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Zinc ammonium sulfate hexahydrate Zn(NH4)9.(SO4) 2. 6H~O (a Tutton salt) is monoclinic: 

a=9 .28 ,  b=12.57, c = 6 . 2 5 A ,  /~=106.8 °, 

space group P21/a, two molecules per unit cell. The atomic positions have been determined by 
three-dimensional Fourier and least-squares refinement of X-ray diffraction data.  The zinc ion lies 
at  a centre of syrm~etry surrounded by a slightly distorted octahedron of water molecules, 
(Zn-H20 2-12 A_ and 2.07 ~k) and the sulfate ion (S-O 1.48 A, O-S-O 109"4 °) is bonded to the water 
molecules of the hexa-aquozinc ion by a series of hydrogen bonds varying in length from 2.72 A_ 
to 2-85 i .  

I n t r o d u c t i o n  

As pa r t  of a series of studies of octahedral  arrange-  
ments  of l igands about  metals  of the first  t ransi t ion 
group, a s tudy  has been begun on the double salts 
of ammonium sulfate with divalent  t ransi t ion meta l  
sulfates (Tutton 's  salts). These salts were examined 
crystal lographical ly  by Hofmann  (1931), but  in the 
light of recent theoretical  developments  it  has become 
of interest  to invest igate in detail  the actual  bond 
lengths and angles in the coordination polyhedra  of 
the t ransi t ion elements. The isomorphous Tut ton  salts, 
which have an  octahedral  a r rangement  of wate r  
molecules about  the meta l  ion, should prove an 
excellent source of comparisons. This investigation 
reports  the results for zinc ammonium sulfate hexa- 
hydra te ,  which was the first  salt  of this series to be 
examined in detail .  

E x p e r i m e n t a l  

Crystals of zinc ammonium sulfate hexahydrate in 
a rod-like habit elongated in the c axis direction 
were obtained by quick cooling of a water solution 
of the salt. Individual crystals were grown to a suitable 
size in a slowly evaporating solution. The cell dimen- 
sions were determined from rotation and zero-level 
Weissenberg photographs (Cu Ko¢ radiation) about the 
c axis, with superimposed reflections from sodium 
chloride (a0=5.6387 A) for calibration. The angle /5 
was measured from the a'c* net precession photograph 
(Mo Ka radiation). The results are" 

a = 9"279 _+ 0.012, b = 12.568 ± 0.015, c = 6.253 ± 0.005 A, 

/5 = I06 ° 49' ± 6', Z = 2. 

Systemat ic  absences (hO1 absent  when h is odd and  
0k0 absent  when k is odd) indicate the space group 
P21/a. This confirms Hofmann ' s  d a t a :  

a = 9.205, b = 12.475, c = 6.227 kX,  /5 = 106 ° 52'. 

In tensi t ies  were obta ined from five levels (hkO th rough 
hk4) on a Nonius in tegra t ing Weissenberg camera,  
in tegra t ing in one direction only. The diffraction 
pa t te rns  were recorded by  the mult iple film technique 
(Kodak medical X - r a y  film) and the intensit ies were 
measured by a microphotometer  of the Moll type,  
whose ou tput  was fed into a Leeds & Nor th rup  
recorder equipped with  a logari thmic slide wire. 
The in tens i ty  of each reflection was t aken  to be 
proport ional  to the area under  the photometer  t racing.  
Intensi t ies  were corrected for Lorentz and polarizat ion 
factors in the usual manner .  In  all, 1066 reflections 
were used, of which 206 had intensit ies less t h a n  the  
min imum observed value. The intensit ies of the 
remainder  var ied  f rom 1 to 450. 

The observed intensit ies were corrected for absorp- 
t ion essential ly by the method  of Bond (1959), pro- 
g r ammed  for the  IBM 709. The crysta l  was of a 
regular  hexagonal  cross section, the diagonals of which 
did not  differ by  more t h a n  0.02 mm. Accordingly 
it was t r ea ted  as a cylinder ( # = 6 1 . 5 2  cm-1 and 
# R = 0 . 8 3 )  and  a correction was applied to each 
reflection from Bond's  table.  

