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A guantitative EPR study of blue ultramarine pigments has been performed in order to determine the concentration
of the S3~ chromophore. Copper sulfate CuSO,+5H,0 has been used as a standard, while a ruby crystal was used
as an inner standard to take into account the changes of the quality factor of the cavity. These experiments show
that, in the most-colored pigments, less than half of the sodalite cages are occupied by a S;~ radical. In other
experiments, it has been shown that the blue ultramarine pigments can be significantly modified by heating under
a dynamic vacuum. The concentrations of Sg~ and S,~, as deduced from EPR and Raman experiments, are
increased after this type of treatment. These changes imply that sulfur species are transformed into S;~ or S,~
during this treatment. It is discussed that these sulfur species could be S?.

Introduction

The ultramarine pigments are a family of mineral pigments
characterized by the sodalite structufeand colored sulfur
species encapsulated inside. This three-dimensional structure
is composed of close-packed cubooctahedraSisD:2)3~
calleds cages (Figure 1).

Three sodium cations are encapsulated in gadage
(Figure 2) to neutralize the deficit of positive charges induced
by the substitution of Si by A}® The chromophores of the
ultramarine pigments are inserted in fheages. Blue, green,
violet, and pink ultramarines can be fouhth this work,
we will consider only the blue ultramarines. The blue color
is due to the $ chromophoré.It has been shown that the  Figure 1. Sodalite structure composed ffcages.
blue ultramarine pigment not only contains the blue chro-
mophore but also contains a yellow one which is.S
However, $ is predominant. These polysulfides are
encapsulated in the sodalite cages asNafl Na$ salts
so that 3~ and S~ are tetrahedrally coordinated to four Na
cations (Figure 2). The general formula, d¥8 SicO24)-
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Figure 2. Blue chromophore $ (®) encapsulated in th8 cages and
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Occupancy of the Sodalite Cages in Blue Pigments

Few papers on the content of the sodalite cages in the bluebeen correlated with another characteristic of the samples.
ultramarine pigments have been published. In 1978, the Wieckowski*was mainly concerned with the profile of the
Raman experiments of Clark et al. demonstrated that the blueEPR signal and the distribution of'Sover the investigated
pigment contained bothzS and $—. Clark noted that § sample, which apparently was rather impure. (3) Further-
was predominaritpbut no figure was given. Determining the more, the investigated sample displayed a narrow EPR line
absolute concentration oSis not very easy. The Raman (10 G at room temperature) which has never been observed
spectroscopy detects the vibration bands of bgthe®d S~ by the present authors in blue ultramarine pigments. The
under resonance conditiofis'® This spectroscopy, with the  investigated sample displayed a content lower thag 15S
ratio of the intensity of the 545 cm band of $~ to that of cage.
the 590 cm?* band of $, allows the determination, for a It is obvious that the determination of the absolute
given excitation line, of a quantity proportional to the ratio concentration of § per cage in blue ultramarine is very
of [S;7] to [Ss7], but it does not allow the determination of important for the understanding of the various characteristics
either [S7] or [S37], because the Raman scattering cross of these pigments. In the first part of this paper, a quantitative
section of these species cannot be determined. However, th&ePR experiment is described and aims at determining the
guantity proportional to [S]/[ Ss7] can be compared absolute concentration o§Sin samples of blue ultramarine.
between various samples or for a given sample after variousThe results will be compared with those given by a relative
treatments. scale (EPR index), previously proposé&dyhich allows an

The chemical analysis of the pigment, after the destruction €aSy comparison of the concentration gf $1 samples of
of the sodalite structure in an acidic aqueous solution, can PIué ultramarine pigments.
only reveal the total content of sulfur, because the sulfur ~ The first part of this paper will show that less than half of

species are hydrolyzed or oxidized in various chemical the 5 cages are occupied bys'S The second part of this
species (sulfate, thiosulfate, etc.). paper will show that the concentrations af ®r S, can be

strongly increased by heating the blue pigment under a
dynamic vacuum, which implies thAtcages contain sulfur
species which can be transformed intg 8r S~

The best method for determining the absolute concentra-
tion of S~ seems to be EPR spectroscopy. At room
temperature, it only detects the Sradical atg = 2.028,

because the EPR signal of Sn the pigments is observed  payt |- petermination of the Absolute Concentration

only at a low temperatur€. By using a standard of of S5~ in Blue Ultramarine Pigments by EPR
calibration, the absolute concentration of a radical can be Experiments

determined.

