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In-situ X-ray transmission powder diffraction study of the Kinetics of
the light induced alteration of realgar (a-As,S,)

PAoOLO BALLIRANO* and ADRIANA MARAS

Dipartimento di Scienze della Terra, Universita di Roma “La Sapienza”, P.le A. Moro 5, I-00185 Roma, Italy
*Corresponding author, e-mail: paolo.ballirano@uniromal .it

Abstract: An in-situ X-ray transmission powder diffraction study of the kinetics of the light induced alteration of realgar (As,S,) has
been carried out. Data indicate that the crystalline final products of the process are pararealgar (different As,S, polymorph) and
arsenolite (As,05). Because of the chemical unbalance the evolution of SO, is hypothesized. In fact there are no evidences of the
presence of amorphous As-S alloys or amorphous S. The alteration proceeds via the occurrence of an intermediate term along the [3-
As,S j-alacranite series joint with an estimated As,S, , composition. This phase reach a maximum wt. fraction of ca. 30 % in the early
stages of the process and subsequently disappears. From the fraction X(t) of realgar and pararealgar transformed vs. time was
determined the kinetic law of the digestion of realgar and formation of pararealgar according to the JMAK model. The refined n
parameters indicate that the behavior of the two transformations is intermediate between that of a diffusion-controlled and a first-
order model. The increased expansion of the realgar cell during the alteration could be possibly due to the requirement that structural
coherency between at least two of the three sulfide phases is preserved. In particular the coherency between realgar and (3-As,S, is
expected to exist along @y, sin B and ¢ pus4, respectively. According to our data we may hypothesize that the light induced
alteration of realgar to pararealgar occurs via an intermediate As,S,,, product because it is able to sustain the presence of As,Ss-type
cages. Following the model proposed by Kyono et al. (2005) the As,Ss cage release the extra S atom to form the As,S, cage of
pararealgar-type promoting the development of a new As,Ss cage in a cyclic process.

Key-words: sulfide phases, realgar, 3-As,S,, pararealgar, arsenolite, alteration, X-ray powder diffraction, Rietveld method.

Introduction

Four different As,S, polymorphs are known: a-As,S, (real-
gar), B-As,S,, As,S, (Il), and pararealgar. The structure of
realgar (Ito et al., 1952; Mullen & Nowacki, 1972) and [3-
As,S, (Porter & Sheldrick, 1972; Burns & Percival, 2001),
are characterized by the presence of the same covalently
bonded As,S, cage-like molecule. This cage (Fig. 1) may be
described as composed by an As, disphenoid bisected by a
S, square. Each arsenic is linked to two sulphur and an ar-
senic. The cages possess an almost perfect 42m symmetry
and are arranged in a zigzag way resulting in a layer-like
structure with corrugated layers that, in the case of realgar,
are stacked along [010] (Fig. 2). In realgar (s.g. P2,/n) alter-
nating layers A and B are related by the n symmetry opera-
tor. The planes are linked via weak van der Waals forces giv-
ing rise to a fair (010) cleavage. The same type of planes are
found in B-As,S, (Fig. 2) but with a different stacking
scheme, in fact layers repeat regularly following an ..AA...
sequence along [110]. Similarly pararealgar (Bonazzi et al.,
1995) and As,S, (II) (Kutoglu, 1976) are both characterized
by the presence of a different type of As,S, cage (Fig. 3). In
this cage different As and S atoms do not show the same co-
ordination. In particular one of the four independent As
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atoms is linked to three S atoms, two to two S atoms and one
As atom, whereas the remaining is linked to two As atoms
and one S atom. Also in this case the two structures show a
different molecules packing.

The light-induced alteration of realgar is a well recognis-
ed phenomenon that has been thoroughly investigated
(Clark, 1970; Roberts et al., 1980; Douglass et al., 1992;

Fig. 1. As,S, cage as found in a-As,S, (realgar) and 3-As,S,. Dark
gray As atoms, light gray S atoms.
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Fig. 2. Crystal structure of realgar as seen along [001] (left) and crystal structure of 3-As,S, as seen along [110] (right). Below is reported the
relationship existing between the A and B layers found in the structure of realgar. Dark gray As atoms, light gray S atoms.

