under the assumption of an axial anisotropy,
because the small splitting induced by a further decrease in the sym-
metry of the V⁠4+, as that expected for e.g. the 16g site, would have
been hindered by the relatively large line width, ΔB. A definitely bet-
ter agreement is obtained including in the fit an unstructured Lorentz-
ian line centred at the same magnetic field value, the width of which
is ~47.5mT. These are clear features of a V⁠4+ exchange narrowed line,
as already observed for Mn(II) in ZnS sphalerite [67], and thus can be
attributed to clusters of V⁠4+ ions sitting closely to each other.

These two signals, i.e. the single narrow line appearing at T<220K
and the V⁠4+ spectrum occurring at 5K, are consistent with previous re-
sults in the literature, many authors having identified either one or the
other, or both [10,34,41,45,47]. Some authors have pointed out EPR
features different from those observed here: e.g. Ardizzone et al. [47]
have described a completely different set of results, where room temper-
ature V⁠4+ signals are occurring in blue zircon samples. A scheme of the
results obtained in the literature, together with the relative attribution,
is proposed in Table 7.

In the literature, the structured low-T multiplet and the narrow line
have been attributed to different species of V in the sample: the former
to V⁠4+ as isolated ion (attributed either to the dodecahedral, or to the
tetrahedral D⁠2⁠d site, the signal of which disappears at T>20K due to
the presence of a vibronic coupling [34]), and the latter to clusters of
V⁠4+ (closely localised in the zircon structure). The present data confirm
both attributions. Namely, the multiplet observed at 5K is characterized
by a set of Hamiltonian parameters in good agreement with those previ-
ously reported [10,34,41,45]. A point in favour to the attribution of the
narrow line to clusters of V⁠4+ relies in the fact that the V⁠4+ hyperfine
multiplet can be observed also in samples not showing the narrow line
at 20<T<220K. The contingent presence and the variable relevance
of the narrow line is thus linked to the features of the synthesis.
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Fig. 7. Optical spectra of vanadium-bearing phases: (A) zircon versus minerals containing four- or five-coordinated V⁠4+ or vanadyl ion VO⁠2+ [61,62,65]; (B) zircon versus isostructural
thorium silicate and germanate [34]; (C) attribution of optical bands in zircon pigments to electronic transitions of V⁠4+ in the coordination at the site 16g. Parent tetrahedral symmetries
are reported in brackets.

Table 5
Optical properties of V-doped zircon (industrial pigments) in comparison with literature data.

Electronic transition Optical band features 423 5108 BM61 TZ ZrSiO⁠4 [34]

⁠2A (⁠2E) energy (cm ⁠−1) 15640 15630 15640 15630 15720
energy (normalized) 1.00 1.00 1.00 1.00 1.00
FWHM (cm⁠−1) 4080 3930 4010 3960 –

⁠2A (⁠2E) energy (cm ⁠−1) 12,300 12280 12250 12270 12500
energy (normalized) 0.41 0.41 0.39 0.39 0.40
FWHM (cm⁠−1) 1640 1690 1730 1700 –

⁠2B (⁠2T⁠2) energy (cm ⁠−1) 7010 6950 6940 6950 7040
energy (normalized) 0.16 0.19 0.14 0.15 0.25
FWHM (cm⁠−1) 1800 1960 1850 1840 –

Fig. 8. EPR spectra of the 423 (A) and 5108 (B) samples, recorded at different temperatures in the range 5–298K. All spectra were registered using the same attenuation value (15dB),
with the exception of those at 5K that were registered at 55dB attenuation. In the insets, a zoom of the paramagnetic signals at low magnetic field values is provided.

4. Discussion

The whole set of the present data, while confirming most of the find-
ings of the literature, concurs to provide some insights in two open ques-
tions concerning the blue vanadium-bearing zircon pigment:

✓ the origin of the colour of the pigment, with reference to the condi-
tions of industrial synthesis.

✓ the localisation of the V⁠4+ site among those available in the struc-
ture: dodecahedral (for Zr), tetrahedral (for Si), distorted tetracoordi-
nated (interstitial).

Concerning the first question, our data point out that vivid blue
colour are obtained, in line with previous studies [10,41,45], for sam-
ples where EPR spectroscopy reveals the unstructured line attributed
to V⁠4+ clusters. In our opinion, while significantly changing the colori-
metric coordinates, the differences in the VIS spectra between the so-

called green and blue samples are not so substantial to infer the pres-
ence of two active colour systems (e.g. V distributed over two or more
different structural sites, and/or mineralogical hosts). Conversely, the
presence of V in a single site – occurring either as isolated ions (in di-
luted samples) or as concentrated ions/clusters (in more concentrated
samples, obtained either using the flux technique or the solid-state in-
dustrial synthesis) – is likely to explain the whole spectral variability in
the VIS region [10,34,41,45,47].