Three studies related to the EPR determination of the
concentration of & in the blue ultramarine pigments have
already been publishéd,™* but neither the experimental
procedure nor the preparation of the EPR samples was . . . .
described. In 1968, Btrher et al? used pyrolyzed cellulose medlur_n Wh'GCh IS proportlc_)nal to the area of the absorption
as a secondary quantitative standard (its concentration isEPR signak® The comparison method is commonly used:
determined by comparison with Cu$6H,0) and found the factor of proportionality between the EPR area and the
8 x 107 spins/g, that is, 0.67 spin {S/cage. No estimation number of spins is first determined for a standard sample,
of uncertainty ’was givén Hofmath invéstigated five the spin concentration of which is accurately known. Then,
different blue ultramarine samples by using a coal standardthe Spin_concentration Of. an unknown sample. can be
containing 3x 10V spins/g. The five results are 126107 calculated from the area of its EPR signal recorded in exactly

11.80x 10° 11.40x 107 921 x 10%° and 8.50x 10%° the same experimental conditions that were used for the

that is, 1.19, 1.09, 1.04, 0.80, and 0.72 spins/cage, respec_standard sample. The method is based on a simple principle,

tively (relative uncertainty, 1620%). It is difficult to but the experiments require many conditions to be fulfilled

i . : to get a reliable and accurate restjttz°
consider these resultgeliable due to the following reasons. We have chosen CuSGH,0 as a standard and a rub
(1) Three of these results are at the limit of the maximum 2 y

theoretical concentration of 138cage. This is consistent crystal as an inner standard. The choice of CuSB,0 and

with the uncertainty but rather hard to believe. (2) The range of the ruby is explained below.
covered by the values is very broad. This is possible if the o choice of the Standard
samples are very different, but these differences might have

Quantitative EPR measurements are possible by using a
standard of calibration. The method is based on a simple
principle: the number of absorption centers in a medium is
proportional to the amount of energy absorbed in that

The first step of the calibration is the choice of the
standard. It should have physical and paramagnetic charac-

(9) Clark, R. J. H.; Franks, M. LChem. Phys. Lettl975 34, 69.
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(12) Bdtcher, R.; Wartewig, A.; Windsch, W.; Schunke, A.Naturforsch 1982.

1968 23, 1766. (17) Chang, T.-TMagn. Reson. Re 1984 9, 65.
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Anorg. Allg. Chem1969 369, 119. (19) Dyrek, K.; Rokosz, A.; Madej, AAppl. Magn. Resarl994 6, 309.
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teristics similar to those of the unknown sample. These C. Experimental Section

requirements have been listed in other publicatibtfand The spectra have been recorded at room temperature with an
will not be detailed here. As for the ultramarine pigments, ESpP300 BRUKER spectrometer (X band) and a TE102 rectangular
neither a sample of pigment containing an accurately known cavity.

concentration of § nor a Nag solid exists. The concentra- The ruby crystal was embedded in molten paraffin at the bottom
tion of = has already been determined but in nonaqueous of a quartz (suprasil quality) tube (i.d., 6 mm). After solidification,
solutions?! Therefore, other standards withou Save to the paraffin formed a concave surface. This tube was placed in the
be used. We have chosen CuSEb,O as a standard of _cavity of the spectrometer in sut_:h a way that the rt_be was located
calibration for several reasons. This compound is com- just below the center of the cavity. The angular or_lentatlon of the
mercially available in powder (i.e., the same solid form as crystal can be changed and controlled by the rotation of the quartz

. . . . ) 0 tube around its axis. This angular orientation has been chosen so
the ultramarine pigments) in a high-purity grade (99.999%, ¢ the ines of G in the ruby will not overlap the signal of

