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The complex fluoride RbsZr4F21 crystallizes with space group P21; a0= 11"520 (5), b0 = 11-222 (5), 
c0 = 7-868 (2) .A and cos ,8= - 0-1445 (3). Calculated density = 3-930 g.cm-3 and Z =  2. The structure 
was solved by a tangent-formula procedure and was refined by Fourier and least-squares methods to a 
final discrepancy index (R) of 0.0508 f3r 1376 observed Cu K~t reflections. The F-  coordination 
polyhedra are different for each of the four crystallographically independent Zr ions. Seven F-  ions are 
nearest neighbors to Zr(1) at the corners of a pentagonal bipyramid, and the interatomic distances are 
1"99 (2) to 2"20 (2) A. The second Zr ion has eight nearest neighbor F-  ions [1.98 (2) to 2.24 (2) A] at 
the corners of an irregular antiprism. Zr(3) is octahedraUy coordinated by 6F- at distances of 1.90 (2) 
to 2"10 (2) A. The fourth Zr ion has seven nearest neighbor F-  ions at the corners of an irregular 
antiprism with one corner missing. Interatomic distances Zr(4)=F are 1.95 (2) to 2.19 (2)/~. The Rb-F 
distances range from 2.68 (2) to 3.21 (3) A. The structure is composed of cross-linked chains of Zr-F 
polyhedra. Chains are connected by Zr(2)-Zr(4) edge-sharing polyhedra and the space between the 
polyhedra is filled with Rb ions. Integrated intensities were measured by the 0-20 scan technique using 
unfiltered Cu K~ radiation. 

Experimental 

The compound RbsZr4F2t melts congruently at 445 °C 
(Thoma, 1959). Crystals picked from an ingot of the 
stoichiometric composition were ground to approxi- 
mately spherical shape in an air-driven race. An ellip- 
soidal crystal of dimensions 0.26 x 0.364 x 0.2912 mm 
was mounted on a computer-controlled Picker four- 
circle goniostat equipped with a scintillation counter 
detector. Independent reflections hkl, h and k > 0 and 
all l were measured by the 0-20 scan technique using 
unfiltered Cu Ke radiation. Each reflection was step- 
scanned in steps of 0.01 ° 20 starting 0.75 ° before the 
calculated Cu Kex position and ending 0.75 ° beyond the 
the calculated Cu Kc~2 position. Each step was counted 
for 1 second and the background on each side of the 
peak was counted for 60 seconds. One reflection, 131, 
chosen as a standard reflection, was remeasured at 
intervals of 20 reflections. The net-count range of 
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13] was 124700 to 121700. The 1403 independent 
reflections were corrected for Lorentz and polariza- 
tion effects and absorption (/z = 358.7 cm-1). The max- 
imum and minimum range of absorption correc- 
tion was, respectively, 0.05626 and 0.00541. Conditions, 
for reflection 0k0=2n  and the diffraction symmetry 
2/m, are consistent with space groups P21 and P21/m. 
A statistical analysis of the normalized structure fac- 
tors established that the correct space group is  P21, 
and this is confirmed by the structure. No piezoelectric 
tests were made on the crystals. 

Unit-cell parameters were determined by a least- 
squares adjustment of 12 (80-100 ° 20) Cu Kfl reflec- 
tions (Cu Kfl= 1.39217 A, T=24°C) .  Cell parameters 
are; ao = 11.520 (5), bo = 11.222 (5), and Co = 7.868 (2)/~; 
cos f l = - 0 . 1 4 4 5  (3), (,6=98.3°). There are two for- 
mula weights per unit cell, and the calculated density 
is 3-930 gm.cm -a. 

