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Table 1. Analysis of the uranium diffraction pattern 

Estimated Measured 
diameters diameters 

hkl in mm. in mm. Intensity 

311 19-75 19-75 vf 
330 22.60 22-50 f 
212 24.50 24.25 f 
312 26.40 26.50 vs 
620 33-00 33.00 s 
611 34-20 34.50 vf 
114 41.10 41.50 vs 
424 47.00 47.00 s 
434 48.50 48.30 s 
115 51.00 51.00 vf 
860 53.60 53.50 vf 
084 58.80 58.50 f 

v = v e r y ;  f =  faint; s = strong. 

rings. Also in the electron micrograph (Fig. l (a))  
some te t ragonal  crystals  can be identified. 

I n  the  thin  film state  u ran ium thus  assumes the 
fl-phase s t ructure  which according to X - r a y  studies 
should occur a t  a high tempera ture .  I t  m a y  be pointed 
out t ha t  the  heat ing of the specimen during the 
examinat ion  in the electron microscope might  be 
responsible for the phase t ransformat ion.  In  this 
respect special care was t aken  to keep the  intensi ty  
of the electron beam at  a minimum. The exper iment  

was repeated with different films prepared  under  the  
same condition but  the result  was always the same. 
Similar s t ructural  anomalies in the thin film s ta te  have  
been observed by  other  authors  in several cases. 
Quarrel  (1937) reported t ha t  m a n y  metals  which 
normal ly  crystallize as face-centred cubes were found 
to develop the hexagonal  close-packed s t ructure  in 
the thin film. Aggarwal  & Goswami (1957) observed 
very recently a new phase (face-centred cube) of 
molybdenum in thin film. The mechanism of such 
phase t ransformat ions  in the thin film s ta te  is not  ye t  
clearly understood and hence deserves special a t ten-  
tion. 

The au thor  is indebted to Prof. N. N. Das Gup ta  
for his kind interest  in the  present  work. 
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Refinement of the crystal structure of potassium ethyl sulphate using Jarvis 's  three-dimensional 
data  has been carried out tmtil R = 0.098. Anisotropic thermal parameters have been determined, 
and an estimate has been made of the error arising from rotational oscillation. The bond lengths are 
S-O~----1.466 A, S-O~=1-466 A, S-O3=1.451 A (mean S-O=1.46+0-01 A), S-O4=1-60±0-01 /~, 
C-O ---- 1"45±0.02 A and C-C -~ 1-51+0-02 A. 

In troduct ion  

In  most  compounds in which oxygen is bonded only 
to sulphur the  S-O bond lengths are close to 1.43 A 
(see Abrahams,  1956 for a summary) ;  it is probable,  
therefore, t h a t  1.43 A is the double-bond length. The 
S - 0  bond m a y  be longer, about  1.6 A, when the oxygen o~ a2e/~x ~. ~/~y2 
is bonded to another  a tom as in K2S20 7 (Lynton,  K+ 0.976 1.005 0.952 
1955) and the  ion HS~O~- (Steeman & MacGillavry, S 0.998 1.027 0.987 
1954) but  these interatomic distances have not  been 01 0.975 0.950 1.020 
determined accurately.  Ja rv is  (1953) studied the o5 1.023 1.013 1.026 
s t ructure  of potassium ethyl sulphate,  K0~SOC2Hh, o~ 0.972 1.035 0.906 

o 4 1.000 1.008 1.016 
by  three-dimensional X - r a y  crystal  s t ructure  analysis C1 0.900 0.874 0.779 
and found tha t  the three chemically equivalent  S = 0  c~ 0.871 0.862 0-720 

bonds were 1.44, 1.45 and 1.49 A while the  S-O bond 
to the esterified oxygen was 1.60 ~.  Ja rv is ' s  results 
were obtained after one cycle of correction for ~erie~ 

Table 1. Electron densities and curvatures 
Ratios between observed and calculated values 

0-911 
0-943 
0"990 
1.011 
0.883 
1.018 
0-868 
0-890 
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x/a 
K + 0.12826 
S 0.42102 
O 1 0.46478 
Ou 0.25223 
03 0.56424 
O 4 0.39596 
C~ 0-33246 
C~ 0.33767 

Table  2. Parameters used for structure factor calculation 

y/b z/c b u b12 b13 be2 be3 b3a 
0.08572 0.10956 1554× 10 -5 171 × 10 -~ 671× 10 -5 958× 10 -5 239 × 10 -5 880× I0 -5 
0.06691 0.15973 1562 129 578 760 171 822 
0.19654 0.06999 2725 98 909 1087 299 985 
0.03742 0.12314 2431 469 550 1035 414 895 
0.06230 0.20973 1747 102 423 1940 220 1108 
0-21356 0.26168 1983 353 474 1264 149 788 
0.13007 0"36026 2250 30 734 2067 248 894 
0.28710 0.44943 2468 253 821 2784 454 940 

t e r m i n a t i o n  errors which  affected one S = O  bond  by  
as much as 0.05 A. This,  and  the  d i spa r i ty  in the  S = 0 
bonds  suggested t h a t  more  accura te  values  for the  
i n t e r a t o m i c  dis tances  could be ob t a ined  by  fu r the r  
re f inement ,  which  is descr ibed in th i s  paper .  Reference  
should  be made  to Ja rv i s ' s  pape r  for the  general  
descr ip t ion  of the  s t ruc ture .  The axes have  been inter-  
changed  to m a k e  the  space group P21/a with  a = 7.51, 
b = 6"99, c = 11.62 A and  fl = 100"3 ° . J a rv i s ' s  des- 
igna t ions  for the  a toms  of the  anion,  also used here,  
are 

0 ~  /04~/C2(H3) 
O~--S C1(H2) 

Oa / 

Three-d imens iona l  anisotropic ref inement 

Diffe ren t ia l  syntheses  us ing  the  908 F(h]cl) measured  
by  Ja rv i s  were used to  refine co-ordinates  and  a back- 
shi f t  cor rec t ion  was appl ied  to compensa te  for f ini te  
series errors.  

