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the  S t r a u m a n i s  m a n n e r  r a the r  t h a n  in t h a t  of van  Arkcl.  
The  use of film techn iques  for the  isolat ion of reflexions 
makes  the  0-method both  l e n g t h y  and  tedious  and  con- 
s iderable i m p r o v e m e n t  could be effected by the  intro-  
duc t ion  of an  ioniza t ion  method .  
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The crystal  s tructures of the isomorphous zinc and magnesium benzene sulphonates have been 
determined. Tile crystals are monoclinic, with space group P21/n and two molecules in a refit cell 
with edges a =  22.6 A., b=  6-32 A., c=  6.94 A., fi= 93 ° 36" (magnesium eompotmd). 

The signs of the structure ampli tudes were fixed by compari.~on of corresponding reflexions from 
the isomorphous structures, and Fourier projections along the b and c axes were used to determine 
the structure.  

In  the structure, metal atoms are surrounded by regular oct.ahedra of water molecules, which are 
linked by hydrogen bonds to oxygen atoms of the sulphonate group. These oxygen atoms and a carbon 
atom of the benzene ring are joined to a sulphur atom by bonds which make angles of approximat.ely 
109 ° with each other. The benzene ring is plane and the minimum dista.nee between neighbouring 
rings is about 3"5 A. The position and orientation of the molecules in the structure suggest an ex- 
planat ion of the observed twin growth. 

Introduction 

An inves t iga t ion  on a series o f i somorphous  benzene and  
tolu ;ne su lphona tes  was s t a r t ed  in Manches te r  bv 
Har~:reaves and  one of us (A. D. I. N.) wi th  a view to 
ob ta  n ing a complete  s t ruc tu ra l  analvs is  by  X - r a y  
meth  ~ds. I t  was hoped t h a t  th is  would provide  useful 
i n f o n a a t i o n  abou t  the  conf igurat ion of the su lphona te  
group.  I I a rg reaves  (1946) has descr ibed the  b axis pro- 
jee t ion  of the  i somorphous  zinc and  magnes ium to luene  
su lphona te  s t ruc tures .  

I t  was found t h a t  zinc and  magnes ium benzene sul- 
phona te s  were i somorphous ,  wi th  space group P2~/n, 
and  two molecules in un i t  cells wi th  the  d imens ions  
g iven in Table  1. In  order  to conform wi th  the  usual  
convent ion ,  the  angle fl g iven corresponds to the  
supp l emen t  of t h a t  quoted  by Ha rg reaves  (1946). 

Table  1. Cell dimensions of Mg(C6HsSO~) 2. 6H20  and 
Zn(C6HsSO3)2.6H20 

Compound a inA. b inA. c i n A .  fl 
Zinc bonzono sulphonate 22-5 6.32 6.98 93 ° 36' 
Magnesium benzono 22.6 6.32 6.94 93 ° 36' 

sulphonato 

As the  space group is cen t rosymmet r i ca l  a posi t ive  or 
nega t ive  sign is associated with  each s t ruc tu re  ampli -  
tude,  and since the  meta l  a toms  must  be s i t ua t ed  a t  
s y m m e t r y  cent res it  was decided to fix tile signs of the  
s t ruc tu re  ampl i t udes  by  compar ison  of cor responding  
reflexions from the  two i somorphous  s t ruc tures ,  and  
t hen  to obta in  Four ie r  pro jec t ions  of the un i t  cell a long 
the  b and  c c rys ta l lographic  axes. F rom these  two pro- 
jec t ions  it was hoped t h a t  it would be possible to fix the  
posi t ions  of all the  a toms  in the  uni t  cell and  so to 
calculate  in t e ra tomic  bond dis tances .  
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Experimental 

Two crystals with square cross-sections small by com- 
parison with the dimension along the b and c axes 
respectively were used to take a series of zero layer-line 
Weissenberg photographs with Cu K~ radiation; ex- 
posure times varied between 6 min. and 20 hr. Inten- 
sities of X-ray reflexions were estimated visually, using 
an intensity scale constructed by exposing different 
parts of a film to an X-ray reflexion from the crystal for 
regularly increasing intervals of time. Polarization and 
Lorentz corrections were applied in the usual way and 
a set of numbers, proportional to F 2, was obtained. 