Initial positions of the heavy atoms were determined 
from a Fourier map plotted from normalized structure 
factors whose phases were determined by the tangent- 
formula method using program PHASEM (Drew, 

Fig. 1. Zr(1) coordination polyhedron. 
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Table 1. Atomic parameters and temperature factors, RbsZr4F21 

Standard errors in parentheses, corresponding to the last significant digit, are given by the variance-covariance matrix. 
Coefficients in the temperature factor of the form: 

exp [-- (ill lh 2 +]~22 k2 +fl33/2 + 2fl]2hk + 2fl]3hl+ 2f123kl)]. 
Arbitrary value of y for Zr(1) to establish origin on 21 axis. 

x y z ~11 ' 22  ~33 ~12 Z13 ~23 

ZR(!) C.5972(23 
IR(2I  0.772112) 
Z~ l ) l  0.0928(2) 
Z~(4I 0.2758(2l 
R8( I I  0.6091(3) 
~B(21 0.4555(2l 
R8(3)  0,g057(3l 
R8141 0.7455(31 
R8(5l 0,I15213) 
F ( I |  0 .675 ( I )  
F(2| 0.012(2) 
F ( 3 I  0 . 2 3 4 ( 2 l  
F ( 4 I  0 . 8 0 1 ( 1 l  
F ( 5 I  0 . 0 3 4 ( 1  
F (6 )  n ,758( I  
F(7) 0.154(2 
F(8) 0.179(2 
F(g )  0.420(1 
F(IOI 0.6g0(1 
F(III 0.g53(11 
F(12) o.125(2 
F(131 0 . 3 8 2 ( I  
F(14) 0.88311 
F ( 1 5 |  0.599(i 
F ( 1 6 |  0.?0211 
F(17| 0.56011 
F(18) 0.810(1 
F(19| 0.497(2 
F(203 0,604(2 
F(21) 0.712(2 

0.3000(0) 
0.1589(3) 
0.1925(3! 
0.3401(3) 
0.4758(4| 
0.1388(&} 
0.3282(41 

-0.009714] 
0.0194(43 
- 0 . 0 0 2 (  2 l 

0 , I 0 ~ ( 2 )  
0. 206( 2 
c .005( 2 
n. 348( 2 
0.221(2 
0.C57(2 
C.306(2 
0.204(2 
0,206[2 
n.183(2 
0 . 2 9 3 ( 2 1  
0 . 3 7 0 ( 2 |  
n . q 9 7 (  21 
0 . 1 9 9 (  2! 
n . 1 6 8 ( 2 }  
n.145(21 
3.331(23 
0.377(2) 
0.4301 21 
0 . 3 9 8 (  21 

0.7870(3| 
0.4964{ 31 
C.825213) 
0.4648(31 
0.2818141 
0.1914(4} 
0.1650(41 
0.0234{41 
0.3139(41 

0.390(21 
-C.617(23 
- 0 . 0 0 7 ( 3 1  

0.6~g(21 
0.8g7(23 
0.763(2| 
0.715(21 
0.672(~) 
0 . 6 5 6 ( 2 1  
0.260(23 
0.675(21 
0 . 3 2 5 ( 3 1  
0.298(2) 
0.347(21 
0.545121 
0.434{23 
C.888(21 
0.481121 
0 . 9 4 4 ( 2 )  
0 .625121 
0.g44(~l 

0.0043(21 
0.0036(21 
0.0C40 ? 
O.O03g 2 
0.0051 2 
0.005? 2 
q.0059 2 
0.C073 2 
0.0C61 2 
0.C05(I 
n.eog(2) 
O.COg(2I 
~.007(I) 
O.C07(ll 
n. O0~(ll 
0.010(2! 
0.009(2! 
0 .002( i )  
0,C06(13 
0.004(11 
0 ,005( I )  
0.007(11 
0.C04( I }  
O.C05(!l 
0.007(!) 
C.00711) 
0 . C 0 8 ( 1 )  
O.OOg(21 
0.01~(2) 
O.OCg(2)  

0.6026[21 
0,CC28(21 
0.CC31121 
0.CC29(21 
0.CC70141 
0.0048(33 
0.0067(3 
0 . C ¢ 5 6 ( 3  
0.CC44(? 

r .C0412  
• 006 2 

C.009 2 
0.C05 2 
0.004 2 
0.008 2 
0.C04 2 
0.C04 1 
0.005 2 
0.005 2 
0.C07 2 
0.005 2 
0.C03 I 
0.007(2 
0.00511 
0.CC3(2 
0.003(1 
C.003(2 
C.01012 
0.002(1 
0.005(21 

