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Chromium-doped tin dioxide has long been used as a violet
pigment in the ceramic industry. However, traditional ce-
ramic synthesis involves slow diffusion processes, high pro-
cessing temperatures and serious environmental problems
due to the use of carcinogenic CrV! precursors. This paper
addresses the synthesis of Cr-SnO, by a novel, wet route that
uses Cr(acac); and Sn(OiPr), as raw materials. The new wet
method does not require handling of CrV! reagents and al-
lows a reduction in the heat-treatment temperature from
1400 to 800 °C, which are promising economic and environ-
mental improvements. The coloring mechanism in this pig-
ment, currently the subject of debate, was also studied. The

results indicate that the violet color is produced by the chro-
mium ions incorporated in the cassiterite structure (SnO,),
while the quantity of chromium exceeding the network dis-
solution limit gives rise to Cr,O3 segregation, producing a
greenish color. Electron spin resonance (ESR) and magnetic
measurements show that chromium ions are present in the
pigment in various oxidation states, reduced chromium spe-
cies such as Cr'" and/or Cr'V being responsible for the vi-
olet color.

(© Wiley-VCH Verlag GmbH, 69451 Weinheim, Germany,
2002)

Introduction

Cr-doped structures have been widely studied as ceramic
pigments.! 73 The influence of the host structure in the
chromium ion crystal field produces a different coloring of
the solid in which it acts as a chromophore.

Tin dioxide (cassiterite) exhibits a rutile structure con-
sisting of infinite chains of octahedral SnOg linked by shar-
ing of edges and corners to form a three-dimensional frame-
work. This lattice has attracted attention as a host lattice for
the incorporation of coloring metal ions such as transition
metals, and also as a sealant for the inclusion of glaze-un-
stable colored pigments. When chromium ions are intro-
duced into the SnO, structure in low quantities, they pro-
duce a violet color, yielding a pigment classified by DCMA
(Dry Colour Manufacturer’s Assn.) as 11-23-5.[4

This pigment is usually synthesized by the conventional
ceramic method, involving mixture dispersion of the metal
oxides in a planetary ball mill and heat treatment of the
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mixture at 1200—1500 °C for a solid-state reaction. This
procedure presents some drawbacks. Since the product
formation rate is controlled by slow diffusion processes,
high reaction temperatures are required, with the energy
costs entailed. These high temperatures produce losses of
volatile reagents and hence departure from starting system
stoichiometric conditions. To improve these interdiffusion
processes, small quantities of various additives (mineral-
izers) need to be introduced. These mineralizers often con-
tain  toxic components. Furthermore, the CrV!
precursorsi®°1 used in Cr' synthesis or oxidation to more
oxidized species during heat treatment are highly toxic car-
cinogens.

To avoid the above disadvantages of the traditional ce-
ramic method, a new method of synthesis for obtaining the
reaction mixture has been tested. In this method the re-
agents are dissolved and begin to react at very low temper-
atures (70 °C). This synthesis route provides a high degree
of homogeneity and low particle size, raising diffusion pro-
cess efficiency, reducing heat-treatment temperature and
avoiding the use of toxic mineralizers.

The Cr-SnO, pigment is an economically important mat-
erial with a long history in the ceramic industry. However,
its coloring mechanism is essentially unknown and a subject
of debate.[’! The main difficulty could be related to deter-
mination of the oxidation states of the chromium ions in
the network. Thus, little information on Cr-doped tin(1v)
oxide materials is available.
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To attempt to clarify some of these aspects, a study was
undertaken, (i) to determine the optimum chromium con-
tent in the structure that yields the best color development
by the traditional ceramic method, (ii) to design a new
method of synthesis to reduce thermal treatment, and (iii)
to determine the chromium oxidation states responsible for
the violet color.