Bonazzi et al., 1996, Kyono et al., 2005 among the others).
Until the early 70’s the alteration products of realgar were
commonly considered to be orpiment As,S; and arsenolite
As,0;. However it becomes clear that the formation of
As,S; in ambient air is termodinamically not possible. Ro-
berts et al. (1980) pointed out that pararealgar was the alter-
ation product of realgar. This statement was subsequently
confirmed by Douglass er al. (1992) and Bonazzi et al.
(1996). In fact those authors found, as products, both parare-
algar and the so-called y-phase, a further As,S, modifica-
tion related to -As,S, but showing an expanded cell and
possibly a different space-group (Bonazzi et al., 1996). Bo-
nazzi et al. (1994) in a preliminary study reported that the
occurrence of the x-phase is preceded by a strong anisotrop-
ic expansion of the cell of realgar. Moreover Bonazzi et al.
(1996) were able to produce the same y-phase by light-alter-
ation of 3-As,S,. More recently Bonazzi et al. (2003a) have
found samples of AsgS,y, composition showing different
proportions of As,S, and As,Ss molecules, the same mole-
cules (Fig. 4) found in synthetic As,Ss (Whitfield, 1973)
and its natural analogue uzonite (Bindi et al., 2003). They
also speculated that the increase of the unit-cell volume in-
duced by light exposure might be due to an increase of the
percentage of the As,Ss molecules in the structure. Recently
Kyono et al. (2005) have shown that pararealgar is produced
if oxygen is present. In that case the reaction 5As,S, + 30,
— 4As,Ss + 2As,0; proposed by Bindi ef al. (2003) takes

Fig. 3. As,S, cage as found in pararealgar and As,S, (II). Dark gray
As atoms, light gray S atoms.

place. The extra sulfur atom of the As,Ss cage is released to
form the As,S, cage of pararealgar and is available to pro-
mote the formation of a new As,Ss cage in a cyclic process.
The present work investigates in-situ by transmission X-
ray powder diffraction the light-induced variations occur-
ring in realgar and products of the process the aim being to
obtain quantitative data on the kinetics of the process.

Experimental methods

X-ray powder diffraction data were collected on a parallel
beam Siemens D5005, equipped with a capillary sample
holder and two sets of Soller slits (divergence of 2.3°) on
both incident and reflected beams. Data were collected in 26
scan mode. Analyses were regularly reiterated, in order to
follow the evolution of the phenomenon. The data set com-
prises a total of 270 diffraction patterns. Experimental de-
tails are reported in Table 1. An optically pure ruby-red real-
gar single-crystal from Monte Sughereto, Latium, Italy, col-
lected by one of the authors (P.B.) ca. 20 years ago, was
crushed into an agate mortar. The resulting powder was
loosely charged into a 0.3 mm diameter borosilicate-glass
capillary in order to allow a more uniform light incidence on
the grains. The diffractometer cabinet was continuously
lighted inside by a white-light 15 W neon lamp. A low-pow-
er irradiation source was chosen in order to slow-down the

Fig. 4. As,S; cage as found in uzonite. Dark gray As atoms, light
gray S atoms.
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Fig. 5. Magnified view of the experimental, calculated, and difference plot of the refinement of the second spectrum collected after an irradia-
tion of 3 days. Vertical markers indicate the position of the Bragg reflection of (from above to below) pararealgar, [3-As,S,, arsenolite, and re-

algar, respectively.

transformation process differently from the experiments
carried out by Bonazzi et al. (1996) using optical fibers. Da-
ta were collected in the 10-100° 20 angular range with a
step size of 0.02° 20 and a counting time of 20 s. Total col-
lection time for a single scan was therefore of 25 h. On the
contrary, the first spectrum was collected, with the same
step size, in the 10-150° 20 angular range and a counting
time of 40 s. Because of the slowness of the reaction (see be-
low) the time collection for each spectrum may be consid-
ered as negligibly small.

Data evaluation

The powder diffraction pattern of the starting material is that
of realgar. No extra-phases were detected. The second spec-
trum (Fig. 5) clearly indicates the presence, besides realgar,
of traces of pararealgar, an intermediate term along the [3-
As,S,-alacranite series, and arsenolite (As,O;). In fact the
two weak extra peaks atd =6.50 A and d = 3.20 A attributed
by Bonazzi et al. (1996) to the so-called y-phase are in effect
the strongest 111 (I/I, = 44; PDF 36-1490) and 222 (I/I, =
100) reflections of arsenolite. Therefore there is a possible
confirmation of the occurrence of the reaction 5As,S, + 30,
— 4As,Ss + 2As,0; as indicated by Bindi et al. (2003). At
the beginning of the refinements we decide to approximate
the structure of the intermediate term along the (-As,S,-
alacranite series with the structural data of 3-As,S,. Subse-
quently, on the basis of the refined cell parameters of this

Table 1. Experimental details of the X-ray powder diffraction data
collection.

