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The Crystal Structure of Silver Permanganate*

By E.G.BooNSTRAT

National Physical Research Laboratory, Council for Scientific and Industrial Research, P.O. Box 395,
Pretoria, South Africa

(Received 25 July 1967)

The crystal structure of silver permanganate, AgMnQs, as reported by Sasvari, has been found to be
incorrect. A new structure has been determined from three-dimensional X-ray intensity data. Compared
with the original structure, the positions of the Ag and Mn atoms are interchanged while altogether new
positions have been assigned to the oxygen atoms. Refinement with partial anisotropic thermal motion
parameters has decreased R to below 0-09. The tetrahedral permanganate group is regular to within
the experimental error, and has an average Mn-O bond length of 1-61 +0-01 A (not corrected for ther-

mal motion).

Introduction

The original determination of the structure of silver
permanganate by Sasvari (1938), was based on 140 re-
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T Now on a year’s leave of absence at the Chemistry De-
partment, University of Maryland, College Park, Maryland,
U.S.A.

b

flexions obtained from X-ray oscillation photographs
about the three crystallographic axes. Assuming regular
tetrahedral permanganate groups, packing arguments
led to the structure shown in Fig.1. Although mono-
clinic (space group P2,/n with f=924°), the structure
was considered to be a slight distortion of the ortho-
rhombic barite structure (Wyckoff, 1965), which is also
the structure type of the related substance, potassium
permanganate (Ramaseshan, Venkatesan & Mani,
1957), shown in Fig.2.
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Fig. 1. The structure of silver permanganate, in the [001] projection with z coordinates of the atoms given in A, after Sasvari. The
large open circles represent the oxygen atoms, the small black circles the manganese while the shaded circles represent the

silver atoms.
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The R value for Sasvari’s structure determination of
silver permanganate is calculated as 0-34, while the
Mn-O distances in the permanganate group vary from
1-4 to 1-8 A. The structure cannot be refined, showing
that serious errors probably exist in the data and the
structure. In particular, the method of intensity meas-
urement seems crude by present standards, no allow-
ance was made for absorption corrections, which could
be 50% for some reflexions, and the indexing was ap-
parently done on a pseudo-orthorhombic lattice, since
no negative indices were assigned.

There is thus considerable doubt as to the correct-
ness of the reported structure. It is not surprising that
the positions of the heavy atoms (silver and manganese)
agree with those in potassium permanganate, but the
oxygen positions seem suspect. The structure was there-
fore redetermined.

Experimental

Silver permanganate was prepared in the standard
manner from silver nitrate and potassium permanga-
nate. Suitable needle-shaped single crystals were selec-
ted under a polarizing microscope where they showed
oblique extinction. The face development was usually
imperfect with prominent striations and pits, so that
accurate optical goniometry was not attempted. Crys-
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tals were mounted on the goniometer head with the
needle direction as the rotation axis.

Herbstein (unpublished) had previously checked the
unit cell and space group given by Sasvari. In accor-
dance with the earlier work, the needle direction is
chosen as the ¢ axis and the space group is P2/n
(related by transformation to P2,/c, no.14 in Interna-
tional Tables for X-ray Crystallography, 1952) where b
is the unique monoclinic axis, and § is close to 90°.
The cell constants were redetermined and the values
used in the present study were a=5-64, b=_8-33 and
¢=7-12+0-02 A and f=92-25 + 0-25°, where the errors
indicate the approximate r.m.s. deviations of different
measurements. The corresponding values given by
Sasvari were a=566, b=827 and ¢=7-12A and
£=92°29-5". On the zero-level Weissenberg photo-
graph the absence I(hk0)=0 for k=2n+1, expected
for a barite-type structure, is obeyed only approx-
imately. The structure therefore cannot have symmetry
mg in the [001] projection, as had been implied. A
precession photograph showed clearly that I(h0l)+#
I(h0!), conflicting with another of Sasvari’s simplifying
assumptions.

A set of three-dimensional intensity data was collected
on equi-inclination Weissenberg photographs with the
multiple film technique. Mo Ku radiation was used to
minimize absorption corrections. The linear absorption
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Fig.2. The structure of potassium permanganate, after Ramaseshan, Venkatesan & Mani, drawn in the [001] projection to
facilitate comparison with silver permanganate above. (Same key as for Fig. 1, except that the shaded circles represent the

potassium atoms.)
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Fig. 3. The Patterson projection P(uv) of silver permanganate. Contours are all positive, and drawn at equal but arbitrary intervals

coefficient of silver permanganate for this radiation is
95 cm~!, and sufficient intensity was available with a
crystal diameter somewhat less than 0-3 mm. With this
radiation, the interfilm factor is too low to obtain a
useful range in intensities. Hence metal foil 0-025 mm
thick, was placed between the sheets in the multiple
film pack to increase the interfilm factor to a value
close to that normally obtained with Cu Ko radiation.
In order to save time, two cameras, each with its own
crystal, were used simultaneously to record the dif-
ferent layer lines. Data from layers 7k0-10 were used
in subsequent calculations. A further two layers hkl1,
12 were also photographed, but the data from these
were not included since the photographs were of poor
quality.

