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Abstract.The electron-density distribution in monoclinic FeiS04h at room
temperature has been determined from precise single-crystal X-ray data. In
order to study and reduce parameter bias, arising from bonding effects,
separate least-squares refinements were performed on the high-order data
(R = 0.039) and the entire data set (R = 0.027). Also a refinement based on a
point charge model for the representation of positive residual charge
accumulations was carried out (R = 0.019). Difference density maps
(X- XHO),based on the atomic parameters from the high-order refinement,

werecalculated in all interesting sections with special attention to the charge
distribution within the [S04Y- anions and around the Fe cations. Positive
residual maxima of different heights, deviating in shape considerably from
the rotational cylindrical symmetry of o--bond charge accumulations, were
observed on the S - 0 bond lines of the [SO4Y- anions, revealing strong
polarization effects from the Fe cations. No residual electron density was
observed on the Fe-O bond lines of the Fe06 octahedra, indicating that
thesebonds are primarily of ionic type. On the other hand significant density
peaks were observed around the Fe cations in directions bisecting the Fe- 0
bond lines and at distances of about 0.4-0.5 A from the atomic centers,
revealing a deviation from the spherical distribution of the 3d electrons of the
Fe ions.

Introduction

Anhydrous iron(III), Fe2(S04h, occurs in two crystalline forms, one
monoclinic and one rhombohedral. Both yield well-formed transparent, light
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pink crystals. The monoclinic crystals are of tabular or prima tic form, while
the rhombohedral appear as isometric, cube-like rhombohedra in com-
bination with triangular pinacoidal planes (001). The first X-ray study on
FezCSO4h was performed by Kokkoros (1965), who observed the two crystal
modifications of the compound and determined their crystallographic
constants.

The room temperature crystal structure ofthe monoclinic iron(III) sulfate
was determined independently by Moor and Araki (1974) (2414 reflections,
R = 0.OS4)and Christidisand Rentzeperis(1975)(4457reflections,R = 0.038).
The structure can therefore be regarded as well established. It consists of an
infinite three-dimensional network of corner-linked S04 tetrahedra and
Fe06 octahedra, so that each 0 atom is bonded to only one S and one Fe
atom.

The magnetic properties of the compound have been studied extensively,
especially during the past few years. A powder neutron diffraction study
performed at 4.2 K (Long et a1., 1979) showed that the nuclear structure of
the monoclinic Fe2(S04h remained essentially the same down to this
temperature, while the magnetic structure indicated that it was a two-
sublattice antiferromagnet. Magnetic susceptibility, Mossbauer and X-ray
fluorescence studies performed at ambient and low temperatures indicated
that the crystals are paramagnetic above 28.8 K with parameters typical for
an octahedral high-spin iron(III) compound, and with a high degree of ionic
character (Long et a1. 1979, Haven and Noftle, 1977, Slater and Urch,
1972).

We have undertaken the determination of the electron density distri-
bution in the monoclinic Fe2(SO 4h in spite of its poor suitability factor (0.21)
for such a study (Stevens and Coppens, 1976), and the relative complexity of
its structure (153 standard atomic parameters) for the following reasons:

I. Although asphericities of the non-bonding 3d electrons around the
octahedrally coordinated transition-metal atoms have been observed for a
number of compounds, no charge distribution study has been performed SO
far for compounds with octahedrally coordinated Fe (III) ions.

II. A recent electron density distribution study pn the mineral anhydrite,
CaS04, (Kirfel and Will, 1980) indicated that the charge distribution within
the [S04]2- anion is considerably affected by the external bonding
conditions, although earlier results on a number of sulfate compounds could
lead to an opposite conclusion. It was thus considered of interest to performa
similar study of Fe2(S04h, since even stronger polarization effects were
expected for 'this compound.