The estimation of intensities in the b axis photo- 
graphs was complicated by the fact that  the crystals 
were twinned across the face (100). Reciprocal nets of 
the two components of the twin showed that (h00) and 
(h05) reflexions from one component would overlap 
completely (h00) and (h-2,0,5) reflexions from the other. 
Partial overlap of (h04) and (h06) reflexions from one 
component with (h-2,0,4) and (h-2,0,6) from the other 
must also be expected. A correction for complete over- 
lap was applied by finding the ratio between the in- 
tensities of reflexions from the two components. This 
was done by direct comparison of corresponding re- 
flexions from the two components where no overlap 
occurs and substituting in a correcting formula. No 
really satisfactory method of correcting for partial 
overlap was discovered and this lin~itation reduced the 
accuracy of the final projection along this axis for both 
magnesium and zinc compounds. 

Determination of the structure 

(a) c axis projection. The structure factor for re- 
flexions of the type (h/c0) in the space group P21/n is 

S (h/c) = 4 cos 2zrhx cos 2~r/cy, when (h +/c) = 2n; 

S (h/c) = - 4 sin 27rhx sin 2~r/cy, when (h-b/c) = 2n + 1. 

Assuming that  all corresponding atoms have the 
same co-ordinates in the crystal structures of the two 
isomorphous compounds, 

Fzn(h/c)=2fzn+~Si(h/c)fi, when (h + /c) -- 2n; 
i 

F~1g(h/c)=2fMg+ ZS~(h/c)f~, when (h +/c)=2n; 
i 

Fzn(h/c)=FMg(h/c)=ZS~(h/c)f~, when (h+/c) - -2n+l .  
i 

where fzn, fMg and f / a r e  the atomic scattering factors 
for the zinc, the magnesium and the rest of the atoms 
respectively. As the metal atoms do not contribute to 
the odd reflexions, only the signs of the even terms can 
be determined by the isomorphous replacement method. 
These signs were obtained as follows. 

By experiment a set of coefficients, G's, proportional 
to F 's  is obtained: 

Gzn (hk)=gzaFzn (h/c), GMg (h/c)=g~v~gFMg (hk), 

and, since Fzn (hlc) = •Mg(hk) when (h + k) = 2n + 1, 

Gzn (hk)_gzn 
GMg (hk) gMg" 

Thus the ratio gzn/gMg and its variation with sin 0 can 
be determined from the odd reflexions and used to put 
the experimentally determined coefficients from the 
two compounds on the same scale. The signs of the 
even terms can then be determined by direct com- 
parison. 

A Fourier synthesis was computed using the even 
terms only, and the resulting projection contained a 
centre of symmetry additional to that  required by the 
true crystal symmetry. The projection, therefore, con- 
rains peaks corresponding to the atomic positions and 
also images of these atoms produced by the operation 
of a spurious centre of symmetry. The false peaks were 
identified as follows. A Patterson projection on the 
(001) plane was computed and the x and y co-ordinates 
of the sulphur atom were obtained by inspection. The 
quantity Sfs was then determined for all terms having 
(h + b) odd and a Fourier synthesis computed using the 
odd terms with signs fixed by the sulphur atom alone. 
This was superimposed on the Fourier synthesis using 
terms having (h+/c) even and it was found that the 
numbers coinciding with a peak and its image, pro- 
duced by the spurious centre of symmetry, were in one 
case positive and in the other negative. The peak whose 
height was enhanced was taken to be the true one. 

In this way it was possible to find approximate x and 
y co-ordinates for all the atoms in the unit cell and then 
to apply the usual method of successive approxi- 
mations. When the final set of structure amplitudes had 
been computed, the observed coefficients were put on 
the same scale as the calculated F 's  and the accuracy 
of the projection estimated from the value of 

x II Fobs. I - I  Fcalo, II 
x IFobs. l ' 

which was found to be 0.27 for the magnesium com- 
pound and 0.30 for the zinc compound. The greater 
inaccuracy in the case of the zinc compound is due to 
the fact that  the crystal used in taking the Weissenberg 
photographs was very small. This would necessitate 
long exposures in order to register weak reflexions, but 
it was found that  the increased background intensity 
on long exposure photographs made it impossible to 
estimate these reflexions and resulted in a high pro- 
portion of absences. 

