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The Crystal Structure of Ammonium Hexasulphito-
ferrate (III), (NH,),[Fe(SO,),]

LARS OLOF LARSSON and LAURI NIINISTO*

Institute of Inorganic and Physical Chemistry, University of Stockholm,
S-10405 Stockholm, Sweden

The crystal structure of ammonium hexasulphitoferrate(IIT)
(NH,),[Fe(SO;)s] has been determined from three-dimensional X-ray
data measured on an automatic diffractometer. The crystals are
hexagonal, space group P3 (No. 147); a = 10.2226(33) A, c="7.2055(14)
A, and Z=1. The final R index is 0.053 for 359 independent reflections.
The structure consists of FeO, octahedra whose oxygen atoms belong
to six different sulphite groups. The Fe(SO;), groups are linked
together by ammonium ions. The Fe—O distance is 2.028(6) A and
the average dimensions of the sulphite ion are: S — O distance 1.517 A,
0 —0 distance 2.399 A, and O —S—0O angle 104.5°.

The crystal structures of several metal sulphites have been studied over
a period of some years at this institute by means of X-ray methods.
A survey of the results obtained has recently been given by Kierkegaard
et all In all the sulphites studied except in sodium sulphite, the sulphite
group is coordinated to a metal atom through the sulphur atom. Because
iron has a lower affinity for sulphur than for oxygen it could be expected
that in iron sulphites the ferric ion would be bonded to oxygen atoms. In
(NH,),[Fe(SO,)s] the dimensions of the sulphite group would be affected by
(a) hydrogen bonds between ammonium ions and sulphite oxygen atoms and
(b) the lone electron pair of sulphur. Thus, the crystal structure investigation
of this compound was started in order to obtain additional information on
these effects.

Ammonium hexasulphitoferrate(I11) was first synthesized by Erametsa 2
who found, by microscopic investigation, that the crystals were hexagonal.
This conclusion was later confirmed by X-ray powder diffractometric studies.?*
This article describes the determination and refinement of the crystal struec-
ture of (NH,),[Fe(SO,)s] from three-dimensional X-ray single crystal data.

* Present address: Department of Chemistry, Helsinki University of Technology, SF-02150
Otaniemi, Finland.
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EXPERIMENTAL

Preparation of crystals. The crystals were prepared according to Erémetsd.? In order
to avoid oxidation all preparations were carried out in nitrogen atmosphere. The obtained
crystals were orange brown hexagonal prisms which had a tendency to form cross shaped
twins.

Data collection and reduction. The accurate unit cell dimensions were calculated,
by & least squares program, from a powder photograph obtained in a Guinier-Hégg
focusing camera of 80 mm diameter with strictly monochromatized CuK«, radiation

Table 1. X-ray powder data of (NH,),[Fe(SO,),]. CuK«, radiation (A=1.54050 A).

hkl dops () 10° x 8in? 64 10° x sin? O, Tobs
100 8.900 749 756 s
001 7.294 1115 1123 s
101 5.627 1874 1880 m
110 5.126 2958 2970 m
111 4183 3391 3304 s
201 3.783 4146 4151 W
002 3.632 4497 4495 W
210 3.347 5297 5298 s
211 3.039 6424 6422 m
112 2,961 6766 6766 s
300 2.949 6823 6812 s
202 2.806 7537 7523 W
301 2.735 7931 7936 w
212 9794

o 0} 2.458 9819 {9840 w
003 2.452 9868 10115 W
221 2.421 10123 10207 w
103 2.338 10852 10872 w
311 9.324 10981 10964 w
302 2.289 11324 11308 W
100 2,925 11989 12111 s
113 2.187 12404 12386 m
401 2.115 13258 13235 w
222 2.090 13578 13579 m
312 14336

31 0} 2.033 14359 {1y m
213 1.960 15438 15414 w
321 1.953 15560 15506 vw
410 1.930 15934 15896 w
402 1.888 16637 16607 w
411 1.863 17091 17020 w
004 1.816 17984 17982 w
392 1.770 18938 18878 w
223 1.755 19273 19108 w

(A=1.54050 A). Potassium chloride (a=6.29228 A)* was used as internal standard. The
powder photograph was measured and interpreted to sin? 6 =0.48. The cell dimensions
(see Table 1) at 25°C are:

a=10.2226+33 A; ¢=7.2055+14 A; y=120°
Acta Chem. Scand. 27 (1973) No. 3
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The powder data are in agreement with the results obtained by Erdmetsé ® (a=10.15,
¢=17.24 A) and by Erametsi and Valkonen * (a=10.177, ¢=7.247 A).