0.0044(4) -C.O00O(2I 
0.004614) -0.0001(21 
0,0044(41 
0.0046(41 
0.0076(51 
o.0o87(51 
0.0093161 
0.0078(51 
0.0098(6 
0,005(3 
0.C08(3 
0.018(5 
0.006(3 
0.011(3 
0 , 0 0 7 ( 3  
0,015(4 
0.010(3 
0.011(3 
0.008(3 
C.00913 
0.024(5 
0 . 0 0 9 ( 3  
0,011[3 
0.006(3 
0.01013 
0.008(31 
0.012(31 
0.n04(93 
0.n09(31 
0.017(41 

0.0000(21 
0.C002123 

-0.0002(2! 
0.0001121 
C,0006(21 
0,0010(21 

-0.0000(21 
-0.001(11 
-0.002(!1 
0.0oi(21 

-0.002(11 
-0.000(13 
0.001( I )  
0.002(11 

-0.000(11 
0.002111 
0.000(11 

-0.001(11 
-0 .002111  
-O.OnO(l) 
-O.COO(l! 
-O,O00(l l  

0.0001! 
0.001(1 

-C.001(1 
0.00012 
C.O00(1 

- 0 . 0 0 1 ( 1  

O.O01b(21 0.000012 
0.0018(21 -0.000112 
0.0015(21 0,0003(2 
0.0018(21 0.0004(2 
0.0016(31 0,0013(? 
0 . 0 0 3 2 1 3 1  - 0 . 0 0 0 2 1 3  
0.0074(31 0.001213 
0.0009(31 -0.00051~ 
0.0001(31 0.0C071? 

0.000111 0.O01(23 
0,00512) 0.002(21 

-0.001(21 -0.002(31 
-0.000121 0.003(21 
3.005(2) -0.001(21 
0.002(11 -0.002(21 
0.005(2) -0.001(20 
0.007(21 -0.003(2) 

- 0 . 0 0 2 ( I |  0.002(2) 
C.002(21 0.004(21 
G.002(21 0.000121 

-C.0C6(21  - 0 . 0 0 1 ( 3 1  
0 . 0 0 5 1 2 )  - 0 . 0 0 2 ( 2 1  
C.003(21 C,000(21 
0.001113 -0.003(21 
0.002(21 -0.001(23 
D.004(21 0.C02(21 
C.003(21 -0.001(21 

-3.001(21 -0.001(21 
D.007[2} 0.001(21 
C.001(2) -0.004(21 

1967). Normal ized structure factors were calculated by 
a least-squares method of  Levy, Thiessen & Brown 
(19703. Positions of  the fluorine atoms were determined 
from Fourier and difference Fourier maps. The struc- 
ture was refined by iterative least-squares adjustment 
using a modification of  computer program ORFLS 
(Busing, Martin & Levy, 1962). The quantity mini- 
mized by the least-squares program was 7wllFo21-  lEVI] 
with weights, w, equal to the reciprocals of  the variances 
estimated from the empirical equation: 

crZ(FZo)= { T +  B + [ 0 . 0 3 ( T -  B)]2}/[A(Lp)2], 

where T = t o t a l  counts, B = background counts, A = 
absorption correction, and L p = L o r e n t z  and polari- 
zation corrections (Brown & Levy, 1964). Scattering 
factors for the ions were taken from Cromer & Waber 

(1965), and the anomalous  dispersion terms for Rb 
and Zr for Cu K0c radiation were taken from Cromer 
(19653. Discrepancy indices were" 

R 1 = 7llFo21- lEVI 1/71Fo21 =0 .1014  for 1376 reflections > a 
=0 .1017  for all reflections. 

R' = 711Fo I - lEe 1/71Fo I = 0 .0508 for 1376 reflect ions > a 
=0.0521 for all reflections. 