Results and Discussion

A preliminary study was carried out on five samples syn-
thesized by the ceramic method (Method 1, see Table 5) to
determine the relation between chromium starting quantity
in synthesis and the resulting color after heat treatment.
Phase evolution in the 1000—1400 °C range was studied by
X-ray diffraction (XRD). Figure 1 shows the evolution of
the crystalline phases for sample SC2.
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Figure 1. XRD diffractograms of sample SC2 after heat treatment
at 1000, 1200, 1300 and 1400 °C for 6 h

SnO, (cassiterite) is the major phase in all the samples,
the crystallinity of which increases with temperature. Some
of the samples also exhibit peaks attributable to Cr,Os. The
tin dioxide phase content in each sample was approximately
estimated from the cassiterite (110) and Cr,O3 (012) peak
intensities (JCPDS patterns no. 41-1445 and 38-1479, re-
spectively) from Equation (1).
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Of course, for accurate analysis, a calibration curve is re-
quired for this method. XRD analysis showed a single SnO,
phase for compositions SC1 and SC2 at all temperatures,
while Cr,O3 was also detected for compositions SC3—SCS.
In these last samples, the chromium(iir) oxide phase content
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Figure 2. SnO, content (%) versus temperature for samples SCl1,
SC2, SC3, SC4 and SC5

decreased when the temperature increased. Figure 2 plots
these results. It shows that, in the samples in which the
chromium content rises, high temperatures are required to
produce a single phase, 1200 °C for sample SC3, 1300 °C
for sample SC4, etc.

Table 1. Colours of the samples produced by the dry method after
heat treatment

Sample 1000 °C/6 h 1200 °C/6 h 1300 °C/6 h 1400 °C/6 h
SCl1 pale pink pale pink pink-violet  violet

SC2 pale pink pink violet intense violet
SC3 grey pink-grey pink-grey violet-grey
SC4 grey-green  grey-pink grey-pink grey-pink
SC5 green grey-green  grey-green  grey-green

Table 1 details the color of the ceramic samples heat-
treated at different temperatures. For compositions with
chromium contents lower than that in SC3, the violet color
develops after heat treatment at 1300— 1400 °C for 6 h, the
SC2 composition having the most intense color. However,
in samples with a chromium quantity exceeding that in
SC2, a greenish shade overlies the characteristic violet
color, giving rise to a greyish color for compositions SC3
and SC4, and greenish colors for SC5 at all temperatures.
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Figure 3. Diffuse reflectance spectra of ceramic samples calcined
at 1400 °C for 6 h and of Cr,0O4

Figure 3 depicts the diffuse reflectance spectra of the ce-
ramic samples after calcination at 1400 °C for 6 h, showing
the evolution of the bands with chromium content (from
SCI1 to SC5). The Cr,O5 spectrum is also included as a
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reference. It is to be noted that the color of pure chro-
mium(1i) oxide is green.

In the Cr,0O5 spectrum, two bands at 460 and 600 nm can
be observed. The Cr'!! ion, with a 3d? electronic configura-
tion, tends to an octahedral coordination. According to the
Tanabe-Sugano diagram these bands can be attributed to
A5y — “To, and *A,, — T (F) spin-allowed transitions,
respectively. SC1 and SC2 sample spectra exhibit a wide
absorption band centerd at 18182 cm™! (550 nm) and a
shoulder at 14286 cm™! (700 nm). In the samples with
higher Cr content, however, a progressive twofold splitting
of the wide absorption band can be seen. Thus, as sample
SC2 developed the most intense color, the violet shade can
be associated with absorption at 550 nm.

The above results indicate that, under the working condi-
tions used, SC2 is the optimum composition. A doping ion
quantity higher than that contained in Sng 935Crg 0,05 can-
not be fully accommodated by the host lattice, resulting in
Cr,0; segregation (detected by XRD), causing the greenish
shade in the pigment.

It is difficult to establish where and how the chromium
ion is located in the pigment, due especially to the small
doping content in the violet samples (SCI and SC2). The
fact that XRD spectra of these samples detected a single
tin dioxide phase at all temperatures could suggest the
formation of a solid solution.