Siemens D5005

Cu operating at 40 kV and 40 mA
Multilayer X-ray mirror
Rotating capillary (30 r.min™")

2 (2.3° divergence)

Instrument

X-ray tube

Incident beam optics

Sample mount

Soller slits

Divergence and antidivergence

slits 1 mm

Detector slit 0.1 mm (0.05°)
Detector Scintillator

20 range 10-100°

Step size 0.02° (4501 points)
Counting time 20 s

phase (unit cell volume ranging from ca. 820 to 827 A%) and
taking into account the relationship between the unit cell
volume and S atoms reported by Bonazzi et al. (2003b), a
composition of As,S,,, (0.18 < x < 0.25) was estimated.
Therefore we selected the structural data of the sample
ALA1S5, characterized by the presence of ca. 20 % of As,Ss,
reported by Bonazzi et al. (2003a). According to this fact a
composition of As,S,, will be considered throughout the
discussion. Data were evaluated by the Rietveld method us-
ing the GSAS crystallographic package (Larson & von
Dreele, 1985). Starting positional and displacement param-
eters of realgar, pararealgar, and arsenolite were those, re-
spectively, of Mullen & Nowacki (1972), Bonazzi et al.
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(1995), and Ballirano & Maras (2002). An absorption cor-
rection was carried out as a part of the Rietveld refinements.
Peak shape was modelled by means of a pseudo-Voigt func-
tion modified to incorporate asymmetry (Finger et al.,
1994). The peak cut-off was set to 0.3 % of the peak maxi-
mum. The background was fitted with a 22-terms shifted
Chebyshev polynomial of the first kind to take into account
the amorphous capillary contribution. No correction for pre-
ferred orientation was carried out. The profile parameters of
realgar, As,S,,, and pararealgar were constrained to be
equal while those of arsenolite were allowed to vary inde-
pendently. This is because a preliminary scrutiny of the pat-
terns clearly indicated that peaks of arsenolite were signifi-
cantly sharper than those of the remaining phases. Apart
from the first spectrum, refined parameters were GW (an-
gle-independent Gaussian term), LY (tan 0-dependent Lo-
rentzian parameter), and S/L, and H/L (asymmetry parame-
ters, constrained to be equal in magnitude) for the three sul-
fide phases and GU (tan? 6-dependent Gaussian parameter),

GV (tan 6-dependent Gaussian parameter), GW, LX (—c 0156 -

Table 2. Comparison of relevant bond distances (A) and angles (°) of
unirradiated realgar between reference data and the present work.

Present work ~ Mullen and Kyono et al.

Nowacki (1972) (2005)

Asl -S1 2.238(6) 2.242(2) 2.240(4)
-S2 2.237(6) 2.232(2) 2.230(5)
As2 -S1 2.247(6) 2.243(2) 2.248(4)
-S3 2.241(6) 2.238(2) 2.247(4)

As3 -S2 2.251(6) 2.247(2) 2.249(4)
-S4 2.246(6) 2.238(2) 2.240(4)
As4 -S3 2.235(6) 2.231(2) 2.232(4)
-S4 2.226(6) 2.228(2) 2.235(5)
average 2.240(7) 2.237(6) 2.340(7)

Asl -As4 2.575(2) 2.571(1) 2.570(2)
As2 -As3 2.566(2) 2.566(1) 2.571(1)
average 2.570(4) 2.568(2) 2.570(1)

S1  -Asl- S2 95.0(1) 95.03(7) 94.9(1)
-As2- S3 94.3(2) 94.51(8) 94.3(1)

S2  -As3- S4 94.8(2) 95.11(7) 95.1(1)
S3  -As4- S4 95.1(2) 94.92(8) 94.9(1)
average 94.9(2) 94.9(2) 94.8(3)

Asl -As4- S3 99.8(1) 99.85(6) 99.9(1)
S4 99.9(2) 99.99(7) 99.9(1)

As2 -As3- S2 99.2(1) 99.24(6) 99.0(1)
S4 99.3(1) 99.32(6) 99.4(1)

As3 -As2- Sl 99.6(1) 99.55(6) 99.5(1)
S3 99.3(1) 99.17(6) 99.1(1)

As4 -Asl- Sl 99.2(2) 98.67(6) 98.7(1)
S2 99.0(1) 99.07(6) 99.2(1)

average 99.4(2) 99.4(4) 99.3(4)