The standard deviation of  an observation of  unit weight 
[~w(Fo-Fe)Zl(no-nv)] 1/z is 2.637, where no is the num- 
ber of  reflections (1376) and n~. is the number of  
variables (271). Atomic  parameters and temperature 
factors are listed in Table 1 ; interatomic distances are 
given in Table 2, and the observed and calculated 
structure factors are shown in Table 3. An extinction 

F 

Fig. 2. Zr(2) coordination polyhedron. 
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Table  2. 

Zr(1)-r0_7) • ~-.~-9(2) 
zr (~)-~(2~) 2.~(2) 
Zr(1)-F(15) 2.20(2) 
Zr (2)-F(10) 2.05(2) 
2r 42)-?(i) 2.22(2) 
Zr (3)-F(2) 1.90(2) 
Zr (3)-F(~) 1.99(2) 
iIr (~) -F 41~) 1.95(2) 
Zr (4)-F(8) 2.!4(2) 
Zr (4)-F(&) 2.1-9(2) 
Rb(!) -F(13) 2.9042) 
Rb(1)-F41g) 3.07(2) 
Rb(1)-F(21) 3.19(2) 
Rb(2)-F(20) 2.Si(2) 
Rh (2)-F(13) 2.90(2) 
~.b (2) -F (19) 3.19 (2) 
.qb (3) -F (5) 2.';5(2) 
:qb (3) -F (lg) 2.99(2) 
Rb (4)-F(17) 2.$4(2) 
Rb (Z)-F(13) ~.05(2) 
Bb (4)-F(19) 3.12(3) 
Rb (4)-F(3) 3.21(3) 
.qb (5)-F(I4) 2.86(2) 
Rb (5)-F(12) 3.09(3) 
F(1) -F(4) 2.3242) 
F(1)-F(I&) 2.70(3) 
F(1)-F(13) 3.00(3) 
F(2) -F(li) 2.82.(3) 
F(3)-F(7) 2.80(3) 
F(4)-F(6) 2.66(3) 
F(&)-F(14) 2.5"7(3) 
F(5)-F(I1) 2.83(3) 
F(6)-F(II) 2.62(2) - 
F(7)-F(I!) 2.71(3) 
F(S)-F(9) 2.80(3) 
F(9)-F(19) 2.,;9(3) 
F(9)-F(2O) 2.71(3) 
F(9)-F(13) 2.92(3) 
F(10)-F(15) 2.61(2) 
F(12) -F(!6) 2.53 (3) 
F(15)-F(20) 2.76(3) 
F(!6)-F(20) 2.85(3) 
F(20) -F(2!) 2.67(3) 

l n t e r a t o m i c  d i s t a n c e s  f o r  

RbsZr+Fn  i n  A 

Zr (i) -V(!~.) ! .9~, (2) 
Zr(t) -~49) 2.~0(2) 
Zr(2) -F (i/,) 1.9S(2) 
Zr(2)-F(4) 2.10(2) 
Zr(2) -F(ll) 2.22(2) 
Zr(3) -F(7) ! .93(2) 
St(3) -?(ll) 2.C~(2) 
Zr(&)-P(] 6) 1 .q-~(2) 
Zr(&)-F(9) 2.!'~(2) 
Rb (1)-F (20) 2.7&(2) 
.Rb (i) -F417) 2.90(2) 
~b(1) -F416) 3.1742) 
~b ( 2 ) - F ( l . O )  2/;3(2)  
Rb (2)  -F  (.1.7) 2 . $ 2 ( 2 )  
~b(2)-F(LS) 3 / ' 0 ( 2 )  
Rb (3)-F(!2) 2.'38(2) 
Rb(3)-F(7) 2.,~6(3) 
.qb (3)-F(10) 3.02(2) 
:qb (~) -F(5) 2.-39(2) 
Bb(<) -F(l) 5.11(2) 
Rb (-'.) -F (lO) 2.17(2) 
Kb (5)-F(I, ~ ) 2.7242) 
Ro (5)-F(2) 2.5"9,(2) 
:~45) -.--" (7) ~.~5(2) 
.~-4z) -~'49) 2.5543) 
?(!) -F(15) 2.76(3) 
F(2)-F(3) 2.77(3) 
F(2) -F(7) 2.91(3) 
F(3)-F(5) 2.$2(3) 
F(4) -F(il) 2.67(5) 
F(5)-F(~_) 2.65(2) 
F(6)-F(15) 2.3£(2) 
F(, ~) -F(I~) 2.6~(3) 
F(7) -F(8) 2.$3(3) 
F(~)-F(ll) 2.92(3) 
F(9)-F(I£) 2,50(3) 
F(10)-F(l~) 2..:9(3) 
F (ll)-.v 414) 2.4943) 
F (13)-F (15)" 2.73(3) 
F(15) -F(i ~) 2. ~7 (3) 
F(17) -?(1 'a) 2/ :5(3)  

