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The structure of the crystalline complex formed by silver perchlorate with three molecules of 
dioxane has been determined. The crystals are cubic (a 0 --- 7.67 A) with Laue symmetry m3m and 
probable space group Pm3m ; there is one molecule of the complex in the unit  cell. The silver atoms, 
at the corners of the cube, are surrounded by a regular octahedron of dioxane oxygen atoms at a 
distance of 2.46 A. Both the perchlorate ion, whose center is at (½, 1 ~, 2), and the dioxane molecules, 
which lie along the axes of the unit  cube, appear to be rotating with little or no hindrance. 

Comyns & Lucas (1954) have recent ly characterized 
a crystall ine complex of silver perchlorate with three 
molecules of dioxane. An invest igat ion of the structure 
of this  complex was deemed worthwhile because of 
both the general complex-forming abi l i ty  of silver ion 
and the especially remarkable  complexing properties 
of silver perchlorate (Sidgwick, 1950). 

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

The complex was prepared according to the procedure 
of Comyns & Lucas (1954). Anhydrous  silver per- 
chlorate (2.2 g.) (Smith & Ring, 1937), dioxane 
(15 ml.) and  acetone (15 ml.) were gent ly  warmed unt i l  
the solid dissolved. Well  formed crystals were then  
obtained by  slow evaporat ion at room tempera ture ;  
the crystals were washed with acetone, after which 
the excess acetone was removed by a slow current  of 
dry  air. Microanalysis of a port ion of the product  
indicated tha t  it was the same as the substance 
isolated by  Comyns & Lucas (Table 1). The analyt ica l  

Table 1. Microanalyses of AgC1Oa. 3 dioxane 
Calculated for Found, Found, 

AgC104. 3C4HsO 2 this work Comyns & Lucas 
(%) (%) (%) 

Ag 22.87 22.88 23.0", 23.1" 
C1 7.52 7.42 7.60 
C 30.56 31.05 29.9 
H 5.13 5.34 5.13 

All analyses except those followed by (*) were by Dr A. Elek. 
* Analysis by A. E. Comyns. 

results correspond very  well with those calculated for 
the complex of silver perchlorate wi th  three dioxane, 

* This work was supported by the United States Air Force, 
through the Office of Scientific Research of the Air Research 
and Development Command. 

~f Present address: National Bureau of Standards, Washing- 
ton 25, D.C., U.S.A. 

par t icular ly  in view of the fact tha t  the crystals cannot 
be dried effectively (they lose dioxane readi ly  at 
120 ° C.), tha t  they  are quite hygroscopic, and tha t  the 
silver in them is easily reduced even in the absence 
of direct sunlight.  

Examina t ion  of the crystals with a polarizing 
microscope showed them to be isotropic. Suitable 
crystals were mounted  for X- ray  analysis  by  wedging 
them in special l i thium-glass capillaries with a wall  
thickness of 0-01 ram. and an inside diameter  of 0-2 mm.  
The crystals were found to be cubic, with Laue sym- 
m e t r y  m3m. Long-exposure rotat ion and powder 
photographs showed tha t  the uni t  cell was primit ive,  
with a o = 7.67:k0.01 A. No accurate densi ty  measure- 
ment  could be made because the crystals absorbed 
solvent readi ly  and in so doing seemed to become 
more dense. The approximate  density by f lotat ion was 
1.88 g.cm. -a, which corresponds to one (calculated 
1.08) molecule per uni t  cell. 

Equi- incl inat ion Weissenberg in tens i ty  photographs 
were t aken  with Cu Kc~ radiat ion and the multiple-  
fi lm technique for h = 0 through h = 4. Rela t ive  in- 
tensities were es t imated visual ly with the aid of an 
in tens i ty  strip. The fi lms were correlated by compari- 
son of the appropr ia te ly  corrected intensit ies of those 
reflections which appeared on more t han  one layer. 
A total  of 137 independent  reflections lie wi th in  the 
copper sphere of reflection for this  crystal ;  of these, 
132 were exper imenta l ly  accessible under  the condi- 
tions used and  all were ac tual ly  observed. 