From a review of the experimental results on alloy forma-
tion, it is suggested that a difference of 15% in the radii of
the metal atoms that are replacing each other is the most
that can be tolerated if a substantial solid solution range is
to be formed. For solid solutions in nonmetallic systems,
the limiting acceptable difference in size appears to be ra-
ther larger than 15%, although difficult to quantify because
it is difficult to quantify the sizes of the ions themselves.['"]

If a solid solution were formed in this system, a shift in
the SnO, diffraction peaks should be detected, because the
idealized cation radii of chromium(ur) and tin(1v) ions in
octahedral coordination are 75.5 and 83 pm, respectively.['!]
However, comparison of XRD spectra of doped and un-
doped tin dioxide showed no deviations in peak positions.
On the other hand, if there is free Cr,O5; outside the tin
dioxide lattice, the amount must be below the sensitivity
threshold of the instrument. XRD analysis therefore does
not enable solid solution formation to be established.

The Cr-SnO, pigment composition was thus optimized
(sample SC2) by the ceramic method. This composition was
therefore prepared by the wet method (sample referenced
SC6). Undoped tin dioxide was also synthesized as a refer-
ence under the same conditions (sample S2).

XRD characterization of the powders produced by
Method 2 (after heating under reflux and evaporation of
the solvent) showed that they were amorphous. To deter-
mine the cassiterite crystallization temperature and to de-
sign an appropriate heat treatment to remove organic mat-
ter, differential thermal (DTA) and thermogravimetric (TG)
analyses were performed. Figure 4 shows the DTA/TG data
for sample SC6 in the 25—1200 °C range.
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Figure 4. DTA/TG curves found for sample SC6

The DTA curve of SC6 displayed several broad exo-
thermic peaks below 650 °C, which were accompanied by a
gradual weight loss of 15% as detected by TG measure-
ments. These bands can be assigned to solvent evaporation
(below 150 °C) and decomposition/combustion of the or-
ganic groups. An exothermic peak without weight loss at
750 °C was also detected. This latter peak could be tentat-
ively associated with cassiterite crystallization. To confirm
this, the sample was heat-treated at several temperatures be-
low and above 750 °C, followed by XRD analysis. The re-
sulting XRD patterns indicated that SnO, crystallization
occurred at 400 °C. The crystallization peak in the DTA
curve is probably overlapped by organic matter burnout
(between 150 and 650 °C) and cannot be detected. More-
over, the same peak was also observed in the undoped
sample (SC2). This exothermic peak was therefore associ-
ated with SnO, phase transformation.

In spite of the detection of SnO, crystallization at 400
°C, heat-treatment design needed to ensure complete re-
moval of organic matter. Taking this into account and also
to enable comparison of the results of the two methods of
synthesis, the following heat-treatment schedule was ad-
opted. Samples SC2 and SC6 (with the same composition
but synthesized by different methods) were calcined in air
at a heating rate of 10 °C/min at 800, 1000, 1200, 1300,
and 1400 °C for 6 h, with a hold at 500 °C for 1 h. The
diffractograms of the samples indicate the presence of SnO,
as single phase, while the diffraction peak intensity in-
creases with temperature.

Table 2 shows the color and CIELAB (L*a*b*) para-
meters of samples SC2 and SC6 after heat treatment at sev-
eral temperatures.

In Table 2 the same color evolution can be observed for
both samples from 1000 to 1400 °C. However, at 800 °C the
ceramic sample exhibited a yellow color, whereas sample
SC6 exhibited a violet color with L*a*b* parameters sim-
ilar to those found for the SC2 sample after calcination at
1400 °C for 6 h. The wet method thus reduced the synthesis
temperature by 600 °C.

