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The monoclinic 12 structure of bassanite, calcium sulphate hemihydrate
(CaSO, - 0.5H,0)
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Abstract: A structural analysis of CaSO, - 0.5H,0, a dehydration product of gypsum, has been carried out
through the Rietveld method on X-ray powder diffraction data. A dehydrated powder of synthetic gypsum has
been charged inside a non-hermetically sealed capillary in order to allow a slow rehydration. The starting material
has been identified as y-anhydrite, space group P6,22, cell parameters a = 6.9691(2) A, ¢ = 6.3033(2) A. The final
product of the rehydration of y-anhydrite is CaSO, - 0.5H,0, space group /2 (unique axis b), cell parameters
a=120350(5) A, b=6.9294(3) A, c=12.6705(4) A, B =90.266(3)°. The structure of the hemihydrate is strongly
pseudo-trigonal, space group P3,21. The symmetry lowering arises from water molecules ordering inside the

channels.

Key-words: y-anhydrite, CaSO, - 0.5H,0, bassanite, gypsum, X-ray powder diffraction, Rietveld method.

Introduction

The dehydration process of gypsum, CaSO, - 2H,0,
has been investigated for many years. Thermogra-
vimetric and IR spectroscopy studies (Putnis ez al.,
1990) indicated an apparently continuous water-
loss mechanism characterised by an activation en-
ergy of 90.3 kJ mol™!. According to these authors
the reaction proceeds from gypsum to hemihydrate
(CaSO, - 0.5H,0, corresponding to the natural
phase bassanite) to y-CaSO, (soluble anhydrite)
without the occurrence of any further intermediate-
water-content form. These data were consistent
with the opinion of Ball (1977) that the apparent
deviations from stoichiometric bassanite were
caused by physical sorption of water. The absence
of subhydrates different from the hemihydrate was
also indicated, from proton magnetic resonance da-
ta, by Saito (1961). In contrast, other authors (e.g.
Frik & Kuzel, 1982; Bushuev & Borisov, 1982;
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Abriel, 1983; Kuzel, 1987; Kuzel & Hauner, 1987;
Abriel et al., 1988) have synthesised and described
different forms of subhydrates (CaSO, - nH,0,0.48
= n = 0.81) whose occurrence has been attributed
to different condition of synthesis and in particular
to the H,O partial pressure.

The structural investigations of subhydrates and
v-anhydrite proceeded almost at the same rate as
the similarities among the various structures were
rapidly hypothesised and proved. For an early
collection of relevant references see Deer er al.
(1962).

The first structural model for the hemihydrate
was proposed by Gallitelli (1933). From Weissen-
berg photographs he determined cell parameters (a
=1194A,b=683A,c=1270 A, B ca. 90°) and
space group (C2) demonstrating that the monoclin-
ic, pseudo-trigonal structure was characterised by
channels containing the water molecules. Since
then various subhydrates have been described
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which are characterised by cell parameters derived
from a common trigonal cell with a,,;, ca. 6.9 A,
Cyrig €a. 6.3 A. The structure of y-CaSO, was de-
duced by Florke (1952) from single-crystal X-ray
data. He proposed two possible models, the pre-
ferred one in space group P6,22, is the hexagonal
analogue of the hemihydrate structure proposed by
Gallitelli (1933), however, with halved ¢ parameter
(@=699A,c=634A).