For  the  first  cycle the  s t ruc tu re  fac tors  were cal- 
cu la ted  f rom Ja rv i s ' s  f inal  co-ordinates ,  us ing the  
sca t t e r ing  factors  for C and  0 given by  McWeeny  
(1951), for S in Internationale Tabellen (1935), and  for 
K+ by  Berghuis  et al. (1955), wi th  a c o m m o n  isotropic  
t e m p e r a t u r e  fac tor  exp - (B sin e 0/~t 2) where B = 
4.0 R e. The  f i rs t  set  of d i f ferent ia l  syntheses  was 
t h e n  computed ,  and  the  resul ts  showed t h a t  changes 
in the  co-ordinates  and  in the  t h e r m a l  v i b r a t i o n  
pa rame te r s  were required.  Compar i son  of the  values 
for the  peak  e lect ron dens i ty ,  Q, and  of the  six cur- 
va tu res  ~Q/~x~xj  corresponding to  ~o and  Qc con- 
f i rmed  Ja rv i s ' s  f inding t h a t  the  t h e r m a l  mo t ion  paral le l  
to  the  b-axis was less t h a n  in the  o ther  direct ions.  
I t  was also ev iden t  t h a t  considerable  changes in the  
isotropic t e m p e r a t u r e  factors  were required.  Ac- 
cord ingly  the  values  of B were decreased to 3.5 A 2 
for S and K + and  increased to 4.5 A 2 for 01, O~., 0 a 
and  C~. (i.e. for the  l ight  a toms  no t  bonded  to two 
a toms  o ther  t h a n  hydrogen) .  A second set of s t ruc tu re  
fac tors  was ca lcula ted  f rom the  new co-ordinates  
using the  new t e m p e r a t u r e  fac tors  toge the r  wi th  
Ja rv i s ' s  empir ica l  an iso t rop ic  t e m p e r a t u r e  fac tor  
exp (0.46k~/b2). The  ag reemen t  index  

(R = Z][FoI-[Fc]I/Z]Fo]) 

fell f rom 0.178 to  0.124. 

F r o m  the  co-ordinates  ob t a ined  f rom a second set 
of d i f ferent ia l  syntheses  the  values for the  th ree  S = O  
bonds  were 1.444, 1.472 and  1.458 /~ all h a v i n g  
e s t ima ted  s t a n d a r d  dev ia t ions  of 0.009 A. Table  1 
shows the  ra t ios  be tween the  observed a n d  ca lcu la ted  
values for t he  peak  e lect ron densi t ies  and  curva tures .  
I t  can be seen t h a t ,  despi te  the  use of an  overa l l  
an iso t ropic  t e m p e r a t u r e  factor ,  the  cu rva tu re  differ- 
ences are too large to give t r u s t w o r t h y  back-sh i f t  
correct ions.  I n d i v i d u a l  an iso t ropic  t h e r m a l  para-  
mete rs  for each a tom were requi red  a n d  these  were 
d e t e r m i n e d  by  the  r e f inemen t  procedure  descr ibed by  
Cru ickshank  (1956a), (the equa t ions  are g iven  in § 3 
of his paper) .  This  m e t h o d  leads to  va lues  of bij such 
as to m a k e  ~2~o/~xi~xj equal  to  ~2~c/~X~X~, where the  
b~ are the  coefficients in the  t e m p e r a t u r e  fac tor  
express ion for each a tom,  

exp - {h2bll + hkb12 + hlbla + k2b22 + klb23 + 12b33} . 

Two cycles of r e f inemen t  wi th  an iso t ropic  t h e r m a l  
v ib r a t i on  pa rame te r s  reduced  R to 0.098. The  struc- 
tu re  factors  are shown in Table  4 and  were ca lcu la ted  
f rom the  pa rame te r s  in Table  2 which  are the  ac tua l  
values used by  the  e lectronic  computer ,  no t  r o u n d e d  
off to  the  n u m b e r  of t r u l y  s ignif icant  figures. I n  the  
f inal  set of d i f ferent ia l  syntheses  the  largest  co- 
o rd ina te  shif t  (0.008 /~) and  the  largest  change  in b~1 
were the  same as the  corresponding s t a n d a r d  devia-  
t ions  ind ica t ing  t h a t  fu r the r  r e f inemen t  was un l ike ly  
to produce  s igni f icant  changes.  F ina l  co-ordinates  
der ived  f rom these  d i f ferent ia l  syntheses  are g iven in 
Table  3 toge the r  wi th  s t a n d a r d  dev ia t ions  ob t a ined  

Table  3. Final  co-ordinates and standard deviations 
a(x) a(y) g(z) 

x/a y/b z/c (A) (A) (A) 
K+ 0.1283 0.0859 0.1095 0.002 0.002 0.002 
S 0 - 4 2 1 1  0.0668 0.1597 0.002 0.002 0.002 
01 0.4659 0.1962 0.0704 0-007 0.006 0.007 
02 0-2516 0-0374 0.1232 0.007 0-006 0.007 
O a 0-5645 0.0624 0.2101 0.006 0.008 0"007 
04 0.3956 0.2131 0.2610 0-007 0.005 0.006 
C 1 0.3335 0.1297 0.3606 0 - 0 1 1  0.011 0.009 
C~ 0.3381 0.2874 0.4501 0.012 0.013 0.012 

f rom the  fo rmula  of Cru ickshank  & R o b e r t s o n  (1953). 
The  f inal  t h e r m a l  pa ramete r s ,  also der ived  f rom these 
d i f ferent ia l  syntheses ,  are g iven  in Table  5 where t h e y  
are expressed as the  m e a n  square  ampl i tudes  (U~j) 
of the  a tomic  v ibra t ions .  The  U~ are re la ted  to  the  
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bu by  U ~  = a~b~/2~ ~ and Uu = a~a~bu/4~ ~ (i # j )  C o r r e c t i o n s  f o r  r o t a t i o n a l  o s c i l l a t i o n  
where a~ and a~ m a y  be a sin #, b or c sin #. As the 
es t imated s tandard  deviations a(Uu) for any  atom It  has been shown (Cox, Cruickshank & Smith,  1955) 
were approximate ly  equal whatever  i and~  were, only tha t  systematic  errors in atomic positions m a y  arise 
the average ~r(U) is shown in Table 5. from rotational  oscillations, the atoms in a molecule 

