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FeSO 4. 71-I20 crystallizes in space group _P21/c with a = 14.072, b =6.503, c = 11.041 /~, fl = 105 ° 34', 
Z =4. The crystal structure had been determined from Patterson and Fourier syntheses using 
Fho~ and Fhk0 data. The refinement was done by the method of least squares employing 738 observed 
structure factors from the zones hIcO, hO1, Olcl, h3l and h/el. The final R value, including the contribu- 
tion of the hydrogen atoms is 4.5%. The iron ions occupy special positions and are surrounded 
octahedrally by six water molecules each. The six water oxygens form hydrogen bonds to the 
tetrahedral sulfate group and to the seventh water molecule which is not coordinated to Fe 2+. The 
mean bond length of Fe-O(w) is 2.124/~, of S-O 1"474/~ and of O-H • ' • O 2-82 A. One of the iron- 
coordinated water oxygen atoms receives an 'outward' hydrogen bond from the seventh water 
oxygen atom. The bond from iron to this water oxygen is 2.19/~ and thus significantly longer than 
the mean Fe-O(w) bond length. 

Introduction 
Monoelinic :FeSOd.7H20 is the s table solid phase 
between - 1.82 and  56.6 °C in  contact  wi th  a sa tura ted  
water  solution of :FeS04 (Fraenckel,  1907). I t  occurs 
in  na ture  as an  oxidat ion product  of i ron-containing 
sulfides and  is called melanter i te .  :FeS04.7 H~O belongs 
to a series of compounds M2+SO4.nHeO, where M e+ 
is a cation wi th  an  approximate  ionic radius of 0.7 •. 
The mono-, tetra-  and  penta-hydra tes  are known to 
crystall ize each in  one form only, whereas the hexa- 
and  the hep ta -hydra te  both  occur in  two different  
forms (Groth, 1908). The crystal  s t ructures of the 
hexahydra tes  are known. Beevers & Lipson (1932) 
de te rmined  the s t ructure  of the te t ragonal  NiS04. 
6HeO; Zalkin,  R u b e n  & Templeton (1962)repor ted  
the  s t ructure  of the  monoclinic CoS04.6HeO. Of 
the heptahydra tes ,  only  one s tructure has been 
described:  the or thorhombic form of NiSO4.7HeO 
(Beevers & Schwartz, 1935). No detai ls  were known 
about  any  of the monoclinic heptahydra tes ,  though 
Leonhard t  & Ness (1947) publ i shed  the cell constants  
and  the space group of :FeSO4.7 H20. In  addi t ion  they  
s ta ted essent ia l ly  correct posit ional  parameters  for the 
sulfur  a tom and  gave the correct positions of the iron 
atoms. The present  invest igat ion has been under taken  
as par t  of an  extensive s tudy  of sal t  hydra tes  
(I : Baur ,  1962a; I I  : :Baur, 1964a; IV:  Baur ,  1964b). 
A p re l iminary  account has been publ i shed  (Baur, 
1962b). 

* Work performed partly under the auspices of the ILI.S. 
Atomic Energy Commission. 

Experimental 

Green crystals  of FeSO4.7HgO were grown at  35 °C 
from an aqueous solution of sulfuric acid sa tura ted  
wi th  FeS04. Crystal  plates  of approx imate ly  
0 . 2 × 2 . 0 × 2 . 0  m m  8 were ground perpendicular  to 
[100], [010] and  [001]. Ok/, hO1, hk0, h31 and hkl  da ta  
were collected on a precession camera, the mul t ip le  
exposure technique being used (Mo K s  radiat ion,  
Zr filter). In  order to prevent  decomposition, the 
crystals  were coated wi th  a protect ive layer  of a 
synthet ic  resin. The intensi t ies  of 738 independent  
reflections were measured  wi th  a recording micro- 
photometer .  The intensi t ies  of an  addi t ional  288 
reflections were below the detect ion l imit .  The cell 
constants  were der ived from the  precession photo- 
graphs (Mo K~(mean)=0 .7107  A). 

The intensi t ies  were reduced to 2'o using a Lorentz-  
polar izat ion factor program wr i t t en  by  the author  
for an  IBM 650 computer  wi th  indexing registers and  
f loat ing point  ar i thmet ic .  This program is based on 
the  formulas  of Waser  (1951) and  B u r b a n k  (1952). 
The calculations for the f irst  stages of the s tructure 
de te rmina t ion  were carried out on an  IBM 650 com- 
puter  wi th  the  s tructure factor program b y  Shiono 
(1959) and  a two-dimensional  :Fourier synthesis  
program wri t ten  b y  the author.  This  l a t t e r  program 
is especially fast  since i t  takes  advantage  of the  
indexing  registers and  also because the whole f irst  
summat ion  is stored in te rna l ly  on the magnet ic  drum.  
The u l t ima te  ref inement  of the  s tructure was per- 
formed on an  IBM 7094 computer  a t  :Brookhaven 
Nat ional  Laboratory,  wi th  the use of local modifica- 
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tions of the F O R T R A N  crystallographic least-squares 
program OI~FLS and the function and error program 
O R F F E  (Busing, Martin & Levy, 1962a, b), as well 
as of the Fourier synthesis program F O R D A P E R  
by Allan Zalkin. 