The diffuse reflectance spectra of the SC2 and SC6
samples under different heat-treatment conditions are dis-
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Table 2. L* a* b* parameters for SC2 and SC6 samples heat treated at different temperatures

800 °C/6 h 1000 °C/6 h 1200 °C/6 h 1400 °C/6 h
Sample SC2 SC6 SC2 SC6 SC2 SC6 SC2 SC6
Color yellow violet pale pink pale pink pink pink violet intense violet
L* 79.83 61.06 83.66 78.26 82.10 83.61 63.28 50.83
a* 2.15 15.95 3.71 6.65 4.63 3.89 15.33 15.92
b* 7.26 —12.48 2.71 2.01 1.16 4.49 —12.08 —12.74

played in Figure 5, part a) (ceramic method) and part b)
(dissolution method).
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Figure 5. Diffuse reflectance spectra of samples (a) SC2 and (b)
SC6 heat-treated at 800, 1000, 1200 and 1400 °C for 6 h

All the spectra show a strong absorption band in the ul-
traviolet zone (from 200 to around 350 nm) but different
behavior is observed in the two synthesis methods. The
most remarkable fact is the similarity between the spectra
of the SC2 sample, calcined at 1400 °C for 6 h, and the SC6
sample calcined at 800 °C for 6 h, producing the same color
in the two samples (Table 2). The spectrum of sample SC6
heat treated at 1400 °C shows a high intensity for the band
centerd at 550 nm, which explains the very intense violet
color exhibited by this sample.

Although exhaustive study for thorough understanding
of the pigment-coloring mechanism is still pending, explor-
atory studies were performed to determine the origin of the
differences found in the colors of samples SC2 and SC6
heat-treated under the same conditions.

The first explanation advanced was that the violet color
was related to the quantity of chromium introduced into
the SnO, framework. This would allow a ready explanation
of the violet color found in the sample prepared by the wet
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method at 800 °C, since the degree of homogeneity and the
reaction rate are much higher than in the ceramic method.
An estimation was therefore made of the Cr content in-
side and outside the framework for the SC2 and SC6
samples calcined at 800 and 1200 °C for 6 h. These two
temperatures were chosen because at 800 °C/6 h the colors
of the two samples were quite different, while at 1200 °C/
6 h the color was the same. The samples were washed by
the procedure described in the Exp. Sect. Acid attack and
oxidation to Cr¥! were performed to remove the unretained
chromium in the SnO, lattice. The Cr¥! content in the
washing liquids was determined by atomic absorption spec-
trometry (AAS), and the Cr content in the washed powders
was analysed by X-ray fluorescence (XRF). The values, ex-
pressed in mol Cr/g pigment, are summarized in Table 3.

Table 3. Cr¥! content in washing liquids and Cr content in
washed powders

Sample 800 °C/6 h 1200 °C/6 h
SC2 (washing liquids) 3.034x1073 1.283%x107°
SC2 (powders) 1.171x10~# 1.355X10~*
SC6 (washing liquids) 2.657X1073 1.794x107°
SC6 (powders) 1.118x10~4 1.013x10~*

The initial chromium content was 1.334X10~* mol/g pig-
ment. Table 3 shows that the Cr¥! content in the washing
liquids is slightly higher in samples heat-treated at 800 °C
for 6 h. This is a reasonable finding, if it is taken into ac-
count that the introduction of chromium into the SnO,
structure requires slow diffusion processes, which improve
with increasing temperature. However, no significant differ-
ence in Cr¥! content, that could be responsible for the dras-
tic difference in color (at 800 °C), was found between the
washing liquids of samples SC2 and SC6. Moreover, the
color of the washed and unwashed samples does not differ
significantly. On the other hand, the Cr content detected in
the solid by XRF for both samples at the two temperatures
is also similar (it is to be noted that measurement was at
the detection limit of this technique).

