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Crystal structures and sulphate force constants ofbarite, celestite, and anglesite
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Abstract

The crystal structures ofthree isostructural sulphates, barite (BaSOn), celestite (SrSO.), and
anglesite (PbSO4), were refined by least-squares methods using three-dimensional X-ray data.
All three sulphates belong to the orthorhombic space group Pbnm with Z : 4. The final R
values are 0.043, 0.053, and 0.067 for BaSOr, SrSOr, and PbSOn, respectively. The average
cation to oxygen bond lengths are2.952A in barite, 2.831A in celestite and 2.87A in anglesite.
The average sulphur to oxygen bond lengths are 1.4784 in barite, 1.474A in celestite and
1.49A in anglesite.

The force constants of the Urey-Bradley force field in the SOo tetrahedron were calculated
from the bond lengths and the infrared absorption frequencies. The stretching force constants
for barite, celestite, and anglesite are K : 6.27,6.34, and 5.98 mdlA, respectively; the bending
force constants 11 : 0.46, 0.47, and 0.42 md/ A; the repulsive force constants F : 0.73, 0.75,
and 0.70 md/ A. The increase of the field strength of a metal ion gives rise to the increase of the
force constants in the SOn tetrahedron.

Introduction

The crystal structure of barite (BaSOa), isostruc-
tural with celestite (SrSOn) and anglesite (PbSOo),
was first determined by James and Wood (1925). Sahl
(1963) redetermined the structural parameters of bar-
ite and anglesite by photographic data. Garske and
Peacor (1965) refined the structure of celestite, and
Colville and Staudhammer (1967) that of barite with
isotropic thermal parameters. Bostrom et al. (1967)
investigated the BaSOr-SrSOr-PbSO1 ternary sys-
tem and concluded that a complete series of solid
solutions exists between the components.

In this study, crystal structures of the end members
of these systems were refined to clarify the structural
variations due to the differences between the alkaline-
earth group (Mg,Ca,Sr,Ba) and IVA group (Sn,Pb).
Force constants of the Urey-Bradley force field were
calculated from the infrared absorption frequencies
and the interatomic distances derived from the struc-
ture refinements.

Specimens

The specimens used were colorless, transparent
crystals of barite from Tamagawa, Akita, Japan,
celestite from Clay Center, Ohio, and anglesite
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from Osarizawa, Akita, Japan. The chemical com-
positions of these specimens by an Erun technique
were (Ba0.eePbo.or)S04, (Sro.r6uBao.orrPbo.oor)SOn and
(Pbo.rrtBao.orrSro.oro)SOn for barite, celestite, and an-
glesite, respectively.

Structure refinements

The cell dimensions determined by powder diffrac-
tion are a : 7.157(2), b : 8.884(2) and c : 5.457(3)4
for barite, a : 6.870(3), b : 8.371(3) and c :
5.355(2)4' for celestite, and a : 6.959(2), b :8.482(2\
and c : 5.398(2)4 for anglesite. The space groups of
these crystals all belong to Pbnm, with four formula
units in each cell. Crystals used were a spherical
crystal of barite 0.15 mm in diameter, a rectangular
crystal of celestite 0.14 x 0.10 x 0.09 mm, and a
lamel lar crystal  of  anglesi te 0.17 x 0.17 X 0.03 mm.
Intensities were measured on a four-circle diffrac-
tometer with MoKa radiation upto20 : l00o by the
<o-N scan technique. In all, 1398, 798 and 749 inde-
pendent intensity data were collected for barite, celes-
tite, and anglesite, respectively. Intensities of angle-
site were corrected for absorption using the actual
crystal shape (program Acecn, Wuensch and Pre-
witt, 1965). Intensities of barite and celestite were
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corrected assuming the crystals to be spheres. The
structure refinements were carried out with the full-
matrix least-squares program Ltttus (Coppens and
Hamilton, 1970), starting with the atomic parameters
given by Colville and Staudhammer (1967) for barite
aniJ Garske and Peacor (1965) for celestite and angle-
site. Unit weights were allotted to all reflections. The
atomic scattering factors for neutral atoms were
taken from the International Tablesfor X-ray Crystal-
lography (1962). On applying anisotropic. lemper-
ature factorsr, final R values of 0.043, 0.053, and
0.067 for barite, celestite, and anglesite were ob-
tained. The observed and calculated structure factors
are listed in Table 12. The final parameters are given
in Table 2.