The observed density 1.77 g em™ determined by loss of weight in benzene corresponds
to one formula unit in the unit cell (calculated density 1.78 g cm™3).

During the collection of the single crystal data it was found that the crystals are very
unstable under the influence of X-rays and usually decompose within 30 min. Even if the
crystals were coated with three layers of shellac they lasted a maximum of two days.
Therefore a new crystal was used for each layer line during the collection of film data with
a Weissenberg camera. Complete data were collected but in the course of the structure
determination and refinement it became evident that the quality of the film data obtained
was unsatisfactory because of decomposition of the crystals. New intensity data were
therefore collected on a diffractometer.

Three crystals, with dimensions 0.076 x 0.040 x 0.040 mm?, 0.066 x 0.026 x 0.026 mm?,
and 0.118 x 0.017 x 0.017 mm?, respectively, were used in the data collection. The crystals
were coated with shellac and three test reflections were used to check for possible de-
composition during the data collection.

The X-ray intensity data were measured on a Philips PW 1100 computer controlled
four circle diffractometer. Graphite monochromatized CuK radiation and a scintillation
counter with pulse height discrimination were used. The 6—26 scan technique was
employed with a scan range of 1°. The background intensities were calculated as averages
of the intensities at each end of the scan interval. All 1805 reflections with 6 < 55° were
measured, but only the 1238 reflections with o(Iet)/Ipet < 0.26 were used for further
data reduction. The net intensity, I, was calculated as Iy, — Iy, and its standard
deviation, o(I,e;), was estimated as (1o + Ipae)'/? where Iy, and Iy, are the number
of counts for the total intensity and background intensity, respectively.

The data were corrected by application of Lorenz and polarization factors. Absorption
correction was made by the method of Coppens et al.® The crystals were defined by eight
faces, and the linear absorption coefficient, u=98.4 cm™, was calculated from the mass
absorption values given in the International Tables.?

After averaging of the intensities'of symmetry related reflections the data were
reduced to 404 independent reflections. However, a comparison of intensities measured
on the three crystals revealed that a partial decomposition of the second crystal had
taken place rather rapidly. This decomposition was not apparent from the test reflec-
tions chosen. The unreliable data obtained from crystal two were discarded, and the
remaining 390 independent reflections measured on crystals one and three were used in
the subsequent calculations.

Computer programs. All calculations were performed on the IBM 1800 and IBM
360/75 computers using the following programs:

PIRUM. Indexing of powder photographs and least squares refinement of unit cell
parameters. Written by P.-E. Werner, Stockholm, Sweden.

DATAP1/DATAP2. Lp- and absorption corrections. Originally written by P. Coppens,
L. Leiserowitz and D. Rabinovich, Rehovoth, Israel. Modified by O. Olofsson and M.
}SBIfst&riim, Uppsala, Sweden, and by B. G. Brandt, S. Asbrink and A. G. Nord, Stockholm,

weden.

DRF. Fourier summations and structure factor calculations. Originally written by
A. Zalkin, Berkeley, USA. Modified by R. Liminga and J.-O. Lundgren, Uppsala,
Sweden. Further modified by O. Lindgren, Gothenburg, Sweden, and by A. G. Nord and
B. G. Brandt, Stockholm, Sweden.

DISTAN. Calculation of interatomic distances and bond angles with estimated
standard deviations. Originally written by A. Zalkin, Berkeley, USA, and modified by
A. G. Nord and B. G. Brandt, Stockholm, Sweden.

LALS. Full matrix least squares refinement. Originally written by P. K. Gentzel,
R. A. Sparks and K. N. Trueblood, Los Angeles, USA. Modified by A. Zalkin, Berkeley,
USA, and by J.-O. Lundgren, R. Liminga and C. I. Briandén, Uppsala, Sweden. Further
modified by A. G. Nord and B. G. Brandt, Stockholm, Sweden.