C r y s t a l  data  

F e S O 4 . 7 H 2 0  is monoclinic, with a = 14.072(10),* 
b -- 6-503(7), c -- 11.041(10) .~ and ~ ---- 105 ° 34(5)'; 
V - - 9 7 3 ( 2 )  A 3, Z = 4, D~---1.897(4), Dm = 1.895 
g.cm -a (Moles & Crespi, 1927). Because of the char- 
acteristic extinctions, hO1 only present with 1 -- 2n, 
0/c0 only with / c - - 2 n ,  P21/c was chosen as space 
group. The a:b :c calculated from the above cell 
constants is 2 .164:1 : 1.698. Groth (1908) gives 
a: b :c = 1.1828:1 : 1.5427, fl = 104 ° 16' ; recalculated to 
the present setting this corresponds to a : b : c  = 
2.169:1 : 1.689, fl = 105 ° 28'. The matr ix  for the trans- 
formation from Groth's setting to the present one is 
(½0- ½/0½0/½0½). 

D e t e r m i n a t i o n  of the  s t r u c t u r e  

Since the intensities of the reflections with h, k and 1 
all 2n or all 2n + 1 were observed to be on the average 
stronger than  those with mixed indices, i t  was assumed 
tha t  the iron atoms occupied the special positions 
(a) 000, 0½½ and (d) z-~0 ½0½, thus forming a face- 2 2  , 

centered arrangement. Positions (a) and (d) have 
the point symmetry  1, as have the other two special 
positions (b) and (c). Thus (b) and (c) cannot be 
expected to be occupied since neither the sulfur atom 
nor the oxygen atoms of the SO4 group, nor a water  
oxygen atom can have a surrounding with this 
symmetry.  Therefore all other atoms must  lie in the 
fourfold general position (e) : _+ (xyz; x, ½-  y, ½ + z). 
The :Patterson projection along [010] was readily 
interpreted on this assumption. I t  resembles closely 
a double electron-density projection, since the Fe-S 
and Fe-O vectors from the two different Fe positions 
both form an image of the structure;  the S-O and 
O-O vectors are too weak to change this picture 
substantially. A first structure factor calculation, 
which included the Fe atoms and the SO4 group 
with positional parameters derived from the Pat terson 
proj e ction, yielded an R = 0.53 (R -- 2:[[ Fo [ - I Fc I I/-~[Fo ]) 
for the reflections with sin 0/2 <0.38 A -1. A Fourier 
synthesis calculated with 76 Fh0~ revealed the positions 
of all the water oxygen atoms. The 231 Fh0~ (including 
non-observed reflections) were refined by 11 cycles of 
consecutive Fo or (Fo-Fc)  syntheses and structure 
factor calculations to R--0-071. The last difference 
syntheses were performed with only the reflections 
having h = 2 n + l ,  to which the Fe atoms do not 

* Throughout this paper the estimated standard deviations 
are given in parentheses following the value. They correspond 
to the last significant digits of these values. 

contribute. Since the Pat terson projections along 
[001] and [100] were not easily interpretable, the 
y parameters were obtained from the [010] projection: 
assuming the bond length of S-O to be 1.48 A, of 
Fe-O(w) 2.12 A and of O - H .  • • O 2-82 A, the heights 
of all the atoms were calculated from their x and z 
parameters. The y parameters thus derived were used 
as a start ing point for refining the 143 Fh~0 (including 
non-observed reflections) by difference syntheses. In  

Fe(2) Fe(1) 

]~ , J ~ W ~ ; ~  ~ ~ O ( w 3 J  

1 h (o) 
- b 

Fe(1) 

a/2 J,.~ 

F~(2) 
t i 

(b) 

Fig. 1. Electron-density projections of FeSO4.7HgO. 2000 
included. Negative areas shaded. Atomic positions marked 
by crosses. (a) Projection parallel to [010], contour interval 
2.5 e.A -2. Convergence factor with B=2.0  A ~ applied to 
the Fo. (b) Projection parallel to [001]. Convergence factor 
B =  1.6 A 2. Contour interval 3.0 e.A -2. 

eight cycles, R was lowered from 0.36 to 0.078. 
The electron-density projections parallel to [010] and 
[001] are shown in Fig. 1. 

The final refinement was carried out on 738 non- 
zero hO1, h/c0, Ok/, h31 and hkl reflections by  the 
method of least-squares, the weighting scheme of 
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Hughes (1941) being used. By two cycles of refinement 
with isotropic temperature factors R was lowered 
from 0.081 to 0.072. Three more cycles of refinement, 
employing anisotropic temperature factors, brought 
R down to 0.054. In  the last refinement 125 parameters 
(36 positional parameters, 84 thermal parameters and 
5 scale factors) were varied. 

At this stage the hydrogen atoms were taken into 
account. Their positions were calculated under the 
following assumptions: 

(1) The O-H distance is 0-97 _~; the angle H - O - H  
is 109.5 ° . 

(2) The hydrogen atoms lie in the plane defined by  
the water oxygen atom and the two oxygen atoms 
to which this water oxygen is hydrogen bonded. 

(3) The hydrogen atoms are as far as possible separated 
from the cation to which the water oxygen atom 
is bonded. For O(w7), which is not coordinated 
to an Fe 2+ ion, instead the midpoint of the 
positions of the two hydrogen atoms which form 
hydrogen bonds to O(w7), was chosen as 'cation' 
position. 

The assumptions (2) and (3) are not str ict ly valid, 
as is known from the neutron diffraction studies of 
CuS04.5HpO (Bacon, 1962)and MgSOd.4HpO (Baur, 
1964a). The positions derived for the hydrogen atoms 
in this way are therefore expected to be correct only 
within 0.1 to 0.2 ~.  That  these positions are reason- 
able is supported by the fact that ,  on inclusion of the 
hydrogen atoms in the structure factor calculation, 
R was lowered to 0.045 (for all observed reflections). 
Moreover a difference projection along [010], computed 
with Fo-Fc(heavy), shows the positions of all the 
hydrogen atoms as well as can be expected in the 
presence of an iron atom (Fig. 2). The distances 
between the hydrogen atoms themselves are sensible. 
The shortest H - H  distance is 2.11 A (H(57)-H(74)); 
all other H-I-I distances are above 2.23 ~.  But  even 
a distance of 2-11 _~ is not precluded since distances 
of 2.12 Jk between hydrogen atoms from different 

water molecules have been found by neutron-diffrac- 
tion in crystals of Na2COs.NaHCOs.2H20 (Bacon & 
Curry, 1956) and CrK(SOa)~.12H20 (Bacon & Gard- 
ner, 1958). 