Due to the similarity of the Cr content in both samples,
the differences in color can be considered mainly due to
variations in the oxidation state of the chromium ions, and
not to the chromium content introduced into the SnO,
structure.
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In order to analyse the chromium oxidation states, elec-
tron spin resonance (ESR) analysis was performed for
samples SC2 and SC6 heat-treated at 800 and 1200 °C. The
ESR spectra found are depicted in Figure 6.
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Figure 6. ESR spectra of sample SC2 heat-treated at 800 °C/6 h
(a) and 1200 °C/6 h (b), and sample SC6 heat-treated at 800 °C/6
h (c) and 1200 °C/6 h (d)

The four spectra are each dominated by a very broad
signal centerd at a g value of ca. 2, with other, narrower,
superimposed peaks. The ratio between the narrow and the
broad signals depends on the method of synthesis and the
heat-treatment temperature. These facts indicate the pres-
ence of Cr*" in the samples. The broad isotropic signal can
be attributed to Cr,Os-like clusters, whereas the narrow sig-
nals correspond to isolated Cr3™" ions (i.e., diluted in a dia-
magnetic latticel'’>~'4l). Broad signals at g = 2 have also
been observed in mixed-valence trimers of the type
CrV1-0—-Cr'"M—O—Cr"!" with an average oxidation state
of +5.15.161

The spectra of sample SC2 at 800 °C/6 h are dominated
by the signal at g = 2, indicating that the chromium ions
are predominantly forming clusters. In contrast, for sample
SC6 at the same temperature, the chromium ions basically
appear as isolated species and the relative quantity of clus-
ters is smaller. Moreover, in the latter sample, a very weak
sharp signal at g = 2 may indicate the presence of a small
quantity of CrV or tetrahedrally coordinated Cr'V ions.[!”]
Almost identical spectra were found for the SC2 and SC6
samples heat-treated at 1200 °C for 6 h. In these samples,
isolated Cr** ions and clusters are observed and, although
the cluster fraction is still significant, it is lower than that
in SC2 at 800 °C for 6 h.

With regard to the set of signals associated with isolated
Cr3* ions, at least seven features are observed in each spec-
trum. Careful study of these signals indicates that they are
due to the presence of Cr** in two different polyhedral co-
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ordinations, both corresponding to orthorhombically dis-
torted octahedra.l'>~ !4 Cr''' is an S = 3/2 ion and exhibits
a zero field splitting (characterized by D and E parameters),
which is very sensitive to small variations of the local crys-
tal field. In our case, the spectra are typical of 2D >> hy
and E # 0, and two groups of five signals should be ex-
pected under the experimental conditions used. Although
no accurate calculations can be performed, due to overlap-
ping and poor resolution of the signals, a value of D > 0.6
cm™ ! and an E/D ratio of ca. 0.22 and 0.28 can be estimated
for the two slightly different sites. The higher E value corre-
sponds to a major orthorhombic distortion of the site.
These values are very similar to those found in Cr3* diluted
in TiO,-rutile,'>~ ' and suggest that Cr* is incorporated
into the Sn sites in the SnO, lattice.

This study reflects the tendency of paramagnetic chro-
mium ions to form clusters with strong Cr—Cr interactions.
Since no remarkable differences in chromium oxidation
states were found in the different samples and no clear sig-
nal associated with isolated CrY species and Cr'Y ions was
detected, the color difference could be related to the quant-
ity of chromium in each oxidation state. The clustering ef-
fect may modify the color slightly, but would not be ex-
pected to produce the drastic changes in color found in
these samples.

To confirm the presence of Cr'" in the two different dis-
torted octahedral environments, the band observed in the
UV/Vis spectra at 550 nm was deconvoluted by a Gaussian
function. Figure 7 shows that this band can be resolved into
two bands centerd at 578 and 510 nm, which matches
ESR results.

111
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Wavelength (nm)

Figure 7. Deconvolution in Gaussian functions of the band centerd
at 550 nm

According to the Tanabe-Sugano diagram, two other
bands should be observed in the UV/Vis region. The most
energetic band should appear in the UV zone and cannot
be detected. The second band associated with a *A,, —
T, transition should appear at around 380 nm, but is
overlapped by a broad charge-transfer band in the UV
zone.