ORTEP. Crystal structure illustrations. Originally written by C. K. Johnson, Oak
Ridge, USA. Modified by I. Carlbom and A. G. Nord, Stockholm, Sweden.
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THE STRUCTURE DETERMINATION

The X-ray photographs showed trigonal symmetry and no systematically
absent reflections were found. Among the several possible space groups, P3
(No. 147) was chosen as a starting point for the structure determination. The
position of the iron atom was chosen to be (0,0,0). A three-dimensional
Patterson synthesis gave the position of the sulphur atom. The oxygen and
nitrogen positions were found from a three-dimensional Fourier synthesis
phased on the iron and sulphur atoms.

The structure was refined by the full matrix least squares technique.
Atomic scattering factors ? for neutral atoms were used except for iron which
was taken as Fe3®. With isotropic temperature factors the discrepancy index
R=3J|F |—|F||[>|F, was 10.2 9%. At this stage the temperature factors
were allowed to change anisotropically and the R-value was further reduced
to 7.5 9%. An inspection of the intensity data revealed that for about 31 weak
reflections, F, was several times higher than F_. For these reflections a strong
independent reflection with the same sin?f value could be found. It was
therefore assumed that diffraction from crystalline powder on the crystals had
caused the higher observed intensities for these reflections. An inspection
of the Weissenberg photographs also showed the existence of faint powder
lines. A least squares refinement with these reflections excluded gave a final
R-value of 5.3 9. A weighting scheme 1l/w=(A+B|F|+C\F,|2+D|F?)

Table 2. Fractional atomic coordinates with estimated standard deviations.

Atom Position x Y z
Fe 1(a) 0 0 0
S 6(g) 0.7140(3) 0.6820(3) 0.1386(3)
o(1) 6(g) 0.5704(6) 0.6740(7) 0.2070(10)
0(2) 6(g) 0.7507(7) 0.5972(7) 0.2774(9)
0O(3) 6(g) 0.8352(6) 0.8499(7) 0.1702(8)
N(1) 6(g) 0.6131(10) 0.9570(10) 0.3488(11)
N(2) 2(d) 1/3 2/3 —0.0117(20)
N(3) 1(b) 0 0 1/2

Table 3. Anisotropic thermal parameters and their standard deviations. The tempera-
ture factor is given by exp {—[B11h%+ Bask®+ Basl®+ Byshk + Bishl+ Baskl]}.

Atom A1 B2 Bss Bia Bis Bas

Fe  0.0056(3)  0.0056(3)  0.0086(10) 0.0055(3) 0 0

S 0.0042(3)  0.0060(4)  0.0089(7)  0.0038(6)  0.009(7) —0.0004(7)
O(1) 0.0040(9)  0.0079(10)  0.0259(22)  0.0062(16)  0.0040(21) 0.0038(22)
0(2) 0.0099(11)  0.0097(10) 0.0208(19) 0.0121(18)  0.0043(22) 0.0087(23)
0O(3) 0.0069(9)  0.0071(14) 0.0073(14) 0.0040(15)  0.0029(18) 0.0013(18)
N(1) 0.0103(14) 0.0165(16) 0.0129(19) 0.0196(27) 0.0039(27)  —0.0034(29)
N(2) 0.0039(10) 0.0039(10) 0.0214(41)  0.0048(20) O 0

N(3) 0.0223(30) 0.0323(30) 0.0135(64) 0.0312(30) 0 0
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2.095

3667.9, B= —140.45, C

was used in the refinement, with coefficients A

and D= —0.00558.

Attempts were also made to refine the structure in space group P3 (No.

143). No improvemen

t in R-value was obtained and the isotropic temperature

factor for one of the n

itrogen atoms became negative. Space group P3 was

therefore considered to be correct for the nonhydrogen atoms. Attempts

to locate the hydrogen atoms from the difference Fourier maps were not

tandard deviations

The final values of the atomic parameters and their s
are presented in Tables 2 and 3. These values are based on a least squares refine-

atom at the 2(d) position (1/3, 2/3, +2z). The relatively high errors in F_ for

the weak reflections may explain why it was not possible to locate the rest

successful, revealing definitely only the hydrogen atoms around the nitrogen
of the hydrogen atoms.

ment using atomic scattering factors for ammonium ion.® The observed and

calculated structure factors are listed in Table 4.