It should be noted that the monoclinic iron(III) sulfate possesses some
very suitable properties for such a study like good quality of crystals enab1ina
the preparation of spheres for the X-ray experiment, very low temperature
factors of the atoms and stable behaviour under radiation. These properties
balance to some extent the drawbacks mentioned earlier, so that a meaningful



Table 1. Crystallographic data for monoclinic Fez(S04h

2 3 4

a 8.2973 (2) A 8.2955 (12) A 8.310 (2) A 8.296 A
b 8.5370 (2) 8.5332 (9) 8.558 (4) 8.515

11.6275 (3) 11.630 (2) 11.665 (4) 11.60

P 90.732 (2r 90.75 (00 90.76 (3) (3)0 90.50
V 823.56A3 823.18A3 829.51 A 3 819.40 A 3
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electron density distribution could be expected, provided that the intensity
data were of very good quality.

Experimental

Wellformed single crystals of the monoclinic Fe2(S04h were prepared by the
method described by Kokkoros (1965). The purity of the starting materials
was of analytical grade. A number of well developed crystals was selected,
placed into a special Nonius sphere grinder and shaped into spheres. Special
precautions had to be taken, since the crystals are affected by the air moisture.
Thesmallest spheres obtained were of about 0.3 mm in diameter. Attempts to
prepare even smaller spheres failed. The crystal selected for the X-ray study
was a sphere of 0.34 mm diameter with an uncertainty estimated to 4 %. An
analysis of intensity errors according to Vincent and Flack (1979), arising
from the deviations of the selected sphere from ideal spherical shape,
indicated that the application of a spherical absorption correction to the
intensity data could be regarded as realistic. The crystal was sealed in a
Lindemann capillary tube and centered on an automatic Philips PW 1100
four-circle, single crystal diffractometer. The unit cell dimensions were
determined by least-squares methods from the angular setting of 59
independent reflections with 28> 58°. The final values obtained are given in
Table 1, together with results from earlier investigations for comparison. It is
worth noting that the present results are identical, within their experimental
errors, to those found in our earlier investigation (Christidis and Rentzeperis,
1975).

Space group: P2dn
Z=4
FW. = 399.89

em,",= 3.20 Mg . m-3 (Kokkoros, 1965)
eO.k= 3.225 Mg' m-3
JI(MoKt1) = 4.33 mm-1

1 = This work
2 = Christidis and Rentzeperis (1975)

3 = Moor and Araki (1974)
4 = Kokkoros (1965
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Three-dimensional intensity data were collected on the PW 1100 diffrac-
tometer, using MoKiXradiation, monochromated with a graphite monochro-
mator. It was observed that low order reflections showed appreciable
background asymmetry, when they were measured in the ()/2() scan mode.
Therefore, reflections with ()< 25° were measured in the w-scan mode and the
rest of the reflections in the ()/2() mode. Scan range and slit apertures were
carefully selected in order to avoid any bias on the intensity measurements,
due to the different scan modes used. Three standard reflections were
monitored every 60 minutes. In addition, nine test reflections and their
symmetry-equivalents (not related by center of symmetry) distributed
throughout the reciprocal space were monitored at longer time intervals, as
suggested by Abrahams (1974). The crystal was found to be very stable under
radiation, since the variations of the check-intensities did not exceed :t 1%
during the course of the measurement. All equivalent reflections were
measured in the interval 0< sin ()/A.<0.9 A -1, whereas only one hemisphere
was scanned in the range 0.9 < sin ()/A. < 1.11 A -

1 . Also, due to the very large
number of reflections, only those with Ip - 2 VIp > Ib, where Ip and Ib are
the peak and background intensities, were measured in this sin ()/A.interval. A
total number of 29865 reflections was recorded. The integrated intensities
were corrected for the usual geometrical factors and absorption, using the A*
values of Dwiggins (1975). The corrected intensities were then averaged,
resulting in a set of 8768 unique reflections of which 1232 were regarded as
unobserved (I < 2a). The intemalagreement factor of the data, based on the
deviations of the intensities of the equivalent reflections from their mean
values was

~nt = L: L: IF;. - Fh2I / L: L: F;. = 0.033.
h i

_.1
- h i _'1

The variance assigned to each p2 was computed by the equation
a2 (E2) = a;(E2) + (0.033 x F)2

where a; (E2) is the variance from the counting statistics alone.