Asl -S1- As2 101.4(1) 101.26(8) 101.3(1)
-S2- As3 101.3(1) 101.23(8) 101.3(1)
As2 -S3- As4 100.9(1) 100.87(8) 100.9(1)
As3 -S4- As4 100.9(1) 100.76(8) 100.8(1)
average 100.9(1) 101.0(2) 101.1(2)

dependent Lorentzian parameter), LY, and S/L and H/L
(constrained to vary as in the three preceding phases) for ar-
senolite. A preliminary cycle of refinements however indi-
cated that:

a) the GW parameter for the three sulfide phases consis-
tently refined to very similar values (ca. 6);

b) S/L (and therefore H/L) refined to an average value of
0.023;

c) the peak shape of arsenolite was equal to that reported by
Ballirano & Maras (2002) and does not appreciably
change throughout the process. Therefore the values of
GU=39,GV=-8,GW=17.6,LX=1.0,LY =4.3 were
used and kept fixed.

d) the only parameter significantly variable was therefore
LY for the three sulfide phases.

Because of these facts we decided to refine exclusively
two independent LY parameters, one for realgar and one for
pararealgar, and As,S,,. During the refinement, besides a
sample-shift correction, cell parameters of realgar, parareal-
gar, and As,S, , were refined whereas the a parameter of ar-
senolite was kept fixed to the value of 11.07344(5)A re-
ported by Ballirano & Maras (2002). Moreover the position-
al parameters of realgar and pararealgar were refined. Be-
cause of the relatively large number of refined parameters
(97 variables), restraints with a unit weight were applied up-
on the geometry of the As,S, cage in both realgar and para-
realgar. The restraints on realgar structure were As-S
2.240(5) A, S-As-S, As-S-As, and As-As-S bond angles of
94.9(2), 101.0(2) and 99.4(4)°, respectively. The geometry
of pararealgar was restrained allowing a +0.01 A and a
+0.02 A variation with respect to reference data on bonding
As-S and As-As and non-bonding As-As, As-S, and S-S in-
termolecular distances. The use of restraints is justified by
the fact that the geometry of the As,S, cages in realgar is un-
changed by light irradiation, as observed by Kyono et al.
(2005). The contribution of the restraints to %> never exceed-
ed 0.5 %. In the case of a low weight fraction of the sulfide
phases, the cell parameters refined to very scattered values
due to peak broadening. Therefore they were fixed to values
obtained from regression of the remaining data (see Fig. 6—
8). Final refined weight fractions differ less than 1o from
those previously obtained.

Discussion

Characterization of the starting material

The refined structure of realgar from Mt. Sughereto is in
good agreement with that reported by Mullen & Nowacki
(1972) for a sample from Binnatal (Switzerland) and that of
Kyono et al. (2005) for a sample from Getchell mine, Neva-
da, U.S.A. A comparison of bond distances and angles is re-
ported in Table 3. Average difference in bond distances and
angles are of 0.8 o and 0.7 o, respectively, in the case of data
of Mullen & Nowacki (1972) and of 1.1 o and 1.0 o, respec-
tively, in the case of data of Kyono et al. (2005). The refine-
ment has been used to refine the absorption Mg = uR of the
sample that was of 1.70(11). This value was kept fixed dur-
ing the refinement of the remaining patterns of the data set.
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This is not strictly correct as the partial oxidation leading to
the formation of As,0; would modify this value. However
the difference between p of arsenolite (ca. 23 mm™') and
that of each one of the three sulfide phases (28 < u < 29
mm™") is of the order of 20 % and the maximum amount of
arsenolite is of the order of 20 %, a difference of the ab-
sorption of less than 4 % from the first pattern to the last
could be hypothesized. This weak absorption contrast (Ta-
ylor & Matulis, 1991) would probably affect the refined
weight fraction of arsenolite vs. sulfide phases only at a
very small level.

Variation of cell parameters and volumes

The evolution of the refined cell parameters and cell volume
of realgar, -As,S,, and pararealgar with time is reported in
Fig. 6-8. Data are markedly scattered due to the strong peak
broadening of the three sulfide phases. Such broadening is
prevalently due to strain broadening as indicated by the LY
parameter (Fig.9a,b). The refined LY value of realgar
reaches a maximum and subsequently becomes constant af-
ter about 100-150 days whereas LY of the remaining two
As,S, polymorphs decreases. These results are indicative of
an increase of strain of realgar and, at the same time, a re-
lease of the strain for 3-As,S,, and pararealgar.
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Fig. 6. Evolution of the cell parameters and cell volume of realgar; a)
a cell parameter; b) b cell parameter; ¢) ¢ cell parameter; d) § angle;
e) volume.