A few structural determinations have been car-
ried out since then on subhydrates and y-anhy-
drite. Bushuev (1982), from single crystal data,
was able to solve and refine the structure of Ca-
SO, - 0.67H,0 in space group I2 (unique axis c¢),
cell parameters a = 12.028 A, b=12674 A, c=
6.927 A,y =90.21°. Subsequently Abriel (1983)
refined the structure of CaSO, - 0.81H,0in P3,21
(cell parameters: a = 6.968(9) A,c=6410(4) A).
Florke’s structural model of y-anhydrite was
proved to be correct by Lager et al. (1984). The
reported cell parameters (a = 6.9694(8) A, ¢ =
6.3033(4) A) were similar to those by Bushuev &
Borisov (1982) for CaSO, - 0.5H,0 if the ¢ di-
mension was halved (a = 6.977 A, c=6308 A).
Following Lager et al. (1984), this fact seems to
indicate that the phase described by Bushuev &
Borisov (1982) was probably not CaSO, - 0.5H,0
but y-CaSO,. Moreover, Lager et al. (1984) at-
tempted to refine the structure of CaSO, - 0.5D,0
from neutron powder diffraction data. They used
a model derived from the hexagonal structure of
v-CaSO, but obtained a poor agreement with the
experimental data. These authors indicated that,
because of the occurrence of short Oy—Oyy; con-
tacts of about 2 A, the maximum water content of
subhydrates is of 0.5 molecule which is in dis-
agreement with the results of Bushuev (1982) and
Abriel (1983). Lager et al. (1984) reported a good
fitting of the neutron data using the structural pa-
rameters of Bushuev (1982) and assuming 50 %
occupancy of the water molecules. Recently Ab-
riel & Nesper (1993) have reported the substruc-
ture of CaSO, - 0.5H,0. These authors pointed
out that this modification, presenting pseudo-me-
rohedral twinning, is characterised by a mono-
clinic, pseudo-trigonal superstructure arising
from ordering of the water molecules due to the
presence of hydrogen bonds. Ordering was also
supported by potential profile calculations. These
authors, however, were not able to successfully
refine the 12 structure from their X-ray data, be-
cause of the pseudo-merohedral twinning.

The aim of this paper, which is part of a larger
research project on the kinetics of the dehydration

of gypsum, is a structural study on the various de-
hydration products, in particular on CaSO, -
0.5H,0, in order to clarify the pending structural
problems. Because of the reported occurrence of
twinned crystals and the strong tendency of y-Ca-
SO, to rehydrate, X-ray powder diffraction and the
capillary technique appear to be ideally suited for
structural investigations of such phases.

Experimental procedure

The powder of analytical-grade gypsum CaSO, -
2H,0 (Analar, product 10071) was heated for one
week at 150°C in a furnace containing several bea-
kers filled with silica gel and, without removal of
the sample from the furnace the powder was
packed inside a 0.5 mm @ borosilicate-glass capil-
lary (W. Miiller, D-1000 Berlin, Germany). The
open capillary was again kept at 150°C for one
week and subsequently non-hermetically sealed.
The X-ray powder diffraction data were collected
on an automated Siemens D5005, equipped with an
incident beam X-ray mirror, a goniometer head as a
sample holder, and two sets of Soller slits (diver-
gence of 2.3°) on both incident and reflected
beams. Data were collected in 20 scan mode. Anal-
yses were reiterated, in order to detect the end of the
rehydration process, until no further modifications
of the spectra were observed. The data set com-
prises 13 diffraction patterns (Fig. 1). Experimental
details are reported in Table 1. A diffraction pattern
was also collected on the starting material as a
check for sample purity. The data evaluation in-
cluded structure refinements that were carried out
by the Rietveld method using the PC version (re-
lease 9-2000) of the GSAS crystallographic pack-
age (Larson & Von Dreele, 1985). The scattering

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

Instrument Siemens D5005

X-ray tube Cu at 40 kV and 40 mA
Incident beam optics Multilayer X-ray mirror
Sample mount Rotating capillary (30 r.min™")
Soller slits 2 (2.3° divergence)
Divergence and

antidivergence slits 1 mm

Detector slit 0.1 mm (0.05°)
Detector Scintillator

20 range 13-150°

Step size 0.02° (6851 points)
Counting time 30s
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Fig. 1. Evolution of the powder diffraction patterns of y-anhydrite with time. The appearance of some extra peaks during
the evolution of the rehydration process, labelled as 12, is related to the formation of calcium sulfate hemihydrate.