Structure refmements

The positional and thermal parameters from our earlier investigation
(Christidis and Rentzeperis, 1975) were used as starting values for the
conventional least-squares refinements. Atomic scattering factors and anom-
alous dispersion corrections for Fe, Sand 0 were taken from the International
Tablesfor X-ray Crystallography (1974). An isotropic extinction coefficientg
(Zachariasen, 1967) was also included in the list of variables. The weighting
scheme w = 1/a2 (Eo) proved to be the most satisfactory for our data. The
following conventional least-squares refinements were carried out:
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I. All-data refinement

The full data set (8768 observations, 7536 contributing reflections) was used
in this refinement. The main problem encountered at this stage was
extinction, since for a number of reflections very large values of the extinction

correction factor x (x2 =
leorr )were obtained. The maximum value observed
lobs

was 1.92 for the reflection 220, which corresponds to about 50 %reduction in
its 1F0I value! However, the agreement obtained between the 1F0I and lFe I
values was very good, except for about twenty reflections with the largest x
values for which the extinction seemed to be slightly underestimated. In order
to test whether the extinction model were realistic up to the largest extinction
correction factors, all reflections with x> 1.2 were remeasured on a crystal
with extremely small dimensions (25 x 25 x 50 ~m). To reduce its extinction
effects further, the crystal was first cooled rapidly by dipping it into liquid air.
The intensities of about 400 reflections (99 unique) were remeasured and
converted in the usual way to the corresponding 1F0I values. Next, a
refinement was carried out with only these reflections using fixed parameters
from a high-order refinement (see below). Thus, only the scale factor and the
extinction coefficientg were allowed to vary. The obtained R value was 0.031
(Rw = 0.039). As expected, the g value for the second crystal was drastically
reduced(g = 44 x 10 - 7) in comparison with that of the first crystal (g = 683
X10-7). Accordingly the x correction factor for the 220 reflection was 1.17 as

compared to 1.92 found earlier. Assuming that the extinction model applied
equally well to both crystals the ratio Xt,jFuJX2,iF2,ishould be constant. In
this ratio Xt,i' X2,irepresent extinction correction factors for the reflection i of
crystals 1 and 2 and Ft,i' F2,ithe corresponding observed structure ampli-
tudes. Figure 1 shows the variation of this ratio versus the Xl value to be
essentially linear. In order to detect any systematic trend, a number oflinear
regression curves were computed by including more and more reflections
with progressively larger x values. The obtained results are given in Table 2.
They show that the slopes of the regression curves are essentially zero, at least
up to x = 1.5, which means that the extinction corrections may be considered
as realistic up to this value. The influence of the rest of the reflections on the
atomic parameters is negligible, as it could be proved by a parallel refinement,
omitting these reflections (about twenty). A JR normal probability plot
(Abrahams and Keve, 1971), obtained at the end of the all-data refinement is
presented in Figure 2. The great majority of the points lie approximately on a
line with slope 1 passing through the origin, which indicates that the used
weighting scheme can be considered acceptable. The final agreement factors
obtained after convergence were R = 0.027 (~ = 0.038, goodness-of-fit
GOF = 1.51). A list of the oberved and calculated structure factors together
with the atomic parameter tables from all refinements, which were performed
in this study, have been deposited with the publisher of Z. Kristallogr.



x cut-off values ao a, N r. of reflections

1.3 2.64 (24) -0.06 (19 44
1.4 2.62 (16) -0.04 (12) 72
1.5 2.63 (12) -0.05 (9) 84
1.6 2.75 (10) -0.15 (8) 91
2.0 2.79 (7) -0.17(5) 99
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Fig. I. Variation of the ratio x, F,/x1 Fl versus x, for the reflections, which were severely affected
by extinction. For the meaning of the symbols see text. F, and Fl are in relative scales

Table 2. Regression coefficients for the points in Figure 1, determined for different cut-offvalues
of x. Equation of line: y

= ao + a,x

Linear regression Y 00.2299 + 1.1565X
+4.0

0.0

-4.0
-4.0 0.0 +4.0

Fig. 2. [)R normal probability plot, obtained at the end of the refinement Nr. 4 (all-data
refinement). The horizontal axis represents expected ranked normal deviates and the vertical axis
ordered experimental [)R's
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Table 3. Results of the conventional refinements