All calculations except the  final least-squares refine- 
ment  were made  with  an  IBM 650 computer  (Brown, 
Lingafel ter ,  S tewar t  & Jensen,  1959). The least- 
squares ref inement  was carried out with the  Busing 
& Levy  ful l -matr ix  program with a 704 s imulator  on 
an IBM 709. 

Scattering factors for zinc were from Thomas & 
Umeda (1957) and for all other atoms from Berghuis, 
Haanappel, Potters, Loopstra, MacGillavry & Veenen- 
daal (1955). 

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

The space group requires t h a t  the zinc a toms be a t  
O, O, 0 and  ½, ½, 0 and  it  was assumed t h a t  the  other  
a toms were in the  fourfold positions for the space 
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group. The original parameters given by Hofmarm 
for the magnesium salt were modified for the sulfate 
oxygen atoms to allow for a more reasonable value 
of the S-O bond distance (1-5 in place of 1.6 A) 
and a series of electron-density projections on [001] 
were calculated. The refinement did not proceed 
readily below an R value of 0.25. The Hofmann 
parameters were therefore abandoned and a three- 
dimensional Patterson function calculated. From this, 
the position of sulfur (coincident with Hofmann's) 

was deduced. A three-dimensional Fourier synthesis 
was calculated with the use of phases determined 
only by the zinc and sulfur atoms. All atoms were 
located in this summation, but two (N and 0(6)), 
which had low electron densities, were omitted from 
t h e  n e x t  c a l c u l a t i o n .  T w o  c a l c u l a t i o n s  w e r e  m a d e  - -  

o n e  u s i n g  t h e  m e a s u r e d  i n t e n s i t i e s  a n d  o n e  u s i n g  

i n t e n s i t i e s  c o r r e c t e d  f o r  a b s o r p t i o n .  A g r e e m e n t  i n  

t h e  l a t t e r  c a s e  w a s  m o d e r a t e l y  b e t t e r ,  a n d  t h e  u n -  

c o r r e c t e d  i n t e n s i t i e s  w e r e  n o t  u s e d  a g a i n .  A f t e r  t h e  

0(7) { 

o(8) { 

0(9) { 

Zn(1) 
S(2) 
0(3) 
0(4) 
0(5) 
0(6) 
0(7) 
O(S) 
0(9) 
N(10) 
H(ll) 
H(12) 
H(13) 
H(14) 
H(15) 
H(16) 
H(17) 
H(18) 
H(19) 
H(20) 

Zn(1) 
s(2) 
o(3) 
0(4) 
o(5) 
0(6) 
0(7) 
o(8) 
0(9) 
N(10) 

* H ( l l )  
H(15) 

ax x 104 

2.2 
8.1 
8.0 
6.7 
7.8 
6.8 
6.7 
7.1 
9.4 

Table 1. Final atomic coordinates 

x/a ay x 104 y/b 

0.000 0.000 
0.4073 1.5 0.1372 
0.4120 5.2 0-2278 
0.5476 6.1 0.0768 
0.2794 5.0 0.0671 
0.3857 5.3 0.1778 
0.1723 4.9 0.1080 

- 0.1629 4.7 0.1113 
--0.0007 4.9 --0.0676 

0.1366 6.7 0.3454 

0.050 0.302 
0.203 0.298 
0.101 0.380 
0.144 0.418 

0.173 0.096 
0.239 0.137 

- -  0.243 0.O93 
- 0 . 1 4 5  0.189 

-- 0.099 -- 0.037 
0.017 - 0 . 1 7 1  

a z  x 1 0  4 

4.5 
13.1 
15.9 
13-1 
13.4 
12.2 
13.1 
12-5 
17.8 

0.358 
0.172 
0.975 
0-449 
0.268 
0.828 
0.432 
0.318 
0.534 
0.498 
0.792 
0.634 

Table 2 

(a) Anisotropic t empera tu re  parameters  ( × 102) 

0.217 1.63 --0.019 0.057 
0.121 1-62 - 0.034 - 0.008 
0-220 2.15 -- 0.186 0-502 
0.388 3.97 0.130 0.135 
0.239 2.64 - 0 . 1 4 5  0.110 
0.263 1.99 - 0.090 0.184 
0.305 1.30 - 0.157 0.069 
0.208 2.50 -- 0.009 0.309 
0.210 1.77 0.025 0.082 
0.285 2.59 0.129 - 0.246 
0.396 1.74 0.000 0.340 
0.317 1.40 0.000 0.272 