(b) b axis projection. The structure factor for re- 
flexions of the type (hOl) in the space group P21/n is 

S(hl)=4 cos 2~r(hx+lz), when (h+l)=2n; 
S (hl) = 0, when (h + l) = 2n + 1. 

Therefore 

Ezn (h~)= 2fzn + ZZ&,  
i 

~zn (h~)=FM~ (hZ) = 0, 

when (h + l) = 2n; 

when (h + l) = 2n + 1. 
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I t  was possible, thereibre ,  to de te rmine  the  signs of 
all the  s t ruc tu re  ampl i t udes  by the  me thod  of isomor- 
phous  rep lacement .  A pro jec t ion  of the  un i t  cell a long 
the  b axis  was calcula ted,  and  the  usual  me thod  of suc- 
cessive a p p r o x i m a t i o n s  appl ied.  The  accuracy  of the  
final pro jec t ion  m a y  aga in  be e s t ima ted  from the  value  

ofZll ~obs. I--I FeaZe. I] which was found to be 0.3~ for the 
z I ~obs. I 

m a g n e s i u m  compound  and  0-21 for the  zinc compound.  
Compar i son  of these  values  i l lus t ra tes  the  l imi ta t ions  

inhe ren t  in the  use of the  express ion above  as an  
e s t ima te  of the  accu racy  of the  project ion.  The  supposed 
h igher  accuracy  of the  zinc compound  (b project ion)  is 
due to the  larger  E J Fobs. J in the  d e n o m i n a t o r  of the  
expression.  Again,  compar ison  of the  es t ima te  for the  
zinc c and  b pro jec t ions  suggests  t h a t  the  b pro jec t ion  
is more accura te  t h a n  the  c projec t ion,  whereas  owing 
to difficulties caused by t w i n n i n g  i t  is u n d o u b t e d l y  less 
accura te .  I t  mus t  be remembered ,  however ,  t h a t  the  
zinc a toms  con t r ibu te  only  to the  even te rms  in the  
c projec t ion,  whereas  t h e y  con t r ibu te  to  all t he  t e rms  in 
the  b project ion,  m a k i n g  E l Fobs. J grea ter  in the  l a t t e r  
case. I f  a compar ison  of the  accuracy  of the  four pro- 
jec t ions  is required,  i t  is be t t e r  to compare  the  quan-  
t i t ies  E JJ Fobs. l--J F c ale. If" This  can be done as all four  
pro jec t ions  include a p p r o x i m a t e l y  the  same n u m b e r  of 
te rms,  and  i t  is t h e n  a p p a r e n t  t h a t  the  c pro jec t ions  
are more accura te  t h a n  the  b project ions .  

D e s c r i p t i o n  o f  the  s t ruc ture  

F r o m  the  b and  c axis projec t ions  x, y and  z co-ordinates  
were ob ta ined  for all the  a toms  in the  un i t  cell: t h e y  are 
l is ted in Table  2. 

Table  2. Co-ordinates of atoms in the unit cell 

Magnesium compound Zinc compound 
_ _ &  2 ,  

Atom x i n A .  y i n A .  z i n . .  x i n A .  y i n A .  z inA. 
Mg or Zn 0 0 0 0 0 0 
S 2.37 2.44 3.60 2.36 2.44 3.64 
O z 2.30 0.98 3"60 2.29 1.02 3.64 
O~ 2.11 3"03 4.85 1.91 3-03 4"79 
On 1"73 3"03 2.46 1.73 3.03 2.48 
(H~O h 0"98 1"75 0"13 0"98 1"72 0"08 
(H~O)~. 1"24 5"60 1"68 1"35 5"60 1"62 
(H~O)a 1.28 5.60 5.55 1.28 5.60 5.45 
C~ 6.85 3-25 3.53 6.84 3.28 3.45 
C9. 6-44 1.97 3.93 6-45 1-79 3.95 
C a 5-12 1.80 3.93 5.06 2.72 3-93 
C4 4.22 2.80 3.48 4-13 3.99 3.44 
C 5 4.48 4.01 3.03 4-58 4-29 3-06 
C 8 5.99 4-29 3.04 5.98 4.29 3-11 