The crystals used for in tens i ty  photographs were 
approx imate ly  spherical with a d iameter  of 0-20 mm.  
Since the absorpt ion coefficient of this compound for 
CuKc~ radia t ion is 116-2 (Internationale Tabellen, 
1935), the  absorpt ion of these crystals var ied by a 
factor of near ly  2 as the diffraction angle 0 changed 
from 0 ° to 90 °. However, the near ly  ideal shape of 
the crystals s implif ied the correction for absorpt ion 
effects, and  an approximate  correction was applied 
jus t  before the  f inal  structure-factor calculation. 
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All calculations, except as otherwise indicated, were 
made with the high-speed computer SWAC by proce- 
dures described elsewhere (Sparks, Prosen, Kruse & 
Trueblood, 1956). 

Determinat ion  and ref inement  of the 
s t ruc ture  

Since there is only one molecule of the complex in 
the unit, cell, only space groups with onefold posit_ions 
need be considered. Three space groups, P432, P43m, 
and Pm3m, satisfy this criterion and conform to the 
observed Laue symmetry, m3m. In each of these 
space groups there are two independent onefold posi- 
tions, at the origin and at the center of the unit cell. 
Consequently, the silver and chlorine atoms must 
occupy these positions; the silver atom may be placed 
arbitrarily at the origin and the chlorine at the center. 
The perchlorate group, thus centered at ½, ½, ½, is 
required to have the symmetry 43, 43m, or m3m 
respectively in the three possible space groups; this 
requirement would of course be identical if the posi- 
tions of the silver and chlorine atoms were inter- 
changed. The tetrahedral perchlorate group could have 
apparent symmetry 43 or m3m only if disorder exists 
in the crystal. 

The dJoxane molecule as a whole must be in one of 
two threefold positions. These threefold positions 
occur in the same places in the three space groups, 
at the midpoints of the cell edges and at the centers 
of the cell faces. The point symmetr_y requirements 
for these positions are 42 for P432, 42m for P43m, 
and 4/mmm for Pm3m. Neither the chair form, the 
boat form, nor any other reasonable configuration of 
the dioxane molecule possesses any of these point 
symmetries. A certain amount of randomness must 
therefore be assumed. 

In order to determine in which of the two possible 
positions the dioxane molecule lies, an electron-density 
projection on (001) was calculated with phases (signs) 
based only upon the positions of the silver and chlo- 
rine atoms. All of the signs were determined by the 
silver position. Well resolved peaks were found at the 
origin and center of the unit cell, corresponding to the 
silver and chlorine atoms respectively, and also along 
the axes at ±0.32. The latter peaks were attributed 
to the oxygens of the dioxane molecules and indicated 
that  the dioxane molecules lie along the cell edges. 

Thus the Ag-dioxane-Ag distance determines the 
unit-cell size. If one assumes a normal non-bonded 
Ag-O distance of 2.5 A and an intramolecular 0 - 0  
distance in dioxane of 2.8 /~ (calculated from normal 
bond distances and angles), the predicted cell constant 
is 7.8 J~, which agrees well with the observed value, 
7-67/~. 

Cigar-shaped peaks with an extension of about 2.3/~ 
intersected the axes at ±0.43. These peaks were pre- 
sumed to correspond to the carbon atoms, either 
rotating, or arrayed in a disordered way in several 

discrete positions, some of vchich were real and some 
introduced by the center of symmetry assumed at the 
phasing stage. No peaks corresponding to the per- 
chlorate oxygens were evident around the chlorine 
atom. 

A three-dimensional Fourier synthesis, calculated 
on the assumption that  the silver atom determined 
all the phases, confirmed and extended the conclusions 
reached from consideration of the projection. The 
electron density for the carbons appeared as an almost 
perfectly symmetrical torus around the axes; this was 
one indication that  the structure involves more than 
a simple twofold disorder, since twofold disorder would 
be expected to produce some non-uniformity in the 
ring and perhaps even distinct peaks. There was no 
indication of peaks around the chlorine at distances 
appropriate for the perchlorate oxygens. Instead, a 
rather low electron density was spread over a shell 
surrounding the chlorine and was actually lower along 
the diagonals of the unit cell than elsewhere. The 
oxygen atoms would be expected to lie along these 
diagonals in an ordered structure or a structure with 
even twofold disorder. Prominent diffraction rings 
surrounding the position of the silver atom indicated 
the need for back-shift corrections. 