power of the oxygen atoms of the water molecules
was modified in order to include the electronic con-
tribution of the bonded hydrogen atoms. An ab-
sorption correction was carried out as a part of the
Rietveld refinements: the average value of the re-
fined Mg = uR was ca. 1.4, to be compared to cal-
culated values for a rod-shaped single crystal of the
same thickness, of ca. 5.0 (mass attenuation coeffi-
cients taken from the International Tables for Crys-
tallography, Vol. C, 1995). The difference between
the two values is caused by a reduced packing den-
sity. Peak shape was modelled by means of a pseu-
do-Voigt function modified to incorporate asym-
metry (Finger et al., 1994). Refined parameters in-
cluded: tan? 0-, tan 6-dependent, and 8-indepen-
dent Gaussian parameters (GU, GV, and GW re-
spectively), 1/cos 8- and tan 8-dependent Lorentzi-
an parameters LX and LY, asymmetry parameters
S/H and L/H. The peak cut-off was set to 0.2 % of
the peak maximum. The background was fitted
with a shifted Chebyshev polynomial of the first
kind. The presence of texture was checked by
means of a generalised spherical-harmonic de-
scription (Von Dreele, 1997). No significant im-
provement of the fits was observed as a result of
texture indices J very close to unit, as expected for
a capillary mount.

Refinements and discussion

The refinement of the starting material, identified
as y-CaSQ,, is fully consistent with that of Lager
et al. (1984) on neutron data. The cell parameters
(a =6.9691(2) A, ¢ = 6.3033(2) A) and bond dis-
tances and angles are within 10 of the reference data.

The end of the rehydration process was reached
during the sixth spectrum. The remaining seven
diffraction patterns, therefore attributed to bassani-
te, were fitted with an /2 structure (unique axis b,
cell choice 3) derived from the P3,21 substructure
of Abriel & Nesper (1993). The space group 12
(more precisely C2 and therefore /2 after a different
cell choice) represents, in fact, a maximal non-iso-
morphic #-subgroup of P3,21. The resulting struc-
ture has a volume quadruple with respect to that of
the trigonal substructure and comprises four inde-
pendent Ca sites (two in special and two in general
positions), three S sites (all in general positions),
and 12 O sites (all in general positions). This mono-
clinic structure allows ordering of water molecules:
in fact they may be distributed over four indepen-
dent sites, two in special (Oy,: 0,0.85,0 and Oy;:
0, 0.85, 0.5) and two in general positions (Oy,:
0.95,0,0.33 and Oy,: 0.95,0,0.83). As a starting
model six water molecules were statistically dis-
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tributed over the four sites, each one with occupan-
cy of 50 %. The origin along the b axis was set with
aCaatomat0,0.5,0.

The structure refinements were restrained, using
a weight of 10, with S-O bond distances of 1.475 +
0.01 A (corresponding to the average S-O bond dis-
tance observed in gypsum and anhydrite), O-O dis-
tances of 2.408 + 0.03 A (corresponding to tetrahe-
dral angles of 109.44°), and Ca-O distances of 2.50
+0.08 A. Such a procedure has been proved to be
very effective in order to avoid divergence or con-
vergence toward false minima (Baerlocher, 1993).
Isotropic displacement parameters for groups of
equal atoms (all Ca atoms, all S atoms, all O atoms,
and all O atoms of the water molecules) were also
refined.

The following discussion will be focused in par-
ticular on the refinement of the last diffraction pat-
tern recorded but applies equally well to the pre-
ceding six as the final results are very similar.

During the refinement, two of the water sites im-
mediately refined to zero occupancy and for this

Table 2. Miscellaneous data of the refinements of y-anhy-
drite and CaSO, - 0.5H,0.

y-anhydrite CaSO, - 0.5H,0

Scann. 13 Average*
Rp (%) 6.70 573 5.85(7)
wRp (%) 8.73 7.49 7.65(7)
Rg (%) 335 2.85 33(2)
Dwd 1.658 1.804 1.82(1)
Refined 58 117 117
parms.