In view of the expected pseudo-orthorhombic sym-
metry of the structure, it was essential to use an index-
ing scheme that was internally consistent for the dif-
ferent layer lines. It was only necessary to ascertain
the correct sign of the 4 index for each reflexion, since
the k and / indices could always be chosen positive in
view of the relationships I(hkl)=I(hkl)=I(hkI). This
is naturally done subject to the requirement that
+a, +b and +c form a right-handed set of axes with
B>90°. Complicating features were the f§ angle close
to 90°, and the fact that two crystals were used on two
cameras for which the directions of spindle rotation
relative to carriage movement were in opposite senses.
Different cross-checks were used, and at no stage was
there any uncertainty about the correct indexing.

The spot intensities were measured by visual com-
parison with a calibrated wedge. For each three layers,
a new wedge was made with the same crystal as had
been used in recording the intensity photographs, and
thus the spots on the wedge were roughly of the same
size as those to be measured. On higher layer lines the
extended spots were measured. By interrelating the dif-
ferent wedges, and making a correction for different
exposure times, the intensities for the various layers
were placed on roughly the same relative scale.

Data processing

The large amount of work involved in processing the
data associated with more than 2500 reflexions was
done on an IBM 704 computer with the aid of two
specially written programs. The first of these was de-
signed to yield a set of measured intensities (on a
relative scale) for each layer line from the multiple film
measurements. The second program applied the neces-
sary corrections to the intensities to give either cor-
rected intensities or structure factors (F2 or F,) as re-
quired. The standard corrections for equi-inclination
Weissenberg photographs are a combined Lorentz—
polarization factor (Cochran, 1948), spot-shape factor
for higher layer lines (Phillips, 1954), a;,c, splitting
factor (Rae & Barker, 1961; Boonstra, 1966), a cylin-
drical approximation for absorption (International
Tables, 1959) and an optional scale factor to put all
the layers on the same relative or absolute scale.
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The hkO data were processed first and the structure
investigated in projection because it was hoped that
the uncertainty about Sasvari’s structure would be
cleared up rather quickly. The two-dimensional work
proved that Sasvari’s structure was incorrect, so that
a complete redetermination had to be done. Initially
only the data from layers hk0-7 were used, but later
the extra data hk8-10 were included.

The calculations involved in the structure determina-
tion were done on an IBM 704 computer with the fol-
lowing standard crystallographic programs:

(i) MIFR 1: Two- and Three-Dimensional Crystallo-
graphic Fourier Summation Program for the IBM 704
Computer. M.I'T. Tech. Rep. Sly, W.G. and Shoe-
maker, D.P. (1960).

(ii) ORXLS: A Crystallographic Least-Squares Re-
finement Program for the IBM 704. O.R.N.L. Rep. No.
59-4-37. Busing, W.R. and Levy, H.A. (1959).

(iii) ORXFE: A Crystallographic Function and Error
Program for the IBM 704. O.R.N.L. Rep. No. 59-12-3.
Busing, W.R. & Levy, H.A. (1959).

A simple model of the structure would consist of
silver and permanganate ions, Ag* and MnOj respec-
tively. In this description, however, the term ‘atom’ is
used to refer to the silver, and to the constituent man-
ganese and oxygen of the permanganate group. The
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scattering factors used are those for the uncharged
atoms, as given in International Tables for X-ray Crys-
tallography (1962).

The structure in projection [001]

The Patterson projection P(u,v) shown in Fig.3 has
symmetry mm, but contains an additional pseudo-
mirror plane at v= + 1. This is a result of the pseudo-
absence I(hk0)~0 for k=2n+1, which holds strictly
for the barite structure. In agreement with Sasvari’s
structure, it is immediately deduced that x(Ag),
x(Mn)=1%. The assignment of peaks as shown, yields
the coordinates y(Ag)=4%/120 and y(Mn)=223/120,
which correspond to Sasvari’s structure but with the
Ag and Mn positions interchanged. Another possible
set of coordinates exists, but this possibility was def-
initely excluded at a later stage and will not be dis-
cussed any further.

In order to find possible oxygen positions, first the
y and then the x coordinates of the heavy atoms were
refined, and Fourier and difference Fourier maps cal-
culated. In these maps, the pseudo-symmetry of the
heavy atom positions produces two possible peaks for
each oxygen atom - the one corresponding to the real,
and the other to a ghost atom. Four such pairs were

)

Fig.4. The final electron density projection g(xy) obtained for silver permanganate by refinement of the two-dimensional trial
structure. Contours are at equal but arbitrary intervals with zero level given by thick dotted lines, positive contours by solid

lines and negative contours by thinner dotted lines.
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Fig.5. The difference projection corresponding to Fig.4, with the Ag and Mn atoms removed to show the oxygen positions
0O(1)-(4), and the ghost peaks O(1")—(4").

observed on the difference map (after removing the
heavy atoms) and the real positions selected by con-
sidering the peak heights. The structure thus found
refined in projection to R=0-21, and the final electron
density maps are shown in Figs.4 and 5. An oxygen
position such as O(1) is obviously preferred to the
ghost position O(1°). The only uncertainty was in the
correct position O(4), which overlaps with the Ag atom
in projection, and here a wrong choice was made. The
later refinement showed that the atom O(4) had to be
shifted by a small amount in y to the other side of
the Ag atom.