Results of X-ray analysis

The interatomic distances and bond angles calcu-
lated by the program UNrtcs (Sakurai, 1967) are given
in Table 3. Figure I shows an Onrrp (Johnson, 1965)
plot of the crystal structure of barite. Isolated SOo
tetrahedra are present in which the z coordinates of S,
O(l) and O(2) in Table 2 are fixed by the mirror
plane, whereas O(3) is in a general position, resulting
in C,(m) symmetry of the SOn tetrahedron in these
structures. The average values ofsulphur-oxygen dis-
tances are 1.478, 1.474 and 1.49A for barite, celestite,
and anglesite, respectively, which are close to the
mean sulphur-oxygen distance of 1.473A in sulphate
structures as reported by Baur (1970). The longest S-
O distance is S-O(3) and the widest O-S-O angle is
O(l )-S-O(2) in all three crystals in the present refine-
ments. The metal ions (Ba2+, Sr2+, or Pb2+) in these
crystals are surroundedby 12 oxygen atoms. The Ca
ions of smaller ionic radii are surrounded by 8 oxygen
atoms in the structure of anhydrite (CaSOn) (Mori-
kawa et al., 1975). The average metal-oxygen dis-
tances decrease from Ba to Pb to Sr.

Infrared experiments and calculation offorce constants

The infrared spectra of barite, celestite, and angle-
site were run from 4000 to 400 cm-' on a Japan
Spectrometer Company [R-G. These spectra showed
very strong absorption bands from 1300 to 1000
cm-1, relatively strong bands in the vicinity of 600
cm-' and a shouldered band in 980 cm-1. The assign-

CELESTITE AND ANGLESITE

Table 2. Positional and thermal parameters

Barlte

At@ Par@tera

CeIe€t l te

P6rereteEB

A!glestte

At@ Par@tera

Ba r 0,1585 (1) sr
y  0 .1845 (1 )
.  O . 2 S
Brr  0 .0042 ( r )
Bzz  0 .0027 ( r )
Bsr  0 .0087 ( r )
Brz -0.0002 (r)

o ( l )  r  0 .105 (1 )
y  0 ,s878 (7 )
z  0 , 7 5
Br r  0 .009 ( f )
E22 0 .0043 (5 )
B ! 3  0 . 0 I 7  ( 2 )
B:2  0 .0026 (6 )

o(2)  r  0 .0494 (7 )
y  0 .3177 (9 )
2  U . I t

Brr 0.0039 (6)
822 0.0088 (8)
B!3  0 .014 (2 )
Br2 -0.0030 (7)

o(3) r 0.3114 (5)
y  0 .4199 (4 )
z 0.97O2 (7)
Br r  0 .0054 (4 )
R2z 0.0048 (3)
B! ,  0 .0071 (7 )
Br2 -0.0003 (3)
Br r  -0 .0012 (5 )
Bzr  0 .0001 (4 )

r 0,1583 (1) Pb r
y  0 .1839 ( r )  y
z  0 . 2 5  .
E r r  0 . 0 0 3 4  ( 1 )  B r r
Bzz 0.0023 (1) Bzz
Br r  0 .0105 (2 )  Br r
Erz  -0 .0001 (1 )  Brz

r  0 .1853 (2 )  s
y 0,4382 (2)
z  0 , 7 5
Br r  0 .0020 (2 )
822 0 .0023 (2 )
B! !  0 .0050 (4 )
Br2  -0 .0001 (1 )

r  0 .1842 (7 )
y  0 .4367 (6 )
2  U .  t t

Brr  0 .0035 (7 )
R22 0.0025 (4)
Br r  0 .007 (1 )
Brz  -0 .0003 (5 )

0.1667 (1)
0.1879 (1)

0.0072 (r )
0.0039 (r)
0.0166 (3)
0.0004 (r)

s a 0.r91r (2) s
y 0.437s (2)
2  O , 7 5
Br r  0 :0037 (2 )
R22 0.0028 (1)
Bsr  0 .0062 (3 )
Erz  -0 .0001 (1 )

o(1) r 0.093 (1) o(I) ! 0.096
y 0.5942 (8) Y 0.592
z  0 . 7 5  z  O . 7 5
Br r  0 .010 (1 )  Br r  0 .008
Rz2 0.0027 (6) 822 0.004
Bee 0 .023 (3 )  B ! !  0 .025
Rr2  0 .0035 (7 )  Er2  0 .003

0.0419 (9 )  o (2)  r  0 .043
0.3075 (9 )  Y  0 '306
0 . 7 5  z  O , 7 5
0.0048 (9 )  Br r  0 .005
0.0049 (7 )  822 0 .004
0.017 (2 )  83 !  0 .027

-0 .0031 (7 )  B tz  -0 .002

0.3108 (6 )  0 (3)  r  0 .309
0,42u (5 )  y  0 .418
0.9745 (8 )  z  O.974
0.0051 (6 )  Br r  0 .007
0.0044 (4) 822 0'006
0,008 (1 )  B ! !  0 .008