The a parameter of realgar increases regularly up to ca.
9.45 A, following a sigmoidal behavior (Fig. 6a), the f an-
gle decreases to ca. 105.0° (Fig. 6d), whereas both b
(Fig. 6b) and ¢ (Fig. 6¢) tend to a maximum value (13.58
and 6.615 A respectively) and subsequently become con-
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Fig. 7. Evolution of the cell parameters and cell volume of 3-As,S,;
a) a cell parameter; b) b cell parameter; ¢) ¢ cell parameter; d) [} an-
gle; e) volume.

stant. These plateaux are both reached at ca. 150-250 days
roughly in correspondence of the achievement of the maxi-
mum strain of realgar (see above). The evolution of cell pa-
rameters is, therefore, quite similar to that reported by Bo-
nazzi et al. (1996) for realgar single crystals exposed to fil-

9.55

9.50 A

< 945 |
£
9.40
9.35 . . . . T ‘
0 200 400 600 800 1000 1200
b) Time (days)
101.6 -
101.4 { }
@
10121 — Y Ifpealgemdie -
101.0 A
100.8 . . . ; T T
0 200 400 600 800 1000 1200
d) Time (days)

tered light (A > 550 nm) and by Kyono et al. (2005) for a
full-spectrum irradiation. The volume of realgar regularly
increases from ca. 799 A3 to ca. 819 A3. The last value ex-
ceeds that reported by Bonazzi et al. (1996) and Kyono et al.
(2005) for “expanded” realgar samples. However, compar-
ing our results with reference data, the same volume is ob-
tained with different set of cell parameters. This fact seems
to indicate that the realgar cell may respond to the deteriora-
tion process in different ways.

More complicated is the behavior of the cell parameters
of B-As,S,. Data are markedly scattered because the weight
fraction of this phase never exceeded 30 % (see below). The
a and b cell parameters (Fig. 7a—7b) seems to be constant.
The ¢ cell parameter (Fig. 7c) increases up to a value and
subsequently becomes constant, whereas the § angle has an
opposite behavior (Fig. 7d). Both ¢ and P reach the plateau
value after ca. 200 days similarly to what happens for the b
and c cell parameters of realgar. The volume of -As,S, ex-
pands from ca. 820 A3 to ca. 827 A3. This value is compara-
ble to ca. 829 A3 (recalculated) reported by Bonazzi et al.
(1996) for the (-phases obtained by light exposure of both
realgar and [3-As,S, s.s. Because of the regular volume in-
crease we could hypothesize a small variation of the compo-
sition of this phase up to the final As,S, ,. However, the final
a, b, ¢, and P values are different as indicated in Table 3.
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Fig. 8. Evolution of the cell parameters and cell volume of parareal-
gar; a) a cell parameter; b) b cell parameter; ¢) ¢ cell parameter; d) §
angle; e) volume.

The cell parameters of pararealgar are relatively constant
(Fig. 8a—d) except for the first stages of the process (i.e. for
wt. % < 10), however the net result is that the volume
(Fig. 8e), especially in the early phases of the process, con-
tracts from ca. 812 A3 to 808 A3, It must be reminded that has
been reported volume of pararealgar samples of 812.0(7) A3
(Roberts er al., 1980) and 806.8(2) A3 (Bonazzi et al., 1995).

Kinetics of the process

The refined realgar, arsenolite, 3-As,S,, and pararealgar
weight fraction vs. time is reported in Fig. 10. As expected,
the realgar weight fraction decreases with time whereas ar-
senolite and pararealgar weight fraction increases. In the
case of arsenolite the increase is almost linear up to 700
days. After this period the linearity is still maintained but
with a different slope. This difference may be ascribed to the
reduced oxygen availability within the hermetically sealed
capillary. More complex is the behavior of [3-As,S, that
reaches a maximum weight fraction of ca. 30 % in the early
stages of the process and subsequently tends to decrease to-
ward zero. However a check of the chemical balance of the
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alteration products clearly indicates that there is some sulfur
missing. In fact, because the process tend to have parareal-
gar and arsenolite as final products, and the volume of para-
realgar is only marginally higher than that reported by Bo-
nazzi et al. (1995), it is not possible to assume that expan-
sion is related to the occurrence of As,Ss cages. The pres-
ence of ca. 5 wt. % of As,S, , cannot be sufficient to balance
the presence of ca. 20 wt. % of As,0;. According to this we
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Table 3. Comparison of the cell parameters of As,S, , at the end of the
process (estimated from regression) and those reported by Douglass et
al. (1992) for the x-phase obtained from irradiation of a realgar sample
and those reported by Bonazzi et al. (1996) for x-phases obtained by ir-
radiation of 1) realgar and 2) alacranite, respectively. Cell parameters
of sample ALA15 of Bonazzi et al. (2003a) are also reported.

b (A) B
9.435 101.20

c(A)
9.035

a (A)
9.888

vol(A3)
826.9

Present work
Douglass et al.
(1992)*
Bonazzi et al.
(1996) 1*
« 9
Bonazzi et al.
(2003a) 9.940(2) 9.398(2) 9.033(2) 102.12(2) 825.0(3)

* Recalculated by the authors using LSUCRIPC (Garvey, 1986).