2 3 4 5

sin f)/).
(A-1) 0-0.9 0.0-0.09 0.0-1.11 0.0-1.11 0.9-1.11

Nr. of
observa-
tions 5024 5024 8745 8768 3744

Nr. of con-
tributing
reflec-
tions 4478 4478 7513 7536 3058

R(ov) 0.025 0.024 0.038 0.037 0.059
R(omt) 0.020 0.019 0.028 0.027 0.038
R,,(ov) 0.032 0.028 0.051 0.040 0.041
R,,(omt) 0.030 0.026 0.049 0.039 0.036
OOF 1.38 1.22 1.89 1.51 1.12
Sc 1.1782 (13) 1.1686 (24) 1.1634 (14) 1.1667 (11) 1.1541 (65)
g 721 (15) x 10-7 723 (15) x 10-7 696 (28) x 10-7 683 (15) x 10-7 677 x 10-7

I = Refinement with reflection up to sin f)/). = 0.9 A-I
2 = Bond-model refinement
3 = All-data refinement without including extinction affected reflections
4 = All-data refinement with extinction affected reflections
5 = High-order refinement

I/. High-order refinement

In order to reduce possible bias on the atomic parameters due to bonding
effects a high-order refinement was also carried out by using only reflections
with sin 8/),> 0.9 A -1 (3744 observations, 3058 contributing reflections).

The isotropic extinction coefficient g from the all-data refinement was also
included but not varied. The agreement factors were R = 0.038 (Rw = 0.036)
and OOF = 1.12. The atomic parameters derived from this refinement are
presented in Table 4. Results from the Hirshfeld's zl-B test on the
physical significance of the thermal parameters in S04 groups (Hirsh-
feld, 1976) are given in Table 5. All r.m.s. discrepancies are of the
order of one CT(Uij),demonstrating the physical relevancy of the thermal
parameters of the Sand 0 atoms.

III. Bond-model refinement

In a last refinement besides the standard atomic parameters also the
parameters of point charges, placed on the midpoints of the interatomic
bonds in the S04 tetrahedra, were varied (Kirfel and Will, 1980). The aim of
this refinement was to check for a possible model improvement, and to test
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Table 4a. Positional parameters (x 105) and equivalent isotropic temperature factors* for
monoclinic FeiS04h, obtained from the high-order refinement. E. s. d's are given in
paren theses

x y z B,q

Fe(1) 74895(4) 46571(4) 61652(3) 0.47
Fe(2) 75302(4) 3484(4) 38427(3) 0.51
S(I) 3841(5) 25221(5) 49508(4) 0.47
S(2) 60409(4) 38136(5) 34909(3) 0.43
S(3) 60811(5) 11520(5) 64574(3) 0.47
0(1) 9004(18) 12687(18) 57349( 13) 0.89
0(2) -6014(19) 18910(20) 39969(12) 0.94
0(3) 18150(16) 32852(16) 44816(14) 0.86
0(4) - 5383(18) 36493(18) 56261(16) 0.99
0(5) 71252(20) 47917(21) 28059(12) 1.01
0(6) 43613(15) 41824(20) 31984(12) 0.86
0(7) 63550(20) 41117(21) 47100(11) 0.95
0(8) 62859(21 ) 21420(16) 32334( 14) 0.95
0(9) 63273(20) 182(19) 73857(12) 0.94
0(10) 71179(25) 7211(27) 54931(15) 1.24
0(11) 43747(17) 11265(23) 61053(17) 1.09
0(12) 65311(21) 27239( 16) 68560(12) 0.90

* The equivalent isotropic temperature factor B,q is defined by Beq 8 n2 Ueq, where
1

Ueq = 3L LUiptajg.,' !1j', J

Table 4b. Anisotropic temperature coefficients (Uij x 105) for monoclinic Fe2(S04h, obtained
from the high-order refinement. E. s. d's are given in parentheses. Temperature factor:
exp {- 2 n2 (Ullh2a*2 + U22P b*2 + U33PC*2 + 2 U'2hka* b* + 2 U13h1a*c* +
2 U 23k1b* c*)}