The final positional and thermal parameters are 
given in Tables 1 and 2, the calculated positions of the 
hydrogen atoms in Table 3. The B's in Table 2 are 
the isotropic B's equivalent to the anisotropic tern- 

Table 1. FeS04.7tteO, positional parameters and 
their standard deviations 

Atom x y z 

Fe(1) 0.0000 0.0000 0-0000 
Fe(2) 0-5000 0.5000 0.0000 
S 0.2267(1) 0.4709(3) 0.1763(1) 
O(1) 0-2045(3) 0.4705(8) 0.0368(3) 
0(2) 0.1371(3) 0.5369(7) 0.2116(4) 
0(3) 0 . 3 0 7 5 ( 3 )  0 . 6 1 5 7 ( 7 )  0.2267(4) 
0(4) 0 . 2 5 5 6 ( 3 )  0 . 2 6 4 3 ( 6 )  0.2247(5) 
O(wl) 0.1129(4) 0.3853(9) 0.4322(5) 
O(w2) 0-1005(3) 0.9574(7) 0.1822(5) 
O(w3) 0.0305(3) 0.7937(7) 0.4323(4) 
O(wd) 0.4797(3) 0.4590(9) 0-1797(4) 
O(w5) 0.4313(3) 0.2850(8) 0.4418(4) 
O(w6) 0-3536(3) 0.8594(7) 0.4404(5) 
O(w7) 0.3637(3) 0"0048(6) 0.1142(5) 

Table 2. FeSOa. 7H20, probable positions 
of the hydrogen atoms 

Atom x y z 

H( l l )  0.148 0.259 0.461 
It(12) 0-126 0.428 0.354 
H(22) 0-124 0.817 0.196 
14(24) 0.156 0.051 0.198 
It(S1) 0-090 0-870 0.469 
H(32) 0.979 0.887 0.387 
H(43)  0.421 0.514 0.198 
H(47) 0.536 0.475 0.253 
H(54) 0-375 0-275 0.369 
H(57) 0-413 0-359 0.508 
H(61) 0.297 0.910 0.465 
H(63) 0.331 0.776 0.365 
H(74) 0.313 0"077 0.I43 
H(76) 0.334 0.894 0-058 

Table 3. FeSO 4. 7H20. Thermal parameters and their standard deviations 
The definition of the Debye-Waller temperature factor is: 

exp ( -- (firth ~ + fl2~k 2 --b flaal 2 --b 2fll~hk + 2~lahl"b 2fl2akl) } ; and B is ~(~11 a2 + ~22 b2 -}- ~33 c2 ~- 2~13ac cos ~) 

Fe(1) 0.0022(1) 0.0081(3) 0.0036(1) --0.0003(1) 0-0010(1) -0.0004(2) 1.50(5) 
Fe(2) 0.0020(1) 0.0105(3) 0-0028(1) --0.0004(1) 0.0006(1) 0.0004(2) 1.50(5) 
S 0.0018(1) 0.0084(3) 0.0032(1) - 0.0001 (1) 0.0006(1) - 0.0005(2) 1.40(5) 
O(1) 0.0031(2) 0.0148(11) 0.0034(3) -0.0015(4) 0.0011(2) 0.0002(6) 2-00(15) 
0(2) 0.0031(2) 0.0137(9) 0.0061(4) 0.0014(4) 0.0027(2) 0.0013(7) 2.30(15) 
O(3) 0.0029(2) 0.0150(10) 0.0055(3) - 0-0029(4) 0.0003(2) - 0.0033(7) 2.50(15) 
0(4) 0.0031(2) 0.0101(8) 0.0055(4) 0.0017(3) 0.0003(3) 0.0019(7) 2-20(15) 
O(wl) 0 . 0 0 6 5 ( 3 )  0 .0238(14)  0 .0076(4)  o . o o 7 3 ( 6 )  0 . 0 0 5 2 ( 3 )  0 . 0 0 4 2 ( 9 )  3.70(20) 
O(w2) 0.0039(2) 0.0125(9) 0.0069(4) --0.0001(4) 0.0002(3) 0.0019(8) 2.80(15) 
O(w3) 0.0030(2) 0.0104(8) 0"0058(3) -- 0.0010(4) 0.0005(2) 0 " 0 0 1 3 ( 7 )  2"30(15) 
O(w4) 0.0030(2) 0.0207(13) 0.0034(3) 0.0000(4) 0.0012(2) 0.0008(7) 2.40(15) 
O(wS) 0 . 0 0 4 2 ( 2 )  0 .0168(10)  0 .0049(3)  0 . 0 0 3 1 ( 5 )  0 . 0 0 1 1 ( 3 )  0 . 0 0 0 5 ( 7 )  2.70(15) 
O(w6) 0.0026(2) 0.0171(11)  o.oo65(3) --0.0009(4) 0.0007(2) --0-0042(8) 2.50(15) 
O(w7) 0.0041(2) 0.0112(10) 0.0069(4) 0.0002(4) 0.0009(3) -- 0.0019(8) 2.70(15) 
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Table  4. F e S 0 ~ .  7 H ~ 0 ,  observed and calculated structure factors 
Non-observed Fo are marked by a minus sign 