9.722(5) 9.473(6) 9.065(6) 100.90(4) 819.8(5)

9.783(10) 9.517(6) 9.069(6) 100.84(6) 829.2(7)
9.770(9) 9.513(7) 9.086(5) 100.93(5) 829.1(5)

may hypothesize the formation and evolution of SO, and/or
the formation of amorphous As-S alloys (as found by Zacek
& Ondrus, 1997 and Bonazzi et al., 2003a, in association
with alacranite) or amorphous S. A careful inspection of the
various spectra does not show any modification of the back-
ground from the first to the last measurement to be ascribed
to the occurrence of any amorphous component. Therefore
we may favor the hypothesis of the evolution of SO,. At-
tempts to detect in-situ the presence of such gases by micro-
IR and microRaman were however unsuccessfully because
of the expected low concentration of the gas.

According to our data the occurrence of the y-phase (f3-
As,S,) is contemporary (and not preceded as reported by
Bonazzi et al., 1996) to the anisotropic expansion of realgar
and the expansion of y-phase (3-As,S,) is still accompanied
by a further expansion of realgar. Careful scrutiny of Fig. 10
reveals that, by interpolation, realgar is possibly present with-
in the mixture up to 600-650 days. However because of peak
broadening the weight fraction becomes unrefinable after 550
days and therefore realgar is excluded from the refinement
hereinafter. This accounts for the small discontinuity of the
weight fraction of -As,S, that seems to be slightly overesti-
mated in the 550-650 days irradiation period.

The fraction X(t) of realgar and pararealgar transformed vs.
time was subsequently calculated in order to determine the ki-
netic law of the digestion of realgar and formation of parareal-
gar. In fact the time evolution of a phase with time may be of-
ten represented by a phenomenogical model describing the ki-
netics of isothermal phase transition proceeding through nu-
cleation and growth. This model, known as JIMAK, may be
described via a simple equation known as the Avrami equa-
tion X(t)=1-exp[-(kt)"] (Avrami, 1939; 1940; 1941) where
X(t) represents the transformed fraction, t the elapsed time, k
a kinetic constant of the process and n a constant related to the
dimensionality of the process. By non linear-fitting an n pa-
rameter of 0.736(3) and a k parameter of 1.164(9) - 107 s
was obtained for realgar with an R? value of 0.995 (Fig. 11a),
whereas for pararealgar an n parameter of 0.935(6) and a k pa-
rameter of 6.8(3) - 1078 57!, were obtained with an R? value of
0.995 (Fig. 11b). The refined n parameters indicate that the
behavior of the two transformations is intermediate between
that of a diffusion-controlled and a first-order model.
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Evolution of the structure of realgar and pararealgar

The structure refinements gave reasonable results up to a wt.
fraction of ca. 10 %, roughly corresponding to one year of
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Table 4. Comparison of fractional coordinates of the realgar starting material and after ca. 360 day of irradiation.