Table 4. Observed and calculated structure factors 

hkl F ° F c hkl F ° F c 

000 336 ~01 I0 11 
001 101 106 ~02 I I  12 
002 26 - 33 ~04 13 - 14 
003 89 - 91 ~05 21 - 23 
004 69 - 73 806 16 - 15 
o05 37 - 39 ~o8 20 19 
o06 14 - 16 ~09 14 14 
0o7 to  11 ~,0,10 6 6 

~16 8 - 9 622 6 - 7 
.517 8 10 ~22 13 13 
~17 ¢ - I 623 ¢ 5 
518 6 - 7 ~23 30 29 
~18 7 - 6 62/. 4 ¢ 
519 9 - I0  ~2~ 17 16 
~19 8 - 12 ~25 3 - 5 

8 - 8 626 4 - 6 
~26 8 - 12 
B27 6 - 11 
628 3 - h 

710 22 2.5 ~,2 ,10 6 8 
711 16 15 ~,2,11 6 5 
?1t 9 15 

~,1,10 
008 19 17 ~,1 ,12 8 9 
009 7 7 110 47 - &8 5,1,13 9 I0 

0,0,10 7 - 6 111 24. - 21 
0,0,11 9 8 ~'11 11 10 

112 47 ¢6 
2OO 28 28 "T12 38 42 
201 124 121 113 30 27 712 6 - 6 
~'01 68 - 66 ~'13 19 22 Z13 17 - 2o 
202 38 36 114 2 - 3 713 12 - 13 
~o2 87 - 85 "~I¢ 19 - 22 714 12 - 1.5 
203 ¢2 43 115 15 - 16 71.5 3 - 3 
~93 80 - 79 ~15 63 - 62, 

22 26 116 28 - 27 
204 IO 8 ~16 23 - 26 
205 6 - 3 117 13 - 12 
~0.5 37 37 ~17 15 14 
206 30 - ~ 118 4 - ¢ 
}06 ~ 49 ~I 8 33 33 
2O7 23 - 22 119 I0 10 
2o7 13 12 ~19 33 33 
208 9 - 9 I , I , I 0  20 19 
208 19 - 20 ~', 1,10 8 8 

31 - 31 ! ,1 ,11  I0  I0  
2,0,10 9 - 8 1,1,11 9 - 9 
2,0,11 4 - 3 1 ,1 ,12 12 - 13 
~ , 0 , I I  8 5 1,1,13 7 - 5 
2,0 ,12 9 12 ~ ,1 ,13 11 - 10 
2,0,13 7 8 1,1,14 /+ - 5 
¢00 53 - 48 
~01 28 - 21 310 37 - 35 
L, D2 45 37 311 20 - 19 
EO2 23 - 18 311 47 - 43 
403 23 19 312 I0 I0 
~03 I 7 15 312 25 - 
z#34 12 13 313 35 36 
~04 19 14 313 8 7 
~05 35 29 314 30 27 
~06 2O 17 31.5 21 22 
~o7 2o 19 315 9 i o 
¢08 7 8 316 22 23 
~08 ¢3 - /4.0 317 20 - 23 2 ,2 ,10  5 - 6 
~09 13 - 12 317 25 29 2,2,14 4 - 3 

_~,O, lO 9 - 7 318 21 - 2& 
~ . ,0 , I0  9 9 318 26 27 
~,0,11 15 - 12 319 11 11 
¢ , 0 , I I  6 6 319 5 - 6 
¢,o 12 4 - 4 3,1,1o 6 6 
~ ,0 :12  5 6 3 ,1 ,10  2.5 - 27 

3,1,11 12 13 
600 2.5 - 21 3,1,11 20 - 22 

601 % - 3 0  3 , 1 , 1 2  6 
602 7 3 ~ ,1 ,12 7 - 7 
~02 39 34 3,1,13 4 6 
603 15 13 3,1,14 9 10 
~o3 36 31 
~04 8 8 510 5 .5 
605 4 - 4 511 22 - 20 
~o5 7 - 7 511 19 17 
~06 27 - 27 512 ¢7 - M~ 
607 3 3 ~I 2 25 23 

020 48 ¢1 
021 .59 55 
022 26 - 22 
023 60 - 62 
024 6~ - 59 
02.5 ¢ 1 
026 27 27 
027 14 13 
028 9 I I 
029 ¢ 7 

0,2,10 6 7 
0,2,11 .5 - 5 

220 10 - 9 
221 20 - 20 
• 321 23 - 21 
222 2/+ 23 
322 56 - 56 
223 17 1.5 
323 ~8 - 44 
224 8 5 
~4 15 14 
225 15 - 15 
325 68 70 
~26 34 33 
227 4 
~28 14 - 13 
~29 ¢ - 4 

~-2O 5 - 6 
42t 13 - 17 
~21 14 - 16 
¢22 6 - .5 
~22 9 - 10 
¢23 12 13 

~ 35 
L~5 10 - 1t 
~25 23 23 
426 8 - 9 
~ 6  9 7 
427 9 11 
~27 8 - 8 
Z~28 8 9 
£,28 9 - 8 
429 3 2 