DESCRIPTION AND DISCUSSION OF THE STRUCTURE
The structure of (NH,),[Fe(SO;)s] can be described as being built of
Fe(S0,), groups linked together by ammonium ions (¢f. Fig. 1). The iron atom

is octahedrally surrounded by six oxygen atoms, O(3), belonging to six dif-

ferent sulphite groups. The FeOg octahedron thus formed is rather regular

Acta Chem. Scand. 27 (1973) No. 3
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Fig. 1. The structure of (NH,),[Fe(S80,),]. The ammonium ions N(3) at position (0,0,})
are not shown in the figure. A possible hydrogen bond scheme is indicated by solid lines.

(¢f. Table 5 for interatomic distances and angles), and the Fe— O distance
is 2.028 A. This value is in good agreement with Fe —O distances of 1.993 A,
2.00 A and 2.02 A found for six-coordinated iron in FeNH,(SO,);.3H,0,°
FeOHSO0,,° and in Na,Fe 0,,!! as well as with the sum, 2.04 A,12 of the ionic
radii of Fe3* (0.64 A) and 02— (1.40 A).

Table 5. Interatomic distances (A) and angles (°) with their standard deviations. The
distances are uncorrected for thermal motion.

Fe —0(3) 2.028(6) N(1)-0(2) 2.786(11)
-8 3.257(2) -0(1) 2.868(11)

S -0(2 1.488(7) 5T —0(1) 2.888(11)
-0(1) 1.512(6) S 20(9) 2.893(11)
—0(3) 1.551(6) —0(3) 3.240(10)

0(1)-0(2) 2.391(9) N(2)-0(1) 2.860(10)
—0(3) 2.401(8) —0(2) 3.060(11)

0(2)-0(3) 2.404(9) N(3)-0(3) 2.873(6)

0(1)-S—0(2) 105.7(4)

0(1)—8-0(3) 103.2(3)

0(2)-S—0(3) 104.5(4)

0(3)—Fe—0(3) 87.2(2)

0(3) —Fe—0(3) 92.8(2)

Acta Chem. Scand. 27 (1973) No. 3
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The sulphite group coordinates to the iron atom through O(3) only. The
difference between the length of the S—0(3) bond 1.551 +0.006 A and the
average value, 1.500 A, of the two other S—O bond lengths (1.512(6) and
1.488(7) A, respectively) is 0.051 A, or eight times the standard deviation.
If the sulphite oxygen atoms have metal ions as ligands, the S—O bond will
be longer than it is in the free anion. The O(1) and O(2) atoms have no metal
ligands, and the corresponding average S—O bond distance of 1.500 A is in
good agreement with the value of 1.504 A found for the free anion.!?

The effect exerted by the Fe3* ion on the S —O(3) bond is very pronounced
due to the high polarizing power of the ferric ion. The same effect has been
observed in ZnS0,.21H,0 where the sulphite oxygen atoms have zinc ions
as ligands and the S—O mean distance is 1.54 K.M In TI[Cu(SO,),] 1% close
contacts exist between copper and two of the sulphite oxygen atoms. The
Cu— 0O distance is 1.99 A, and the corresponding S — O bond length is 1.550 +
0.005 A. The third S—O bond length is 1.515+0.006 A, so that there is a
difference between the two bonds lengths of 6a.

The ammonium ions may form hydrogen bonds between the Fe(SO;),
groups as well as within the groups. A possible hydrogen bond scheme is
indicated in Fig. 1. The ammonium ion N(3) in position (0,0,}) is situated
inside a distorted octahedron. There are six N— O distances of equal length,
and thus the ammonium ion might have several equivalent orientations.

The average distances in the sulphite group, i.e. the S — O distance (1.517 A)
and the O —O distance (2.399 A) are approximately the same as in other
sulphites of type SOz%~...X, where X is nitrogen, oxygen, and/or metal ion.
In (NH,),80,.2H,0 the S— O and O — O distances are 1.524 A and 2.408 A.18
The average O...(H)—N distances in (NH,),[Fe(SO,),] are 2.872 A, 2.913 A,
and 3.057 A for O(1), 0(2), and O(3), respectively; and in (NH,),S0,.2H,0,
the corresponding values are 2.85 A, 2.83 A, and 2.84 A.
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