K=O L=O K=O L=6 K=I L=O K=5 L=0 K=3 L=I K=5 L=7 E=5 L=11 }[=2 L=I K=6 L=I 
H 0BS CALC H OBS CALC H OBS CALC H OBS CALC H OBS CALC H OBS CALC H 0BS CALC H OBS CALC H OBS CALC 
0 604 14 "3 25 7 4-" 42 ~ 16 17 -15 8 7 -12 16 16 -12 -6 -3 -3 25 25 ~ 15 15 
I -I 2 -14 56 36 8 11 10 7 5 -5 16 -6 -4 13 11 10 -13 15 9 4 14 -14 - 18 -18 
2453815 _7 ~ -5 920L=020-16 -133655-14-6 5-4 ~ 55 -2210 -7 

2 ...... 5 - 19 $ K --8 17 [b 14 14 6 -1552 L i~I 3 9 
76 7i -16 16 17 11 14 14 H OBS CALC -17 25 25 -14 -5 -5 K=5 = " -5 ~0 -2 5 12"~ -1o-22 

56 -5 "'-17101112 -~ 2 1 I~ -I~ 181512 152824 oH 0B$ CALC ~ 14 -12 -21110 
59 ~9 -18 52 32 13 -2 2 - -18 - -15 15 14 12 -15 - 52 51 24 24 

755 -56 -19 -3 -2 14 4 014K=115 -9 7 -4 0 510 99101 K=0 L=8 15-- 4 H=3 I<) 2121 -16 I i 11~ -i-6 28-29 3 K=5 L=2 -17 2 -5 - 29 -27 - 
95" 57 H OB$ 0ALC 16 -4 -0 L 0BS CALC H OBS CALC -18 - - -6118881516 -56 ~ 6 
103941 017-1817 ~ -0 143-3810-4 1-19-510 -~-5 - 2726 - - 
1124-25 11-1018-- 5 ~ I0-12111~ K=5 L=8 -6 99 ~ -6" 20-20 
12 20 20 -I 15 -15 K=2 L=O 53 51 -11 140 H OBS CALC -3 -5 I - 27 2 22 -23 
134t 15 2 24 23 H OBS CALC 4 -3 I 12 10 -5 0 27 -27 4 -6 -7 10 7 -3 -7 -4 -4 
14 4 -2 59 60 0161 174 5 79 -74 -12 -4 4 I 10 11 -4 -5 -14 -10 -3 2 8 19 -20 

-23 _~ -5711 _~ 92 :i 12111202 15141~ 30 I~ .... 112-15 
1716 4 42 18 4419 ~ 75 35 -73 59 ~ ~ 1 -15 14 10 -.5 -~ 275285 _-6 !~ -0-11111 -11 1616 
18 14 14 -4 16 15 4 52 52 20 20 -14 16 -16 11 -10 -12 17 17 10 
K=O L=2 _~ 24-24 10 !i _41518218~ -4519 -~ -815 -10 H 0BS CALC 1718568778511 -15 - 15 -1522 -6-6 -15 -4 -83 11 -4 _5 

12 -12 14 0 52 51 6 25 2, 12 _~ -4 -., _~ 1~ 
1 7 6  - - 7 4  - 6 9 1  92 7 5 8  -57 161~  14 11 10 -10 - - 6  7 9 7 9 1 3 - 5  -16 --11 -6 6 -14 -111 - -1~ 

--~ " 7 8 7 9 7 7 1 2 1 3 9 5 1 5 5 1 4 6 - - 1 1 7 1 ~  1 - 5 6 1 4 - : ! - 1 2 - !  ~ 1 5  : -10 "-4 -12 -4 
121 129 - 17 17 I 57 61 H=O K=2 -17 - -13 -- -15 -. 13 4 

-2152 168 8 58 38 11 21 -21 L 0BS CALC 18 -.5 -6 -.3 - -14 - 6 16 -4 -6 -13 19 11 
9 0 8 7  -~ ~4 - 1 1 2 1 5 1 5  ~ 3 9 4 0  -1810L=3- 9 77 -5 3 -155 -5 5 -16143 - 1 2 1 4  - 4 0  

- 26 -22 -19 15 22 24 16 18 K=5 - -4 - = L=13 17 - O -14 -4 -. 
1 7 1 6 1 5  3 4 8 4 7  ~ 0~.S CALC 1~ H 0BS CALC-17~625189615_15 1 -1 

5 48 46 -10 45 45 16 11 10 5 14 15 10 10 -15 9 - 5 1 -18 '7 7 16 - 
79 ~1 ~ 4 5 2 1 7 2 9 6  6125115  . . . . . .  

69 70 I - 18 56 36-11-4 19 -16-3 -5 
100 103 1192 28 26 K= 3 L=O 23 24 _ 4 - 1 0  - i  -.6 -~ H 0BS CALC -17 7 8 
1 5 1 ,  _ ,6 ,5 , 0 ~ ¢ . . 0  ~ 1 1  _12 _1212_, 11 ;~ 1~ 1 ~ 2  ~, ~='7 ~=1 -I 53 54 H OBS CALC 

-7 35 -53 13 -5 -2 I 20 18 10 45 45 15 40 41 -11 -5 -2 -3 28 28 2 41 40 1 34 35 
_8 ' ' 7 2 7 0 - 1 5 - 4 -  23 ~ 3 1 - 3 1 1 1 1 2 . - 1 3 - 1 5 4 0 4 1 1 2 1 5 7 1 9  _~ 25 ~ 1 - ~  963995 - 1 3 3  ,3 

17 -16 -14- 22 12 12 12 50 31 14 -12 16 16 
910-11-152424 ~ 202113-4. 5-141111 15-5 -2 ~ 2728-3154152 -~ ~4 -2 