~07 33 - 32 513 34 - 33 ¢ ,2 ,10  ~ - .5 
608 5 5 513 2O 17 /+,2,11 3 - 3 
~08 11 - 13 514 3 4 ~,2,11 7 6 
609 5 5 ~14 9 11 ~,  2,14 4 - 4 
~09 10 12 515 23 24 

~ ,o ,  Io  12 13 ~15 5 2 62o 16 - 16 
~;,0,11 15 14 516 26 27 621 10 - 10 

~21 3 ¢ 
B22 8 9 
B23 & 5 
B24 7 - 9 
~2.5 11 - 12 
~26 4 - 6 
B27 4 5 
B28 5 7 
B29 7 7 

150 4 8 
131 5 .5 
~3i 7 6 
132 13 - 14 
~32 2~ 26 
133 5 6 
~33 41 ¢0 
134 I¢  14 
~3~ .5 - .5 
135 3 - 4 
~3.5 21 - 21 
~36 27 - 29 
137 7 - 7 
T37 7 - 7 
~38 4 ¢ 

hkl F ° F c hkl F ° F c 

33O 2 3 
331 21 19 
331 ¢ - .5 
332 19 18 
332 6 8 
333 3 - 3 
333 3 - 4 

731 4 5 155 17 18 
?32 .5 - 8 755 24 28 
?33 6 - 9 156 29 31 
734 3 - 5 756 9 12 
?35 4 6 1.57 19 22 
?36 3 3 ~57 11 - 12 

758 12 - 15 
040 7 - 7 ~'59 8 - I0 
OA.1 9 - 8 1,5,10 13 - 11 
~ 2  5 - ¢ ! ,5 ,11  11 - 9 
oM, 2o 23 1,5,11 5 & 

I,.5,12 6 6 

350 12 IO 
351 6 5 
351 2O 20 
352 8 - 8 
352 4 - 1 
353 I I  - 12 
353 5 - 5 
3% 19 - 21 
3 ~  8 7 
355 19 - 21 
35.5 4 3 
356 3 - 2 
~ss s - s 
357 12 15 
3.57 10 - 11 
358 12 15 
359 7 7 

3,5,10 3 3 
3,5 ,10 9 10 

4/+0 15 16 ~,5,11 6 6 
M+I 18 17 
D+I 12 13 550 7 6 
~,.2 10 I0  5.51 7 7 
~3 7 - 7 ~51 3 - 6 
~3 7 - 7 5.52 12 12 
M.J+ 14 - 12 552 13 - 13 
TJ~+ 30 - 27 553 7 7 
z~.5 10 - 8 5.55 16 - 13 
D+5 13 - 13 556 16 - 14 
T~6 8 - 8 557 4 - 5 
D+7 3 2 .5.57 8 6 
~.A-8 10 8 558 6 /+ 
~ 9  7 5 358 9 8 
~9 8 7 5.59 9 8 

750 12 - 11 
751 ¢ - ¢ 
751 15 - 14 
752 3 3 
7.53 8 9 
~_53 7 .5 
754 8 7 
755 6 .5 
?56 8 6 
757 ¢ 5 

06O ¢0 - 4.~ 
061 21 - 25 
062 8 9 
063 26 30 
064 19 24. 
06.5 7 9 
066 @ - .5 
067 9 - 11 
068 8 - 8 
069 3 - 3 

260 8 - 9 
261 23 - 27 
~61 15 2o 

262 19 - 23 
~62 36 39 

O45 7 .5 
O49 ¢ - .5 

0 ,4 ,10  4 - 5 

~ 0  ¢ - 3 
241 14 - 1 } 
~ 1  ¢ - .5 
242 t6 - t7  
~ 2  15 1.5 
243 9 - 11 
~3 32 31 
2z~ 3 - I 

P3+5 17 17 
"~45 12 - 13 
}4.6 7 - 6 
~-7 13 - 14 
~+8 8 - I0 

~,4,11 7 7 
2,¢,  12 4 5 

33.5 4 4 
335 19 - 18 

7 - 6 
337 9 - 7 
337 10 10 
338 9 - 8 

~,,3,12 .5 - 0 
3,13 7 - ¢ 

.530 7 5 
331 9 9 
332 3 4 
.533 4 - ¢ 
333 4 - ¢ 
534 3 - 4 
~34 11 - 11 
535 8 I0 
335 9 - 11 
.536 6 6 
~37 5 - .5 
.538 3 - 4 
539 @ - 4 
~39 ¢ ¢ 

733 3 4 

640 5 - 3 
D+I 6 - 5 
642 9 10 
D+2 7 - 8 
643 4 6 
D+3 12 - 13 
644 ¢ 4 
D+5 3 5 

~.6 5 7 
~-7 8 8 

~,1 ¢ - 3 
8¢2 3 - 1 
~,. 2 5 - 3 

7 5 
~ 5  6 ¢ 
~+6 6 4 

150 14 - 17 
151 27 - 31 
152 2.5 - 29 
~'52 12 13 
1.53 15 - 17 
T54 8 - I I  
' r ~  17 20 

334 9 8 ~ ,¢ ,10 8 7 
33~- 12 - 10 ¢ ,4 ,12  4 - 4 
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appearing closer to its mass centre than they really imate correction, s, to the length OP from the mass 
are. A rigorous analysis of the thermal motion (Cruick- centre O to an atom P is ~ = (Ua+ U~)/2(OP) where 
shank, 1956b) is possible only for rigid molecules, but Ua and U~ are the mean square amplitudes of oscilla- 
the ethyl sulphate anio~ is probably not rigid so that  tion about two axes through 0 orthogonal to OP. 
only an approximate correction for rotational oscilla- Except for the potassium ion which must be under- 
tion can be given, going translatory motions only, the values of U~ in 

Cruickshank (1956c)has shown that  the approx- Table 5 include both rotational and translational 

Table 4 (cont.) 