In this projection, it is clear that the positions of the
silver and manganese atoms are interchanged com-
pared with the structure proposed by Sasvari, and
completely new positions are assigned to the oxygen
atoms.

The three-dimensional trial structure

The complete trial structure was deduced from the
three-dimensional Patterson synthesis P(uvw). The
heavy atom positions satisfy the higher orthorhombic
pseudo-symmetry and the small departure of § from
90° cannot affect the interpretation of the Patterson
synthesis. The Harker peaks yielded the positions of
the heavy atoms directly, and by restricting the choice

of asymmetric unit, the trial coordinates can without
loss of generality be given as

x(Ag)=x(Mn)=1%
y(Ag)=2/60, y(Mn)=11/60
z(Ag)=10/60, z(Mn)= —20/60 .

In the unit cell there are four symmetry-related Ag
positions, and each oxygen atom in the asymmetric
unit hence gives rise to four distinct but related Ag-O
vectors, with peaks in P(uvw) at x(Ag) + x(0), y(Ag) +
#O), 2(Ag) £2(0); ++x(Ag) + x(0), §+¥(Ag) +¥(O),
14 z(Ag) + z(0). In each set, either the three upper or
the three lower signs are taken. Such peaks of roughly
the expected height were readily found for the oxygen
atoms O(1), (2) and (3). The corresponding but weaker
Mn-O peaks could then be found at the predicted
positions and yielded shortest Mn-O distances of 1-70,
1-58 and 1-74 A respectively. The same process could
not yield the position of the oxygen atom O(4), and
this was finally predicted from the other three oxygen
positions by assuming that they, or their symmetry
related atoms, form a regular tetrahedral arrangement
around the Mn atom. In this way some peaks could
be i(%zntiﬁed, corresponding to a Mn-O distance of
1-74 A.
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Refinement

Refinement of layer line scale factors, positional coor-
dinates and isotropic temperature factor of all the
atoms of the trial structure deduced above, was suc-
cessful and readily yielded an R value of 0-18. Calcu-
lations of R for the different layer lines individually,
showed conclusively that the indexing of the layers was
internally consistent. That the indexing was further
correct for the trial structure chosen, was confirmed
by calculating interatomic distances in the MnO4 group
for the cases f=92% and 87%°. The group was clearly
more regular with §=921°, and this removed the last
uncertainty about the trial structure.

The scale factors of the layer lines, as applied to the
structure factors, varied on a relative basis from 1-:0
for the zero layer to about 3-0 for the uppermost layers.
The experimental cause of this variation was traced to
a fault in the high tension supply of the X-ray genera-
tor, which resulted in a gradual increase in output over
a period of weeks. The attempt to place the intensities
of the different layers on approximately the same scale
was therefore unsuccessful. This was the reason for the
presence of the severe diffraction ripples observed in
the Patterson synthesis, in the ¢ direction, which
masked most of the interatomic vectors associated with
the oxygen atom O(4). A further consequence was that
no attempt could be made to do a full anisotropic re-
finement. Nevertheless, a number of improvements
could be introduced and are described briefly.

On inspecting the listing of F, and F; (observed and
calculated structure factors respectively), it was found
that the strongest reflexions had F, values consistently
low compared with F,. This was attributed to extinc-
tion and/or overexposure on the film, and a total of
20 such reflexions were excluded from the refinement.
Absorption corrections, varying on a relative scale up
to 6% on the zero layer, and up to 10% on the seventh
layer, were applied to the observed structure factors.
These small but systematic corrections should make
the values obtained for the temperature factors more
meaningful physically (Srivastava & Lingafelter, 1966).
Dispersion corrections were included in the scattering
factors of Ag and Mn (International Tables, 1962), only
the real term being used as recommended by Ramase-
shan, Venkatesan & Mani (1957).

Up to this stage unobserved reflexions were assigned
a structure factor value corresponding to Tunobs =%/min
(Hamilton, 1955) before correction (De Vries, 1965).

THE CRYSTAL STRUCTURE OF SILVER PERMANGANATE

With the short wavelength used, reflexions were not
observed above about 20=90°, and even below this
value roughly half of the reflexions were unobserved.
It is clearly incorrect to give all unobserved spots the
same Iuynons value, independent of 20. The apparent
contradiction arises because it is not generally appre-
ciated that Hamilton’s formula is based on an approx-
imation which is only valid if Jmin is small compared
with v (the average intensity of the reflexions at the
angle of diffraction corresponding to the unobserved
reflexion). The formula should therefore not be used
in regions of the film where there are a large number
of unobserved reflexions, or where the observed inten-
sities are weak. It was therefore rather arbitrarily de-
cided to include only those unobserved reflexions which
occur at sin 8/ values less than about half the maxi-
mum value corresponding to observed reflexions. In
this way 95% of the unobserved reflexions were ex-
cluded from the refinement. This led to a considerable
reduction in R (about 0-08), with no significant changes
in the atomic positions.