- 12 11 -16 31 30 16 -16 14 10 -4 15 14. 13 -13 -5 - 163 I~ ~ 55 -58 29 
I04040 -1723 -22635 -36 H=O K=3 -151716 -14 -6 _-14 -6 - - 1110 -43346564 

-10 50 49 -18 11 11 10 -10 L OBS CALC 16 -15 -6 -7 21 22 5 65 66 - 
111011 -191413 ~ 1918 18 -8 -1615 -14 -16 -6 -~ -81039 -55636 -42482 

-11 39 39 K=O L=IO 11 -10 2 -3 -4 17 25 23 -17 -6 -9 263 2 4~ 445 2 
12 55 56 H 0B$ CALO 10 1 0 - 1 0  3 1 6  1 7 - 1 7  29 2 9 - 1 8 - 5  ; - 1 0 -  1 ~ - 6  -56 18 1~ 

- -12 -4  - 0 2 9 2 9 1 1 2 1 - - 2 1  4- 9 - 9 - - 1 8 1 ~  7 - - 1 9 - 4  . . . .  1~ 4 9 5 0  --4 
13 22 --24- 1 -4. --2 12 12 12 5 37 -55 --19 1 K=5 L=9 -12 - -7 47 46 -6 -4 5 

-1, 55-3 '7 -1 8 7 1 5 5  4. 6 8  8 K=3 '['=4. oH OBSCALC-13191_8823 ~74 7 2 1  22 14 21 21 2 41 42 14 -4 -5 7 -4 -4. :40BS C.~LC 20 22 -14 - - 21 21 
-14 4-8 48 2 28 8 -~ ~ 53 ~ 11 9 .~ 56 88 4 .~ - 29 15 H=O K=4- - I 17 17 -15 14 14 4 4 - 
15 -4 I~ -18 16 L OBS CALC - 27 29 K=3 L=14 - - 

-151413-3 1 1 1 7 1 1 1 1 1 1 0 1 1 1 0 6 5 2 1 5 - 1 5  HOB$CALC I0 I 0 9 9 1 0 !  
16 29 28 12 12 K=4 L=O 2 52 30 -10 - -5 - 22 -23 0 -5 4 -10 57 -5 - 20 2 

-16 16 16 -4 50 52 H OBS CALC 3 9 -10 11 14 -14 3 2'7 27 I -5 6 K=4 L=I 10 10 
1711-1~ -~ 38 -3~ 0115115 ~ 41 -5541 -11111! -.11! -320181917 -2-1 I~-114 0BS CArlO -1011 

-17 -3 3~ 6 68 65 -12 -4 16 -3 11 -I -24 -11 14 18 13 13 6 31 31 2 39 - - 16 12 27 15 
-18-191617 -7628 12 -1229 4382 31 -30 83 87 28 1929 19 -1515 - 1~ I~ _~ 4628 5128 -.4-~ I_~ 2 -.3 -~ -12 12 -4 -4 -~ 

K=O 1'=4 -7 8 8 5 36 56 9 -4 -6 14 -6 I 6 16 -14 -6 -6 -5 3 17 -16 13 14 14 
OBS CALC 22 21 10 5 511 -14 -8 11 -10 
101 97 - 6 19 -18 11 15 - 15 13 - 11 10 -14 10 

1120 124 9 -5 8 57 59 1221 22 --" -. 11 -15 -6 -7 19 18 -5 -5 - 28 27 -15 11 
-1112 -116 

626519 -42428109 2213 2312 F,=01315K=515 -161610 -788-56 ~ -10 -~ -23 -552324 ][=8 L=I 
- -11 25 -24 H OBS CALO 

--~ 1 8 1 5  - 1 0 2 6 5 !  20~ 1 1 1 3  i ~ -15 CA~-8-16-17 -6 , _~ 1 8 1 8  - 1 2 1 6 1 3  _6 _~ 1~ ! 2 5 2 2 1 1 - 3 -  1 2 . 2 5 2 4 -  1 L O B ( ~ - 1 8 1 1 9  52 60 K=5 T'=15 3~ -3~ -1 
-45 70 -'71 -I I -19-5 -4 101~ 1 HOBSCALC -20 - 86 85 -12 ~4 15 719 14 2 2 ~ 16 10 ~=5 ,,=5 -10 0 -4- ,~ ~ -~ ;6' -16 
-48685 -15 ;14 15 - 41820 H OBS CALC 11 _~ 8 -35 -~ I~ -8 

...... 4 1016 . . . . .  4- 2927 18 I~ -- --2 5 5 - 5 5  12 -10  K=5 ,,=0 -4- 2~ _206-I~ 18 1'7 --56 -15 ~ -1_~ 8 -4 -3 
3 6 3 5  . 1 6 3 1 5 3  --4319 - --12 1 5 - 1 6 3 - - i  --~ --6--99 1615 1 5 1 5 4  
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F¢.(2) H(+57) Fe(1) 

o(.s) H(6,) / / .  /O/(~1 ) 
H(32) 

-F Fe(1 ) 
Fe(2) 

~A °/2. 