A number of experiments with various trial struc- 
tures and Fourier syntheses based upon them gave no 
clear criteria for choice of one structure over another. 
Fourier syntheses corresponding to a number of non- 
centrosymmetric structures, including some with the 
sterically very unreasonable 4 axis for the dioxane 
molecule, showed peaks corresponding closely to the 
positions of the atoms used in the phasing calculation. 
Consequently it appeared that  the best approach to 
the solution of this structural problem involved the 
detailed comparison of the observed amplitudes with 
those calculated for several different structures, and 
this approach was therefore adopted. Two non-centro- 
symmetric and ten eentrosymmetric structures were 
tested and one of the latter was found to give signifi- 
cantly better agreement than all the others, and in 
addition to be entirely reasonable chemically. I t  also 
accorded well with all features of the centrosymmetric 
Fourier synthesis. 

The non-centrosymmetric structures were based on 
P43m and included the perchlorate oxygen atoms in 
ordered positions with the dioxane carbon atoms 
either ordered or in twofold disordered positions. The 

ordered positions for the carbon atoms corresponded 
to the almost impossible 4 configuration of the dioxane 
molecule. Even with revised temperature factor and 
scale-factor parameters these structures gave com- 
paratively poor agreement and were not considered 
further. 

The ten centrosymmetric structures tested, all of 
which necessarily involved some disorder, corre- 
sponded to five possible arrangements of the dioxane 
molecules and two possible orientations of the per- 
chlorate groups. The contributions from the atoms in 
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these  d i f fe ren t  possible a r r ays  were combined  wi th  
t h e  con t r ibu t ions  of t he  s i lver  a n d  chlor ine a toms,  
which  are u n i q u e l y  de te rmined .  The  fol lowing t abu la -  
t i on  describes t h e  var ious  o r i en ta t ions  which  were 
t r i ed :  

(1) The  pe rch lo ra te  oxygens  were a s sumed  to be 
1-44 J~ f rom the  chlor ine and  to  be:  

(a) R o t a t i n g ,  or r a n d o m l y  d i s t r i b u t e d  over  a shell  
su r round ing  the  chlorine.  

(b) Along the  b o d y  d iagona ls  wi th  a twofo ld  dis- 
order.  

(2) The  d ioxane  molecules  were a s s u m e d  to be:  
(a) R o t a t i n g  a r o u n d  t h e  axes.  The  ca rbon  was  

ass igned a rad ius  of r o t a t i o n  of 1.17 2~ a r o u n d  the  
po in t  0, 0, 0-410 a n d  t h e  o x y g e n  a rad ius  of r o t a t i o n  
of 0.67 J~ a r o u n d  the  po in t  0, 0, 0.333. 

(b) R o t a t i n g  a round  the  axes.  The  ca rbon  was 
ass igned a rad ius  of r o t a t i o n  of 1-17 A a r o u n d  the  
po in t  0, 0, 0.410 and  the  o x y g e n  was placed on the  
axis  a t  0, 0, 0.333. 

(c) I n  a fourfold  d isordered  a r r a n g e m e n t .  The  car- 
bons were d isordered  a b o u t  t he  001 p lanes  a t  0.031, 
0.150 and  0.400 a n d  o the r  pos i t ions  r e l a t ed  as are t he  
genera l  pos i t ions  of Pm3m. The  oxygens  were on the  
axes  a t  0, 0, 0.333. 

(d) I n  a fourfold  d isordered  a r r a n g e m e n t .  The  car- 
bons were d i sordered  a b o u t  t he  l l 0  p lanes  a t  0.084, 
0.128 a n d  0.400 and  o the r  pos i t ions  r e l a t ed  as are the  
genera l  pos i t ions  of Pm3m. The oxygens  were on the  
axes  a t  0, 0, 0.333. 

(e) I n  a fourfold  d isordered  a r r a n g e m e n t .  The  car- 
bons were 1.17 A f rom the  cell edge on the  110 p lane  

w i th  t y p i c a l  coord ina tes  0.108, 0.108 a n d  0.400. The  
oxygens  were 0.67 ~ f rom t h e  cell edge on the  110 
p lanes  wi th  t y p i c a l  coord ina tes  0.062, 0.062 a n d  0.333. 
The  o ther  pos i t ions  for bo th  the  carbons  a n d  oxygens  
were r e l a t ed  as are t he  pos i t ions  (m) of Pm3m. 

The t e m p e r a t u r e  fac to r  used in  all  ca lcu la t ions  a t  
th i s  s tage  was 3.4 A 2. F o r  the  n-fold d isordered  struc-  
tures ,  1 /n th  p a r t  of an  a tom was p u t  in to  each pos i t ion  
for the  s t ruc tu re - f ac to r  ca lcula t ion.  