In the later stages of the refinement, a weighting
scheme (based on the usual assumption w=1/6?) was
introduced. Initially an estimate of ¢ was obtained by
using the method of Hughes (1941). Later an experi-
mental method of obtaining o was used, and although
this gave a slightly lower R value there were no signi-
ficant changes in parameters. In this scheme, each re-
flexion is treated on merit and the e.s.d. is obtained
from the measured intensity values on the films of the
multiple film pack, and from the intensity wedge used.
The most important effect of weighting was a marked
increase in the atomic temperature factors, coupled
with an increase in layer line scale factors. The atomic
parameters obtained with isotropic refinement and cor-
responding to an R value of 0-104 for the £k0-10 data
are given in Table 1.

By repeating the refinement firstly with only the
hk0—4 data, and secondly with hk0-7 data, it was
clearly shown that the oxygen atom O(4) was most
susceptible to the effect of series termination. Changes
in atomic coordinates were minimal, but ¢(z) for O(4)
was always considerably bigger than for the other
oxygen atoms, and there were noticeable differences
in temperature factors. The temperature factors for the
other three oxygen atoms were virtually identical and
the average varied from 2-08+0-15, 2-:23+0-11 to
2:11+£0-10 with cut-off after the fourth, seventh and
tenth layer respectively, showing no significant trend.

Table 1. Atomic parameters for silver permanganate, obtained from isotropic refinement
with R=0-104 and based on 1439 hk0-10 reflexions, as fractional coordinates x 10*