Fig. 2. Difference density projection parallel to [010] com- 
puted with Fo--Fc(heavy), thus showing the contributions of 
the hydrogen atoms only. 702'h01 with sin 0/2<0.38 A -1 
were used in the summation.  Atomic positions marked by 
crosses; water  oxygen atoms connected by lines to their  
corresponding hydrogen atoms. Negative areas shaded, 
negative contours omitted,  first drawn contour is the zero 
contour. Largest negative peak is --0.50 e.A-% Contour 
interval  0.09 e.A -2. Hydrogen atoms bear the numbers  
of the water  oxygen atoms to which they belong, followed 
by the numbers of the sulfate or water  oxygen atoms to 
which they form hydrogen bonds. 

perature factors (Hamilton, 1959). The observed and 
calculated structure factors are listed in Table 4. 
Non-observed Fo are marked by a minus sign; the 

1 . - - 1  value given here for Fo is equal to ~/(~Imm.Lp ). 
The atomic form factors used in computing Fc were 
taken from the International Tables (Ibers, 1962). 
The Fc include the contribution of the hydrogen 
atoms; the B of the isotropic temperature factor for 
the hydrogen atoms was chosen uniformly 1.3 A 2 
higher than  the equivalent isotropic B of the cor- 
responding water oxygen atoms. The R value for all 
the reflections including the 288 non-observed is 0.071. 

D i s c u s s i o n  of  t h e  s t r u c t u r e  

The bond distances and angles in FeSO4.7H20 are 
presented in Table 5. The estimated standard devia- 
tions given have been calculated with the use of the 
least-squares variance-covariance matr ix  and there- 
fore include the effects of correlations between para- 
meters. :None of the positional parameters is involved 
in high correlations. The highest correlation coefficient 
of 0.6 is one between two thermal parameters. The 
four components of the structure, i.e. the two different 
Fe(H20)~ + octahedra, the SO~- tetrahedron and the 
seventh water molecule, which is not coordinated to 
Fe 9+, are linked together by hydrogen bonds. A 
schematic representation of the hydrogen bonding is 
shown in Fig. 3, the actual spatial arrangement can 
be gathered from Fig. 4. 

The average value of the O - K .  • • O bond lengths 
is 2.82 A; the spread is from 2.71 to 3'03 A. The 

angles O-O(w)-O, around the water oxygen atoms 
to the oxygen atoms to which they  are hydrogen 
bonded, scatter from 103 ° to 145 ° . Assuming the 
hydrogen positions of Table 3 to be correct, the angles 

Table 5. Interatomic distances and 
bond angles 

(a) Coordination octahedron around Fe(1) 

Fe(1)-O(wl)  2.068(5)/~ 
Fe(1)-O(w2) 2.144(5) 
Fe( 1 )-O (w3) 2.136(5) 

Mean value:  2.116(3) 

O(wl)-O(w2) 2.992(7)/~ 
O(wl)-O(wa) 3.047(7) 
O(w2)-O(w3) 3.129(6) 

O(wl)-Fe(1)-O(w2) 90-5°(0.2 °) 
O(wl)-Fe(1)-O(w3) 92-90(0.2 ° ) 
O(w2)-Fe(1)-O(w3) 94.00(0.2 ° ) 

2.965(7) A 
2-897(7) 
2-920(6) 

(b) Coordination octahedron around Fe(2) 

Fe(2)-O(w4) 2.096(5)/k 
Fe(2)-O(w5) 2.109(5) 
Fe(2)-O(w6) 2.188(5) 

Mean value : 2-131(3) 

O(w4)-O(w5) 2.987(7) 
O(w4)-O(w6) 3.057(6) 
O(w5)-O(w6) 3.102(7) 

O(wa)-Fe(2)-O(w5) 90.5o(0.2 ° ) 
O(w4)-Fe(2)-O(w6) 91.0°(0.2 ° ) 
O(w5)-Fe(2)-O(w6) 92.4°(0.2 °) 

2.960(7)/~. 
3.002(6) 
2.974(7) 

(c) SO 4 te t rahedron 

S-O(1) 1.488(4)/~ 
S-O(2) 1.481(4) 
S-O(3) 1.466(4) 
S-O(4) 1.462(4) 

Mean value : 1.474(2) 

O(1)-O(2) 2.407(6)/~ O(1)-S-O(2) 
O(1)-O(3) 2 - 4 0 0 ( 6 )  O(1)-S-O(3) 
O(1)-O(4) 2.412(6) O(I)-S-O(4) 
0(2)-0(3)  2.415(5) O(2)-S-O(3) 
0(2)-0(4)  2.411(6) O(2)-S-O(4) 
0(3)-0(4)  2.398(6) O(3)-S-O(4) 

Mean value:  2-407(3) 

108.4°(0.3 ° ) 
108.7°(0.3 ° ) 
109.7°(0.3 ° ) 
110.1°(0.3 ° ) 
110.1°(0.3 ° ) 
109.9°(0.3 ° ) 

Mean value:  109"5°(0"1 ° ) 

(d) Hydrogen bonds 

O(wl)-O(1) 2.748(7) 
O(wl)-O(2) 2.733(7) 
O(w2)-O(2) 2.785(7) 
O(w2)-O(4) 2.901(6) 
O(w3)-O(1) 2.857(6) 
O(w3)-O(2) 2.928(6) 
O(w4)-O(3) 2.803(6) 
O(w4)-O(w7) 2.725(6) 
O(w5)-O(4) 2-950(6) 
O(w5)-O(w7) 2.714(7) 
O(w6)-O(1) 2.821(6) 
O(w6)-O(3) 2.770(6) 
O(w7)-O(4) 2-766(6) 
O(w7)-O(w6) 3.027(7) 

Mean value:  2.82 

O(1)-O(wl)-O(2) 121.4°(0.2 ° ) 

O(2)-O(w2)-O(4) 123.3°(0.2 ° ) 

O(1)-O(w3)-O(2) 114.0°(0.2 ° ) 

O(3)-O(w4)-O(w7) 110.5°(0.2 °) 

O(4)-O(w5)-O(w7) 102.6°(0.2 °) 

O(1)-O(w6)-O(3) 121.2°(0.2 °) 

O(4)-O(w7)-O(w6) 145.0°(0.2 °) 

Mean value:  120 ° 

A C 17 --  76 
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\ 

Fig. 3. Hydrogen bonding scheme of FeSO 4 . 7 tt=O. 