Reduced > 1.236 1.104 1.13(2)
2 restr. 0 128 117(12)
2 restr./ 0 0.85 1203)

¥ tot. (%)

Peak cut-off 0.2 02 0.2

(%)
(UR)carc. 1.40 1.39 1.40(3)
J 1.020 1.079 1.06(1)
a(A) 6.9691(2)  12.0350(5)  12.0340(6)
b(A) - 6.9294(3) 6.9284(6)
c(A) 6.3033(2) 12.6705(4)  12.672(1)
BE© - 90.266(3) 90.265(3)
GU 294(23) 220(20) 214(15)
GV -119(12) -104(11) -88(12)
GW 20(2) 23(2) 19(2)
LX 8.1(4) 8.0(4) 8.7(6)
LY 23(1) 16(1) 12(3)
S/H 0.0260(4) 0.0259(5) 0.0260(3)
L/H 0.0260(0) 0.0260(0) 0.0260(3)

* Average over the last seven scans.
Agreement indices as defined in Young (1993).

Table 3. Fractional coordinates and displacement parame-
ters of CaSO, - 0.5H,0 as derived from the refinement of
the last pattern.

x y z B, (A2
Cal 0 0.50000) 0 0.91(5)
ca2 % 0011(2) 0 0.91(5)
Ca3 023805 0.1992) 0.1677(8) 0.91(5)
Cad  02217(6) 0.1652) 0.6648(8) 0.91(5)
Sl 20.0016(8) 0499(2) 02493(6) 0.75(6)
s2 02247(7) 0.1642) 09183(8) 0.75(6)
s3 02282(8) 0.185(2) 0.4146(8) 0.75(6)
o1 0.127(1)  0211(3) 0984(1)  0.90(7)
02 0.125(1) 0230(3) 0473(2)  0.90(7)
03 0074(1)  0.616(3) 0315(1)  0.90(7)
04 0075(1)  0.6203) 0.816(1)  0.90(7)
05 0.196(1)  0.0443) 0332(1)  0.90(7)
06 02052) -0015(3) 0858(1)  0.90(7)
07 0057(1)  0366(3) 0.178(1)  0.90(7)
08 0058(1) 0376(2) 0673(1)  0.90(7)
09 0272(2)  03593) 0361(1)  0.90(7)
010  0238(1) 0317(3) 0838(1)  0.90(7)
o1l 03191) 0.161(3) 0991(1)  0.90(7)
012 0308(1) 0.1033) 0491(1)  0.90(7)
Oy, O 0843(4) 0 6.4(3)
Oy,  0953(2) 0004(4) 03532)  64(3)

reason were removed from the least-squares proce-
dure whereas the remaining two sites (Oy, and
Oyy,) increased their occupancy near to one. At this
point of the refinement the occupancy of Oy, and
Oy, was fixed to one. Moreover the restraints on
Ca-O bond distances were modified to 2.47 + 0.08
or2.53+008 A, depending on the presence of a
water molecule inside the coordination polyhe-
dron. These two values were chosen in order to be
consistent with a bond strength of 2 v.u. (valence
units) for Ca in both cases of an 8- and a 9-fold co-
ordination (Brese & O’Keeffe, 1991). After con-
vergence was reached, the refinement proceeded
with the weight associated to each single restraint
reduced to Knit. No significant d&fferences in bond
distances (G5 = 1.3) and angles (G = 0.9 in the case
of O-S-O bond angles) were observed comparing
the two refinements. The only relevant difference is
represented by the 1.5 times increment of the
E.S.D. The refinement smoothly converged to Rp =
5.73 %, WRp =749 %, Ry, o, = 2.85 %, reduced >
= 1.104. The contribution to 7 of the restraints is
128 (corresponding to 0.85 % of %?). The J index is
1.08 for four Orientation-Distribution-Function
(ODF) coefficients. Refined cell parameters are
a=12.0350(5) A, b=6.9294(3) A, c = 12.6705(4)
A, B =90266(3)°.