The  con t r i bu t ions  of t he  r o t a t i n g  groups  were no t  
ca lcu la ted  d i r ec t ly  on S W A C  because  no special  rou- 
t ines  for these  ca lcu la t ions  h a d  y e t  been wr i t t en .  
I n s t ead ,  t he  con t r ibu t ions  of a toms  s i t u a t e d  a t  t h e  
centers  of r o t a t i o n  were ca lcu la ted  in  t h e  usua l  w a y  
wi th  S W A C  a n d  were t h e n  modif ied  b y  means  of 
app rop r i a t e  func t ions  w i t h  a desk  calculator .  The  
effect ive s ca t t e r i ng  power  of a r o t a t i n g  pe rch lo ra te  
group is fcl+dfo (sin rs/rs), where  s = 4zl sin 0/2 
(James ,  1950). The  r ad ius  of the  spher ica l  shell  (r) 
was a s sumed  to be 1.44 A, which  is t h e  average  dis- 
t ance  found  in o the r  pe rch lora tes  (Prosen & True-  
blood, 1956). The  pe rch lo ra te  g roup  as a whole  was  
centered  a t  ½, ½, ½. The  sca t t e r ing  power  of the  r o t a t i n g  
ca rbon  a n d  o x y g e n  a toms  of the  d ioxane  was approxi-  
m a t e d  by  a c i rcular  to rus  w i th in  which  the  e lec t ron 
d i s t r i bu t ion  was Gauss ian .  The  m o d i f y i n g  func t ion  for 
th i s  purpose  was t he  zero-order  Bessel  f unc t ion  for 
which  the  a r g u m e n t  was 2~r]hl  sin y~, in  which  r is 
the  rad ius  of ro ta t ion ,  h the  rec iproca l - la t t ice  vector ,  
and  yJ t he  angle  be tween  the  axis  of r o t a t i o n  and  h 
(Milberg & Lipscomb,  1951; L ipscomb,  1955). The  
radi i  used  were 1 .17/~  for t he  carbon a toms  a n d  0.67 A 
for t he  oxygen  a t o m s ;  th i s  rad ius  for the  oxygens  

h k 1 IFo] 
1 o o 251 
2 o o 562 
4 0  o 338 
5 0 0 224 
6 0 0 282 
7 0 0 152 
4 1 0 204 
5 1 0 282 
3 3 0 387 
4 3 0 228 
5 3 0 241 
4 4 0 256 
5 4 0 118 
6 4 0 172 
5 5 0 141 
5 1 1 126 
6 1 1 199 
5 4 1 156 
6 6 1 55 
2 2 2 142 
3 3 3 258 

Table  2*. Comparison of IFoJ and ]Fc[ for different models 
2 (a) 2 (b) 2 (c) 2 (d) 2 (e) 

r 1 (a) 1 (b) 1 (a) 1 (b) 1 (a) 1 (b) i (a) 1 (b) 1 (a) 1 (b) 

411 417 431 437 438 444 435 441 401 407 
863 837 931 905 915 899 898 872 848 822 
180 83 302 205 343 246 229 132 41 56 
138 233 252 341 316 405 198 286 55 144 
192 147 285 239 334 289 244 199 103 58 
93 94 157 158 164 165 123 124 4 5 

133 201 164 232 147 215 160 228 107 175 
267 203 295 231 297 233 302 238 295 231 
320 372 456 508 427 479 472 523 355 407 
130 169 216 255 187 226 239 278 161 200 
190 217 271 298 271 298 269 296 188 215 
241 304 257 310 210 273 316 379 343 406 

83 37 94 48 75 29 112 66 135 89 
171 189 204 222 175 193 230 248 226 244 
149 186 154 191 168 205 129 166 131 168 
178 229 121 172 100 141 157 208 264 315 
209 260 170 221 149 200 202 253 272 323 
184 216 135 167 144 176 125 157 170 202 
40 32 68 60 51 43 86 78 37 29 

278 311 215 248 169 202 214 247 317 350 
142 149 274 281 240 247 280 297 175 182 

R t  0.281 0.341 0.117 0.258 0.154 0.206 0.181 0.320 0.435 

* Structure factors are ten times the absolute value. See text for description of models .  
t R eva luated  for these  planes with omission of (100) and (200); see text. 