263 6 - 9 
}63 25 29 
265 9 I0  
~65 17 - 21 
266 8 9 
~66 23 - 26 
~67 12 - 13 
}69 6 6 

460 2~ 25 
]+61 1o 10 
~61 24 25 
]+62 7 - 6 
~62 8 9 
]+63 13 - 13 
~63 12 - 13 
]+6~ 8 - 8 
~64 25 - 26 
[65  24 - 27 
~66 8 - 9 
~67 8 10 
~68 16 18 
]+69 10 11 

66O I0  8 
661 12 12 
~61 4 - 5 
662 6 6 
~62 23 - 17 
~63 23 - 18 
~6]+ I I  - 9 
~65 6 6 
~66 19 16 
~67 16 15 

170 12 13 
!7~ ¢ 6 
171 ]+ 5 
~72 13 - 13 
172 11 - 12 
!73 20 - 20 
17]+ 9 11 
!75 9 9 
175 I0 13 
176 12 13 
~76 6 7 
!77 i l  12 
177 4 - 5 
!78 ]+ - 5 
t78 16 - 18 
t79 13 - 16 

370 16 16 
371 19 17 
372 I o  8 
373 IO - I0 
37]+ 19 - 17 
375 12 - 11 
~76 I~  - 4 
377 I]+ - 12 

57O 9 - 7 
571 10 11 
571 l i  - I0  
~72 18 19 
572 4 - 5 
~73 13 1]+ 
573 7 - 6 

080 27 - 27 
081 16 - 17 
082 5 6 
083 18 20 

084 10 12 /+, 1,10 8 - ]+ 
086 .5 - 6 ~ , 1 , i I  5 6 

~ :1 ,12  ]+ 6 
280 I0  - I I  1,13 3 3 
281 t5  - 17 
~81 7 7 610 11 12 
282 11 - 13 611 1]+ 17 
~82 18 20 ~11 7 9 
~83 11 12 612 11 12 
2 ~  7 7 613 9 - 9 

285 ]+ 6 614 6 - IO 
}85 9 - 12 ~I]+ 10 - 12 
~86 10 - 12 615 6 - 8 

616 6 - ]+ 
480 7 7 ~18 9 - 8 
]+81 3 - ~. ~ , I , 1 0  6 8 
~ i  Io  13 
E82 3 6 812 9 I 0 
483 3 - 4 81 3 8 9 

011 41 - ]+1 120 62 - 6~ 
012 33 32 121 19 21 
oi  3 2 2 ~21 78 - 79 
0t~- 2 - 2 t 22 68 66 
015 22 - 25 "~22 35 - 39 
o16 7 - 7 123 52 52 
017 15 - 17 ~23 33 - 33 
o18 13 - 15 124 ~3 ~.2 
019 9 - 9 ~'2~ I0 9 

0 ,1 ,10 15 16 125 8 - 10 
O, I ,  I I 20 17 T25 36 34 

126 18 - 18 
210 ]+6 ]+9 726 21 25 
211 ]+I - 36 127 7 - 6 
211 13 - I0  "~27 I]+ 15 
2t2 54 - 53 128 ]+ - 3 
~12 15 11 ~28 17 - 15 
213 1]+ - 11 729 8 - 8 
~13 15 16 1 ,2 ,10  8 - 7 
=21]+ I I  9 1 ,2 ,1o 5 3 
21]+ 46 45 1,2,11 9 - 8 
215 it, I]+ 1,2,13 5 5 
215 23 22 
216 9 7 32o 74 - 78 
216 3 - 0 321 62 - 65 
217 ]+ ]+ 321 20 - 21 
218 11 - 11 322 ]+ t~ 
219 11 - 11 322 31 31 
~19 15 - 16 323 27 25 

2 , i , I 0  9 - I0  ~23 54 53 
2,1,10 2~ - 22 324 20 18 
2, I, 11 ]+ 6 ~2~ 37 38 
2,1,12 ]+ 5 325 17 20 
_~,i,13 7 6 325 5 - 2 
2, I ,  14 ]+ 3 326 ]+ ]+ 

326 8 - 9 
410 22 22 327 ]+ 6 
411 28 27 ~27 29 - 29 
~+11 19 18 ~28 19 - 19 
41 2 30 - 30 ~29 3 3 
412 I0  I0  ~,2,10 7 6 
]+13 32 - 29 3,2,11 7 - 6 
El 3 1]+ 14 3, 2, I I 8 7 
414 11 - 10 3,2 ,12 7 - 6 
E_14 16 17 3,2,12 ]+ 5 
Z~I5 5 - 5 
gl 6 ]+ - ]+ 520 3 
417 8 7 521 I]+ - 13 
~-17 7 - 7 521 24 24 
]+18 7 6 522 12 - 1]+ 
E l8  12 - 1]+ 522 34 31 
L.19 5 0 523 ]+ - 3 
~19 15 - 18 ~23 17 16 

5 ~  7 - 8 63t 18 18 ?/*3 9 - 9 
524  22 - 22 ~3t 7 7 ?~,~ t9  - t 7  
525 ]+ - 5 632 7 8 ?45 1]+ - 13 
~25 33 - 31 ~32 16 - 17 ?~6 4 ]+ 
~26 27 - 28 633 ]+ - 4 ?47 12 12 
~27 5 - 7 ~33 21 - 20 748 13 13 
~28 19 21 634 1]+ - 16 ?]+9 3 ]+ 
~29 15 17 635 13 - 16 