Aldrich), and is stable over a long period of time. Its spin gjther c@* (Figure 3a,b) or § (Figure 3c); otherwise, the area of
concentration is easy to determine, as it contains 1 spin/these signals would be enhanced by the contribution of the Cr
molecule. It can be weighed with a high accuracy, and lines.

mixtures of CuS@5H,0 and KSO, (99.99% Aldrich), A height of 1-2 mm of either ultramarine pigment or standard
which do not contain any paramagnetic speéfesn easily is placed in a flat bottom quartz (suprasil quality) tube (e.d., 5 mm;
be prepared to obtain a range of various spin concentrations/-d- 4 mm) and accurately weighed. Along this height of powder,
including the concentration ofsS in the ultramarine pig- the |rrad|at|on of the powder in th(_a spectrometer cavity can be
ments. Hence, this compound is a convenient standard forc0nSidered as a constant. Depending on the sample;2anm

the determination of the absolute concentrationofifs the height corresponds to a mass of about80 mg of powder.

. . The tube containing either the copper sulfate or the ultramarine
ultramarine pigments. However, the pentahydrated COPPEThigment is placedinside the tube containing the ruby, which was

sulfate is not a perfect standard, because its EPR signal isyreviously placed in the cavity and kept in the same position.
anisotropic and widé’*whereas the EPR signal o§'Sin Whereas the ruby is located just below the center of the cavity, the
the pigments is isotropic and rather narrodHp, ~ 25 G). powder sample is located at the center of the cavity, that is, where
Despite all these aspects, it is the best available standard athe microwave irradiation is maximum. The bottom of the sample
the moment. The EPR characteristics of the trihydrated tube lies on the paraffin upper surface; therefore, the location of

vanadyl! sulfate VOS@3H,0 are similar to those of CuS©O the tube, as well as the irradiation of the sample, is reproducible,
5H,0.1° We used it to check our calibration data. because the powder height can be considered a coidstant.

The spectrum of the ruby is first recorded on a restricted magnetic
The water content of the vanadyl sulfate and of the copper field sweep width to get the line of €rlocated ay = 1.278. The

sulfate has been measured following the Karl Fisher method. spectrum of the sample (standard or pigment) is then recorded with

The vanadyl sulfate contains 3.0®/molecule, and the  the same conditions, except for the receiver gain and the sweep
copper sulfate contains 4.7@/molecule. These results have width. In both cases, the sweep width is broad enough to get the

been taken into account in our calculations. whole signal in each spectrum, as shown in Figure 3. The area of
the ruby line and the Cti or &~ signal are calculated by double
B. Inner Standard numeric integration and normalized to the sweep width and receiver

gain. The area of thezS or C#* signal is then normalized to the
To determine the spin concentration of an unknown ruby area in order to eliminate the influence of the variation of the
sample, two methods are commonly used. The first consistsQ cavity factor. The area is also normalized to the weight of powder
of placing both the unknown sample and the standard samplentroduced in the tube. The value obtained is the normalized area
in the cavity of the spectrometer and recording their EPR °f S&~ or C¥* EPR signal per gram of sample.
signal at the same time. In the second, we place the sample®. Results

successively in the cavity, and we record one spectrum for Samples of various concentrations in CuS7H,0 have
each sample. The first method requires a double cavity, which been prepared by mixing the copper sulfate with th&®,

was not available to us; therefore, we used the secondqeq a5 a diamagnetic matt&The concentrations of these
method. The following d|_sa(_1vantage to _tr_us substitution samples are as follows: 153:410%, 102.2x 10%, 76.7 x
method was found. A variation of sensibility takes place 1y9 511 « 101 10.2 x 101 and 5.1 x 10 spins/g.