About the second question, our structural and spectroscopic data
point to the attribution of the V⁠4+ to the interstitial 16g site (local
symmetry C⁠2). In this configuration, the only symmetry operator of the
I4⁠1/amd space group acting on the ion is aligned along [110]. The de-
crease of the symmetry from an ideal tetrahedron, T⁠d, to a D⁠2⁠d tetrag-
onal bisphenoid, to a C⁠2 distorted tetracoordinated site implies that all
the d orbitals of the vanadium ion belong only to two symmetry rep-
resentations (A and B, see previous chapter). Assuming the reference
frame of the V⁠4+ orbitals having the C⁠2 axis as z axis, Niesert et al.
[45] pointed out by calculations the d⁠z⁠2 orbital as the ground state
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Fig. 9. Detail of the main signal of the experimental X-band (ν=9.402GHz) EPR spec-
trum of the 423 sample (black line), recorded at 5K and best simulation (grey line) ob-
tained as described in the text.

Table 6
Best fit parameters of the numerical simulation of the EPR spectrum of Fig. 9.

Component g value A (cm⁠−1) ΔB (mT)

parallel 1.894±0.001 84±1×10⁠−4 3.2±0.2
perpendicular 1.963±0.003 37±3×10⁠−4 3.2±0.2

(hosting the single unpaired electron). However, this is fully in contrast
with the EPR evidences, according to which a d⁠x2-⁠y2 should be pre-
ferred [10,34,45]. We then performed some qualitative calculations us-
ing the Angular Overlap Model (AOM), neglecting e⁠δ interactions and
choosing e⁠σ and e⁠π values, providing reasonable orbital energies when
compared to observed UV–vis transitions. The results, reported in Table
8, indicate that the ground state, the first excited state and the third
one are linear combinations of d⁠z⁠2, d⁠xy and d⁠x2-⁠y2. By an appropriate
choice of the xy reference system (which depend on the actual values

of e⁠σ and e⁠π), the second and fourth excited state are pure d⁠xz and d⁠yz,
while the third maintains a dominant d⁠xy character.

A diagram of energy levels of V⁠4+ can be drawn, according to the
EPR evidences and the results of the calculations, for a decreasing point
symmetry (Fig. 10A). The V⁠4+ crystal field strength is referred to the en-
ergy splitting between the barycentre of the energies of the states origi-
nating from the ⁠2E in T⁠d symmetry (both ⁠2A in C⁠2 symmetry) and those
of ⁠2T⁠2 in T⁠d symmetry on the other side (one ⁠2A and two ⁠2B in C⁠2 symme-
try). Since the transition to the first excited state occurs at an energy too
low to be observed, the 10Dq value was calculated by assuming a con-
stant 1400cm⁠−1 energy for it and averaging those resulting from tetra-
hedral ⁠2T⁠2 levels (Fig. 10A). For zircon pigments, this procedure pro-
vides a value of it is on average 10,920±20cm⁠−1, slightly lower than
the value calculated for the spectrum reported by Di Gregorio et al. [34]
that is referred to a zircon with a lower vanadium doping with respect
to the industrial pigments in hand.

The strong interplay, and therefore a further indication of converg-
ing results, of discussed data is highlighted in Fig. 10B, where the varia-
tion of the crystal field strength (10Dq) of several V-doped ZrSiO⁠4 sam-
ples is contrasted with the amount of tetravalent vanadium in the zircon
lattice. According to crystal field theory [59], 10Dq values as achieved
from EAS can be related to metal-oxygen distances from XRPD by a re-
lationship that in the point charge approximation is close to the inverse
fifth power of the mean distances. In the case of the V-doped zircon:
10Dq=const·〈V O〉⁠−5, (1)
where the constant comprises both the effective charge on the ligand,
Q, and the average radius of the d orbital, <r>, which are constant for
a given metal ion in a given ligand environment [53,59].

Fig. 10B reveals that the crystal field strength of industrial pigments
is remarkably lower with respect to that inferred for V-doped zircon
samples from the literature [34,42,45]. This circumstance can be read-
ily explained by the different vanadium content, which is significantly
higher in the industrial pigments, being 0.07–0.09apfu (corresponding
to one V⁠4+ ion every 2.8–3.6 unit cells) versus 0.01–0.03apfu of sam-
ples investigated in the literature (Fig. 10). As pointed out in the para-
graph 3.2.2, a larger amount of V⁠4+ incorporated at the interstitial 16g

Table 7
EPR parameters (g and A principal values, the latter expressed as 10⁠−4 cm⁠-1), orbital ground state (GS), colour, site attribution (tet=tetrahedral; dod=dodecahedral) and temperature of
measurement (T) as reported in the literature for the V⁠4+ in zircon.