~,2,10 9 9 636 8 - 8 053 12 1]+ 
637 6 7 0%. 14 16 

725 8 11 ~37 8 - 6 057 17 - 19 
727 16 20 638 9 I0 058 19 - 19 
728 1]+ 17 ~39 8 9 059 3 - 3 

?,2,11 8 - 8 ~ ,3 ,10 9 11 0 ,5 ,10 11 11 
~,3,11 8 9 0 ,5 ,1 i  I]+ 12 

031 39 ]+I 
032 44 39 
033 2/, 27 
034 29 29 
035 36 35 
036 22 - 22 
037 45 - 39 
038 34 - 31 
039 7 - 6 

0,3,10 1]+ 1~ 
0,3,11 17 18 
0,3,12 II 10 

230 23 - 20 
231 20 - 20 
~31 12 - 9 
232 39 - 39 
~32 3 - 5 
233 20 - 21 
233 ]+ 4 
234 18 18 
~3~ 5 - 8 
235 6~ 58 
~35 25 24 
236 55 50 
236 23 23 
~37 5 5 
238 24 - 22 
~38 4 - 5 
239 25 - 23 
~39 15 - 17 

2,3,10 10 - 11 
2 ,3 ,10 14 - 14 
2,3,11 8 - 8 
_2,3,12 7 6 
2,3,13 I~ 12 
2,1,1~ 8 9 

]+30 29 25 
~31 24 22 
~32 19 - 20 
]+33 37 - 36 
~33 21 - 22 
43]+ 18 - 19 
/,35 21 21 
436 22 23 
/+37 20 22 
~37 I0  - 12 
438 6 6 
E38 17 - 2O 
~-39 4 - 

]+, 3,10 6 - 6 
~,3,11 6 - 6 
~ ,3 ,1 i  I I  I I  
_~,3,12 15 13 
]+,3,13 9 8 

63o ~ 23 

0 ,5 ,12 ~ 5 
1]+0 25 - 25 
741 25 - 24 250 11 12 
1~2 25 27 251 9 - 11 
~42 30 - 31 251 12 16 
143 45 46 252 23 - 28 
~z~4 3~ 37 253 22 - 23 
I~5 31 - 34 253 9 - 7 
~45 33 38 254 9 I0  
146 25 - 27 255 23 27 
~46 18 19 256 15 18 
~47 6 - 7 257 ]+ 5 
1]+8 IO 1o }57 6 8 
~48 9 - 9 258 11 - 13 
~49 lO - 11 259 11 - 1]+ 

~59 6 - 7 
34O 45 - 45 2,5,10 3 - 5 
341 41 - 41 },5,1o 8 - 9 
% 1  15 - 15 ~,5,11 4 - 3 
342 I0 - 9 2,5 ,12 4 5 
~.2 34 33 
%3 19 18 
~3 67 70 
3~ 24 2/, 

~2 ~3 
%5 3 - 3 
%6 9 - 8 
~+6 27 - 29 
~.,.7 22 - 
3 ~  5 5 
~,.8 17 - 17 
~49 8 - 7 

~,]+, 10 3 5 
3,]+,11 8 7 
3,4,12 6 3 

~5o 23 23 
~51 13 13 
~51 4 5 
452 8 - 8 
E52 18 - 15 
453 15 - 17 
E53 12 - 11 
~,.%. 13 - 13 
~5~ 3 - 3 
]+55 4 4 
/~55 8 9 
456 7 8 
E56 12 12 
457 7 7 
458 ]+ ]+ 
F~58 8 - 8 5~0 5 6 

_~I ~ - 5 ~59 9 - 9 
541 20 21 T+,5,11 6 6 
542 6 - 8 

5~3 10 - 10 
~ 3  22 22 
54~ 5 - 5 

545 43 - 4 o  
5;+6 5 - 5 
~]+6 27 - 27 
~8 11 11 
5]+9 6 6 

.~49 15 14 
5 ,¢ ,1o  7 6 
5 ,4 ,12  7 - 6 

7]+0 6 6 
7]+I 6 6 
741 9 8 
?42 ¢ 3 

650 8 8 
651 12 13 
652 3 5 
~52 8 - 7 
~53 8 - 8 
654 8 - 8 
655 9 - 8 
~55 8 7 
~57 5 - 3 
~58 7 - 5 

161 7 9 
761 I]+ - 14 
162 18 21 
16]++ 8 - 8 
76~ 8 - 9 
165 7 - 7 
166 4 - 5 
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T a b l e  4 (cont.) 

~k~ F ° F¢ hk~ ~o ~ h~ ~o ~¢ 

T67 L, - 4 
168 12 12 
~68 7 - 6 
169 8 8 
T69 4 5 

1,6,1o 3 - 3 
T,6,10 8 7 
1,6,11 6 7 

360 25 - 25 
~6~ 8 - 8 
361 15 - 14 
362 11 11 
362 iO 10 
363 20 20 
364 6 6 
~66 ~ - 6 
~67 7 - 8 
369 8 7 

~,6,10 9 8 

560 8 - 9 
561 7 - 8 
"~6~ 7 6 
562 3 2 
563 ~ 5 
564 4 4 

~65 9 - 8 &72 8 8 
566 5 - 5 r,72 13 - ~2 
~67 7 6 ~73 3 5 

~69 8 8 47z~ 3 - h- 
T+7~ 5 - 5 

071 7 - 6 _~76 ~ ~o 
072 '12 - 12 477 5 6 
073 io - 9 
o7b. 4 - 5 18o 14 17 
o76 4 3 ~81 22 24 