0.463 
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corresponded not  only to their  distance from the 
carbon plane in dioxane but  also to a position such 
tha t  their  unshared electrons were favorably  s i tuated 
for bonding with the silver ion. 

Table 2 comprises a list of the observed structure 
factors and  those calculated from the several different 
centrosymmetr ic  models for some of the critical reflec- 
tions. Model 2 (b) 1 (a), which corresponds to a rotat ing 
perchlorate group and a rotat ing dioxane molecule 
with the oxygen atoms on the axes, shows appreciably  
bet ter  agreement  than  the others. The overall  relia- 
b i l i ty  index for this s tructure at this stage of refine- 
ment  was 0.191; when (200), (110), and (100) were 
omitted, R was 0.157. The calculated structure factors 
for these three planes are appreciably too large for all 
assumed structures. P resumably  all are affected by 
secondary ext inct ion;  the first two are the strongest 
reflections observed and (100), which is also strong, 
was obscured on the in tens i ty  photographs by  a streak 
of white radiat ion,  so tha t  its observed ampl i tude  is 
not  very  reliable. 

The phases of all but  two planes are determined 
by  the  silver ion for all centrosymmetr ic  structures 
tested. The two unique planes are (111), which has a 
negat ive sign for all the  structures, and (551), which 
is positive in most  but  negative in a few. A three- 
dimensional  Fourier  summat ion  was calculated with 
the  phase angles obtained from structure 2(b)l (a). The 
negat ive contr ibut ion of (111) caused a considerable 
increase in the  electron densi ty  around the chlorine, 
a l though the  shell still was not  uniform. Otherwise 
the densi ty  was essentially the same as tha t  calculated 
wi th  all signs positive. The apparent  non-uni formi ty  
of the shell appeared to be caused by the ext inct ion 
errors, for a Fourier  summat ion  based upon the cal- 
culated ampl i tudes  for (100), (200), and (110) and the 
observed ampli tudes  for all other planes gave a densi ty  
dis t r ibut ion essentially identical  with the previous 
ones except tha t  the shell around the chlorine was 
almost  spherical ly symmetr ical .  

The procedure described by  Hami l ton  (1955) was 
used to f ind approximate  corrections to the tempera- 
ture factors of the silver and chlorine atoms from a 
difference Fourier  map. The temperature  factor for the 
silver a tom appeared to be approximate ly  correct; 
tha t  for the  chlorine atom was raised to 5.0 A 9, and 
this value was used also for the oxygen atoms of the 
dioxane molecule in the calculation of a fur ther  set of 
structure fact0rs. The overall reliability index de- 
creased  to 0-151; omission of (100), (200) and ( l l0 )  
gave 0-i16. 

Final ly ,  approximate  absorption corrections were 
made  on the assumption tha t  the absorption by  the 
near ly  spherical crystal  varied only with sin 0, and 
the  corrected ampli tudes were used in the evaluat ion 
of a new scale factor and overall temperature  factor. 
A modified least-squares calculation in which the 
parameters  of the rotat ing groups were assumed to 
be correct and were not refined was then  made. The 

Atom x 

Ag 0.000 
CI 0.500 
OD 0.321 
CDt 0.410 
Oclt 0.500 

Table 3. Final parameters 

y z B n (A e) B~e (A e) Baa (A_ e) 

0.000 0-000 3.8 3.8 3-8 
0.500 0.500 5.1 5.1 5.1 
0.000 0-000 4.5 10.0 10.0 
0.000 0 - 0 0 0  (3-4)* (3-4)* (3.4)* 
0.500 0 . 5 0 0  (3-4)* (3.4)* (3.4)* 

"* These were assumed at a comparatively early stage 
(see text) and not refined. 

¢ The positions for CD and Oct represent the centers of 
rotation, with radii 1.17 and 1-44 A respectively. 

f inal  parameters  obtained are listed in Table 3. The 
corresponding structure factors (Table 4) gave an 
overall re l iabi l i ty  index of 0.132; omission of (100), 
(200), and ( l l0 )  gave R = 0.094. 