The  general  na tu r e  of the  s t ruc tu re  is shown in 
Figs.  1 and  2 which are c and  b axis projec t ions  for the  
magnes ium compounds .  I t  is ve ry  s imilar  to t h a t  sug- 
gested by  the  b axis  projec t ions  of the  i somorphous  zinc 
and  magnes ium to luene  su lphona tes  as publ i shed  b y  
H a r g r e a v e s  (1946). The  meta l  a toms  are su r rounded  by  
regular  oc t ahedra  of water  molecules,  the  average  meta l  
to water  d i s tance  in the  magnes ium compound  being 
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2.04 A. and  in the  zinc compound  2-08 A. The su lphur  
a tom is su r rounded  by a group consis t ing  of th ree  
oxygen  a toms  of the su lphona te  radical  and  one carbon 

N2:..~. ".?-~ ;FS~ ~ 

', ~ / ~:UI~. 

.......... .0 I ~o 
Scale m A. 

Fig. 1 a. Fourier projection of magnesium benzene sulphonate 
along the c axis. The contour lines enclosing the resolved 
carbon and oxygen atoms and water molecules are drawn at 
intervals of two electrons per A. 2 and those enclosing the 
rest at intervals of four electrons per A. e The two-electron 
line is dotted. 

. f : ,  
(H2Oh 

O2 O3 (~:~Cs ( c: 0y 
w 

Fig. 1 b. The projection of the structure of magnesium benzene 
sulphonate along the c axis. 

, ° ° .  - . ° , -  

.......... 0 
Scale m A. 

Fig. 2. Fourier projection of magnesium benzene sulphonate 
along the b axis. The contour lines enclosing the magnesium 
atom and (sulphur+oxygenz) group are drawn at intervals 
of four electrons per A. 2 and those enclosing the rest at 
intervals of two electrons per A. 2 The two-electron line is 
dotted. This diagram may be compared with the right-hand 
side of Fig. 3a. 

a tom of the  benzene ring. The  average  S-O d i s tance  is 
1.42 A. in the  magnes ium compound  and  1-39 A. in the  
zinc compound,  the  ind iv idua l  values  rang ing  from 1.35 
to 1.46 A. There  is no reason to suppose t h a t  these  bond 
lengths  should be different,  and  averag ing  over  the  six 
separa te  values  from the  two compounds  the  va lue  
ob ta ined  is 1.41 A. I t  is in te res t ing  to compare  th i s  
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with the value 1.44 A. -+ 0.03 obtained by Cox & Brown 
(1940) for the S - 0  distance in potassium sulphonate 
and  with 1.44 A._+0.02 obtained by  Cox & Jeffrey 
(1942) for the S - 0  distance in fl isoprene sulphone. The 
S-C distance is 1.90 A. in the magnes ium compound 
and  1-82 A. in the zinc compound. The difference again 
p robably  represents exper imenta l  error which is large 
on account of the difficulty in making a good est imate  
of the z co-ordinate of the carbon atom C4 (see Fig. 2). 
The values obtained b y  Toussaint  (1945) for S-C dis- 
tances, where the sulphur  a tom is joined to a benzene 
ring, range from 1.75 to 1-84 A. The disposition of 
bonds from the  sulphur  a tom appears to be regular 
te t rahedral ,  the  angles between the bonds being about  
109 ° . The benzene ring is plane and the average distance 
between adjacent  carbon atoms is 1.40 A., individual  
values ranging from 1.32 to 1.47 A. 

Hydrogen  bonding occurs between the water mole- 
cules surrounding the meta l  Atoms and the oxygen 
atoms of the sulphonate  groups. Each water molecule 
is l inked to one meta l  a tom and  to two oxygen atoms of 
different sulphonate  groups, and  the bonds lie near ly  
in a plane. The indiv idual  H20-O  distances range 
between 2.72 and  2.86 A., the average value being 
2.77 A. This m a y  be compared, for example,  with the 
value 2.75 A._+0.02 found in the copper sulphate  
s tructure (Beevers & Lipson, 1934). 