182 I I  - 13 
270 1/~ 15 T82 lO 13 
271 4 5 183 12 - 14 
~71 16 18 18~. 13 - 14 
272 6 - 6 ~. 6 - 7 
~72 7 9 ~85 8 - 7 
273 II - 13 "{85 lO - ~3 
274 8 - 9 "~86 i l  - 12 
~7~. 6 - 7 
275 4 - 4 380 "12 .11 
~75 9 - ~o 38~ ~_ ~2 
~76 6 - 7 382 8 7 

~82 ~2 - iO 
470 7 6 ~8~ 9 - 9 
471 9 9 38~ 8 - 8 

385 4- 3 

T a b l e  5. Mean square amplitudes of vibration 
(Values in 10 -a A ~) 

u n ul~ u13 u2~ u23 usa a(U) 

K+ 42 - -2  13 26 4 59 2 
S 42 - -2  11 23 -- 3 54 2 
O 1 76 - -2  22 30 --3 63 6 
Oz 64 4 10 31 - -6  59 6 
O 3 46 1 7 46 --7 72 6 
O 4 54 --3 10 32 --5 49 5 
C 1 63 0 15 49 -- 6 59 10 
Cz 74 3 23 65 -- 10 65 12 

l a r g e s t  v a l u e  fo r  Ub w a s  f o u n d  in  o n e  of  t w o  w a y s ;  
if t h e  d i r e c t i o n  of  m a x i m u m  o s c i l l a t i o n  w a s  n e a r l y  
p e r p e n d i c u l a r  t o  OP, Ub w a s  t h e  m e a n  s q u a r e  a m p l i -  
t u d e  of  o s c i l l a t i o n  in  t h e  t h i r d  o r t h o g o n a l  d i r e c t i o n ;  
if, h o w e v e r ,  t h e  d i r e c t i o n  of  U ~ .  w a s  n o t  p e r p e n d i c u l a r  
t o  OP, t h e n  Ub w a s  t a k e n  as  t h e  v a l u e  of  U '  in  t h e  
d i r e c t i o n  p e r p e n d i c u l a r  t o  t h o s e  of  U ~ .  a n d  U~nm.. 
T a b l e  7 s h o w s  t h e  v a l u e s  of  U~. (Ua) ,  t h e  a n g l e s  

T a b l e  7. Corrections for rotational oscillation 

Umax. Ua "4: U' = E I a X .  

(10 -3 A 2) and  OP Ub (10 -a /~2) e (A) 

O 1 37 91"6 ° 7 0-011 
O~ 26 133"0 7 0-010 
O a 27 85 10 0"011 
O 4 12 74 2 0"008 
C 1 28 77-6 20 0"013 
C~ 45 77 34 0"013 

b e t w e e n  t h e  d i r e c t i o n  of  U ~ .  a n d  OP, Ub, a n d  s. 
A n e w  se t  of  a t o m i c  c o - o r d i n a t e s  w a s  o b t a i n e d  b y  
m o v i n g  e a c h  a t o m  b y  a d i s t a n c e  ~ a l o n g  t h e  l i ne  
j o i n i n g  i t  t o  t h e  m a s s  c e n t r e .  F o r  t h e  o x y g e n  a t o m s  
t h e  v a l u e s  of  ~ a re  m a x i m u m  a n d  m a y  be  t o o  l a r g e ;  
f o r  t h e  c a r b o n  a t o m s ,  h o w e v e r ,  t h e r e  is t h e  p o s s i b i l i t y  
t h a t  t h e  c e n t r e  of  r o t a t i o n  is n e a r e r  t h a n  t h e  m a s s  
c e n t r e  so t h a t  t h e  u se  of  OP wil l  g i v e  t o o  s m a l l  a v a l u e  
of  ~ wh i l e  t h e  u se  of  U ~ .  t e n d s  t o  g i v e  t o o  l a r g e  a v a l u e .  

I n t e r a t o m i c  d i s t a n c e s  a n d  b o n d  a n g l e s  

B o n d  l e n g t h s  a n d  t h e i r  e s t i m a t e d  s t a n d a r d  d e v i a t i o n s ,  
c;, c a l c u l a t e d  f r o m  t h e  u n c o r r e c t e d  c o - o r d i n a t e s  
( T a b l e  3) a re  s h o w n  in  T a b l e  8 ;  v a l u e s  c o r r e c t e d  fo r  

vibrations. It was assumed that the sulphur atom did 
not undergo rotation, partly because it is close to the 
mass centre (0.7 _~) and partly because the values of 
Uil are the same as those for the potassium ion of 
similar mass indicating that possibly these U~j refer 
to the translatory motion of the ion as a whole. Ac- 
cordingly the Uij values for sulphur were subtracted 
from those for the light atoms to give a set of mean 
square amplitudes due to rotational oscillation; these 
were transposed to orthogonal axes perpendicular and 
parallel to the crystallographic b and c axes, and are 
quoted as U~j in Table 6. 

T a b l e  6. Mean square amplitudes of rotational oscillation 
referred to orthogonal axes parallel to a*, b and c 

(Values in 10 -a /~)  
! ! , t ~ , 

U n UI~ U1z U22 U 3 U33 
01 34 0 9 7 0 6 
O~ 22 7 - -3  8 - -4  6 
O a 4 4 -- 5 23 -- 4 20 
04 12 -- 1 - -2  9 - -2  - -4  
C 1 21 3 2 26 --3 3 
C9 32 6 9 42 -- 8 8 

F o r  e a c h  a t o m  U~ w a s  t a k e n  t o  be  U~a~., t h e  m a x -  
i m u m  m e a n  s q u a r e  a m p l i t u d e  of  o s c i l l a t i o n .  T h e  

T a b l e  8. Bond lengths and angles 

Bonds  Uncorr.  ~ Corr. V 
h A h A 

s-o I 1.461 0.007 1.472 0.002 
S-O 2 1.461 0.007 1.471 0-003 
s-o 3 1.446 0.007 1.456 0.003 
S-O 4 1.597 0.006 1.604 0.004 
04-c I 1.444 O.Oll 1.455 0.005 
Ci-C 2 1.512 0.016 1.514 0.005 