D i s c u s s i o n  of  t h e  s t r u c t u r e  

Fig. 1 shows the electron densi ty ~(x, g, z) in super- 
posed sections parallel  to (001) which pass near  the 

0 ~A 

Fig. 1. Superposed Fourier sections parallel to (001). The 
3 3 lowest contour level is for 1 e.A- ; that for 1.5 e.A- is 

dashed. The contour interval is 1 e.A -a for the dioxane 
oxygen atoms, 2 e.A -3 for the chlorine atom, and 5 e.A -a 
for tho silver atoms. 

m a x i m a  of the peaks. The first contour is at  the 
1 e.A -a level. Each successive contour is drawn at an 
interval  of 1 e./~-a for the dioxane oxygen, 2 e.• -a for 
the chlorine and 5 e.A -a for the silver. The 1.5 e./~ -a 
contour has been included (dashed) in order to define 
the rotat ing groups more clearly. 

Fig. 2 is a drawing of a portion of the structure. 
The silver ions, at  the corners of the  uni t  cube, are 
surrounded by  a regular octahedron of dioxane oxygen 
atoms at a distance of 2.46 J~. This distance is in good 
agreement with those found in other colorless crystals 
containing s i lver-oxygen coordination (Donohue & 
Shand, 1947) and indicates tha t  there is negligible 
covalent character in the bond (Pitzer & Hildebrand,  
1942). 
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k l  

O 0  
O 0  
O 0  
O 0  
O 0  
O 0  
O 0  
O 0  
O 0  
1 0  
1 0  
1 0  
1 0  
1 0  
1 0  
1 0  
1 0  
1 0  
2 O  
2 O  
2 O  
2 O  
2 O  
2 0  
2 O  
2 O  
3 O  
3 0  
3 O  
3 O  
3 O  
3 O  
3 O  
4 O  
4 0  
4 O  
4 O  
4 O  
4 0  
5 0  
5 0  
5 O  
5 O  
6 O  

265 
569 
35O 
330 
216 
264 
138 

83 
66 

323 
233 
413 
200 
272 
132 
167 

48 
73 

355 
289 
263 
129 
225 
109 

83 
53 

378 
219 
227 
148 
124 

54 
57 

243 
109 
155 

63 
66 
17 

128 
81 
72 
28 
79 

438 
885 
407 
261 
196 
215 
137 
103 

63 
599 
238 
491 
178 
257 
108 
166 

55 
68 

395 
279 
225 
113 
202 

97 
87 
49 

388 
194 
207 
141 
128 
47 
59 

245 
90 

169 
63 
63 
39 

125 
89 
82 
39 
92 

Table 4*. Final values of ]Fol and ]F~[ 
h k 1 iF01 IFd 
7 6 0 50 45 
1 1 1 258 281 
2 1 1 355 339 
3 1 1 284 324 
4 1 1 299 261 
5 1 1 121 142 
6 1 1 185 171 
7 1 1 95 71 
8 1 I 73 73 
9 1 1 61 48 
2 2 1 168 144 
3 2 1 332 354 
4 2 1 145 140 
5 2 1 191 183 
6 2 1 121 96 
7 2 1 122 121 
8 2 1 51 47 
9 2 1 69 64 
3 3 1 316 287 
4 3 1 268 270 
5 3 1 100 92 
6 3 1 181 179 
7 3 1 76 64 
8 3 1 74 73 
9 3 1 45 47 
4 4 1 123 115 
5 4 1 144 138 
6 4 1 91 85 
7 4 1 91 80 
8 4 1 46 42 
9 4 1 40 54 
5 5 1 60 41 
6 5 1 92 107 
7 5 1 45 52 
8 5 1 46 51 
6 6 1 47 57 
7 6 1 51 61 
2 2 2 142 202 
3 2 2 172 177 
4 2 2 188 198 
5 2 2 99 67 
6 2 2 197 180 
7 2 2 83 73 
8 2 2 82 77 

* S t ruc tu r e  fac tors  are t en  t imes  the  abso lu te  value.  