Miscellaneous data both for the last pattern and
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Fig. 2. a) Experimental (dots) and calculated (continuous line) plots for the /2 structure of CaSO, - 0.5H,0. The difference
profile is shown at the bottom of the figure. Vertical markers refer to the positions of the calculated Bragg reflections.
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Fig. 2. b) Experimental (dots) and calculated (continuous line) plots for the P3,21 structure of CaSO, - 0.5H,0.
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for the averaged values over the seven scans are col-
lected in Table 2. Fractional coordinates and dis-
placement parameters are reported in Table 3, rele-
vant bond distances and angles referring to the re-
finement of the last pattern, carried out with unit
weight, in Table 4. Experimental, calculated, and
difference plots are presented in Fig. 2a. For compar-
ison the refinement of CaSO, - 0.5H,0in P3 21 isal-
so given (Fig. 2b). A drawing of the corresponding
structure, as viewed along [001], is shown in Fig. 3.

According to our data CaSO, - 0.5H,0 is charac-
terised by the occupancy of one H,O (Oy,) site
with multiplicity two (0, 0.84, 0) and one (Oy,)
with multiplicity four (0.95,0,0.35). In this way no
short distances between adjacent water molecules
are present in the structure (Fig. 4). This fact con-
firms the statement of Putnis et al. (1990), on the
basis of IR spectroscopy, that neighbouring water
molecules are sufficiently isolated to prevent vibra-
tional coupling.

As previously indicated, two of the four Ca cat-
ions are 8-fold coordinated (Ca2, Ca3) whereas the
remaining two are 9-fold coordinated (Cal, Ca4).
The Ca-O bond distances are in the 2.35-2.76 A

¢ =2¢ b =b
m L ot

a=~l’3at

Fig. 3. Drawing of the /2 structure
of CaSO, - 0.5H,0 projected paral-
lel to [001]. Inset: metrical rela-
tionships existing between the unit
cell of the trigonal P3,21 substruc-
ture and that of the /2 monoclinic
structure.

range (Table 4): the average bond-distance for Ca-
O in 9-fold coordination is 2.51 A whereas that in
8-fold coordination is 2.50. This spreading is larger
than that reported for other calcium sulphates but is
comparable to that observed in many other miner-
als as, for example, aragonite, apatites, zoisite, me-
lilites, and Ca-pyroxenes (for a comprehensive list
see for example Smyth & Bish, 1988). As in the
case of y-anhydrite, the geometry of the SO, poly-
hedron is distorted despite of nearly constant S-O
bond distances of 1.474(1.458-1.485) A. In fact
three of the six O-S-O bond angles are significantly
smaller (average value over the three independent
tetrahedra of 106.3(103-108)°) than the remaining
three (112.7(111-116)°). The average Ca-Oy, dis-
tance has been refined to 2.38(1) A: this value is in
good agreement with the average value of 2.42 Aof
Einspahr & Bugg (1980) for calcium hydrates. Itis,
however, significantly shorter than the distance of
2592) A reported by Abriel (1983) for CaSO, -
0.81H,0. The Oy, site forms six contacts with the
oxygen atoms pertaining to the sulphate groups,
namely 2 X Oy-O1,2 x Oy,-04, and 2 x Oy;-O12.
Contact distances are in the 2.85-2.98 A range. On
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Table 4. Relevant bond distances and angles of CaSO, - 0.5H,0 as derived from the refinement of the last pattern.