(b) S tanda rd  deviat ions  of t empera tu re  factors ( x 104) 

~ 23 

0.019 
0.013 
0-105 
0.154 
0.043 
0.264 
0.127 
0.062 
0.130 
0.132 
0.000 
0.000 

* Isotropic  T . F .  in anisotropie form. Not  refined. 

z/c 

0.000 
0.7400 
0.5917 
0.7853 
0.6240 
0.9489 
0-1683 
0-0351 
0.3024 
0.3605 

0.227 
0.354 
0.397 
0.307 

0.290 
0-095 

0.020 
0.040 

0.350 
0-339 

Zn(1) 1.67 0.8 6.9 0.9 2.5 1.7 
S(2) 2.2 1.0 10.8 1.2 3.5 2.3 
0(3) 10.0 3-9 30.4 4.9 13.4 7.9 
0(4) 8.9 4.9 37.6 5.2 14.0 10.0 
0(5) 7.6 3.8 31.3 4.0 11-6 7.7 
O(6) 9.4 4.2 33.3 4-9 13.8 8.4 
0(7) 7.8 4-1 27.6 4.3 l l . 0  7-2 
0(8) 7.3 3-8 31.0 3-9 11.4 7.4 
0(9) 8-5 3.7 30.0 4.3 11-8 7.1 
:N(10) 10.5 5.4 39.6 5.8 15.8 10.7 
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T a b l e  3. Observed and calculated structure factors 
( x  lo) 

Columns are k, lOFo and IOF o. Unobserved  reflections are marked  * and ext inct ions  with an E 
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third Fourier summation (R=0.16) a change was 
made to the least-squares program of refinement in 
order to allow for use of anisotropic temperature 
factors. A modified Hughes weighting scheme was 
used, with w--0 for unobserved reflections for which 
Fc<Fmin, w = l  for unobserved reflections where 
Fc>Fmin, w = l  for observed reflections for which 
fo < 30 and w=30/Fo for Fo > 30. The function min- 
imized was .~w(Fo-Fc) ~. After four cycles of least- 
squares refinement, parameters were selected, the 
bond lengths and angles calculated and estimates 
of the accuracy were made. At this stage R was 0.10 
for 1066 reflections. A three-dimensional Fo-Fc  
synthesis based on these parameters was calculated 
and a self consistent set of hydrogen atomic positions 
were taken from this summation. Refinement was 
then continued but each hydrogen atom was given 
an averaged isotropic temperature factor (which was 
not refined) to correspond to the type of atom to 
which it was joined. After five further cycles, the 
changes in parameters were insignificant and a final 
selection of parameters was made (Tables 1 and 2). 
The R value (including hydrogen atoms) was 0.085 
and the final values of calculated and observed 
structure factors are given in Table 3. No great 
accuracy can be claimed for the hydrogen parameters, 
and their bond lengths and angles are not listed. 

The average shifts in the final cycle were ~x = 
0-000002, 5y=0-0000013, (~z=0.000056, and the max- 
imum shifts (for nitrogen) were (5x=0.000085, (~y= 
0-000055, ~z = 0.00030. 

Discuss ion  

The main points of interest are the regularity and 
dimensions of the zinc coordination polyhedron. Bond 
lengths and angles are given in Table 4. The water 
molecules are arranged in a nearly regular octahedron 
about the zinc ion, the Zn-O bonds are of the expected 
length and the angles do not differ significantly from 
90 °. The S-O bond distances of 1.48 A, and the O-S-O 
bond angles of 109"4 ° , are also normal. 