because of variations in the quality facQr This is due o geyenteen sample tubes were prepared. The spectrum of each
differences in dielectric properties beween the unknown ;. \vas recorded twice to obtain 34 points. The second

sample and the standattiThe Q factor decreases with  gnecrym of each sample was recorded after removing the
increasing dielectric susceptibility of the investigated sarttple. tube from the cavity and replacing it inside. The data
To correct the variations of the signal due to changes in the yptained given in Figure 4, indicate a good correlation
Q factor, we have chosen a ruby crystal as an inner standardyetween the area and the Cconcentration. The fit of the
Hence, the area of the signal of the samples is normalizedgata points to a linear variation gives the equation area/g

to the area of one of the lines of the ruby EPR signal, as 1 148+ (9.4530x 10719 x C, whereC is the concentration
described in the following section. in spins per gram. The correlation coefficienis equal to

0.9988.
(21) Pinon, V.; Levillain, E.; Lelieur, J. RIl. Magn. Resonl992 96, 31.
(22) Singer, L. SJ. Appl. Phys1959 30, 1463. (23) Yordanov, N. D.; Genova, BAnal. Chim. Actal997 353 99.

2850 Inorganic Chemistry, Vol. 41, No. 11, 2002



Occupancy of the Sodalite Cages in Blue Pigments

4e+4
4e+4 1 2e+4
a Te+4 b
3e+4
0
2 o
B 2e+4 1 le+d T 2e+4 A
S -2e+4 £
g 14 g te+aq
© 0 ]
> > ]
g § °
:§-2e+4 1 § -1e+4 1
< ©
-2e+4
-4e+4 4
y T T T T -3e+4 T T T T T T T
4.0 3.5 3.0 25 2.0 15 28 2.6 2.4 2.2 2.0 1.8
g factor g factor -
3e+4
C
2e+4 1
O
-]
2 tle+d
a
£
« 0
g
£ e+d |
£
©
-2e+4 1
-Se+4|---u----x----v---|~ T
2.20 2.15 2.10 2.05 2.00 1.95

g factor

Figure 3. (a) EPR spectrum of the ruby crystal embedded in the paraffin, without copper sulfate or ultramarine pigment. The circled part of the spectrum
displays the line of the ruby signal & 1.278) used to normalize the signal of the copper sulfate, vanadyl sulfate, or ultramarine pigments. (b) EPR spectrum

of CuSQ-4.7H,0 with the sample placed in the tube containing the ruby crystal: no contribution of the ruby is observed. (c) EPR spectrum of a blue

ultramarine sample placed in the tube containing the ruby crystal: no overlapping of the lines ef tuedSf the ruby is observed.

1600 formula?* This error depends not only on the quality of the
1400 4 calibration line (dispersion of the data, number of experi-
mental measurements) but also on the number of points for

g 12907 the unknown samples and on the location of the experimental
& 1000 | value of the unknown sample in the calibration interval
E 600 | (153.4-5.1 x 10'° spins/g).
s The calculated error does not take into account the
§ 600 1 following fact that during the preparation of the EPR tube,
o

400 despite all the care taken, some particles may remain stuck
on the inner surface of the quartz tube. Consequently, the
powder weighed is not entirely located in the bottom of the
0 ' ' " " ' ' ‘ ‘ tube. This would lead to underestimating the spin concentra-
0 20 40 60 80 100 120 140 160 tion and may explain the difference between the theoretical
concentration of CuSO,.4,7H,0 (10" spins/g) concentration and our result concerning the spin concentra-
Figure 4. Correlation between the area of the EPR signal of'Cand tion in VOSQ*3H,0.
the spin concentration in the standard mi.x tres of CHBOHO and Without normalizing the area of the samples to the area
K2SOy-3H,0 (triangles, experimental points; line, regression line).
) ) ~of EPR signal of the ruby crystal, we can obtain a calibration
To check this result, we have determined the concentration|ine. The correlation coefficient is = 0.9986, and the
of a sample of VOS®3H,0, which is also a standard of  gquation is area/g 1.227+ (1.9421x 1019 x C spins/g.
calibration. Three samples of pure VOSEH.O were The concentration of vanadyl sulfate calculated with this
prepared, and their spectra were recorded with the methOdregression line is 223.5 10 spins/g. This result is not
described above. The average concentration calculated witt\,ery satisfactory, since the theoretical concentration is
the calibration line is (264.% 3.5) x 10“spins/g, whereas 277 4 10 spins/g. These results show the importance of
the theoretical concentration is 277x4 10'° spins/g. To
estimate the error in the spin concentration calculated by (24) Miller, J. C.; Miller, J. N., Statistics for Analytical Chemistry;
using the regression line, we used an adequate statistic ~ wiley: New York, 1984; p 94.