The m i n i m u m  distances between neighbouring mole- 
cules occur between C 3 and  C~. of one ring and  C e and C~ 
of an  ad jacent  ring; these distances are 3.5 and 3.6 A. 
respectively.  Other intermolecular  distances exceed 
3.9 A. 

Discussion on accuracy 
High accuracy for the  bond lengths s tated is not  
claimed. Inaccuracies arise from two sources. 

(a) Experimental. The accuracy of the b projections 
is reduced b y  the difficulty in es t imat ing intensit ies 
of certain (hO1) reflexions which par t ia l ly  over-lap re- 
flexions from the  twin component.  Both c and  b 
projections are affected by  the  relat ively high pro- 
port ion of missing reflexions due to the small  crystals 
used. 

(b) The nature of the projections. The b and  c projec- 
t ions give two independent  values of the  x co-ordinate, 
and,  as an  a tom which is not  resolved in one project ion 
appears  clearly resolved in the  other, i t  is possible to 
determine this co-ordinate to wi th in  0-03 A. Only one 
es t imate  of the y and  z co-ordinates can be made  and  
from Figs. I and  2 it can be seen t ha t  the y co-ordinates 
of 02, 03, (H20)~, (H20)3 and the z co-ordinates of 
S, Oz, Cz, Ca, C5, C2 cannot  be de termined with great 
accuracy;  i t  is es t imated tha t  the error m a y  be as much  
as 0.2 A., a l though in most  cases it  is probably  less. 

crystal.  The persistence of the twinning,  which takes 
place on a submicroscopic scale, can be explained in 
terms of the structure by  considering the position of the 
oxygen atoms and water molecules on opposite sides of 
the twin boundary.  I f  twinning does not  occur, the 
atomic groups on opposite sides of the (100) plane 
passing through the origin are related by a centre of 
s y m m e t r y  and are s i tuated as shown in Fig. 3 a. A twin 
is produced by rotat ing a uni t  cell through 180 ° about  
the z axis and the relation between a uni t  cell and its 
twin is shown in Fig. 3 b. The heights of the atoms are 
recorded on the diagram. 

(H,o),C") ("%(H,o), 
0"72 ' ~  Zn ~ 0~'2 
(HLo),,,--~i,(/-., (H,OI, 
1"7S ~ 1'75 

(H20),/_./ \ ~  (H20), 

o= f-~7-" ~ o, c, c, 
3-03k~,)/ ~ )3-03 ~ _ 

c. , - ~ ~ , - ~  ~ 3~3 
(H:=O), ~,'~ - ,/~.~'(H20), 

(%°_)'Q-/q% (~o), 

Fig. 3a. Projection of the untwinned structure of magnesium 
benzene sulphonate along the b axis, in the neighbourhood 
of a possible twin axis, the c axis of a unit cell. Hydrogen 
bonds between water molecules and oxygen atoms are 
drawn with narrow black lines unless the y co-ordinate of 
the oxygen atom is that shown + b when the line is broken. 
Other bonds are drawn with thicker black lines. 

(H20)2t"~ F~(H20)~ 
0'72 ~N~, Zn y 0 7~.--~ 2 
(H,_L°), ~ f-~(H,O), 
1'75 ~ J ~  1"75 

(H20),,,,,~ ~ (H20)z 
0n.~) C3)~ 

,C6 ,Cs ,03 ~ "~:'~ 03 Cs C6 

~ " k ~  ~o - - / ~ 2 - ~  ~ c~ 
,o, ( ' 1 \  A~.. ) o, 
TO-3"'~'?-'~ ,,~.?-.- 3.03 

. ' , . - . \ t Y J  . 

Fig. 3b. Projection of the structure of magnesium benzene 
sulphonate along the b axis, in the neighbourhood of a twin 
axis. The component on the loft is produced by a rotation of 
180 ° about the c axis of the component on the right. Bonds 
are shown as in Fig. 3 a. 