Final 

A 

1 " 4 6 6  

1 - 4 6 6  

1 " 4 5 1  

1.46±0.01 • 

1.60±0"01 
1.45_+_0-02 
1-51 ~-0.02 

Angles Uncorr .  Corr. ~ Final 

O1-S-O 2 113.7 ° 113.4 ° 0.4 ° 113.5 ° 
O1-S-O a 115.1 115.0 0-4 115.0 
O1-S-O 4 101-4 101.7 0-4 101.5 
O.z-S-Oa 110-7 110.4 0-4 110"5 ~_0"4 ° 
0~-S-04 108.4 108.8 0-4 108-5 
Oa-S-O 4 106.0 106.3 0.4 106"0 
CrO4-S  115.2 115.4 0.6 115-3+0"6 ° 
C~-C1-O 4 106.6 106-4 0-9 106"5=50"9 

rotational oscillation appear in the fourth column 
followed by V, the uncertainty in the bond lengths 
arising from calculable uncertainties in the rotational 
corrections, i.e. V is obtained from ~(~) which is 
derived by assuming that the values of U= and Ub 
are correct and each has the standard deviation (~(U). 
The uncorrected and corrected bond angles and their 
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estimated standard deviations also appear in Table 8. 
To obtain final values a mean of the minimum (un- 
corrected) and maximum (corrected) bond lengths was 
taken. The limits of error quoted allow for the esti- 
mated standard deviations in the co-ordinates and the 
uncertainties in the corrections for rotational vibra- 
tions. 

D i s c u s s i o n  

The independent values for the lengths of the three 
chemically equivalent sulphur-oxygen bonds are 
identical, 1.46±0.01 _~. In a similar anion, amine- 
disulphonate (NH(S03)~) 9-, Jeffrey & Jones (1956) 
obtained a mean S - 0  bond length of 1.447 A, which, 
being derived from three-dimensional isotropic refine- 
ment, is comparable with the mean uncorrected value, 
1.456 A in the ethyl sulphate anion. This very good 
agreement indicates that  for an anion of the type 
R-S0~- the minimum sulphur-oxygen bond length is 
1.45 A. There is a significant difference (A/a = 12) 
between the S-04 bond length and the mean of the 
other three sulphur-oxygen bond lengths. For the 
carbon-carbon and carbon-oxygen bonds the lengths 
do not differ significantly from the accepted single 
bond lengths. However, there appears to be a signifi- 
cant difference between the measured S-04 length of 
1.60 A and the single bond length calculated by the 
Schomaker-Stevenson (1941) rule, 1.69 A. Pauling 
(1952) pointed out that  for elements like sulphur, 
which can form ~r-bonds using 3d orbitals, the Scho- 
maker-Stevenson rule might not allow for the double- 
bond character in a formally single bond between 
elements of different electronegativities. Pauling (1952) 
gave an empirical relation connecting the bond number 
with interatomic distance in oxides and oxy-anions. 
Approximate application of his method to the S-04 
bond gives a predicted distance 1.61 A, the reduction 
by 0-08 A from the ideal single bond length arising 
from zr-bonding the extent of which depends solely 
upon the electronegativity difference between sulphur 
and oxygen. For the other three sulphur-oxygen 
bonds the s-bonding depends not only upon the elec- 
tronegativity difference but also on the average bond 
order i.e. 1.66 of the bonds in the three equivalent 
forms 

/o 
C ~ H s - 0 - S ~ 0  

\0- 
From Pauling's_empirical relation the expected bond 
length is 1.48 A in satisfactory agreement with the 
observed value, 1.46 _~. 

The S-O bonds are not arranged in a regular tetra- 
hedron; the angles including 04 are all less than the 
tetrahedral, and the other angles (between the charged 
atoms) are all greater. This divergence is reasonable 

and is similar to that found in the aminedisuIphonate, 
but the highly significant variation in the angles 
between equivalent S-O bonds requires explanation. 
The identity of the equivalent S-O bond lengths 
suggests that the explanation of the angular distortion 
does not lie in the type of bond orbitals but in the 
environment of the oxygen atoms in the solid. Atom 
O I is included in both the largest and the smallest 
angles; apart from atoms in the same anion, this 
oxygen atom has as nearest neighbours two potassium 
ions, at 2.97 A and at 3.01 A, and three oxygen atoms, 
O] at 3.27 A, 02 at 3.14/~_ and 0 a at 3"36 A. The co- 
ordinates of a position O~ were found to satisfy the 
conditions that S-O; = S-O I and O~-S-Oa--107 ° 
(i.e. equal to the mean value for O2-S-O 4 and O3-S-O4, 
and incidentally sa~sfying the condition that the 

angles 0~-S-02, 0~-S-0  a and 02 -S -0  a do not differ 
significantly); in this new position the oxygen would 
be further from one of the potassium ions, the K - 0 ;  
distances being 3.04 _~ and 3.01 _h_, and nearer to 
another oxygen identically charged, 0 ;  at 2.88 _~, the 

! t _ other distances are 0 ] -02  = 3.17 A and 0 1 - 0 a -  
3.20 _~. Hence, there is a strong probability tha t  the 
variations in the bond angles arise from electrostatic 
interactions in the solid. 

It is a pleasure to thank Dr J. A. J. Jarvis for allow- 
ing his data to be used for this refinement, Prof. 
E. G. Cox, F. i~. S. for valuable advice, Dr D. W. J. 
Cruickshank and Miss D. E. Pilling for carrying out 
the calculations on the Manchester University elec- 
tronic computer, the use of which has been made 
possible by a grant from the Department of Scientific 
and Industrial Research. 
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