Ref. label g|| g⁠┴ A|| A⁠┴ GS Colour Attribution T (K)

[10] B 1.8930 1.9699 82 29 x⁠2–y⁠2 Blue D⁠2⁠d (tet) 20
[10] A 1.8930 1.9699 81.6 28.9 xy Blue D⁠2⁠d (tet) 20
[34] A 1.8930 1.9699 82 29 x⁠2–y⁠2 Green D⁠2⁠d (tet) 20
[41] A 1.8930 1.9699 82 29 – Blue D⁠2⁠d (tet+dod) 20
[41] B 1.8930 1.9699 82 29 – Blue D⁠2⁠d (tet+dod) 20
[45] – – – – – x⁠2 Blue C⁠2 RT
[47] C – – – – – Green D⁠2⁠d (tet+dod) RT
[47] D – – – – – Green D⁠2⁠d (tet+dod) RT
[47] E 1.923 1.975 205 62 – Blue C⁠2 RT

Table 8
Energies and orbital composition obtained by AOM calculations, assuming e⁠σ⁠1 =10,000; e⁠σ⁠2 =12,000; e⁠π⁠1 =700; e⁠π⁠2 =800cm⁠−1. The reference system in the xy plane is rotated by 21.85°
to have d⁠xz and d⁠yz as pure states.

Energies (cm ⁠−1) 0 1386 7297 12,937 17,721

Coeff. d⁠z2 0.7813 0.4935 0 0.3820 0
Coeff. d⁠xz 0 0 1 0 0.
Coeff. d⁠yz 0 0 0 0 1
Coeff. d⁠xy 0.3794 0.1104 0 −0.9186 0
Coeff. d⁠x2-⁠y2 −0.4955 0.8627 0 −0.1010 0
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Fig. 10. Energy levels of V⁠4+ in tetrahedral coordination with decreasing point symmetry (A). Crystal field strength inferred from electronic absorption spectroscopy as a function of the
vanadium content (x⁠V

⁠4+); dashed line is a reader's eye guide (B).

site leads to a longer mean 〈V⁠4+ O〉 bond distance (Fig. 6C), thus be-
ing in qualitative agreement with predictions based on Eq. (1).

Considering that the industrial synthesis is carried out in excess of
vanadium, it can be argued that the concentration of V⁠4+ measured
for the here investigated pigments is likely to be close to the solubility
threshold of V⁠4+ in the zircon lattice. Indeed, a thorough inspection of
the lattice parameters variation suggests that although anisotropic (i.e.,
the c-axis expands more rapidly than a with the V⁠4+ content, Fig. 5D),
the preferential expansion along the chains of edge-sharing SiO⁠4 and
ZrO⁠8 polyhedra seems to be limited for a V⁠4+ content of ~0.06apfu, i.e.
when the c-axis reaches ~6.002Å (Fig. 5C).

Another intriguing aspect in turquoise pigments is that colour sat-
uration (C*) is uncorrelated either to the V content of zircon or to
the intensity of the V⁠4+ optical bands, but it scales with the pigment
particle size (Table 2). As a matter of fact, the turquoise colour of
V-doped zircon is due to the window in the optical spectrum allowing
the transmission of the wavelengths in the 18,000–25,000cm⁠−1 range
(400–550nm), i.e. the portion of visible light from green to violet (Fig.
11A). The colour perception of human eye is sensitive to the maximum
intensity of transmitted light (or conversely to the wavelength of min-
imum absorbance). Such a minimum absorbance can easily shift from
~20,000 to ~21,000cm⁠−1, so justifying the frequently observed shades
of pigments turning from bluish green to turquoise. Significantly, the
colour saturation of industrial pigments is well correlated to the mini-
mum absorbance (Fig. 11B).

The minimum of absorbance is the first derivative (or the tangent
point) of the EAS spectrum portion which falls in between the high-en-
ergy tail of the ⁠2A band of V⁠4+ – peaking at ~15,600cm⁠−1 with FWHM
~4000cm⁠−1 – and the onset of charge transfer, occurring usually over
22,000cm⁠−1 (Fig. 11A).