200
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Table 1. Results of the Calculation of the Absolute Concentration of not contain any $ can contain the yellow chromophore.
Sy in Three Samples of Blue Ultramarine Pigments Compared with the - g4 £y, it js impossible to determine the absolute concentra-
Relative Concentration (EPR Indéx) . C .. .

tion of ;. This is why we cannot know if all of the cages

sample fil 2 ’3 contain either $ or S~. However, it is usually claimed,
1@95f'”5/9 46‘-3% 3-84 gigi 3-85 éodéi (2)-85 on the basis of electronic and Raman data, thati$ the
spins/cage i . : : : . . . .
EPR index 100 3 1314 4 2311 predominant chromophore in blue pigments. As a conse-

aThe concentration in spins per cage has been calculated by estimatingquence’ afraction Cﬁ cages COUld-nm be OCCUpI?d by -elther
the molecular weight at 971.2 g/mol which corresponds to the formula S~ or . In the second part of this paper, we give evidence
Nag(Al6Sis024)-NaS. It is difficult to know the exact molecular weight, ~ that the concentration of;Sand S~ can be simultaneously
considering that less than 0.5 of the"3ire inserted per cage, and that S increased, and that, consequently, there is another sulfur
ions and water are also inserted but in an unknown concentration. species inserted in the cages.
the inner standard, especially if one wants to determine the
absolute concentration of samples of various types.

Three samples of blue ultramarine pigments have been
investigated through the same procedure as the one used fo
the copper and vanadyl sulfates. The samples were selected, Experimental Section
after investigation by Raman and EPR (EPR index) spec- ) _ ) o
troscopies: the first and second samples contain a low Samples of an industrial blue pigment, very similar to thi& n _
concentration of § and a high concentration of;S The pigment of Tfible 1, were heated under adypamlc vacuum according

. . - to the following procedure. Two grams of pigment was introduced
third sample contains a low concentration of both 8nd

- The fi le is th f bl . di into a Pyrex or quartz tube. The tube was placed in a tubular oven
S e first sample Is the reference blue pigment used in and connected to a vacuum line. The tube was heate8l foat a

the determination of the EPR index and is a highly colored gjyen temperature (from 150 to 70G) while being pumped under

industrial pigment. The results are given in Table 1. a vacuum (1065 mmHg). The tube was cooled to room temperature
The concentrations of the investigated samples calculatedunder a vacuum. Each heating under a vacuum was naturally

from the equation of the calibration line are expressed in performed on a new unheated sample.

spins per gram. To convert these values in spins per cage, After this treatment, the EPR and the Raman signals of the
we need to know the molecular weight of the pigment. modified pigment were recorded. The method of determination of
However, this molecular weight depends on the content of the EPR index is detailed in another arti€land, therefore, will
the B cages. Hence, it is impossible to determine the exact N°t be explained in detail here. _

molecular weight of each sample of blue ultramarine. We Raman spectra were recorded with an RT30 Dilor spectrometer
have estimated the molecular weight to be 971.2 g/mol at room temperature. The samples (powder) were pressed into a