Cal -01x2 2532)A Ca2 -02x2 2512 A
-04x2 2.64(2) A -03x2 2612) A
-07x2 25312 A -08x2 248(2) A
-012x2 242(1) A -011x2 2412) A
Oy, 237(3) A
average 2514 2504
Ca3 -01 2682)A Cad -02 2722) A
-03 235(1) A -04 248(1) A
-05 240(2) A -06 276(2) A
-05 2510 A -06 24002) A
-07 248(1) A -08 245(1) A
-09 272(2) A -010 2442) A
-09 239(2) A -010 246(2) A
-011 246(2) A -012 2472) A
Oy, 2392) A
average 2504 2514
S1 -03 1471(7) A S2 -01 1.478(7) A
-04 1.464(7) A -06 1.470(7) A
-07 1.469(7) A -010 1.485(7) A
-08 1473(7) A -011 1462(7) A
average 1469 A 1474 A
S3 -02 1458(7)A 03 -S1- 04  112(1)°
-05 1.483(7) A 07 114(1)°
-09 1.480(7) A 08 103(1)°
-012 1473(7)A 04 -S1- 07  108(1)°
08 11501y
07  -SI- 08  106(1)°
average 1474 A
o1 -S2 06  111(1)° 02  -S3- 05  106.6(9)°
010  108(1)° 09  111(1)°
o11  106(1)° 012 107(1)°
06 -S2- 010 105(1)° 05  -S3- 09  108(1)°
o11  116(1)° 012 112(1)°
010 -S2- o11 1111 09  -S1- 012 112609y

the other side the O2y, site makes six contacts dis-
tributed as 2 X Oy»-02, Oy,,-03, Oy,-05, Oy»,-08,
and Oy,-O10. The contact distances are more dis-
persed, being in the 2.60-3.09 A range. Such con-
tact distances are in agreement with the 3.02 A O-
H...O distance as calculated from the correlation

function v = 3592-3.04 x 10''exp (— .0 ) of
0.1321

Libowitzky (1999) considering the O-H asymmetric
stretching IR vibrational frequency v of 3560 cm!
reported by Bensted & Prakash (1968). The pres-
ence of H atoms along the Oy,-O8 directions
seems to be ruled out because of the occurrence of
a too short (Oy,-O8 = 2.60 A) contact as compared
to IR spectroscopic evidence.

The room temperature ordering of the water
molecules we observed in hemihydrate seems to be

in disagreement with the study of Winkler & Hen-
nion (1994) on the dynamics of molecular H,O, as
investigated by high-resolution incoherent inelas-
tic neutron scattering. In fact these authors found
significant differences in the hemihydrate spectra
recorded at 150 and 3 K. In particular a significant
narrowing of the bands assigned to H,O motion as
well as band splitting was observed for the 3 K
spectrum. These differences were attributed to a
dynamical disorder of the water molecules at a tem-
perature greater than 3 K. In effect in our molecular
dynamics study on calcium sulphate hydrates (Me-
loni et al., in prep.) we have found that the water
molecules are relatively free to move inside the
channel. However their mobility cannot result in a
free migration toward a neighbouring site because
the energy involved in the adjustment of the frame
is high enough to prevent this movement.
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Fig. 4. Drawing of the co-
ordination of water mole-
cules inside the channels.

Conclusions

The structures of y-anhydrite (CaSO,) and calcium
sulphate hemihydrate (CaSO, - 0.5H,0), two dehy-
dration products of gypsum, have been investigat-
ed. The refined structure of y-anhydrite is in re-
markable agreement with that of Lager e al. (1984)
obtained from neutron diffraction data. The struc-
ture of CaSO, - 0.5H,0 has been determined and
refined in space group I2. The structure is only
slightly distorted from the trigonal substructure
presented by Abriel & Nesper (1993). The structur-
al data indicate that symmetry lowering from space
group P3,21 to I2 is caused by ordering of the water
molecules inside the channels. However, small ad-
justments of the framework are necessary in order
to reach a correct coordination of the oxygen atoms

Projection  parallel to
[010]. Ow-O contact dis-
tances in the 2.6-3.1 A
range are reported for
clarity.

of the CaOy polyhedra as required by the bond va-
lence sum. In fact two of the four Ca sites are 8-fold
and two 9-fold coordinated. As a result the average
bond-distance for Ca-O in 9-fold coordination is
2.51 A whereas that in 8-fold coordination is 2.50
A. Despite the reported weakness of the hydrogen
bonds (Putnis er al., 1990; Winkler & Hennion,
1994) preliminary results of molecular dynamics
calculations indicate that a free interchange of the
positions of the water molecules seems to be
strongly hindered by the presence of different coor-
dination spheres around the various water sites.
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