The increased intensity of the optical band – once a proper amount
of vanadium (>0.07apfu) is incorporated in the zircon lattice – can be
related to the occurrence of V⁠4+–V⁠4+ clusters (previously identified by
means of EPR spectra analysis). Such clusters are here intended as a
non-homogeneous distribution, where two or more V⁠4+ ions occur in
the same unit cell and/or in adjacent cells, likely in near 16g interstitial
sites.

On the other hand, the onset of charge transfer depends on colour
centres that absorb the blue to violet (and near UV) wavelengths. The
charge transfer absorbance at 25,000cm⁠−1 is minimum for sample 423
and more than double for the others, in the order: TZ<BM61<5108
(Fig. 11B). Such colour centres may be induced by mechanical treat-
ment of pigments production, for example the milling process. In prin-
ciple, more finely ground pigments might suffer of a higher concentra-
tion of crystal lattice defects with an ensuing low-energy onset of the
charge transfer band. In other words, micronization is simply making
more likely – by breaking the zircon crystals into smaller and smaller
grains – to have a separation of the adjacent cells bearing V⁠4+ ions.
Moreover, unconstrained V⁠4+ ions occurring at the surface of broken
grains lose their colouring power.

Hence, the particle size of pigments could be taken as a crystal lattice
defects probe which depends on the intensity of the grinding process.
Interestingly, along with the colour saturation, the frequency of the min-
imum absorbance scales with the median particle size of V-doped zir-
con (see Table 2). Nonetheless, no direct evidence of such colour centres
arose from EPR analyses.

These observations have some relevant repercussions on the pig-
ment synthesis carried out by colorant makers. Overall, an enhanced
attention should be paid to both pre-synthesis and post-synthesis op-
erations. About the former stage, the target is to foster the conditions

Fig. 11. Portion of the EAS spectra for zircon pigments centred in the visible range with the minimum of absorbance of the transmitted light (A) and the colour saturation C* as a function
of the absorbance minimum (B).
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leading to the formation of V⁠4+ clusters. It implies that V⁠4+–V⁠4+ pairs
have to be present in the same unit cell of zircon. Thus, a perfectly uni-
form distribution of the vanadium precursor could be not determinant.
A compromise must be found between a satisfactory reaction yield (min-
imizing the unreacted quartz and baddeleyite that is likely achieved by
improving raw materials mixing) and the chance to have a non-homo-
geneous diffusion of vanadium ions (the kinetics of which probably de-
pends on the conditions of thermal treatment). About the latter stage, it
is known that an excessive milling can introduce defects in the zircon
structure. These defects may play a double role: to break the V⁠4+–V⁠4+

clusters (effect of comminution) and to create undesired colour centres,
which could perturb the onset of the charge transfer band in the blue-vi-
olet region of visible spectrum. This circumstance could explain why
V-doped zircon is so sensitive to micronization [13,14].

5. Conclusions

The literature about the origin of turquoise colour in V-doped zir-
con outlines a puzzling situation, where aside some well-established
points (V⁠4+ as chromophore ion in tetrahedral coordination) there are
still many unresolved ones. Despite the large number of analytical tech-
niques employed, questions like partition of V⁠4+ over different crystal
sites, attribution of optical bands, solubility of V in the zircon lattice, or
the cause of easy shading from green to blue are still unanswered.

The new EPR and XRPD data here presented converge towards the
fact that vanadium is incorporated as V⁠4+ at the interstitial site 16g,
which in zircon has a distorted tetrahedral coordination, with concen-
trations as high as 0.09apfu (much higher than the solubility limit
previously deemed). Spectroscopic results allow to define the ground
state (d⁠x2-⁠y2) and attribute the main bands in the visible spectrum to
the ⁠2E← ⁠2T⁠2 transition (⁠2A← ⁠2A with C⁠2 point symmetry) whose energy
scales with the mean V O distance, as predicted by the Crystal Field
theory. In addition, there are EPR evidences of the occurrence of V⁠4+

as both isolated ions and clusters in the industrial pigments. A brighter
turquoise colour is observed in the samples with the strongest signal of
V⁠4+ clusters.

The intensity of turquoise colour in V-doped zircon is related to the
window of transmitted light (400–550nm) and particularly the wave-
length of minimum absorbance (~21,000cm⁠−1) that depends on two op-
tical bands: the tail of the ⁠2E← ⁠2T⁠2 transition and the onset of charge
transfer effects. The former is affected by the occurrence of V⁠4+ clusters
and the latter by undesired colour centres, likely induced by defects cre-
ated during pigment comminution. Repercussions on the synthesis pro-
cedure of industrial pigments are envisaged and discussed.
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