. . rotatable die, and the excitation power was kept lower than 75 mwW
which corresponds to the formula §alsSicOz4)-Nas. The to minimize the risk of thermal decomposition of the samples at

concentration of & calculated for the first two samples is 1o peam focus. The backscattered light was collected. We have
somewhat lower than 0.5. We may consider that this chosen the 457.9 nm excitation line, so we could obsegveasd
molecular weight is underestimated, because the pigment alsas,- simultaneously. At this wavelength, the vibration band of S
contains the yellow chromophore, and therefore, the con- (590 cnt?) is enhanced by the resonance effect, because the yellow
centration of $ may also be underestimated. The upper chromophore absorbs at ca. 420 nm, whereasithand (545 cm?)
limit of the molecular weight corresponds to k ®age of Sg~ absorbs at ca. 620 nm and is not enhanced by the resonance
(1090.4 g/mol). If we used this value, we would find 0.40 €ffect, but can still be easily observed. S
spin/cage for the first sample instead of 0.36 spin/cage. This 'i‘l’r a given excitation line, the ratio of the intensity of the 590
result shows that the variations of the molecular weight of cmﬁ band to tha_t of the 545 cm band is proportional to [S)/
the ultramarine pigment do not lead to important variations [Ss7]. We can write
of the occupancy of the sodalite cages hy.S

The absolute concentration obtained by the calibration line
is compared (Table 1) with the relative concentration of S
(EPR index determined with an error 6f3%). The EPR
index and the absolute concentration are proportional within
the limit of uncertainty (Table 1). This is an indication of

Part 1I: Evidence of a Supply of Reduced Sulfur
Species Which Can Be Transformed into
{-hromophores

1(590 cm )/1(545 cm ) = o x [S, 1/[S;5 ] 1)

wherea is a constant for a given excitation line.
The EPR index is the relative concentration @f S

. EPR index= 1 x [S;~ 2
the validity of the results. [55 ] @
E. Discussion where/ is a constant, since the same reference pigment has been
) ) used to determine this index.
The maximum value of the absolute concentrationof S Consequently, the relative concentration of the yellow chro-

in our samples is equal to 53:6 10'° & 1.3% spins/g, that  mophore can be deduced by the following equation
is, approximately 0.43 $S/cage. This result indicates that
less than half of the cages are occupied by a blue chro- B x [S,] = EPR indexx [1(590 cm )/I(545cm )] (3)
mophore, and that a higher occupancy can be expected.
It is now established that at least half of the sodalite cageswhereg is a constant (equal to the producteof). This means that
do not contain any $5 chromophore. The cages which do the EPR and Raman spectra can be used to determine a quantity

2852 Inorganic Chemistry, Vol. 41, No. 11, 2002
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vacuum. An increase of the concentration of the blue chromophporésS
observed; except for the sample heated at“T@@ll other samples display
an increase of thesS concentration compared to that of the unheated
sample. The uncertainty on the EPR index is estimateti3%.
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Figure 6. Variation of the Raman spectrae(c = 457.9 nm) of the blue
pigments after heating fob h atvarious temperatures under a dynamic
vacuum. The intensity is normalized to the concentration of the blue

of the blue pigment. A strong increase in the concentration of the yellow
chromophore & is observed. After heating at 70C under a dynamic
vacuum, the concentration obSis more than 5 times higher.

higher than the uncertainty of the experiments. At 3030

the EPR index is increased from 91 to 114, which represents
ca. 20%. The Raman investigation shows that the relative
concentration ratio of S/S;~ also increases with the
temperature of heating under a dynamic vacuum (Figure 6).
The EPR and Raman data can be used following eq 3 to
obtain the relative concentration o S(Figure 7) versus
the temperature of heating: it is shown that the concentration
of S,™ is increased, no matter what the heating temperature
was (up to 70C0°C).

Therefore, the results reported in Figures/show that
after heating under a dynamic vacuum, the concentration of
both S~ and S~ is increased. Hence, we note an increase
of the total number of sulfur atoms involved in the chro-
mophores of the pigment. Obviously, this implies that sulfur
species are being transformed into chromophores during the
experiment of heating under a vacuum. This species is not
observed in either Raman or IR, and therefore, it has no
vibration mode. It is not observed in EPR. Even at 4.2 K,
there is no indication that this species is paramagnetic. We
suggest identification of this sulfur species with the sulfide
$?~. The double-negative charge of the sulfide ion must be
balanced by two sodium cations which can be in two
neighboring sodalite cages, following the usual assertions.
An EPR index of 91 before heating (Figure 5) corresponds
to 32% of thes cages being occupied by'S The increase
of the EPR index from 91 up to 114 (after heating at 500
°C, Figure 5) corresponds to an increase from 32 to 40% of

chromophore (EPR index): the value of the EPR index has been given to the 8 cage occupancy bysS. This increase should originate

the intensity of the 545 cmt band of $~. The intensity of both & and
S,~ bands is increased after heating under a dynamic vacuum.

proportional to [$7], for example, the concentration ofSon an
arbitrary scale.

