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THE CRYSTAL STRUCTURE OF RHODIZITE

Karlheint J, Taxer
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for t.ha degree of Master of Science

Abstract

The space group of rhodizite has been cgnfirmed to be
4+3_ with the cell constant a - 7.31910.001 A. A new analysis
and determination of the density of the Manjaka (Madagascar)
material by Frondel. and Ito suggested to them the formula
CsB11Al4 Be4 (01)4095'

Intensities of 504 of the 760 reflections of the asym-
metric Friedel unit were measured using filtered MoKo( radia-
tion and a scintillation detector. After these were corrected
.or Lorenta, polarization and absorption factors, a three-
dimensional Patterson function was computed. The structure
deduced from this and three-dimensional electron-density and
electron-density difference maps was refined torl2bj. This
structure has an ideal composition GsBl2Be4A14O28. The non-
alkali part, B12BgA14 028 , consists of close-packed oxygen
atoms held together by Be and B atoms in tetrahedral coordin-
ation and Al in octahedral coordination, all forming a con-
nected network, The omission of 4 oxygens from the close-
packed set provides a hole which houses the alkali. The sum
of the valences of the atoms of the network suggests that it
is formally neutral; if so, the alkali would appear to be
un-ionized. Alternatively, the alkali may contribute one
electron to a possible metallic bond between the Al atoms.
Such a metallii bond is suggested by the short Al-Al distance,
which is 2.95 A.

Thesis Supervisor: Martin J. Buerger
Title: Professor of Mineralogy and Crystallography
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CHAPTER I

Introduction

Rhodizite contains both very large and very small

ions, and its crystal chemistry is therefore of special

interest. Its composition, moreover, has been problem-

atical ever since a variety of it from the Ural Mountains

was first described by Rose (27) in 1834. Strunz (30)

tried to solve the structure in 1943. In 1938 he deter-

mined the unit cell and space group (29) and computed the

cell content from an analysis done by Pisani (24) in 1911.

Very recently Frondel et al. (11) analysed rhodizite from

a new locality, namely Manjaka, Madagascar. He found a

composition quite different from that given by Strunz, and

computed a new cell content based on a new determination

of the density. The number of boron atoms per cell,

eleven, seemed unusual, since this would require at least

three kinds of boron atoms on very special positions.

Also, the presence of hydroxyls and the total of 29 oxygen

- - ' -:. I- _19- 0 ". - - - .0;-:, -1 i6 4_ .



atoms seemed improbable. A determination of the crystal

structure, therefore, appeared to be quite a new problem;

it seemed certain that Strunma analysis was not right

and could be disregarded It was also obvious that,

because of the unusual number of atoms required by Frondel's

analysis, som corrections in the published composition were

necessary.

Since rhodizite contains a heavy alkali atom, it was

treated as a heavy atom problem. It was also expected that

the image of the structure from the hey atom would stand

out among all the peaks in the Patterson map, since the

other atoms in rhodizite are weak scatterers.
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CHAPTER II

Previous Work on Rhodizite

Rhodizite was first found in the Ural Mountains and

was described by Rose in 1834. It has since been found

sparingly in pegmatite at five other localities in Mada-

gascar (Lacroix, 16 and Behier, 1). The chemical analysis

of the mineral by older methods presented difficulties,

especially in view of the small size of the samples hither-

to available, and its composition has remained problem-

atical. The first analysis of rhodizite from the Ural

Mountains was made by Damour (9) in 1882. Dana's System

of Mineralogy (23) reports that the beryllium content was

incorrectly determined as A1203; the analysis is also

otherwise unreliable, and is therefore not listed in

Table l.

All the other analyses have been made on samples from

Madagascar. In 1910 Pisani (24) analysed rhodizite from

Antandrokomby, Madagascar; this analysis was used by

Strunz (19) in 1938 in the first x-ray work on rhodizite,



in which he determined the unit cell and computed the cell

content. Pisani stated that there was an admixture of

spodumene in his sample. The density of the Antandrokomby

material was determined as 3.38 g/cm3 . Strun: presented

the formula NaKLi4AlBe3B10027 based on these data. He

determined the space group as P4 I3m, and the measurement

of the cell dimension gave the value of a as 7.318 t 0.00 A.