The presence of Cr'V ions was also studied in the absorp-
tion spectra, but no characteristic signals of this species
were found (in the IR region, at 1000—1200 nm).!'81 If any
Cr"V ions are contained in the pigment, they must be in
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small quantities as they are not detected within the sensitiv-
ity limits of the instrument.

As the presence of Cr'" ions was precluded under the syn-
thesis conditions used, the existence of chromium ions in
more than one oxidation state (CrVY, CrY, Cr'V and Cr'll)
was determined from measurements of magnetic moment
(m) vs. magnetic field (H) at a constant temperature of
77 K. For this purpose the magnetic response of a sample
is assumed to be generated from the paramagnetic contribu-
tions of the chromium ions in each oxidation state. It was
further assumed that the chromium ions in a sample are
only contained in two oxidation states, Cr¥! (with no mag-
netic response) and Cr in another oxidation state (111, 1v or
v, each having its own magnetic response). Table 4 summar-
izes the calculated quantity of Cr¥! contained in the struc-
ture for each pair of oxidation states (Cr' and CrV', Cr'v
and CrV', or Cr¥ and CrV").

Table 4. Cr¥! content (%) in the samples for each pair of oxida-
tion states

crV! (%)

Oxidation state SC2 at SC6 at
800 °C/6 h800 °C/6 h

SC2 at SC6 at
1200 °C/6 h 1200 °C/6 h

Critt 82 40 91 81
Ccrtv 66 0 84 64
CrV¥ 8 - 57 5

The CrV! content (%) was found from the slope (1 vs. H)
and quantity of Cr in the samples.['’]

The data indicate that all samples contain chromium ions
in different oxidation states. Sample SC6 at 800 °C shows a
high magnetic response, which could be attributable to all
the chromium ions being in oxidation state IV (and no CrV!
would be present). However, since Cr''' was detected by
ESR, it must also contain Cr¥!, so that this sample must
mainly contain species in low oxidation states (Cr'™ and
CrV) and a minor quantity of CrVl. All the other samples
show low magnetization values indicating a very high CrV!
content, this being especially notable for sample SC2 at
1200 °C for 6 h. Samples SC2 at 800 °C and SC6 at 1200
°C exhibit the same magnetic behavior, but different colors.
This can be explained by the assumption of a different dis-
tribution of chromium ions in the various oxidation states.

The ESR results and magnetic measurements therefore
indicate that differences in color are directly related to the
quantity of chromium in each different oxidation state, and
must be mainly generated by reduced species such as Cr'!!
and Cr'V. Emission measurements are currently under fur-
ther investigation in order to achieve a better understanding
of the coloring mechanism.

Conclusion

A new synthesis method to prepare chromium-doped tin
dioxide from a mixture of Sn' and Cr'™ precursors has
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been devised, and compared with the traditional ceramic
method. The composition that developed the best violet
color under the working conditions used was
Sng.9g5Crg 020,. The great advantage of this dissolution
method is that the intense violet color can be produced
after heat treatment at 800 °C for 6 h, whereas the tradi-
tional method requires heat treatment at 1400 °C for 6 h.
An excess of chromium content in the SnO, structure
causes the segregation of Cr,0s, giving rise to a greenish
shade.

ESR studies reflect the tendency of paramagnetic chro-
mium ions to form clusters with strong Cr—Cr interactions
and reveal that the main chromium oxidation state in all
the samples is Cr'l, The presence of Cr!V ions was also
studied by diffuse reflectance spectra but no characteristic
signals of this species were found.

All the studies performed to establish the coloring mech-
anism indicate that the origin of the violet color is unrelated
to the quantity of chromium introduced in the structure,
but is directly associated with the quantity of chromium
present in different oxidation states, the reduced chromium
species (Cr''! and/or Cr'V) being mainly responsible for the
violet color.

This new synthesis method presents promising results for
the ceramic industry from an economic and environmental
standpoint.