Ull Un U33 U'2 U'3 U23

Fe(l) 560(9) 586(9) 607(9) -1(4) 14(4) 53(4)
Fe(2) 626(9~ 627(9) 652(9) 92(4) 7(4) 30(4)
S(I) 503(10) 476(10) 727(7) 38(7) 70(6) 48(7)
S(2) 540(11) 578(11) 470(10) 58(7) -7(6) 7(7)
S(3) 617(11) 642(11) 491(10) -137(8) - 47(6) 38(7)
0(1) 1173(34) 972(34) 1259(36) 382(28) 43(27) 488(29)
0(2) 1160(35) 1338(39) 961(32) -506(31) - 153(26) 10(29)
0(3) 799(29) 852(32) 1608(41) - 193(24) 369(27) 221(28)
0(4) 1027(34) 999(35) 1720(47) 370(28) 371(31) - 275(31)
0(5) 1287(38) 1602(46) 829(30) - 599(34) 171 (26) 267(29)
0(6) 617(26) 1468(40) 1107(33) 429(26) -154(23) - 278(29)
0(7) 1424(39) 1561(43) 509(25) - 54(33) -162(24) - 134(26)
0(8) 13 84(39) 689(29) 1450(40) 392(28) - 456(32) - 146(27)
0(9) 1530(42) 1092(35) 959(32) - 345(32) - 534(29) 451(29)
0(10) 1639(49) 1948(58) 997(35) - 20(43) 556(34) - 405(37)
0(11) 740(29) 1462(44) 1925(51) - 251(31) -493(31) 519(40)
0(12) 1634(44) 748(30) 963(31 ) -473(28) 142(29) - 79(24)
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Table 5. Rigid-bond test for the thermal parameters of Table 4b. Mutual atomic vibrationszl B

and Z~.A(x 104A2)
. .

S(1)-0(1)
S(I)-0(2)
S(I)-0(3)
S(I)-0(4)

54
72
50
53

51
74
49
56

R.m.s. S(2)04
S(3) - 0(9)
S(3) - 0(10)
S(3) - 0(11)
S(3)-0(12)

54
65
58
58

3.50
54
64
56
58

R.m.s. S(I)04

S(2) - O( 5)
S(2) - O( 6)
S(2) - 0(7)
S(2) - O( 8)

58
51
48
56

2.40

56
46
46
60

R.m.s. S(3)04 1.12

whether the residual charge accumulations observed in the (X - XHO)

syntheses could be considered to describe bonding effects, reducing thus the
bias of the standard atomic parameters. For practical reasons only reflections
with sin8jJc<0.9 A -1 were used (5024 observations, 4478 contributing
reflections). No constraints were imposed on the multiplicities of the atoms
and the point scatterers, but the positional parameters taken from the high-
order refinement were kept fixed. In order to minimize correlation effects
very low damping factors were used in the initial stage of the refinement and
correlated variables were refined in subsequent cycles. The resulting agree-
ment factors were R = 0.019 (Rw = 0.026) and GOF = 1.22. A parallel
refinement (0 < s< 0.9 A) without the point scatterers was also carried out.
The corresponding agreement factors were R = 0.020 (Rw = 0.030) and GOF

= 1.38.

Refmement results

A summary of the results of the different refinements is given in Table 4. The
scale factors range between 1.1541 and 1.1782, corresponding to a model-
dependent uncertainty of about 2 %. The mean value 1.1634 was regarded as
the most reliable estimate and therefore used in the ensuing calculations of
the (X -

XHO)syntheses. Correspondingly, the value g = 680 x 10-7 was
considered most appropriate for the extinction correction.

As mentioned earlier, the inclusion of reflections, which suffer most from
extinction does not affect the derived parameters significantly. In fact, all the
parameters from refinements (3) and (4) are identical at the 1 (Jlevel, where (J
is the combined estimated standard deviation.