x o(x) y a(y) z a(2) B o(B)
Ag 2439 0001 0328 0001 1647 0001 1-82 0-02
Mn 2573 0002 1868 0002 6608 0001 1-22 0:02
o(1) 3829 0013 3492 0010 5921 0008 2:05 0-10
0(2) —0139 0014 2233 0010 7153 0008 2-17 0-10
0(3) 4044 0014 1190 0010 8445 0008 2-12 0-10
04) 2520 0019 0590 0013 4963 0011 2:97 0-14
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Table 2. Observed and calculated structure factors (Fo and F)
on 10 x absolute scale, corresponding to partial anisotropic refinement with R=0-087
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014 23 210 28 361 363 305 651 877 | 5 3 432 404 2.2 151 a3s on 237 7 s s 13 31 e 80 110 116 -0
214 227 217 38 212 251 25 459 435 | 4 3 960 970 32 25 2w 20 m 8 6 66 79 a2 2 51 76 48
4 des -5 ) g g 342 353 | 215 782 798 | 33 797 758 42 248 232 4 63 4 6 106 -108 S S L
8 200 193 05 S19 01 [ 2 3 1268 1453 s 2 246 225 611 98 S 6 e | 72 M6 0 412 718 75
€ =1 08 78 533 15 923 1011 -1 3 8 978 6 2 149 150 512 131 4.6 179 170 22 B4 n S12 us 151
90 1w e 18 250 -239 25 437 408 | 0 3 1249 as01° | 7 2 3 w9 f g2 7 36 &1 s _-67 ; 35’ -f” 412 7 n
145 156 28 406 416 35 58 586 13 969 1095 8 2 102 -105 32 07 2 6 205 -200 66 ~17¢ 212 166 2174
70 45 a3 419 | 2 3 1085 1269 | 9 2 72 53 - > s 2 297 2 [ 212 n3 o
S0 o 3g | 38 0 2% 21277 16 4 ¥ 1 &2 305 295 | a2 we 208
48 32 s5 4art 465 | 33 598 406 | 9 3 72 80 | 432 06 331 342 -
3 0 782 795 s 8 153 150 65 20 245 | 43 983 073 | 33 68 0 | o012 102 16 a1 a3 | D7 40 0 012 135
oo wes |0 T 7 s 206 300 S 3 535 sas | 703 124 im Vi e 26 2 e | 22O e 112191 J194
1O 0 B 5o 2 es | 85 120 M5 | g3 574 618 | s 3 159 %9 [ 212 g 36 e e | 936N e} o212 03 97
S S lso s s | 95 e o3| 73 306 s [ 53 202 28 | 312 1y a6 w0 o [ 7300 OB 3z e 28
A B L A T I B R sz 73 6 6 196 188 2 2 367 370 Sh s e
- a2 9 39 s 6 1% 13 { 93 7 s | 33 22 23| 513 86 19 9 - -
- 11 -2 19 350 375 s 6 255 269 {103 200 213 | 2 3 264 -25 | 413 90 37 15 8% 32 30 39 12 61 77
S 4 B 39 328 324 | 46 28 20 | 6 4 s 125 | 33 ws 289 | 343 g9 7 61 s ' ; ;;; j;; Jnrow
:3‘ : ;“’: :21 5 9 188 -200 36 318 30 | 4 4 49 3% 03 18 152 | 213 12 37 ous HERE I j I 3: -:;
21 21 239 7 e 152 139 26 281 u9 [ 4 M9 03 13 213 208 13169 4 7 149 103 7 2 20 87 PRV T
31 s 93 410 258 2% 16 32t 92 | -2 4 250 218 2.3 430 454 013 12 3 7 w9 107 8 2 u2 2 a2 s
o 1 0 eare | 410 27 18 0 6 278 -249 f -1 & 33— 44 33 22 227 113 203 207 4 %4 ¢ 2 127 a D14 182 168
11 a3 425 310 251 25§ 16 480 465 04 32- 50 4 3 190 18 213 101 478 L2 A 80 214 136 1es
2 1 a7 % 210 423 49 26 440 420 14 108 -140 53 14t 18 313 208 07 n 94 203 6 7 FRYERT
Il - 83 110 295 -297 36 s12 S0l 2 4 7 74 6 3 138 -2 413 90 17 133 138 53 6t 51 a4 86 107
1 o1 1w 010 370 378 46 200 200 34 4. B 83 & &4 513 134 27 6 8 | L3 22 12 14 57 n
s 1 s 167 110 250 250 s 6 86 221 | 9 5 195 -198 % 4 8 a8 414 18 37 38 55 303 137 -6
6 1 28 270 210 410 465 66 118 123 | 7 5 310 36 4 4 161 172 | 94 128 47 187 12 203 e g K3 7
B 1 64 m 310 217 254 76 74 224 | 5 5 605 S84 | 3 4 134 128 ota 13 28 8 5|33 133 20| 50 0 63
92 2 ;e | 410 303 32} g7 o202 83 35 709 g2 | 24 Al 204 T4 48 9 % | 53 g a6 | 7o 105 -ne
72 43 a6l 510 208 227 | g 7 aeg ass [ 25 38 19 | -4 Ds- 30406 105 78 18 78 13 e 93 | o0 254 za2
%2 107 78 610 234 23 47 623 409 | -1 5 886 947 0 4 101 a2 %08 225 208 23 18- e | 30 180 an
5 2 788 750 710 15¢ 161 27 7% 7188 0 s 168 159 14 6. -4 . 5 5 8 138 -130 313 2. a2 a0 22 m
42 e 810 163 158 | 7 a0- 7 |15 o9ls nojee |24 236 248 48 24 V6 | 43 o1 12 Vo o282
302 1es nere | AN 1o 07 966 983 | 2 5 8 64 34 2 41 S0 139 -0 38 03 200 [oa 78 79 30 272 28
22 ed o |21 o202 e V7 180 sz | 3 s 84 914 4 4 303 309 | 30 23 28 | 28 208 303 | 5 4 116 119 o 4 37
302 e tedge | TN 126 e 27 79 83 | S S 417 484 6 4 169 177 | 1 0 404 4s8| ;g 204 22 | 5 4 211 102 70 8 %
0 2 15¢ 130 o 197 -199 47 563 566 75 33 =350 7 4 56 33 T o a1 10 08 322 337 | s 4 105 108 91 8 .0
17 teos esoe | 1TV 126 a3 67 416 449 | 9 5 180 226 84 70 B 30 378 400 18 185 15 | 44 28 25 | 71 19 &9
22 391 3ed 21 158 182 87 243 4| s 6 17 4 A5 a2 s s 0 2% 219 28 3 99 | 34 120 -ne | 5 1 02 -0
32 9273 a3oae | M12ON6 SV gm0 | 206 12 o146 | 85 Jed M9} 70 185 -8 |3 g 203 203 | 2 4 404 398 [ S0 177 -les
$2 J01 g | H12olerme 58 133 a7 [ -1 6 lee 13 | 75 275 252 4 81 87 N2 | 48 260 262 | 1 4 w6 164 | 4 1 41 a6
s 2 73 014 155 106 308 245 2% | 06 3. -9 4 s 182 189 | 6 1 35 e s 8 132 134 o 4 3 33 | 31 194 170
7 2 487 508 2 2 S8 w1 e | )6 e- s [ S5 351 2 4] 6 8 180 -2 e w9 qto3 [ 20 s a3
9 2 27 08 8 g | 26 42- a0 | 4 5 257 243 | 4 1 207 24 | g g 13 141 24 a7 410 | a1 144 A%
83 215 217 [ 8 0 23 97 18 237 262 | 5 7 183 158 | 35 492 497 | 31 a7 135 |79 101 90 34 a7 170 o1t 200 226
73 193 205 % 0 2% 273 28 163 -193 | 4 7 139 -n2 -2 5 385 405 | 2 1 308 332 | 5 9 X 104 4 4 304 289 11 s 134
43 38 32 | 4 0 s98 S50 18 157 e | 37 297 300 | -1 5 s80 437 | a1 s 75 | 39 s .47 s 4 69 58 21 2 2w

* Marks reflexions given zero weight and Foos values followed by minus sign are unobserved reflexions included in refinement.



1060

THE CRYSTAL STRUCTURE OF SILVER PERMANGANATE

Table 2 (cont.)