-0.0008 (4) Br2 -0.001
-0 .0028 (5 )  Br !  -0 .001
0.000r (5) 82! -0.001

0(2) x
v
z
B r r
822
B ! !
B r 2

0 ( 3 )  r

z
B r r
B2z
B ! s
B t  2
B t g
8 2 5

(3 )
(2 '

(3)
(2')
(8 )
(2 )

(2 '
(2)

(2 )
(2 )
(7 )
(2)

(z)
(1)
<2)
(2)
(1)
(3 )
(1)
(2)
(2'

ment of the vibrations of the sulphate ion followed
after Hezel and Ross (1966). Figure 2 shows the
symmetry correlation in the SOn tetrahedron between
Td(43m) of free ion symmetry and C"(m) of site sym-
metry. Bands of vs and /1 modes are split and inactive
/r and /2 modes appear in infrared absorption spectra
by the lowering from Ta(43m) to C"(m) symmetry. In

Table 3. Interatomic distanbes and tetrahedral bond angles

: soo2- eao,rn

Bsrlte Celeatlte latl€6tte

r .46  (2 )  A
1.48 (2)
1 .50  (2 )
1 ,49
2.66  (3 )
2 .43  <2)
2 .4L  (2 )
2 .42  (2 )

113.4  (11) '
u0. r (7)
107.7 (6)
107.5  (7 )

L ,452 <7 '  A
r .472 <7)
1.486 (4)
L .474
2.43  (1 )
2,402 <7'
2,403 (7)
2.405 (6)

s  -  o ( r )  r .468 (7 )  A
s  -  o (2)  1 .471 (7 )
s - o(3) (2r) 1.467 (4)
A v e r e g e s - o  1 . 4 7 8
o( r )  -  o (2)  2 .43  ( l )
o(r) - o(3) (2r) 2.4L5 <7)
o(2) - o(3) (2r) 2.405 (6)
0(3) ' -  o (3) "  2 .404 (5 )

o(1) - s - o(2) 111.8 (4) '

o ( r ) - s - o ( 3 )  1 0 9 , 7 ( 2 )
o ( 2 ) - s - o ( 3 )  1 0 8 . 9 ( 2 )
o(3) ' -  s  -  o (3) "  107.9  (2 )

2 .536 (7 )  A
2.636 (6'
2 .653 (4 )
2.690 (4'
2.116 (4)
2.980 (3)
3.253 (4)
2. t31

u - o(1)
u  j  o (2 )
!t - o(3) (2x)
ll - o(3) (2r)
lr - o(3) (2!)
u - o(2) (2r)
M - o(1) (2t)
Average M - O

112.1 (4) '

r09,7 (2)
10E.6 (2)
10E.0 (2)

lletal ld - ory&eo polyhedra
lfiBe, Sr, or Pb

Bsrlte Celeatlte logI4lte

! The form of the anisotropic thermal ellipsoid is exp [-(Brrft, *
822k2 + 88812 + 2Bphk + 2Bnhl + 2Brskl)|.

'zTo obtain a copy of this table, order Document AM-78-073
from the MSA Business Office, 1909 K Street, NW, Washington,
DC 20006. Please remit $1.00 in advance for the microfiche.

2 , 7 1 0  ( 7 '  L
2 . 7 9 8  ( 5 '
2.81r (4)
2.8U (4)
2 . 9 1 1  ( 4 )
3 . 0 7 5  ( 3 )
3 . 3 2 0  ( 4 )
2 . 9 5 2

2.5L  <2 '  ̂
2.62 <t)
2 .65  (1 )
2:74 lr)
2 .9 r  (1 )
3.005 (8)
3 .27  (L '
2 . 4 7
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Fig. L Stereoscopic illustration of the crystal structure of barite viewed along c [Program Onrne (Johnson, 1965)].

this experiment, v2 mode was not observed due to its
weak intensity. The absorption bands for vb vs, &nd va
modes of celestite shift toward the higher wave num-
ber side and those of anglesite shift toward the lower
wave number side compared with those of barite.

The SOn tetrahedron with T6(43m) symmetry was
assumed for simplification, and the overall force con-
stants were calculated, since the SOn tetrahedron with
C"(z) symmetry is too complex to calculate its force
constants. The force constants were determined by
Wilson's method with use of the potential energy
matrix F and the kinetic energy matrix G (Wilson el
al., 1955). The Urey-Bradley force field function for
the potential energy calculation is as follows:

V : | /22 Kt(Ar1)2 t | /22H u(Aa u)2

+ l/2>nj(Aq,1)2 1- l/2x

where K is the stretching force constant, 11 is the
bending force constant, .F is the repulsive force con-
stant, r is the internal molecular tension, r is the S-O
bond length, a is the O-S-O angle, and q is the