2r (1)-F(2O) 2.00(2) 
7~r (i) -F(6) 2.i2(2) 
7",r (2) -F(I, e ) 1.99(2) 
Zr(2)-Y(15) 2.13(2) 
Zr(2)-F(6) 2 . 2 4 ( 2 )  
gr(3) -F(3) 1.95(2) 
Zr(3)-F(8) 2.10(2) 
Zr 4/.)-r (1.2) 1.99 (2) 
Zr(4)-F(1) 2.14(2) 
Bb(1)-F(7) 2.88(2) 
Eb(1)-F(19) 3.00(2) 
Rb (1)-F(10) 3.18(2) 
Hb (2)-F (1.6) 2.80(2) 
Rb(2)-F(3) 2.89(2) 
74o (2) -F (i) 3.19(2) 
.~b (3) -Y(21) 2.74(3) 
Eb (3)-:"(1~ 2.$6(2) 
.Rb (3)-F(2) 3.17(3) 
.~b (a) =F(~) 3 . ~ ( 2 )  
Rb (Z)-F(Z,) 3,11(2) 
~b (~.) -F (~) 3.19 (2) 
fib (5)-F(16) 2.7742) 
.r~b (5) -F(5) 2.93(2) 
.=(1)-F(~0) 2.56(3) 
: : (z) - :  4z) 2.8243) 
-~' (2) -~(~) 2.78(3) 
~(3)-~(8) 2 .750 )  
.--'(4) -F(~2) 2.52(3) 
F(z.) -F(13) 2.67(3) 
-r (6) -?" (2~-) 2.5/.(3) 
F(G)-F(17) 2.75(2) 
F(S)-F412) 2.72(3) 
F(~) -F416) 2.95(3) 
F(9)-F(15) 2.58(3) 
F(,))-F (1.7) 2.80(3) 
F(IO)-F(14) 2.54(3) 
? ' (~)-~(~8) 2 . 5 2 0 )  
.='414) - F ( ~ )  3.ooO) 
::(15)-F (].~) 2.95(3) 
• .'(u.)-F(2'.) 2.as(~) 

diverges,  and A f t '  expands  rapidly  to a large pos i t ive  
number .  The  s tandard error for A f t '  is 0.7 in b o t h  
cases  cf. A f " ( R b ) = l . 8 1 e  and A f " ( Z r ) = 2 . 4 2 e  for  
Cu K7 (Cromer,  1965). 

Tab le  3. T h e  o b s e r v e d  a n d  c a l c u l a t e d  s t r u c t u r e  

f a c t o r s ,  a n d  p h a s e  a n g l e s  f o r  Rb5Zr4Fzt 

A L P H A  = p h a s e  a n g l e  0~x 10 

r°e~rc~t~c~"~oo ~ r~s  ~c~ ~ r ~  t ~oe~ rc~t ~ t ~  t r~s  ~c~t ~ t ~  t ~oes rca. ~t~,~ t r ~  rc~  atr,~ t r ~ s  roa. ~ r -~  

I~t+` -$ ~11 [fi3~ f~ 1169 ~ ~ ]1 ]  -I  ~1 79 10{~ 1 ~ 

lbl~ ~.~3-.~ q$ 5~ ,  50 51 594 ~ I~ L 2 ~ 99 818 q 16 
s)  % 5  s ~4 ~'MJ % % ~ N  3 - ' 51  1 I19` 151 