Table 4. Bond lengths and angles with estimated standard 
deviation in parenthesis for each bond type 

Bond  length  (A) Bond angle / °) 

Zn-O(7) 2.129 
Zn-O(8) 2-117 
Zn-O(9) 2.075 
S-O(3) 1-477 
S-O(4) 1.462 
8-0(5) 1-488 
S-O(6) 1-469 

(o.o12) (0.04) 

(0-015) (0.6) 

O(9)-Zn-O(7) 89.1 
O(8)-Zn-O(7) 90"6 
O(8)-Zn-O(9) 89"2 
O(3)-S-O(4) 109.6 
O(3)-S-O(5) 108.3 
O(3)-S-O(6) 109"1 
O(4)-S-O(5) 109.1 
O(4)-S-O(6) 110.5 
0(5)-S-O(6) 110.1 

The length of the equatorial Zn-O bonds, 2.123 /~ 
is, within limits, the sum of the ionic radii of zinc 

and oxygen (Pauling, 1960). The axial bond Zn-O(9) 
(Fig. 1) is shorter by 0-048 /~, which is four times the 
standard deviation. I t  is possible that  this shortening 
is a consequence of the rather close approach of 
atoms 0(9) and 0(9'). Other measurements of the 
Zn-HeO bond in the hexa-aquo ion give 2.08 A 
(Broomhead & Nicol, 1948) and 2.09 /~ (Hargreaves, 
1957). In dihydrate salts of zinc, two Zn-H~O values 
are available: 2.06 A (Klug, Alexander & Sumner, 
1958) and 2.14 A (van Niekerk, Schoening & Talbot, 
1953). The hexa-aquo ion is joined to the sulfate 
groups by a series of hydrogen bonds, two for each 
water molecule (Table 5). 

The structure given by Hofmann is almost the 
same as that  given above, with the exception that  
the water octahedron and the sulfate tetrahedron are 
both tilted considerably (about 20 ° ) relative to the 

~ C 

(2 

Fig. 1. Number ing  of a toms.  

Table 5. Intermolecular distances 

Relative p0~iti0n of Bond length 
Bond second a tom* (A) 

0 (5 ) -0 (7 )  x, y, z 2.781 (0.027) 
0 (6 ) -0 (7 )  x, y, zq- 1 2-854 
0 (4 ) -0 (8 )  x + l  y, z + l  2.723 
0 (6 ) -0 (8 )  x +  ½ ½--y z +  1 2-768 
O(3)-O(9') x + ½  ½ - y  z + l  2-723 
O(5)-O(9') x, y z +  1 2.755 
O(9)-O(9') x, y z +  1 2.996 
O(3)-1~I(10) x, y, z 2.944 

* This is the  t r ans fo rmat ion  rela t ing each 'second a tom '  
to the  corresponding a t o m  in the  original a symmet r i c  uni t .  
o(9') is -0(9). 
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p resen t  s t ruc tu re .  Ca lcu la t ions  based  on d a t a  col lected 
for the  m a g n e s i u m  sa l t  in  th i s  L a b o r a t o r y  (Mont- 
g o m e r y  & Lingafe l te r ,  to  be publ i shed)  a n d  a n  
i n d e p e n d e n t  s t r u c t u r e  d e t e r m i n a t i o n  by  Margul i s  & 
T e m p l e t o n  (1962) show t h a t  t he  s t r u c t u r e  of t h i s  sa l t  
is e s sen t i a l ly  iden t ica l  w i th  the  zinc compound.  

This investigation was supported by the U.S. 
Public Health Service under Research Grant GM 
10842. 

R e f e r e n c e s  

BERGHUIS, J. ,  HAANAPPEL, I J .  M., POTTERS, I-VI., LooP- 
STRA, B. O., MACGILLAVRY, C. H. & VEENENDAAL, A.L.  
(1955). Acta Cryst. 8, 478. 

BOND, W. L. {1959). Acta Cryst. 12, 375. 
BROOMHEAD, J.  M. & NICOL, A. D. I. (1948). Acta Cryst. 

l ,  88. 

BROWN, B. W., LINGAFELTER, E. C., STEWART, J .  M. 
JENSEN, L. H.,  (1959). Acta Cryst. 12, 350. 

BUSING, W. R. & LEVY, H.  A. (1959). A Crystallographic 
Least Squares Program for the I B M  704. ORNL 
59-4-37. 

HOFM~N,  W. (1931). Z. Kristallogr. 78, 279. 
HARGREAVES, A. (1957). Acta Cryst. 10, 191. 
JEFFREY, G. A. ~5 CRUICKSHANK, D. W. J.  (1953). Quart. 