The comparison of the atomic parameters from all-data and high-order
refinements shows that they generally agree at the 1 (J level except in a few
cases, where deviations up to 3 (J are observed. In particular, a systematic
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decrease is observed for the thermal parameters of the heavy atoms and to a
lesser extent of the 0 atoms. Although a general decrease is almost always
observed on going from the all-data to the high-order thermal parameters,
the preferential decrease, observed for the heavy atoms in this study may be
due to the inadequacy of the scattering factors owing to the uncertainty of the
ionization state of the atoms. Since, however, the scattering factor curves of
these atoms for different ionization states practically coincide in the sinBfA
interval of the high-order refinement (0.9 -1.11 A -1), it is reasonable to
expect a negligible bias on the high-order atomic parameters.

Finally, a comparison of the high-order positional parameters with those
of our earlier study (Christidis and Rentzeperis, 1975) and those of Moor and
Araki (1974) shows an agreement of all parameters at the 1 (Jlevel in the first
case, whereas in the second case some significant deviations occur. In
contrast to the very good agreement of the positional parameters, the
deviations of the thermal parameters from those of both earlier studies are
considerable.

As far as the bond-model refinement is concerned, one can deduce from
Table 3 that the improvement of the weighted R value is significant at the
0.005 significance level according to the Hamilton R-test (Hamilton, 1965).
On the other hand, when the thermal parameters of refinements (1) and (2)
are compared, one finds the bond-model parameters of the heavy atoms
closer to the corresponding parameters from the high order-refinement, but
the opposite is generally true for the 0 atoms. The net atomic charges, which
were determined in this refinement by varying the atomic multiplicities do not
seem to be reliable. All atoms appear neutral to within about 1 (J, although
there is evidence from other sources (e. g. Long et aI., 1979) that the
compound is ionic. A closer examination of this question is reserved for a
future study. Distances and angles between the refined charge-cloud centers
and the atoms are given in Table 6. Most of the point charges remained
practically at their initial positions, e. g. half-way between the Sand 0 atoms.
However, the point charges E8, E12 and to a lesser extent El, were
drastically shifted towards the corresponding 0 atoms. This observation and
the fact that for these point charges, as well as for E9, exceptionally high
temperature factors were observed, explain well the general features observed
on the corresponding (X - XHO) syntheses (see below).

The crystal structure

Detailed descriptions of the structure of monoclinic iron(III) sulfate were
given in earlier structural studies (Moor and Araki, 1974, Christidis and
Rentzeperis, 1975). The structure consists of S04 tetrahedra and Fe06
octahedra, connected through their corners. Each 0 atom is bonded to only
one Fe and one S atom, forming an infinite three-dimensional network. A
clinographic projection of the structure is shown in Figure 3. There are three
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Table 6. Distances and angles for valence electron charge clouds from bond-model refinement

S(1)- E 1 1.08(6) A 0(1)-E1 0.48(6) A S(1)-E1-0(1) 138(8t
S(1)- E2 0.87(3) 0(2)-E2 0.61(3) S(1)-E2-0(2) 170(5)
S(1)- E3 0.76(3) 0(3)-E3 0.71(3) S(1)-E3-0(3) 169(5)
S(1)- E4 0.75(4) 0(4)-E4 0.71(4) S(1)-E4-0(4) 177(6)
S(2)- E5 0.68( 4) 0(5) - E5 0.80(4) S(2) - E5 - 0(5) 168(6)
S(2)-E6 0.91(4) 0(6)-E6 0.57(4) S(2)-E6-0(4) 164(7)
S(2)- E 7 0.77(4) 0(7)-E7 0.69(4) S(2)- E7 -0(7) 172(5)
S(2)-E8 1.40(2) 0(8)-E8 0.12(3) S(2)-E8-0(8) 125(12)
S(3)- E9 0.84(5) 0(9)-E9 0.63(6) S(3)-E9-0(9) 164(9)
S(3)-E10 0.75(3) 0(10)-E10 0.72(3) S(3)-E10-0(10) 174(5)
S(3)- E 11 0.71(3) 0(11)- E 11 0.77(3) S(3)-E11-0(11) 163(5)
S(3)- E 12 1.40(3) 0(12)-E12 0.16(3) S(3)-E12-0(12) 111(12)