B. Results and Discussion

The variation of the EPR index indicates that the concen-

tration of S~ is higher after being heated under a dynamic
vacuum (Figure 5), except for the 700 heating experiment.
The observed increase of the concentration ofiS much

from 24% of thef cages being occupied by?*S If the
double-negative charge ofSis balanced by two sodium
cations in two neighboring cages, this implies that 48% of
the 5 cages have been involved witd STherefore, before
heating, 80% of th@ cages were involved by the insertion
of either $~ or . These estimations can be considered as
realistic, because the yellow chromophore has not been taken
into account.

Two points have to be discussed: (1) the origin of the
“hidden” sulfur species leading to the chromophores and (2)
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the mechanism of these transformations. What could be theare not identical after being heated at a given temperature
origin of these sulfur species? It is now well established under a static vacuum or under a dynamic vacuum. It has
that polysulfides originate from the reaction of sulfur with also been observed that, after heating under a static vacuum,
sodium carbonate, which leads to the formation gf &t a the modifications of the pigment depend on the filling factor
temperature of ca. 260C. When the temperature of the of the cell. These observations indicate that the modifications
reaction mixture is increased,?S is disproportionated into  of the pigments are induced by gaseous species (suchzas SO
more-reduced and more-oxidized species. The most-reducedr H,S) resulting from the reaction of water with the species
form is obviously $-, while the most-oxidized form is sulfur.  inserted in the8 cages. The presence of these gaseous species
When the three-dimensional structure of sodalite is formed has been demonstrated by the IR study of the gas evolved
in the synthesis medium, chromophores (SS,”) are during heating under a vacuum. Part of the water content of
encapsulated in thg cages?® but other species present at the pigment can be evacuated in the form of water, but a
these temperatures can also be inserted. This enables us tpart can react with species inserted in the cages, leading to
understand the presence of~Sin the 8 cages. At the H,S and S@ which can either be evacuated far from the
temperatures where the structure is formed (ca.—6@D pigment or react with it. The observed modifications of the
°C), the vapor phase of sulfur is composed of small pigment are the overall result of several competing mecha-
molecules such a$SS;, or S,.27281f these species had been nisms. A detailed interpretation of Figures B is presently
inserted in thes cages, their Raman spectra would have been not available.

observed, for instance s Swvhich seems to be observed in )

the pink ultramarine pigmentsThere is no indication of a ~ Conclusion

pOSSible insertion of these SpeCieS in the blue pigments. The experiments reported in th|s paper ShOW that in a
Therefore, we suggest that the hidden sulfur specie$is S typjcal highly colored blue ultramarine pigment, less than
which acts as the sulfur supply in the formation of chro- hajf of the cages are occupied by SThese experiments
mophores when the pigment is heated under a dynamichave also shown that the concentration ¢f Snd S~ can

vacuum. _ _ _ be significantly increased by heating under a dynamic
A second point needs to be discussed, that is, theyacuum, which implies that hidden sulfur species can be
mechanism of the transformation ofSinto the chro-  transformed into chromophores. We suggest that these

mophores. One might be surprised to find that a pigment species are® anions, resulting from the disproportionation

synthesized at 766800 °C can be significantly modified  of polysulfides at the high temperatures of the synthesis, and
later on by heating under a dynamic vacuum. We need t0 that the increase of the concentration of the chromophore is
emphasize the fact that after synthesis the pigments areinduced by gaseous molecules resulting from the reaction

washed with water. After drying, their water content is of a part of the water content of the pigment with the species
determined to be equal to-2 wt %. A water content of  jnserted in the cages.

2% corresponds to about 1 water molecule fgf 2ages.
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