Td(A3n) lrree soo2-) cs  (m)  ( s i t e )

v 2

v 3 '  v 4

vl: nondegenerate vibration

v2: doubly degenerate vibration

v3,  v4:  t r ip ly degenerate v ibrat ion

Fig. 2. Symmetry correlation diagram.

distance between two oxygen atoms in the SOo tet-
rahedron. In this study, the value of the internal
molecular tension was assumed to be 0.57 md.A,that
is, the value of the free SOn ion (Iishi, 1975). The
force constants were evaluated using the frequency of
the zt mode, the average of three frequencies of the z,
mode, and that of the r/{ mode. The initial values of
the force constants K : 6.03 md/A, H : 0.42 md/A,
and F : 0.77 md/A for the free SOr ion (Iishi, 1975;
Omori, 1970) were substituted, respectively.

For comparison, the force constants of magnesium
sulphate, anhydrite, and tin sulphate were calculated
by the same method, using the structural parameters
of magnesium sulphate (Rentzeperis and Soldatos,
1958), anhydrite (Morikawa et al., 1975), and tin
sulphate (Donaldson and Puxley, 1972).ln the pres-
ent calculation, the infrared absorption data and the
Raman scattering data of magnesium sulphate, anhy-
drite, and tin sulphate (Farmer, 1974, p. 423-444;
Krishnan, 1946) were employed. The observed and
calculated frequencies and the determined force con-
stants are given in Table 4.

Discussion

As is seen in the structure of barite, Figure 1, the
angle of O(3)-S-O(3) adjacent to the barium atom is
narrower than 109'28', while that of O(l)-S-O(2) is
wider, and the bond lengths of two S-O(3) corre-
sponding to the former are longer than those of S-
O(l) and S-O(2). The observed narrow angle and
long bond length are the result of the displacement of
two O(3) atoms toward the barium atom reducing a
repulsive force between the barium atom and the
sulphur atom. The similar displacement was found in
all of the alkaline-earth and IVA group compounds.
The displacement of the oxygen atoms distorts the

v t
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structure of the SOn tetrahedron. The distortion of
the SOn tetrahedron suggests that each oxygen atom
of SOn is not bounded by equal bonding strengths
from surrounding metal ions in these structures. The
mean sulphur-oxygen bond length in the sulphates
becomes shorter in this order: PbSOa, SnSOa, BaSOn,
SrSOr, and CaSOr.

In order to examine the effect of the metal ions on
the SOr tetrahedron, the relationships between the
force constants within SOr and the field strength of a
metal ion are discussed. Figure 3 shows a plot of the
stretching force constant versus the values ZelX Zer/
rfi-o for the alkaline-earth and IVA group com-
pounds. Ze, and Ze2 are the formal charge of the
metal ion and the oxygen ion, respectively, and rs-6
is the average metal-oxygen distance derived from
the structure refinements. The field strength or the
polarizing power, Ze, X Zer/r#-o, is the derivative of
the attractive coulombic potential energy. Although
the structure of anhydrite is very different from that
of celestite and barite, the alkaline-earth group com-
pounds exhibit a linear relationship between force
constant and field strength, Figure 3. The IVA group
compounds do not show a similar relationship. The
electronegativities of the alkaline-earth group are
c lose  to  1 .0  (Mg =  l .2 ,Ca:  1 .0 ,  Sr  :  1 .0 ,  and Ba :
0.9), while those of the IVA group are 1.8 (Sn : 1.8
and Pb : 1.8). The observed discrepancy can be
ascribed to the difference in electronegativities of
metals of the alkaline-earth and IVA groups.

The observed relationship between the stretching
force constant within the SO. tetrahedron and the
field strength in the alkaline-earth group compounds

Table 4. Observed and calculated frequencies and determined force

ugsoa* caso4r srso4 Daso4 snso4* Pbso4

l rcalc I02O 1005 995 9Ai 985

Fig. 3. Plot of the stretching force constant us. the va\tes Ze' X

Zer/ri-o for the alkaline-earth and IVA group compounds.

is the result of an interaction of the coulombic force
between a metal ion and an oxygen ion. As the cou-
lombic force betweeri a metal ion and an oxygen ion
increases, the restoring force between sulphur and
oxygen atoms increases. The increase of the restoring
force results in an increase of the stretching force
constant in the SOn tetrahedron. The mean sulphur-
oxygen bond length becomes shorter with increasing
the stretching force constant.

The linear increase in the bending force constant.Fl
and the repulsive force constant F ofthe sulphates are
found with increasing field strength.

Conclusion

The electronegativity of a metal and the coulombic
force between a metal ion and an oxygen ion modify
the structure of the SO4 tetrahedron. The increase of
the field strength of a metal ion gives rise to the
increase of the force constants in the SO" tetrahe-
dron.
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