O(w)-H-O range (with one exception) from 160 ° to 
180 °, the angles H-O(w)-O from 0 ° to 13 °, the angles 
Fe-O(w)-H from 113 ° to 124 °, the distances H • • • O 
from 1.75 to 1.83 •. The exception is the hydrogen 
bond from O(w7) to O(w6) where O(w6)-H(76)-O(w7) 
is 148 °, H(76)-O(w7)-O(w6) is 23 ° and H . . .  O is 
2.17 .h.. The assignment of this hydrogen bond is not 
quite unambiguous. The water oxygen atoms O(wl) 
through O(w6) have each only two contacts to sulfate 
oxygen atoms or to O(w7) which can be explained 
as hydrogen bonds (bond distances between 2-71 and 
2.95 ~ ;  see Table 5(d)). O(w7) instead has three such 
contacts to 0(4), 0(3) and O(w6). The sulfate oxygen 
atom 0(4) at a distance of 2.77 ]x seems clearly to be 
hydrogen bonded to O(w7). The distances of 0(3) 
and O(w6) to O(w7) are 3-02 and 3.03 A, the angles 
0(4)-0(w7)-O(3) and O(4)-O(w7)-O(w6) are 97 ° and 
145 ° respectively. On purely geometrical grounds it 
cannot be decided whether 0(3) or O(w6) is the 
accepter atom of the hydrogen bond from O(w7), or 
if the bond is a bifurcated one. I t  seems however 
more probable that  the bond goes to O(w6) since this 
assignment is in better accord with the difference 

s 

O(w4) --~"-i .,'"" 0"/~7 O(v~2)O(2) 

0"50 "/ / -'"" "~'"'" 0 O0 "'"" 

o(ws') "... ] 0(,63 o(,1') o(w3') 

o ( ~ , ) ~  °( 4' ) 

., °/2 , P /  

/ 
/ 

c/2 

/ 

0 1 2A 

O O ®  o ' ' ' 
O(w) 0 S Fe 

Fig. 4. Schematic projection parallel to [010] illustrating the hydrogen bonding system. The numbers  in or near  the circles 
representing the atoms are the y parameters  of these atoms. Hydrogen bonds shown by dashed lines. 
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map parallel to [010]. Further  supporting evidence 
is to be found in the fact tha t  the distance Fe(2)-O(w6) 
is 2.19 A and thus significantly longer than the average 
Fe(2)-O(w) distance of 2.13 /~. This is similar to the 
differences in bond lengths of MS "O(w) in MgSOd. 7H20 
(Baur, 1964b), where the water oxygen atoms which 
act as acceptor atoms of hydrogen bonds have an 
average Mg-O(w) bond length of 2.10 A, while for 
the ones which are bonded to Mg only, Mg-O(w) 
is 2.05 A. These differences in bond lengths can be 
understood in terms of Pauling's electrostatic valence 
rule: a point which has been discussed at  greater 
length in par t  I (Baur, 1962a). The coordination 
octahedron around Fe(1) is distorted in a similar way, 
although not quite so pronounced, as in FeF~ (Baur, 
1958). In  FeTe there are two Fe -F  bonds of 1.99 A 
and four of 2.12/~; in FeSOa.7H~O there are around 
Fe(1) two O(wl) at  a distance of 2.07 /~ and four 
wa t e r  oxygen atoms (O(w2) and O(w3)) at 2-14 /~. 
Dunitz & Orgel (1960) interpret  tentat ively this kind 
of distortion around Fe e+ by  a Jahn-Tel ler  mechanism. 
In  the present case however it  is possible tha t  th i s  
short distance is only apparent.  Although one has 
to be cautious in interpreting the thermal parameters 
since they are much more liable than positional 
parameters to be affected by systematic errors in 
the data, it  seems safe to conclude from Table 6 

Table 6. FeSOa. 7H9.O, root-mean-square thermal 
displacements along principal axes ( t~) 

Atom Axis 1 Axis 2 Axis 3 

Fe(1)  0 -130 (2 )  0 . 1 3 5 ( 2 )  0.150(2) 
Fo(2)  0 . 1 2 7 ( 2 )  0 . 1 3 5 ( 2 )  0-154(2) 
S 0.128(2) 0 . 1 2 9 ( 3 )  0.141(3) 
O(1 )  0 . 1 3 3 ( 7 )  0 - 1 5 4 ( 6 )  0.194(7) 
0(2) 0 . 1 2 5 ( 7 )  0 . 1 6 4 ( 8 )  0.210(6) 
O(3 )  0 . 1 1 0 ( 8 )  0 . 1 9 4 ( 6 )  0"210(6) 
0(4) 0 - 1 2 1 ( 8 )  0 . 1 8 1 ( 7 )  0-196(7) 
O(wl) 0.115(10) 0 . 1 8 0 ( 8 )  0.309(7) 
O(w2) 0 . 1 5 4 ( 8 )  0 - 1 8 0 ( 6 )  0.227(7) 
O(w3) 0"138(7)  0 " 1 6 3 ( 6 )  0.200(8) 
O(w4) 0"134(6)  0 " 1 6 7 ( 5 )  0.212(6) 
O(w5) 0 -154(7)  0 . 1 6 9 ( 6 )  0.228(6) 
O(w6) 0 . 1 4 0 ( 7 )  0 . 1 6 6 ( 7 )  0-228(8) 
O(w7) 0 . 1 4 7 ( 9 )  0 . 1 9 1 ( 6 )  9-215(7) 