11o 9? t~ol -1 ? 1~.o0 5 ~ 73 71 1792 ~ 11'4 l+`l 118) fi ~ I i  

% 13 13 ~5~ 0 ~ I 116 t l~  61+̀ 9 0 L  3 I~SO 

I l l  10~ NI i iq 
19  ̀ "~ ~ 5 ~g 5~ qs~ .q 10l 91 ~ 9  59 55 8 - q  ~? 7 1 6 - ~  ~'3 +l I q ~  

i~ ~,,,,, ~ ~,, . , . ,  ~ ~ m o ~ + o  ,~ + , , . o ~ : ~ o  ~ ~,~. 
59 1150 ...... ~ N 

o ~ ,  -~ to l  

; ,~ ,~! o,  ~ ~ . . . .  a . . . . .  :: ~+̀  . . . . .  ,'~v ~o :~ ~, . . . .  
91 ~ el ~ 9 - 8  

¼5 ~ 7  ] tO] I 1 1 8 - 5  1~ J+ ~11 69 i 0 5 1 - ~  IIR i ~  151t3-= ~l  q° q3~ ~ ~lq ~ 12]] 

'6" '"' g +"+" ' " . . . . .  ~ ~ Pd ~+ . . . . .  N ,,s o f,y,<, + ~? ,+ 
I1q9 -? 5o 1591 

m,L 

correct ion  was  appl ied  to Fc by Zachar iasen 's  (1967,  ~*~ '~'N . . . . .  
1968) ..... m e t h o d .  T h e  range  o f  ext inct ion  correct ions  was  ~ . . . . . .  ~o ' ,~'  . . . . .  :'~., . . . . . . . .  ~o , ~ . ,  ~ f~ ,,~ TM ~ '~'+  ̀. . . . .  ;'~ '~ o,+̀ "0 +,9~ :4'.~ ,, +,, '~ ~, ~'~ .... 

Z (2)  A ~ ~ ~'~' :~ ~' . . . . . .  '~ ' ~ ~ ~ ' ~  0 - 7 7 9 7 - 1 . 0 0 0  a n d  achariasen's  r * = 0 . 0 1 6 9  , ~ g . . . .  ~ . . . . . . . .  ~ ,~"l~ ~ 'N ~ ~ . . . . .  :~, ~ ' ~  

fig . . . . . . . . . . . .  ~ , ~  ~ . . . . . . . . .  ~ ..... The  abso lu te  con  urat ion  o f  the crystal  cou ld  not  ~ ~ ," ~ ,~ ,~:~ ,,~'~ # ~ , . : ~  
81 ~ 0 81 81 1 ~ - 6  110 10~ ~ 0 - ]  1¼ I ~  88 ~ 1115 

b d rmi d by i l ton's  (1965)  ignifi . . . . . . . .  ~ ~ e ete ne  H a m  s cance  test ~ ~ ..... ~, ~,'~ ~ +̀~ ~ . . . . .  ~ 
th dis p y i  di R ti R ( + A f ) / R  ( - A f )  "' on  e cre anc n ces. a o z 2 ~ , ,  ,, ~ - ,  ~ , ,+~ ,s ,, 

for 1376re f l ec t ions  > ° i s  1.002, w h i c h i s n o t s i g n i f i c a n t  ~ % g'~'~:,' . . . . . .  . . . . . .  ,++̀ ., ~ ~'~, . . . . .  ' ~ ' , ~  '~ ~ '~"~.,., 8," ~ ~:~ I g 
. . . . .  g .... N at the  0-005 s cance  level  for a o n e - d i m e n s i o n a l  ~'g '~ '~' :~ ~' :g 

91~¼ ]l - ]  s i i  o 81 ~4 | 6~  

hyp  thesis  d 1105 deg f freed [ R  ( A f t ' )  ,o~ ,~ ,~ . . . .  ~ ,~ ~ :~ , . . . . .  o an rees o o m  2 - = o ,o° ~, ~ ,~,-, . . . .  ? , .  . . . .  ,~, ,,,~., . . . .  ~8 ~ '~, '~,~ . . . . .  '~ ,+"., ,,,,"" 

