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Ref inements  of Structures  Containing Bonds  between Si, P, S or Cl and O or N. 
Vi i .  (RbeO3)~ 
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The crystallographic data  given by Corbridge (1956) have been used in a structure refinement. 
The revised dimensions average P -O( l inked)  = 1.616 __ 0.010, P -O(unlinked) = 1.488 ± 0.010 A 
a n d / _ P - O - P = 1 2 9  °. 

The crystal  s t ructure  of rubidium metaphospha te  
(l~bPO3)~ was de termined by  Corbridge (1956) by 
three-dimensional  Four ier  methods  with  back-shif t  
corrections. In  view of the impor tance  of the  dimen- 
sions of the  metaphospha te  chain, and as an extensive 
set of three-dimensional  da t a  was available,  it  seemed 
worth  while a t t empt ing  fur ther  ref inement  of the  
s t ruc ture  by  least  squares. 

The space group is P2~/n, with cell dimensions 
a=12 .123 ,  b=4.228,  c=6 .479  J~ and  f l = 9 6  ° 19'. The 
s t ruc ture  consists of Rb + cations and  (POa)~- chain 
anions. Each  chain has 21 s y m m e t r y  and has a PO~ 
group as its a symmet r i c  unit .  

The d a t a  used in the ref inement  were the 621 non- 
zero IFol given by  Corbridge. Five cycles of least- 
squares ref inement  were carried out, the last  two with 
anisotropic vibrat ions for all atoms. The m a x i m u m  
coordinate shift  was 0.04/~ for the x coordinate of 
0(3). The residual  R dropped from the 14.5% given 
by  Corbridge to a final 11.4%. The revised atomic 
coordinates are given in Table 1 and the vibra t ion 
parameters  in Table 2. The IFol scale factor  determined 
by the least-squares process was 0.928+ 0.014. The 
weighting scheme used was 

w = 1 / ( 4 +  IFol + 1Foi2/74"5), 

without  the factor  0.928 applied to the IFo[. 

Table 1. Atomic coordinates 
x y z 

Rb 1.112/~ 0.567/k 5-030 A 
P 2.174 2.086 2.059 
O(1) 2.652 3-159 0.992 
0(2) 0.946 1.438 1.377 
0(3) 2.146 2.702 3.401 

Table 2. Mean square vibration amplitudes (A 2) 

u n u22 u33 u~2 u23 u18 
Rb 0.023 0 - 0 2 1  0 . 0 2 1  0.000 0.000 0-004 
P 0.013 0.010 0.014 0 - 0 0 2  0.000 0-003 
O(1) 0.022 0.015 0.009 0-006 -0.002 0-002 
0(2) 0.017 0.009 0.026 0-001 - 0.002 0.003 
0(3) 0.036 0.012 0.015 0.006 -- 0.003 0-006 

* Present address: Chemistry Department, The University, 
Glasgow, W.2, Scotland. 

The coordinate e.s.d. 's given by  the  least-squares 
process are 0.002 • for Rb, 0.004 A for P and 0.013/~ 
for 0 .  These are about  one-third the values es t imated  
by  Corbridge, so t h a t  his da t a  have yielded much be t te r  
results  t han  he would have expected. The e.s.d. 's of 
the Uij are approx imate ly  0.001/~2 for Rb,  0.002/~2 
for P and 0.005-0.006/~2 for O. 

The vibrat ions of the Rb + cation are somewhat  
greater  t h a n  those of the P and O(1) a toms which 
const i tute  the backbone of the metaphospha te  chain. 
The U22 vibrat ions  of P, O(1), 0(2) and 0(3) are all 
re la t ively small ;  they  m a y  be regarded as equal to 
0.011 A 2 within exper imenta l  error. The external  
a toms 0(2) and  O(3) show greater  Un  and  U83 vibra-  
tions t h a n  P, p robably  as a consequence of some type  
of angular  oscillation. F rom the magni tudes  of the  
differences, the  external  P - O  bond lengths should be 
increased by  very  roughly 0.005 A to allow for angular  
oscillation effects as compared with the lengths 
calculated direct ly from Table 1. 

Table 3. Interatomic distances and angles in 
rubidium metaphosphate 

P-O(1) 1.622 A P-O(1)-P 128 ° 58' 
P-O(l') 1.611 A O(1)-P-O(l') 103 ° 5' 
P-O(2) 1.491 tlt O(2)-P-O(3) 120 ° 3' 
P-O(3) 1.485 • O(1)-P-O(3) 110 ° 56" 

O(I')-P-O(3) 104 ° 4' 
O(1)-P-O(2) 106 ° 0' 
O(I')-P-O(2) 110 ° 52' 

The bond lengths and  angles within the  metaphos-  
pha te  chain are l isted in Table 3; the  lengths of 
P-O(2)  and P - 0 ( 3 )  include the ro ta t ional  correction 
of 0.005/~. The e.s.d. 's of the P - O  lengths are about  
0.014 ~.  The P-O(chain)  lengths are close to the values 
given by  Corbridge, bu t  the  external  P-O(2)  and 
P-O(3)  lengths have  increased by 0.017 and  0.047 
to 1.491 and 1.485/~ and are now close to the  values 
found in the similarly l inked t e t r ahedra  in the  triphos- 
pha te  (Cruickshank,  1964a) and t e t r ame taphospha t e  
(Cruickshank, 1964b) ions. The angles a round P listed 
in Table 3 are somewhat  different  from those given by  
Corbridge owing to errors in some of his calculations 
(private communication). .  