starting material

after ca. 360 days

X y z X y z
Asl 0.1212(4) 0.0216(2) —0.2369(7) 0.137(6) 0.031(3) —0.226(7)
As2 0.4230(4) —0.1386(3) —0.1460(7) 0.428(5) -0.135(4) —0.128(8)
As3 0.3220(5) —0.1258(3) 0.1769(5) 0.317(5) -0.120(4) 0.186(4)
As4 0.0386(4) —0.1601(3) —0.2844(7) 0.048(5) —0.148(4) -0.281(7)
S1 0.3431(7) 0.0066(4) -0.301409) 0.362(7) 0.011(4) -0.281(9)
S2 0.2152(7) 0.0242(4) 0.1154(10) 0.220(6) 0.032(4) 0.123(7)
S3 0.2368(9) —0.2255(4) -0.3616(8) 0.244(8) -0.218(4) —0.349(7)
S4 0.1067(7) —0.2089(4) 0.0519(11) 0.104(6) —0.198(4) 0.054(8)
Table 5. Relevant intermolecular bond distances (A) of realgar for
1.0 E: .01'251)?9) e o the starting material and after ca. 360 day of irradiation.
n = 0.736(6) © For comparison purpose, data of Kyono et al. (2005) after 24h of ir-
. radiation are reported.
i 0.8 A
3 K Present work Kyono et al. (2005)
g 06 starting material after ca. 360 days after 24h irradiation
2 Asl -Asl 3610 3.97 3.67
= -As4 3.610 3.63 3.63
S 04 -S2 3.507 3.70 3.54
s -S3 3.668 3.58 3.65
- -S4 3.732 3.60 3.86
021 As2 -As4 3583 3.72 3.61
-S1 3.607 3.40 3.62
0o . . , , | -S2 3.667 3.59 3.68
0 100 200 300 400 500 -S3 3.517 3.65 3.59
Time (days) -S4 3.621 3.76 3.65
As3 -As4 3.505 3.80 3.50
-S1 3.404 3.33 342
1.0 4 q AT -S1 3.834 3.83 3.92
-S3 3.616 3.58 3.65
= P R’ =0.995 -S4 3.803 3.97 3.78
% 087 keam 0’ As4 -S2 3.426 3.37 341
o [N=09356)
£
g 06 after an irradiation time of 360 days are reported in Table 4.
5 Both rearrangement and volume expansion reflect on the
‘é " contact distances among neighboring cages (Table 5).
5 The structure refinements of parareagar start to give rea-
i . sonable results only in correspondence of a wt. fraction of ca.
027 30 %, roughly corresponding to 100 days of irradiation. A
: comparison of fractional coordinates of pararealgar obtained
after ca. 100 and 1250 days of irradiation of realgar is reported
0.0 ‘ ‘ ‘ ‘ ' ‘ in Table 6, relevant bond distances (A) and angle (°) are listed
0 200 400 600 800 1000 1200

Time (days)
Fig. 11. Plot of the fraction X(t) of realgar (a) and pararealgar (b)
transformed vs. time and corresponding non-linear fitting using the
Avrami equation.

irradiation, before the statistics became insufficient. The
strong volume expansion of realgar lead to some arrange-
ment of the molecules inside the structure. In spite of using
a very small statistic weight for the bond-length and bond-
angle restraints, the geometry of the cage has been proved to
be substantially unchanged during irradiation confirming
the results of Kyono et al. (2005). A comparison between
the fractional coordinates of the starting material and those

in Table 7, and intermolecular bond distances in Table 8. Sim-
ilarly to the realgar-type cage, also the geometry of the parare-
algar-type cage remains unchanged during irradiation. The
compression of the cell affects only the intermolecular con-
tacts. Variations are, as expected, smaller than those observed
in realgar coherently with a smaller cell volume contraction of
pararealgar with respect to the expansion of realgar.

Final remarks about the process

First of all why there is the need of an intermediate term
along the (3-As,S,-alacranite AsgS, joint for the develop-
ment of the light induced alteration of realgar? Kyono et al.
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Table 6. Comparison of fractional coordinates of pararealgar obtained after ca. 100 and 1250 days of irradiation of realgar.

after ca. 100 days

after ca. 1250 days

X y z X y z

Asl 0.317(3) 0.635(3) 0.047(4) 0.3194(10) 0.6347(9) 0.0462(10)
As2 0.082(3) 0.540(4) 0.336(4) 0.0811(9) 0.5436(9) 0.3247(12)
As3 0.372(3) 0.355(3) 0.340(5) 0.3706(9) 0.3624(9) 0.3462(14)
Asd 0.144(3) 0.344(3) 0.168(4) 0.1459(10) 0.3408(9) 0.1682(12)
S1 0.170(4) 0.717(2) 0.205(5) 0.1669(14) 0.7195(10) 0.1951(18)
) 0.262(5) 0.469(5) 0.514(3) 0.2518(15) 0.4795(17) 0.5110(12)
S3 0.471(2) 0.524(4) 0.217(6) 0.4729(10) 0.5257(14) 0.2191(19)
S4 0.191(4) 0.450(4) ~0.045(3) 0.2002(16) 0.4452(12) ~0.0440(13)

Table 7. Comparison of relevant bond distances (A) and angle (°) of
pararealgar obtained after ca. 100 and 1250 days of irradiation of re-
algar. For comparison purpose, data of Bonazzi et al. (1995) are re-
ported.

Present work Bonazzi et al.

Table 8. Relevant intermolecular bond distances (A) of of parareal-
gar obtained after ca. 100 and 1250 days of irradiation of realgar. For
comparison purpose, data of Bonazzi et al. (1995) are reported..