LI Fo Fe h ok Fo Fe LI Fo Fe h & Fo Fe hok Fo Fe LI Fo Fe h ok Fo Fec h X Fo Fe h ok Fo Fo
31 s -1 4 451 a3 | 08 220 20|20 20 27|04 so 93|59 92 78|73 143 1261411 50 13 { 23 80 8]
41 163 s | ) 4 354 3se 18 185 133 (] 0 24| 04 w28 s |39 M g1 |63 220 257 |2 76 e [ 44 2 &2
51 5 81 0 4 490 535 2 8 204 200 2.0 159 49 2 4 180 49 | <) 9 WO 129 |5 3 193 a2 on 185 175 2 4 75 01
61 132 am 14 195 188 38 48 132 4 0 266 261 4 4 72 83 19 131 122 | 4 3 354 42 211 132 48 0 4 8 91
8t 8 101 2 4 503 s16 4 8 200 -204 6 0 w8 188 | o s 122 102 2 9 8 9 {3 3 21 22 4 150 s 2 4 00 21
102 60 21 34 262 49 58 77 =48 8 0 W09 21 | 7 5 193 167 39 102 78 {2 3 388 423 } 611 100 -3 44 76 83
® 2 4 121 | 4 4 406 4n | 6 8 24 133 [-10 1 104 85 1 &6 s 128 120 | 30 8 68 | 3 228 300 45 % 84
22 2 2| sa 2 20| 78 o ogs AL M M} s s 29 s | 110 71 2| 03 406 72 e 0 S 5 e a0
52 33 6| 64 s 28| 88 0 w2 | B U8 Ml a5 0 s | 6n o oty o 3w 45 & 9
42 85 99 74 4w |9 ms an T o0 T | 305 279 28 | 41 104 99 | 203 474 56| .8 0 133 an2¢ |35 185 14
32 se7 Sz | 84 4 2w [S9 M 0 Ty 3 g |25 s ey [ =210 18 129 [ 33 251 23 | 6 0 204 92 | 25 126 120
22 35 35|10 4 w3 130 | m 22| Ly 50 250 | -1 5 341 382 | 01 M6 4 | 43 368 370 | 4 0 20 283 (<1 5 w8 190
12 543 sy | 85 5o s [ -1 9 251 266 | 5 3 L3 _ao [ 05 21 228 | 211 125 138 | 5 3 22 220 | -2 0 285 307 05 9 10
02 48 a |25 13 32 19 27 282 | 5y 343 367 1 s 355 396§ 41N w04 -t | 63 22w 27 | 00 0 Joar | VS 203 W2
1 2 438 a2 % 8 18 87 30 168 187 PRI T T2 514 2 5 202 198 -1 12 94 ~74 713 146 37 2 0 285 302 25 127 32
22 a4 9 [ 5 5 213 198 s 9 12 70 01 2 233 35 291 297 112 76 42 | 8 3 195 208 4 0 232 228 35 8 s
32 sz oass | 405 76 a3 | 7o w0 e f Qb 0 T L g 30 2 [ S13 106 a0s [ s 4 09 8 [ g0 205 200 | 45 10 es
5 2 425 43¢ | 3 5 285 250 | 610 1B 14 21 364 387 s 5 22 2n | 9B 159 a3 | 44 3 93 8 0 90 -102 s 5 192 144
72 2247 34| 25 71 s2 | 510 80 79 31 a3 an 6 5 159 139 [ V13 122 137 |2 4 e e |21 2 75 105 104
9 2 73 ez [ -V s 227 222 [ AN 7 oase |0 of0 o0 | 705 s e | 003 95 84y 4 52 7 |41 % 70 |26 8 86
M2 g7 e | 0s 73 29 p 00 8 0| ooy e WO 46 s 53| MW 1 135 | o g4 a2 a0 | s 1 odes 91 | S 6 159 4
1003 94 103 15 256 248 | 210 178 194 61 182 |3 N2 129 313 21 w44} 2 4 e 67 | 41 & 84 | 4 &6 94
- 3 n 7 25 & 3 {-110 143 a0 7 1 248 238 | 2 6 150 9% -z 9 =2 5 13s 12 |31 247 235 |36 1 181
£ 3 uws wr| 3 s 288 274 f 010 212 220 | g 3 94 _l0o | -1 6 87 02 S5 5 208 204 |2 1 155 se | 2 6 127 29
73 105 ot | 55 170 sy | 10 49 WS | oy je0 _1s8 | 0 6 52 93 | 5 0 e —los |3 5 297 306 {1 t 222 245 [ -1 & 187 .98
% 3 246 226 | 7 5 9% 95 | 210 28 27 | 4 5 3 ey | 16 179 wa| s o 71 s |-1s 36 35| 01 o | 06 93 N
S5 3 204 4| 86 s o2) 310 Ba 15| 42 5 | 26 125 78 f g7 g o0 | VS 313 330 11 25 305 | 16 156 183
43 36 298| 6 6 o 13 410 164 181 | 53 2 45 62 36 M8 21 | 4 1 ws aso | 305 328 323 2 1 91 A 2 6 8 1
303 w9 16| 46 21 a3 510 93 nr 2 2 102 ns 4 & 28 27| s 79 64 5 5 283 243 31 2 2 36 24 188
23 475 490 | 2 6 187 ge | 610 B3 M6 | 5 ge 36| s 4 omy A |41 212 27 | 75 87 a2 | 41 w2 29 | 46 98 28
-3 5 249 0 6 215 233 71 82 -4 02 94 -104 s & 100 9 | 31 a4 a2 |56 9 s | 51 210 92 s 6 9 133
03 383 a2 | 2 6 128 sp } 810 91 103 |y 2 g ys | ;4 90 03 |2 1 29 302 |36 WO va [ 61 uz an [ -4 7 04 06
13 25¢ 254 | 36 53 yp } 8N M4 08| 5 5 105 j08 |0 7 99 s0 |0 1 82 s |-l 6 73 6| 81 s o1 |4 7 2 s
23 355 3gs | 46 100 g | AN M 45|30 e 51 | 3 7 g5 e | 00 0 A | V6 T4 a0 | 71 st o0 |48 28 9
303181 4l & & 94 105 | 21 126 122 42 sa 1| 57 225 2 11 107 0e |37 8 9 |7 2 13¢ 0 |27 209 23
43 ms 30| 47 so 0| DM MM 3L g2 e e [ a7 32 | 21 207 e |27 94 99 s 2 st | 07 20 24
53 w1 a3 | 27w 2N N8 MIH 3 g a0 [ 207 a0 e | 31 126 e |47 67 g6 [ 32 1w s [ 27 221 208
63 230 2aa | 07 a3 s | 4N M S0 45 N a0 oy ouse oas2 | 41 27 246 |07 &7 se |2 w0 e [ 28 N3 A
73 18 w2 | 27 s asi| 41160 ST 5 5 99 01 [ 57 399 3es | s 1 o7 3| V7 92 qwafo2 53 92 | 48 8 &
83 122 | 37 74 e | N2 60 T 4y 50 g5 47 354 a3 | 60 wo tea | 37 102 w0 | 12 198 w3 | 47 24 209
93 a1 o 47 stoes [0 % B o3 a; 2 | 67 267 20 | 81 & s |29 w8 s |32 12 2| 67 18 am
0 4 s 13| 57 55 48 8 vy e a5 s 7 w0 s 2 tws e |[S9 w2 o952 0 sy ® N
94 o |88 o ogs| T 80 Wy 3 1|58 0 94|32 63 2139 2 22 72 s e |38 98w
44 0 -7 | 48 W B g“ :; ‘:: 33 103 105 |38 e s9 -1 2 99 m3 -1 9 285 27 |43 9 92 |2 8 131 .05
2 4 M2 au | S 8 106 78 43 169 58 | 28 63 15 0 2 48 76 19 288 284 |3 3 83 82 | ) 8 93 -89
4 4 247 248 | 4 8 179 180 z 8 5 3 98 83|28 76 97 12 52 55 39 20 246 | 23 55 44 0 8 107 87
S 4 199 aa| 38 10 88 4 4 3 2| ts 9 w2 32 78 95 | 5 9 188 200 [ 3 124 25 18 20 e
4 4 351 920 | 28 24 20| 45 0 & 73 4 4 29 M 38 07 -8 [ 42 65 s | 79 N9 145 | 03 91 104
3 4 253 23| -1 8 27 % | 40 109 109 | 2 &4 84 54t 29 7 74 | 83 4 e |40 00 84 13 5 50
Table 3. Positional parameters obtained from partial anisotropic refinement
with R=0-087, as fractional coordinates x 104
x a(x) y a(y) z a(z)
Ag 2494 0001 0327 0001 1647 0001
Mn 2572 0002 1867 0001 6608 0001
o) 3840 0011 3497 0008 5923 0006
0(2) —0145 0011 2226 0008 7156 0007
0Q3) 4050 0012 1189 0008 8444 0007
04) 2554 0017 0594 0010 4971 0009
Table 4. Thermal motion obtained from partial anisotropic refinement,
represented as mean square amplitude tensor Uy (A2 x 10¢)
Un a(Ury) Uz o(Uz22) Uiz o(Us2) Uss* Uys* Uzs*
Ag 0196 0003 0274 0003 0031 0002 0227 —0009 0-0
Mn 0151 0004 0162 0004 —0003 0003 0152 —0006