Rev. Chem. Soc. Lond. 7, 365. 
KLUG, H.  P., ALEXANDER, L. E. & SUMNER, (3. C. (1958). 

Acta Cryst. 11, 41. 
MARGULIS, T. N. (% TEMPLETON, D. H.  (1962). Z. Kri- 

stallogr. 117, 344. 
MONTGOMERY, H.  & LINGAFELTER, E. C. To be pub- 

lished. 
NIEKERK, J.  N. VAN, SCHOENINO, F. R. L. & TALBOT, 

J.  H.  (1953). Acta Cryst. 6, 720. 
PAULING, L. (1960). The Nature of the Chemical Bond. 

3rd ed. p. 514. I thaca :  Cornell Univ. 
THOMAS, L. S .  ~5 UMEDA, K. (1957). J.  Chem. Phys. 

26, 293. 

Acta Cryst. (1964). 17, 1299 

The Interpretat ion of P s e u d o - O r t h o r h o m b i c  Diffraction Patterns  

BY J. D. DUNITZ 

Organic Chemistry Laboratory, Swiss Federal Institute of Technology, Zi~rich, Switzerland 

(Received 14 October 1963) 

Diffraction diagrams wi th  pseudo-orthorhombic Laue s y m m e t r y  m a y  be produced by monoclinic 
crystals as a result  of twinning.  In  such cases, the  sys temat ic  absences often follow selection rules 
t ha t  are not  characterist ic of a n y  orthorhombic space group. Various examples are discussed. 
In  particular,  it is shown t h a t  the  absences m a y  follow pseudo-selection rules. Monoclinic struc- 
tures in which the projections down three mutua l ly  perpendicular  axes have perfect rectangular  
symmet ry  const i tute  a special class of pseudo-orthorhombic s tructures  and are said to be para- 
orthorhombic.  The systematic  absences and Laue symmetr ies  of para-or thorhombic s tructures are 
discussed and examples are given. 

Introduction 

During the last few years, five crystals examined 
in  the  a u t h o r ' s  l a b o r a t o r y  have  been  found  to give 
X - r a y  p h o t o g r a p h s  w i t h  m m m  s y m m e t r y  b u t  w i t h  
s y s t e m a t i c  absences  t h a t  do no t  cor respond to a n y  
o r t h o r h o m b i c  space group.  Crys t a l log raph ic  d a t a  are 
g iven  in  Tab le  1. More de ta i l ed  e x a m i n a t i o n  has  shown  
t h a t  each of these  c rys ta l s  is in  fac t  monocl in ic  w i t h  
a l l  i n t e r a x i a l  angles  of a non -p r imi t ive  u n i t  cell  
e x a c t l y  90 ° . As we shal l  see, the  u n u s u a l  f ea tu res  
of the  X - r a y  d i a g r a m s  are somet imes  due  s imp ly  to 
tw inn ing ,  b u t  i t  is somet imes  necessary  to  i nvoke  
special  ' p a r a -o r tho rhombic '  r e l a t ionsh ips  be tween  dif- 
f e ren t  sets  of r e p r e s e n t a t i v e  po in t s  in  the  monocl in ic  
s t ruc tu re s  as well.  

Table 1. Crystallographic data for five pseudo- 
orthorhombic crystals 

I. 1-Anilino-4-chloropyromellitic acid diphenylimide, 

C24Hl~N3OdC1 
a = 14.7A (1) h k l = h + k = 2 n  
b = 12-3 (2) hkO:h=2n(k=2n)  
c = 26.6 (3) hkl : i fh ,  k=2n,  h + k + 2 l = 4 n  
Z---- 8 

II. Cycloundeeylamine hydrobromide, CnH21NHa+Br - 

a ---- 65 A (1) hkl : h + k = 2 n  
b -- 9-75 (2) h k O : h : 2 n  (k=2n) ,h+k---4n 
c = 8-15 (3) hOl :h=4n 

(4) 0kl : k = 4 n ,  l = 2 n  
Z---- 16 (5) hkl : i f h ,  k=2n,  h + k = 4 n  

(6) All reflexions with h, k odd are weald 