0.0507].  T h e  same argument  ho lds  for any o f  the other  i , ~ 08~I ,~';. ~ ~ ~ ,~,~' ?+ ~I,, ~o,+̀ ,~,~ ~. ,,~ ,.'/' 'N,~ :~-~ %~, ~, ~9 o+ ~,'?' ~?'; ,~, ;.' ~,, ~,, ,~ 
d i screpancy  indices.  D r  C. K. J o h n s o n  suggested  that  ~ ~o . . . .  :~ '°~ ~ ,~' ~ % 
a similar test o f  abso lute  conf igurat ion  cou ld  be m a d e  g ~0 ,+~ '~ -,:I ~,'u ,~ .. . . . . .  . . . .  ,0,,., ,,~' .~ ~ .+':~ ~ ,~ ,~d~'~" , ~ ,~ ,~"~ _,~ ~. ~ ,~  :~.+ ~ ..... ..... 

]2  till  

us ing  a m o d i f c a t i o n  o f  O R F L S  (Busing,  Mart in  & 0 ,, ~ . . . . . . . . . . . . .  ,~ . . . . . .  ~ ,, 1~+` o 19 I+`~ -S 

1962) ,0, -~ I~ ,~ ~ ,8 ~' ,~,~ Levy,  w h i c h  a l lows  one  to make  " a variable  :~ ,~  . . . . . .  ~ ~ ~ ~,+̀ gg ,0~ :? ' . . . . . . . . . .  ~ ~ "~ 

parameter  in the least  - squares  ref inement .  Al l  variable  -~ ~ ,,, ~, ,~ . . . . . .  ,, ,~,.., ,, , ~,'~" ~ , , , , ,  ~, +`g , ~ ,+̀  . . . . . . . . . .  ,~, , , .  -~ ,, +̀ ,o ~ ~ ,,~ -+̀  :~ 'g ,~ '~ , .  ,,,, ~ . . . . . . . . . . . ,  ? ,~, . ,~ 8, , ~  ~..~ ~ , ~ ~ ~, '"' 

d l + A f t '  and :~ ~ ~,,g:~ ~ g,~88,,~ ,, . . . . .  ,,,-, ~} ~,~ .. . .  o +̀ ~ ~ ~i! " . . . .  ~,~., ~ gin parameters  o f  each o f  the two  mo  e s . . . . . . . . . . . . .  163(a -+` 18 Iq3~ I |0~0 5 IS IW4~ -+ ~ l  ~ lea~l 

A f t ' .  tly A f  , ,o ~8 ., :~ r~ ~ T,? ~ ' .  . . . . . .  '~ 'N  - were  refined first and subsequen  " was  ~ , ~  . . . . .  ~ . , ~  .~ o ~ ~ g g'~+`,~ ~ '% ~ ' ~ 6  ,~ , ~ ' ~  
7t t ~  

varied.  In both  cases,  the  least -squares  re f inement  ~ a , ; I ~ , , ~  . . . . . . . . .  ,,~ e ~  "~ 

Fig ,  3. Z r ( 3 ) c o o r d i n a t i o n  p o l y h e d r o n .  
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The four Zr ions in the asymmetrical unit have seven, 
eight, six, and seven nearest neighbors, respectively, 
at the corners of irregular polyhedra illustrated in 

Table 3 (cont.) 
q l o t  - '  qq i~2 15o~ 5 30 11 i i  ¼ ~i ii , i  ~ ~ 2~ i i ,5 . t  65 ~ ,7 ~ I  