Explanation of  twinning 

When  work on these compounds was s tar ted a thorough 
but  unsuccessful search was made  for an  un twinned  

I f  twinning is to occur with ease, the positions of 
the atoms in the cells of the twinned structures and 
un twinned  structures mus t  be near ly  identical.  Corn- 



92 C R Y S T A L  S T R U C T U R E S  OF Z I N C  A N D  M A G N E S I U M  B E N Z E N E  S U L P H O N A T E S  

parison of Figs. 3a and  3b shows t h a t  this is so, and  t h a t  
whereas  in the  u n t w i n n e d  s t ruc ture  (H20)2 formed 
hyd rogen  bonds  with O~ and  03, in the  twinned  s t ruc ture  
it can form hydrogen  bonds  o ~ tpp rox ima te ly  the  same 
length  with tO 1 and  tO 2. Si ai larly (H20 h can form 
bonds  w ' th  tO 2 and  tO 3 and  (H.~O)a with tO 1 and  

t O 3  • 

The exp lana t ion  can be summar i zed  by saying t h a t  
the  opera t ion  of a d ied  axis wi th  a mirror  plane per- 
pendicu la r  to it is equ iva len t  to a centre  of s y m m e t r y ,  
and  since in this  s t ruc ture  fi is near ly  90 ° and  the  p lane  
(001) is a lmos t  a plane of s y m m e t r y  the  tw inn ing  
opera t ion,  or ro ta t ion  of the  s t ruc ture  t h rough  180 ° 
abou t  the  z axis, is near ly  equ iva len t  to the  opera t ion  
of a centre  of s y m m e t r y  in the  actual  s t ructure .  
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With the increasing application of X-ray crystallography 
to the study of details of molecular structure, considerable 
a t tent ion is now being given to the accuracy of the electron- 
density maps obtained in X-ray crystallography. To obtain 
the max imum value from the results of structure analysis, 
as of any scientific investigation, it is necessary to eliminate 
systematic errors, and, having est imated the random 
errors, to subject any metricM interpretat ion of the results 
to s tandard statistical tests of significance. The systematic 
errors of electron-density maps are due to the use of finite 
Fourier series; Booth (1945, 1946a, 1947) has shown how 
these may be corrected by evaluating syntheses in which 
the coefficients are structure factors calculated from the 
' f inal '  atomic co-ordinates. These syntheses have their 
peaks slightly displaced due to the finite series; corrected 
co-ordinates are then obtained by applying these displace- 
ments  with reversed signs to the ' f inal '  co-ordinates. 

The random errors are due to the method  of correction 
for finite series, experimental  errors, and rounding-off 
errors in computat ion.  In the ease of three-dimensional 
syntheses it can be shown that  the experimental  and 
finite-series-correction errors lead to a s tandard deviation 
(S.D.) of the error in the slope of the electron density in the 
x-direction (at any point in the unit  cell) given by 

a (A~) = ~ T  (1) 

and to similar expressions for a (A~) and a (A~). In this and 
following expressions AF is the difference between observed 

and calculated structure factors; a (U) or a~ is a S.D. ; 

A~ and A~q are first and second differentials respectively 
of the electron-density p; h, k and l are Miller indices (for 
brevity the subscripts in AFhk~ are omitted) ; a, b and c are 
cell dimensions; and V is the volume of the unit  cell 
( = abe sin fl in the monoclinic case). In (1) each indepen- 
dent  AF appears once only and m is the multiplicity of the 
F concerned; Mternatively, the contents of the bracket  

_ _ 2  
may be wri t ten ~ h 2 A F  , the summation then being over 

3 
every plane in the ssmthesis. The S.D.'S of the errors in the 
density and second differentials are 

a ( p ) =  m A F  , a ( A ~ ) =  rnh k2AF J . 

The corresponding formulae for plane projections are 
exactly analogous. The above results are for centre- 
symmetr ic  structures ; for non-centrosyrnmetric structures 
they must  be mult ipl ied by ~/2. 

The S.D.'S of a peak position are obtained, after sub- 
st i tut ing a (A~), a (Av) and a (A~), by statistical solutions 
of Booth's ( 1946 b) differential equations for peak positions. 
For spherically symmetrical  peaks in a monoclinic cell this 
gives 

a~ = a (A~)/A,v 
_ _ 2  _ _ . 2  

and a . =  [a (A~) - cos 2 fl a (A~) ]t/A.:~ sin 2 fl, 

with a similar expression for a z, where A~q, the second 
differential at  the peak, is obtained either from the 