o)
0(2)
0(3)
0(4)

0263
0219
0266
0489

0028
0025
0027
0048

0251
0308
0271
0289

0027
0032
0029
0037

—0071
0068
0065

—0032

0023
0024
0024
0036

0256
0271
0264
0370

—0010
—0011
—0010
—0015

0004
SSo0S

* Not refined.

For O(4) however, the corresponding figures were
3-86+0-28, 3-22+0:18 and 2:97+0-14, and revealed a
marked dependence on cut-off. No physical significance
can therefore at this stage be attached to the apparently
higher thermal motion of O(4), which might be due to
a termination effect.

Since the layer lines were not properly scaled ex-
perimentally, refinement with full anisotropic tempera-
ture factors would be meaningless (Lingafelter &
Donohue, 1963). The introduction of anisotropic ther-
mal motion in projection is however justified, and hence
only the terms by, b5, and by, in the temperature factor
exp (—by1h2—2by,hk . . .) were refined. The refinement

was terminated at R=0-087, and the corresponding set
of Fy and F values (10 times absolute scale) are given
in Table 2, while the positional and thermal parameters
are given in Tables 3 and 4 respectively. As recom-
mended by Cruickshank (1965), the thermal motion
is given in terms of the mean square amplitude tensor
Us; where by =2n2Uya; aj .