Fig. 3. Clinographic projection of the structure of monoclinic FeiS04h

different SO4 tetrahedra and two F e06 octahedra in the asymmetric unit. The
S04 tetrahedra are almost regular, having the same average s-o bond
distance (1.467 A) and bond angle (109.47°). The maximum deviations from
these mean values are only 0.007 A and 2.34° respectively. These values
compare well with those from other sulfate compounds, e. g. CaS04 (Kirfel
and Will, 1980). The two Fe06 octahedra are only slightly distorted with
mean bond distances of 1.981 and 1.995 A and mean bond angles of 90.06°
and 90.12° respectively. The maximum bond length deviations from the
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Fig. 4. Clinographic projection of the different coordination polyhedra in monoclinic Fe2(S04h.

For the symmetry code see Table 8

corresponding mean values are 0.023 and 0.045 A whereas for the bond
angles the corresponding deviations are 5.910 and 7.190 respectively.
Assuming ionic radii 0.645 A for Fe3 + in sixfold coordination and high-spin
state and 1.35A for 02 - in two-fold coordination (Shannon und Prewitt,
1969), a bond distance of 1.995 A is found, which is in excellent agreement
with the observed Fe - 0 distances. A clinographic projection of the different
coordination polyhedra of the structure is given in Figure 4.

Dynamic deformation densities from (X - XHO) syntheses

The dynamic deformation density distribution of monoclinic Fe2(S04h was
investigated through the Fourier transform of the differences between the
observed and calculated structure factors

Lle(r) = ~; (~IFo!!1- IF~OI) cos (2nf1. I - arO)

where FChare the structure factors calculated from a superposition of isolated
spherical atoms with parameters from the high-order refinement. Several
tests with different scale factors and sin 8/.Iecut-off values indicated that the
most appropriate values were 1.1634 and 0.8 A-1 respectively. Test defar-
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mation maps were also computed by excluding from the Fourier summation
those reflections (about twenty), which suffered most from extinction. We
have found that the contribution of these reflections to the deformation maps
was negligible, the significant peaks remained unaltered and only secondary
features were changed. This can be understood, when we remember that the
number of reflections contributing to the Fourier sums is very large (3236
unique reflections). Thus, in the ensuing calculations of deformation maps no
reflections were omitted. The average standard deviation of the observed
electron density at positions between atomic sites was estimated to be
0.1eA - 3 for a data cut-off value of sin 8/Je = 0.8 A -1. Since, however, this
error becomes larger near crystallographic symmetry elements and especially
at and near the atomic sites (Stevens and Coppens, 1976), in the present study
only charge accumulations with heights greater than 0.3 eA- 3 and at
distances larger than 0.3 A from the atomic sites wereconsidered significant.

The [804r2 tetrahedra

Figure 5 represents deformation density maps in selected planes of the S04
tetrahedra. The prominent features are the electron density accumulations on
the S - 0 bonds, implying a covalent character of the bonding in the SO4
anion. The peak heights of most peaks are about 0.6 eA -3, in agreement with
results found in other sulfate compounds, e. g. sodium sulfanilate dihydrate
(Bats, 1977), sodium dithionate (Kirfel and Will, 1980), or anhydrite (Kirfel
and Will, 1980). On the other hand, the peak shapes clearly deviate from the
rotational cylindrical O'-bound symmetry found for example in the first two
mentioned sulfate compounds. Also deviations from the bond directions are
observedfor some peaks, as in the bonds S(1)- 0(3) and S(2)- O(5). These
findings are in agreement with those observed in anhydrite, supporting the
conclusion that the electron density distribution within the S04 anion can be
considerably affected by the external bonding conditions. In contrast to
anhydrite, however, vanishing density is observed on all bisectrices of the
0- S - 0 angles. Also, another feature of the deformation maps not
observed in the previously mentioned sulfate compounds, is that some peak
heightsare wellbelow 0.5 eA - 3, e. g. in two extreme cases {bonds S(3) - 0(9)
and S(3)-0(12)} no peaks at all are observable. Considering the rigid bond
test results and the bond distances there is nothing special about these bonds,
which could imply that these findings are due to badly determined atomic
parameters. A possible explanation of the observed inequality of the peak
heights can be given, if one assumes aspherical distribution around the Fe
atoms, which lead to preferential polarizations on the 0 atoms. In fact, we
observe the "lone pair" electrons of these atoms to be extended towards Fe in
a more pronounced way than in the case of the other atoms. The complete
disappearance of the two mentioned peaks, however, is not clearly understood.
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(c) (d)