Experimental Section

General Remarks: Two different synthesis routes for preparing the
precursor mixture for the solid-state reaction were developed, the
traditional ceramic method from Sn'Y and Cr'"! oxides (Method 1)
and a method in which the Sn'Y and Cr'!! reagents are dissolved
(Method 2). The nominal compositions and references of the
samples synthesized are summarized in Table 5. In a first step, the
optimum Cr content was established for samples produced by the
ceramic method and the best composition (SC2 sample) was also
synthesized by the dissolution method (SC6 sample). In Method 1,
the following precursors were used: SnO, (Panreac, analytical
grade) and Cr,0O; (Merck, analytical grade). These samples were
prepared by mixing and homogenizing stoichiometric amounts of
each precursor in a planetary ball mill, with acetone used as a
dispersant. After evaporation of the dispersant at room temper-
ature, the samples were dried under infrared lamps. In Method 2,
synthesis was performed by heating the appropriate amount of
Cr(acac); (Merck, pure grade) under reflux in a 2-propanol solu-
tion of Sn(OiPr),iPrOH adduct (ABCR, analytical grade). Sample

Table 5. Nominal composition of the samples

Sample Composition Method of synthesis
SC1 Sn.99:Cr.0102 1
SC2 Sng.985Cr.0202 1
SC3 Sn.956Cr0.0602 1
SC4 Sn0'927Cr0‘102 1
SC5 Sn0'36Cr0‘202 1
S2 SnO, 2
SCo Sng.985Cr.0202 2
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Figure 8. Synthesis diagram of S2 and SC6 samples

preparation is set out in the flow diagram in Figure 8. As an SnO,
structure is generated during heat treatment in this method of syn-
thesis, an undoped sample (referenced S2) was prepared by the
same experimental procedure. All the samples were heat-treated in
an electric furnace at different temperatures (from 800 to 1400 °C
for 6 h) at a heating rate of 10 °C/min. In order to refine and homo-
genize the particle size after calcination, the resulting product was
ground in an agate mortar with acetone, followed by sieving to
50 pm.

Instrumentation: Crystalline phase evolution of the calcined pow-
ders was monitored by X-ray powder diffraction (XRD) with a
SIEMENS D5000 diffractometer with Cu-K,, radiation. Data were
collected by step-scanning from 260 = 10 to 70° with a step size of
20 = 0.050° and 1 s counting time per step. The automatic dif-
fractometer was controlled by “SIEMENS DIFFRACT plus” soft-
ware, which records diffraction peak positions and intensities. Dif-
ferential thermal (DTA) and thermogravimetric (TG) analyses were
performed in a Mettler Toledo model SDTA 851¢. All experiments
were run in air from 25 to 1200 °C with a heating rate of 10 °C/
min. UV/Vis spectra (diffuse reflectance) and CIELAB parameters
were determined at room temperature with a spectrophotometer
(CARY 500 SCAN) and a coupled analytical software for color
measurements. The data were registered from 200 to 1400 nm with
a PTFE blank as reflecting standard. CIELAB color parameter
measurements were conducted using a D65 standard illuminant.
ESR experiments were performed at 100 K with a Bruker spectro-
photometer (ER200D) in the X-band at 9.5 GHz. Magnetic sus-
ceptibilities were recorded as a function of the magnetic field at
20 K with a SQUID magnetometer (H,.x = 5 T). In view of the
high carcinogenicity of CrV! ions, the CrV! content in the washing
liquids of the samples was determined by atomic absorption. 1 g of
sample was subjected to successive washings with hot 0.3 M HNOj3
until 100 mL of solution was obtained. Measurements were con-
ducted with a Varian Spectra 640 atomic absorption spectrophoto-
meter. Besides these analyses, the chromium content was deter-
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mined on solid samples by X-ray fluorescence spectrometry with a
PHILIPS instrument (Model PW 2400) fitted with an Rh tube and
eight single crystals for analysis: LiF200, LiF220, GE(111), InSn,
PE, TLAP, PX1 and PX3.
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