Present work Bonazzi et al.

after ca. 100 after ca. 1250 (1995)
days days

Asl -S1 2.255(10) 2.251(7) 2.254(9)
-S3 2.24009) 2.239(7) 2.238(8)

-S4 2.262(10) 2.256(7) 2.261(8)

As2 -S1 2.248(10) 2.250(7) 2.251(9)
-S2 2.252(10) 2.253(7) 2.252(9)
-As4 2.484(10) 2.496(7) 2.484(4)

As3 -S2 2.242(10) 2.250(7) 2.244(10)
-S3 2.22709) 2.229(7) 2.228(10)
-As4 2.535(10) 2.539(7) 2.534(4)

As4 -S4 2.187(10) 2.194(7) 2.19009)
S1  -Asl- S3 102.9(8) 104.6(5) 103.6(3)
S4 96.5(7) 97.1(4) 96.2(3)

-As2- S2 105.9(9) 104.6(6) 105.5(3)

As4 100.2(5) 100.9(4) 100.0(3)

S2  -As2- As4 86.8(5) 86.4(3) 87.0(3)
-As3- S3 103.2(9) 104.9(6) 103.2(4)

As4 85.8(5) 85.4(3) 86.0(3)

S3  -Asl- S4 98.5(7) 97.3(4) 98.3(3)
-As3- As4 100.1(5) 101.0(3) 100.0(3)

S4  -As4- As2 101.7(7) 100.8(4) 101.7(2)
As3 100.9(7) 99.3(4) 101.0(3)

As2 -As4- As3 83.3(4) 83.5(3) 83.4(1)
Asl -S1- As2 109.1(6) 109.1(4) 109.2(4)
-S3-  As3 110.6(5) 109.5(4) 110.5(3)
-S4-  As4 104.5(5) 105.4(4) 104.4(4)

As2 -S2- As3 95.9(5) 96.2(3) 95.9(4)

(2005) have shown that pararealgar is produced if oxygen is
present. In that case the reaction 5As,S, + 30, — 4As,Ss +
2As,0; takes place. The extra sulfur atom of the As,S5 cage
is released to form the As,S, cage of pararealgar and is
available to promote the formation of a new As,Ss cage in a
cyclic process. The presence of such extra S accounts, fol-
lowing those authors, for the anisotropic expansion for the a
and c axis of realgar. However the process is dynamic as no
evidences of additional S positions resulted from their struc-
tural data. On the contrary, according to our data the As,Ss
cage is firmly located within As,S,,,. The second point is re-
lated to the fact that the three sulfide phases are character-

after ca. 100 days after ca. 1250 days (1995)
Asl -S1 341 3.47 3.473
-S2 3.89 3.78 3.789
-S3 3.61 3.60 3.607
-As3 3.61 3.80 3.799
As2 -S2 3.85 3.76 3.775
-S4 348 3.44 3.388
-As2 3.56 3.67 3.657
-As4 3.74 3.65 3.687
As3 -S3 3.63 3.67 3.653
-S4 3.66 3.60 3.618
Asd -S1 3.63 3.65 3.652
-S2 3.56 3.58 3.592
-S4 3.90 3.68 3.720
S1 -S2 3.62 3.45 3.478
S2 -S3 3.28 3.34 3.345
S3 -S4 3.84 3.76 3.777
Sl o
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Fig. 12. Comparison of .., *sin 3 and cg sy vs. time.

ized by approximately the same cell volume (ca. 800 A%
and that in the case of realgar and 3-As,S, the building unit
is the same. Third observation is that the strain broadening,
as derived from the Rietveld refinement, has a peculiar be-
havior within the phases. In the case of realgar it increases,
whereas in the case of 3-As,S, and pararealgar decreases.
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According to all these facts it is possible to hypothesize that
the volume increase of realgar is only due to the fact that the
alteration proceeds in such a way that structural coherency
between at least two of the three phases is preserved. In par-
ticular from evaluation of Fig. 2 itis possible to see that each
ribbon has a period of two cages corresponding t0 @y, *Sin
B and cp a4, respectively. Comparison of the values of a,,
algarS10 B and ¢ s us4. at least in the period 50 < days < 300,
until cell parameters become markedly scattered due to the
reduced weight fractions of the two sulfides, indicates a
marked similitude. Therefore we may hypothesize that the
light induced alteration, promoted by the presence of oxy-
gen, of realgar to pararealgar develops via an intermediate
As,S,,, phase because it represents the only sulfide phase
that is able to sustain the presence of As,Ss-type cages. Fol-
lowing the model proposed by Kyono ef al. (2005) this
cages release the extra S atom to form the As,S, cage of ra-
realgar-type promoting the development of a new As,Ss
cage in a cyclic process.
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