682 B O N D S  B E T W E E N  Si, P,  S OR C1 A N D  O OR N. V I I  

The small  shifts in the oxygen atomic coordinates 
found in this  ref inement  do not affect the description 
of the Rb  + anion coordination polyhedron given by  
Corbridge. No R b - O  distance changes by  more than  
0.02/~. Each Rb + is coordinated to seven oxygen 
atoms, six of them (three 0(2) and three 0 ( 3 ) ) i n  a 
distorted octahedral  a r rangement  with a mean R b - O  

length of 2.95 A, while the seventh (0(1)) is s l ight ly  
fur ther  away at  3.19/~. 
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The crystallographic data given by Loopstra & MacGillavry (1958) have been used in a structure 
refinement. The oxygen atoms to which hydrogen atoms are attached have been identified. The 
average dimensions are S -  O(H) = 1-56 and S -  O--1.47 A, both _+ 0-015 A. 

The crystal  s tructure of KHSO4 (mercallite) was 
de termined by  Loopstra & MacGil lavry (1958) from 
the Okl and hO1 projections. There are two dis t inct  
HSO~- groups in the asymmet r ic  uni t  and  these are 
di f ferent ly  l inked by  hydrogen bonds : one group forms 
dimers across a s y m m e t r y  centre, the other is l inked 
into inf ini te  chains along a glide plane. The reported 
lengths (1.51-1.53/~) of the eight  independent  S-O 
bonds in  two groups were pract ical ly  all equal, so tha t  
there was no indicat ion of a difference between S-O(H) 
and S-O bonds. This is a l i t t le  surprising as in the 
H2PO~- ion in the ordered low-temperature form 
(Bacon & Pease, 1955) of KH2POd, the P-O(H) bond 
at  1.58 A is 0.07/~ longer t h a n  the P -O bond, while in 
phosphoric acid (Furberg, 1955) the three P-O(H)  
bonds at  1.57/~ are 0.05 ~ longer than  the P -O bond. 
Fur ther  in KC2H~SO4 (Truter, 1958) the S-O(R) bond 
at 1.60 J~ is d is t inct ly  larger t han  the three S-O bonds 
at 1.46 J~. Accordingly i t  seemed worthwhile refining 
KHSO4 to see if i t  conformed to the general  pat tern.  

The space group is Pbca, with cell dimensions a = 8.40, 
b=9.79,  c= 18-93 A. Both K atoms and both HSO4 
groups are in general positions, but S(1) is virtually at 
x = ~  and its x coordinate cannot be located with 
precision from the avai lable  Okl and hO1 data. 

The da ta  used in  the ref inement  were the 325 non- 
zero IFo[ given by  Loopstra & MacGil lavry (the 14,0,4 
and 063 reflexions were omit ted as their  phases were 
pers is tent ly  uncertain).  Seven cycles of least-squares 
ref inement  were carried out. These produced shifts of 
less t han  0.005 A for K, 0-02/~ for S and 0-11 J~ for O. 
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The residual R dropped from an ini t ia l  15% to a f inal  
8.8%. In  par t icular  for the weak Okl reflexions with 1 
odd R dropped from the 29.2 % of Loopstra & MacGil- 
l avry  to 11.7%, and  for the weak hO1 reflexions wi th  
h+l  odd from 21.4% to 10.7%. The f inal  coordinates 
and e.s.d.'s are given in Table 1 and  the v ibra t ion  
parameters  in Table 2. Anisotropie vibrat ions were 
allowed for K and  S but  not for 0 .  The v ibra t ion  
e.s.d.'s are about 0.001 A 9 for K and S, and  0.003 ~2 
for O. If the ]Fo] l isted by  Loopstra & MacGil lavry are 
for ~th  of the cell contents, the ]Fo[ scale de termined 
by  the least-squares process was 0-986_+0.012. The 
weighting scheme used was 

w =  1/(30+[Fo[+]Fo[2/178) , 

with IFo] appropriate  to whole cell, but  without  the 
factor 0.986. 

Wi th  the avai lable  reflexions the x coordinate of 
S(1) cannot be precisely determined,  because its 
contributions to the structure factors are very  insensi- 

Table  1. Atomic coordinates and e.s,d.'~ 

Atom x y z 
K(1) 3.212_+0.005/~ 1.760_+0-005 • 2.369_+0.003/t~ 
K(2) --1.031_+0-005 3.144 + 0.004 2-245_+0.003 
S(1)  2.100_+0.02(?) 4-139__ 0.005 0.059_+0-003 
S(2) --0.171_+0-005 0.180_+ 0.005 3.901_+0.004 
O(11) 2.408-+ 0-018 5-669_+ 0.016 0.041 _+0-012 
O(12) 3.457_+0.018 3.478_+0.016 0.054_ 0.012 
O(13) 1.375_+0-020 3.888_+0-019 --1-163_+0-013 
O(14) 1.367_+ 0.018 3-908_+ 0.018 1.272_+0.013 
O(21) 0.502_+ 0-019 --0.059_+0.017 5-199_+0-013 
0(22) -1.357-+0.018 1.111_+0.017 4.247_+0-012 
0(23) --0.673_+0.025 - 1.089_+0.023 3.354_+0-016 
0(24) 0.679___0.016 0.912_+0-015 2-981 _+ 0.011 