. . . .  h ° '~' "a .g . . . . . . . . .  N 18~ ~ ,,o . . . . . . . . . . . . . . . .  g .5 ',~ g ~ g ' a . . . . .  g . . . . .  
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Figs. 1-4. The seven nearest neighbors to Zr(1) appear 
to be at the corners of a pentagonal bipyramid at 
distances 1.99(21 to 2.20 (2)A. Zr(2)'s nearest neighbors 
are at the comers of an irregular antiprism with inter- 
atomic distances of 1.98 (2) to 2.24 (2) ~. Octahedral 
coordination of Zr(3) is the easiest to see, and the 
distances are 1.90 (2) to 2-10 (2) A. The seven nearest 
neighbors of Zr(4) are at the corners of a polyhedron 
that looks like an irregular antiprism with one corner 
missing. The Zr(4)-F distances are 1.95 (2) to 2.19 (2) 
A. Interatomic distances are comparable to those of 
Burbank & Bensey (1956) (2.05 to 2.18 A), Sears & 
Burns (1964) (2.05 to 2.16 A) for an eight Zr-F  coordi- 
nation, and Brunton (19691 (2.012 to 2.167 A) for a 
seven coordination. Interatomic distances for six-, 
seven-and eight-coordinated Zr 4+ - F - ,  calculated 
from the empirical radii of Shannon & Prewitt (1969), 
are respectively 2.05, 2.11, and 2-13 A for comparison. 

The complete structure of RbsZr4F2~ is shown in 
Fig. 5. Zr polyhedra, labeled according to the central 
occupant, form chains parallel to the ao axis. In each 
chain of polyhedra, Zr(1) shares an edge with Zr(2) 
and a corner with Zr(4). Zr(2) also shares a corner with 
Zr(3). The chain is completed with Zr(3) sharing 
another corner with Zr(4). Chains are connected along 
the b axis by Zr(2) sharing an edge with Zr(4). 

The Zr(1)-Zr(2) shared edge [F(6)-F(15), 2-34 (2) A] 
and the Zr(2)-Zr(4) shared edge [F(1)-F(4), 2.32 (2) A] 
are the shortest F - F  distances in the structure (Table 
2). The Zr(2)-Zr(3) corner is F(1 l) and the Zr(3)-Zr(4) 
corner is F(8). Zr -F  distances are the greatest for the 
shared F atoms in each case for each Zr ion. The Rb 
ions fill the space between the Zr polyhedra. 

I acknowledge my indebtedness to W. E. Thiessen 
for help with the symbolic addition and tangent- 
formula method, and to C. K. Johnson for his sugges- 
tions about the absolute configuration problem. 
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The Crystal and Molecular Structures of Some Molecules Showing S ' "  O Interaction. 
I. The Desaurin from Acetophenone. 

BY T. R. LYNCH, I.P. MELLOR AND S. C. NYBtmG 

Lash Miller Chemical Laboratories, University of  Toronto, Toronto 181, Ontario, Canada 

(Received 9 July 1970) 

The crystal structure of the 'desaurin from acetophenone', C18H120282, has been determined as part 
of a program to investigate the S . . .  O interactions in a range of molecules. The crystals belong to 
the monoclinic space group P2x/e with a= 5.740 (8), b= 4"848 (12), c= 28-299 (8)/~,, fl= 96.9 (1) °. The 
structure was solved from the Patterson function using 1020 photographically determined intensities 
and refined to R=0.124. The molecule shows an S . . -O distance of 2.640 (6)/~. 

Introduction 

The two-dimensional crystal structure analysis of 2,5- 
dimethylthiothiophthene (I) by Bezzi, Mammi & 
Garbuglio (1958) 

S S' S S S--O 

CH~ O ~ ~ ~ C H 3  C ~ C H a  
(I) (II) 

indicated a symmetrical molecule with S. • • S distances 
of 2-36 .~. This early crystal structure analysis has since 

been subjected to three-dimensional refinement in these 
Laboratories (Leung & Nyburg, 1969) and S---  S deter- 
mined as 2.358 (1)/~. As pointed out by Bezzi et al. at 
the time, this is substantially longer than any 'formal'  
S-S bond known. A subsequent examination of S-S 
bond lengths by Hordvik (1966) suggests that the lon- 
gest possible S-S bond, i.e. a single bond with no ~r 
character, would be 2.10 A long. On the other hand, 
an examination of a number of sulphur-containing 
crystal structures shows that the minimum van der 
Waals radius of sulphur is about 1.65/~ [a value as high 
as 1.85/~ has been suggested by Pauling (1960)]. Ac- 
cordingly, 2,5-dimethylthiothiophthene was the first 