Discussion

The new structure as redetermined here and shown in
Fig. 6, is clearly very different from the earlier structure
proposed by Sasvari. The positions of the Ag and Mn



E. G. BOONSTRA

atoms are interchanged almost exactly, and completely
new positions assigned to the oxygen atoms. Silver
permanganate cannot be regarded as having a slightly
deformed barite structure, because although there is a
formal correspondence in the heavy atom positions,
the orientation of the oxygen tetrahedron is quite dif-
ferent.

The thermal parameters obtained indicate that the
motion of the Mn atom is small and isotropic, whereas
that of the Ag atom is decidedly anisotropic. This seems
reasonable since the Mn atom is at the center of the
large permanganate group, while the smaller Ag atom
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is relatively free. This agrees with results obtained for
CsMnO, (Prout & Nassimbeni, 1966). More recently
in an accurate refinement of the structure of KMnO,,
Palenik (1967) also found that the motion of the Mn
atom is nearly isotropic, and that the permanganate
group can be considered as a rigid body.

Bond lengths and angles found in the present study
for the permanganate group are given in Table 5. The
observed departures from regularity are mostly asso-
ciated with O(4) and are probably due to the series
termination effect. Within the experimental errors, the
permanganate group is a regular tetrahedron with an

Table 5. Bond lengths and angles in the permanganate group
R =0-087 with partial anisotropic refinement, no correction for thermal motion.

Distance e.s.d.

Mn-0O(1) 1612 A 0-010 A
-0(2) 1-631 0-008
-0(3) 1:625 0-007
-0(4) 1-571 0-008
Av. Mn-O 1:610 0-004
0(1)-0(2) 2:670 0-011
-0(3) 2621 0-009
-0(4 2591 0-012
0(2)-0(3) 2656 0-010
-0(4) 2:602 0-012
0(3)-0(4) 2:630 0-011
Av. 0-0O 2628 0-007

Angle e.s.d.

O(1)-Mn-0(2) 110-9° 0-4°
-0Q3) 108-1 03
-0(4) 109-0 0-4
0(2)-Mn-0(3) 109-3 03
-0(4) 108-7 04
0(3)-Mn-0(4) 110-8 0-4
Av. O-Mn-O 109-5 0-2

2A

Fig.6. The new structure of silver permanganate in {001] projection for comparison with Figs. I and 2, using the same key as Fig. 1.
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average Mn—O bond length of 1:61 +0-01 A. The e.s.d.
is here set at a somewhat higher value to allow for the
effect of some possible systematic errors. This bond
length is in close agreement with the result of 1-629 A
found in KMnO, by Palenik after applying a correction
of 0:022 A for anisotropic motion. Such a correction
cannot be made in the present study on account of the
incomplete thermal motion data.

The structure as seen in the [001] projection seems
to consist of stacks of MnO, tetrahedra and rows of
Ag atoms extending in the ¢ direction. The difference
in z coordinates of the Ag and Mn atoms closest in
projection is almost exactly %, and leads to a regular
zigzag Ag-Mn-Ag-Mn chain running in the ¢ direc-
tion. This description probably has no significance
since there are closer Ag-Mn (and Ag-O) approaches
in other directions. Each Ag atom is in fact surrounded
by seven MnO, groups with Ag—-Mn distances varying
between 3-51 and 3-81 A, and corresponding close
Ag-O approaches between 2-33 and 2:67 A. The
shortest Ag-Ag and Mn-Mn distances are 3-63 and
4-33 A respectively, while the closest approaches be-
tween oxygen atoms in different permanganate groups
vary from 2-81 to 3-06 A. The shortest Ag-O and non-
bonded O-O distances are markedly shorter than the
corresponding distances in KMnQ, (2:62 and 3:06 A res-
pectively). The present structure is clearly more compact
since the molecular volume of AgMnO, is about 15%
smaller than that of KMnO,. The closer approaches
found in AgMnO, compared to KMnO, can probably
be attributed to the fact that AgMnO, is not a truly
ionic compound, but contains a measure of covalent
bonding. Unfortunately, accurate data for similar per-
manganates are not available.

Acta Cryst. (1968). B24, 1062
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The investigation of the structural aspects of the
thermal decomposition of silver permanganate, which
led to this structure determination, was undertaken at
the suggestion, and under the initial guidance of Dr
F.H.Herbstein. In the present work, helpful discus-
sions with Dr G.Gafner are gratefully acknowledged.
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The Crystal Structure of Cd;As;
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A Weissenberg study of the structure of Cd;As; has shown that the unit cell is tetragonal (a=12-67 +
0-01 &, ¢=2548+002 A, Z=32, space group I4;cd). Arsenic ions are approximately cubic close-
packed and Cd ions are tetrahedrally coordinated. The main difference between the present structure
and that proposed by von Stackelberg & Paulus lies in the disposition of the vacant tetrahedral sites.
Both structures are geometrically related to the fluorite structure.

Introduction

The crystal structure of Cd;As, was determined by
von Stackelberg & Paulus (1935) as tetragonal (a=
895, c=12:65 A, space group P4,/nmc) with As ions
approximately in a cubic close-packed array. Cd ions

were tetrahedrally coordinated and each As ion was
surrounded by Cd ions at six of the eight corners of a
distorted cube, the two vacant sites being at diagonally
opposite corners of a cube face.

In the same paper von Stackelberg & Paulus also
reported the crystal structure of Zn;As, as being the