Fig. 5. Dynamic deformation density distribution in the [S04]2- anions. Contours are at
intervals of 0.1 eA -3. Zero contours are broken, negatives are dotted. To identify sections see
Figure 4



P. C. Christidis et al.: Electron density distribution in Fe2(S04h 233

The Fe sites

Figure 6 depicts selected density deformation sections in the two Fe06
octahedra. It should be noted, that both the Fe06 octahedra have the point
group symmetry 1. Atoms shown to be connected by dashed lines lie out of
plane, however, with maximum deviations not exceeding 0.3 A. The main
characteristics of these sections are:

(I) No charge accumulations are observed on the Fe-O bond lines, thus
indicating the prominent ionic character of the bonding in the Fe06
octahedra. This is in agreement with a quantitative estimation of the degree of
covalency (Long et ai., 1979) from Mossbauer data, which yielded about 6 %.

(II) Significant charge accumulations with peak heights of about
0.6eA - 3are observed around the Fe atoms, in directions bisecting the Fe- 0
lines. The distances from the associated nuclei are each about 0.4 A. This
finding indicates a preferential population of the t2g orbitals of the Fe atoms.
There are, however, differences in the number of peaks and in the peak
heights between the two crystallographically independent Fe atoms. Four
peaks are observed around Fe(I) and six around Fe(2). In the first case, the
number and arrangement of the peaks, as well as the peak heights, indicate a
similarity to the deformation density observed around the Fe atom in
fayalite, Q(-Fe2Si04, (Fujino et ai., 1981). In the second case, the peaks are
essentially directed towards the appices of a strongly distorted octahedron.
The fact that significant charge accumulations are observed around the Fe
atoms, suggests that the ionic state of these atoms should deviate from Fe3 +,
since for this case a degenerate spherical configuration d5 is expected
according to crystal field theory. The difference in the number of peaks,
suggests additionally that the two Fe atoms are in different ionic states. These
findings seem to be in disagreement with the results obtained from magnetic
and Mossbauer measurements (Long et ai., 1979), which indicate a d5 high-
spin configuration for both Fe atoms. It should be noted, however, that a
similar deviation from sphericity, has also been observed in tephroite, Q(-
Mn2Si04, where the Mn atoms should exhibit a formal net charge 2+ and
hence a spherical d5 electron configuration (Fujino et ai., 1981).

Conclusions

From the different refinements performed in the present study, it is deduced
that the bias introduced from bonding effects in the derived atomic
parameters is considerably less pronounced, than in analogous studies of
molecular organic compounds. Since the determination of the electron
density distribution in this study was based solely on X-ray data, this result is
of particular importance.

The introduction of point charges to represent residual charge accumu-
lations in the [S04P- anions (bond model refinement), resulted in a
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~I ili)

(c) (d)

Fig. 6. Dynamic deformation density distribution in the Fe06 octahedra. Contours are as in
Figure 5. To identify sections see also Figure 4
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significant model improvement and led to the description, at least qualita-
tively, of the general features of the deformation density in these groups.
However, the net atomic charges, derived from the refined atomic multipli-
cities are not in accordance with the values expected for ionic compound.

The observed deformation density revealed strong polarization effects
from the Fe cations on the charge distribution within and around the
[S04f - anions, supporting the conclusion from earlier investigations
(Kirfel and Will, 1980), that the density distribution in these groups is
considerably affected by external bonding conditions.

The absence of residual electron density on the Fe-O bond lines shows,
that these bonds are mainly of ionic type. On the other hand, the density
peaks observed around the Fe cations, can be considered as significant,
indicating a deviation from the degenerate spherical distribution, expected
for the Fe3+ ions in high-spin state.
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