h k 1 IFol IFcl 
9 2 2 51 46 
3 3 2 345 303 
4 3 2 149 142 
5 3 2 182 164 
6 3 2 126 114 
7 3 2 107 103 
8 3 2 50 48 
9 3 2 50 55 
4 4 2 182 201 
5 4 2 85 62 
6 4 2 131 136 
7 4 2 54 50 
8 4 2 64 56 
5 5 2 112 108 
6 5 2 74 73 
7 5 2 71 75 
8 5 2 36 35 
6 6 2 79 73 
7 6 2 45 42 
3 3 3 246 218 
4 3 3 232 246 
5 3 3 113 87 
6 3 3 163 159 
7 3 3 60 62 
8 3 3 61 64 
4 4 3 117 115 
5 4 3 138 131 
6 4 3 84 79 
7 4 3 77 73 
8 4 3 30 38 
5 5 3 77 65 
6 5 3 97 91 
7 5 3 57 53 
6 6 3 54 49 
7 6 3 40 50 
4 4 4 146 149 
5 4 4 68 56 
6 4 4 91 86 
7 4 4 47 46 
8 4 4 35 46 
5 5 4 86 91 
6 5 4 41 53 
7 5 4 52 59 
6 6 4 53 53 

Fig. 2. A sect ion t h r o u g h  the  s t ruc tu re  a t  x ---- 0. The  d ioxane  
molecules  are r ep re sen ted  in var ious  ro ta t iona l  or ien ta t ions .  
The  pe rch lo ra te  ion, cen te red  a t  (½, ½, ½), ex t ends  to  wi th in  
a b o u t  1 A of the  plane x =  0. 

A C 9  

Standard ionic and van der Waals radii (Pauling, 
1940 )  w e r e  u s e d  t o  e s t i m a t e  t h e  e f f e c t i v e  s i z e s  o f  t h e  

various groups. The overall effective length of the 
dioxane molecule is about 5.3 /~; the envelope of its 
rotation has a maximum diameter of about 6.0 /~ 
although the average is appreciably less because the 
molecule is only 4 4.5 J~ thick. Even in the plane of 
maximum extension, the diameter probably decreases 
somewhat in the region between the methylene groups, 
and it is just in this region that  the perchlorate group 
in the center of the unit cell approaches the edges most 
closely. Thus to some extent the dioxane is contoured 
favorably to fit the nearly spherical perchlorate ion. 
The perchlorate ion itself probably has an effective 
diameter of a little less than 5-5 A; even if it were a 
sphere with the chlorine-oxygen vector as radius it 
would have a diameter of no more than about 5.6 A. 

The packing is thus comparatively efficient. The 
dioxane molecules are nearly in contact with each 
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other in the section illustrated, and are in fairly close 
contact with the perchlorate ion also; the maximum 
radii of each group indicate slight overlapping, which 
suggests minimal synchronization of rotation. Al- 
though the silver ion might, by virtue of its charge, 
tend to orient the oxygen atoms of the perchlorate ion, 
this silver-oxygen distance is at the very least slightly 
more than 5 /i, and furthermore there is some shield- 
ing by the dioxane molecules. Consequently it is not 
surprising that  the perchlorate ion is not found to be 
precisely oriented. Because packing considerations 
suggest that  there is very nearly free rotation of both 
the dioxane molecules and the perchlorate ion, this 
possibility seems more likely to us than the presence 
of essentially stationary but randomly oriented groups. 
Experiments at low temperatures might permit a clear 
distinction to be made. 

The temperature factors of the oxygen atoms of the 
dioxane molecule are very anisotropic. If the logical 
assumption is made that  the dioxane molecule is com- 
paratively rigid, the oxygen temperature factor in the 
direction of the silver atoms would be expected to be 
of the same order of magnitude as that  for the silver 
atom. Experimentally, B is 4-5/l  9' for the oxygen atom 
in the direction of the silver and 3 .8 / l  2 for the silver. 
On the other hand, a larger temperature factor would 
be expected for each oxygen atom in directions normal 
to the silver-oxygen line since the forces holding it in 
these directions are comparatively weak. Among the 
possibilities tested, the best agreement is obtained 
with B,  as normally defined, equal to about 1 0 / l  ~ in 
these directions, which corresponds to a mean ampli- 
tude of vibration of about 0.36 /l;  many large dis- 
crepancies occur if it is assumed that  the oxygen atoms 
rotate with a radius of about 0-67 ii. 

Although it is not entirely clear why this compara- 
tively stable complex is formed, certainly the weakly 
bidentate nature of dioxane plays a large role, since it 
permits this molecule to act as a link tying the cubic 
lattice of silver ions together in an efficiently packed 
structure. The silver ion-oxyge~ bond presumably 
arises primarily from ion-dipole forces and thus need 

not be localized or directional in character; conse- 
quently the vibration, or possible small-radius rota- 
tion, of the dioxane oxygen atoms does not necessarily 
materially weaken the silver-oxygen bond. 
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