tha t  the thermal motion of O(wl) is significantly 
more anisotropic than tha t  of the other water oxygen 
atoms. The thermal displacements of the water 
oxygen atoms O(w2) through O(w6) and of Fe(1) and 
Fe(2) can be interpreted as rigid body motions of 
the whole groups. The directions of the smallest 
thermal displacement (axis 1 in Table 6) of the 
water oxygen atoms are at  an average angle of 12°(2 ° ) 
with the line connecting them to the iron atoms. 
The displacement of O(w2) through O(w6) along the 
bond Fe-O(w) is of approximately the same magnitude 
as the displacement of the central iron atom. The 
other two axes, of intermediate and largest thermal 
displacement (axes 2 and 3 in Table 6) are at average 

angles of 94o(4 ° ) and 83o(3 ° ) with the respective 
Fe-O(w) lines. The displacements of O(wl) along 
axes 1 and 3 are very different from those of all the 
other water oxygen atoms. I t  seems tha t  O(wl) is 
moving (at least part ly) independently of the rest of 
the group. The correction of the bond distance for 
thermal motion assuming tha t  Fe(1) and O(wl) move 
independently (Busing & Levy, 1957) changes Fe(1)- 
O(wl) from 2.07 to 2.11 J~. This correction therefore 
brings the distance Fe(1)-O(wl) into somewhat better 
accord with the distances Fe(1)-O(w2) and Fe(1)- 
O(w3). 

The mean bond length for the six different Fe-O(w) 
bonds in FeSOd.7HeO is 2-124 ~ (uncorrected for 
thermal motion). Reliable information on Fe2+-O(w) 
distances is scarce; the value found here can be 
compared with the mean value for Fe-O,O(w) of 
2.122(5) /~ in FeSOd.4H20 (I) and of 2.140(13) /~ in 
Fe(HeO)6.SiF6 (Hamilton, 1962). The differences 
between these values are not significant. The mean 
value for the Fe-O(w) bond length in FeSOd.7HpO 
is changed to 2.138 A if the correction for thermal 
motion is applied to all the distances, namely a 
correction assuming independent motion for the dis- 
tance Fe(1)-O(wl) and assuming in-phase motion for 
all the other Fe-O(w) distances. The bonding angles 
O(w)-Fe-O(w) scatter  from 86.0 ° to 94.0 °, the dif- 
ferences between them are significant; so are the 
differences between the O(w)-O(w) distances in the 
octahedra, which range from 2-90 to 3.13 J~. The 
mean value of the S-O distances in the sulfate group 
is 1"474 J~; the corresponding value in MgSOd.4H20 
(Baur, 1946a) is 1.473 ~. Since the thermal ellipsoids 
of the sulfate oxygen atoms are similarly oriented in 
respect to the sulfur atom, as are the water oxygen 
atoms to the iron atom (the average angles of the 
axes 1, 2 and 3 with the lines S-O are 14°(3°), 940(2 °) 
and 93°(3°)), rigid body motion of the whole sulfate 
group may  be assumed and the in-phase correction 
for thermal motion applied to the bond distances: 
the average S-O bond length becomes then 1-485 A. 
The O-S-O angles are close to the tetrahedral  value; 
the deviations of the 0 - O  distances within the sulfate 
group from their mean value are not significant. 

Beevers & Schwartz (1935) made it  a point  in their  
description of the orthorhombic crystal structure of 
:NiSOa.THeO tha t  the octahedral coordination of 
water around a divalent cation like Nff+ is always 
different from tha t  around a t r ivalent  ion like A13+. 
In  the first  case there should always be two water 
oxygen atoms in the octahedron receiving hydrogen 
bonds from an outside water molecule. This in fact 
is t rue for tetragonal NiS04.6H20 (Beevers & Lipson, 
1932) and for orthorhombic NiSOd.TH20 (the la t ter  
structure has been fully confirmed by a refinement 
of the isostructural MgSOd.7H~.O (Baur, 1964b)). 
But it  does not hold for the monoclinic structure of 
CoSO4.6H20 (Zalkin, Ruben & Templeton, 1962) or 
for FeSOd.7H20, as has been demonstrated here. 
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I n  both these s t ructures  there are two crystallo- 
graphical ly  different  iVi2+(I-I~0)6 octahedra  in special 
positions, and  in each s t ruc ture  only one out of the  
two octahedra  is of the type  repor ted  for the nickel 
sulfate hydra tes .  

I t  is a pleasure to t h a n k  W. C. Hami l ton  for va luable  
discussions. The f irs t  pa r t  of this s tudy  (performed 
in GSttingen) was suppor ted  by  the  Deutsche For- 
schungsgemeinschaft .  
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The criticism of the paper by Jeffery (1963) contained 
in the penultimate two paragraphs of Bertaut 's  (1964) 
note on the above subject is invalid, since it rests on 
a misreading of the original paper. 

The error is due to the fact that  in the relation between 
the phase ank~ and the symmetry-related phase aa'~'z', 
Bertaut  (1964) writes an~ as the dependent variable 
on the L.H.S., whereas Jeffery (1963) writes an'k'~" 
(see his first equation) in this position. 

The actual statement in the tables (Jeffery, 1963) is 
not 

ahu = a~hz + 3(~/2)l 

as misread by Bertaut  (1964), but should be read 

a~h~ = ahu + 3(~/2)l 

in conformity with Bertaut 's  result. 

The final conclusion is that  Buerger's early geometrical 
method (1949) used in Jeffery's (1963) paper and the 
algebraic method (Bertaut, 1964) yield the same results, 
as would be expected. 

The opportunity is taken to correct a minor misprint 
in Jeffery's paper. Under Application to the tetragonal 
space groups (p. 1239) the L.H.S. of the four equations 
should be a-~m not a~kz. 
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