The 1951 edition of Dana's System of Mineralogy (23)

says that rhodizite is a complex borate of beryllium,

aluminum and alkali and quotes Strunz's formula. Strunz

himself, in the third edition of Mineralogische Tabellen

(31), listed rhodizite as a member of the rhodizite-boracite

group, belonging to the class of borates without water.

The third analysis was made by Duparo, Wunder and Sabot

(10) in 1911; they stated that rhodixite contained an ad-

mixture of albite.

Numerous well-crystallized specimens of rhodizite were

collected by Frondel in 1963 in Manjaka, Madagascar. In

this locality the mineral rhodizite is associated with



rubellite, pink spodumene, albite, microcline and quartz

as the chief minerals, an with pink beryl, manganapatite,

behierite and lithium mica as accessory minerals, Frondel

and Ito (11) examined the sample and performed a new chem-

ical analysis, the results of which are given in Table 1.

They describe their material as strongly piezoelectric and

pyroelectric, density 3.44 t 0.0 g/cm3, isometric, space

group P43M with a o 7.31 X. Aided by a knowledge of the

space group, Frondel and Ito gave a different interpret-

ation of the composition than did Struna, as indicated by

the following comparison of the content of one cell:

Strunz: , NaaLi4 A14 Be 3 1 0 0 2 7

Frondel
and Ito: (Cs 44 K . 3 1 Rb 1 6 Na. 03 Al 4 Be 4 B11 o2 5 (OH) 4

Frondel
and Ito
(alternative): (Cs 44K 3 11Rb A 6Na. 03 Al 4 Be4 B1 202 7 (OH) 3

The alternative formula was discounted by Frondel and Ito

on the basis of density. The measured density was 3.44 g/cm 3



which compares well with 3.47, the density calculated for

the preferred formula, but poorly with that calculated

for the alternative formula, which is 3.59.

The structure of rhodizite was investigated by Strunz

(30) in 1943, who based his study on the cell content he

had computed in 1938. His results showed the following

distribution of atoms in the cell:

0(1) in 12i x 1/4 z = 0

0(2) in 121 x 1/4 z = 1/2

B in 121 x 1/8 z 3/8

(3 Be replace 2 B?)

Li in 4e x 1/4

Al in 4e x 3/4

(NaK) in la and lb 000 and $ -

The agreement between the calculated and observed structure

factors was said to be good.

Strunz's results could not be used as a start in find-

ing the structure of rhodizite because his information on



TABLE 1

chemical analyses of rhodizite (23)

Antandrokomby
material

Madaaar)

Sahatany Valley
material

tmada ascar)

Manjaka material
(Madagascar)

Analyst: Pisani Analysts: Duparo, Analysts: Ito and
(1910) Wunder and Sabot Haramura (1964)

0.68

1.78
1-41

2.29

3.47

14,93

27.40

43,33

7.30

3,.30

5190

10. IG

30.50

40.60

1.36

0.45

99.51

3.25

Li20

Na20O
K20

Rb20

Cs 2 0O
BeO

Al203
Fe2O3

B203
S102

Ign.

Rem.

Total

Density
(g/cc)

Remarks

3.18
1.42

0.11

100.00

3.344

Remainder is MgO.
The sample had
albite admixed.

0.12

1*79

1,83

7.54

12.20
24.41

0.12

46.82

0.45

4.10

0.53

99.92

3,44

Remainder is Li 0,
0.OOx, SnO2, 0.,i I20,
0.43. Also Ga, Pb, Cu
in range 0.Ox; Mn 0.00x;
traces of Mg, Ag, TI, Yb.
Alkalis determined by
high-temperature f lame
photometry

The sample had
spodumene ad-
mixed.



TABLE 2

Chemical analysis of the Manjaka rhodizite
and its interpretation in terms of content of cell (11)

Chemical analysis Cell content

Weight Based upon 29 Based upon cell
percent oxygen atoms mass of 811

Per cell atomic units

Na2 0

K20

Rb20

Ca20

BeO

Al20
3

Fe 203

B203

Ign.

Rem.*

0.12

1.79

1.83

7.54

12.20

24.41

0.12

46.82

0.45

4.10

0.53

Na

K

Rb

Cs

Be

Al
Fe

B

0.03

0.31

0.16

o.44

4.03

3.96

0.01

11.1

3.8

29

0.74 0.93

3.9

3.9

10.9

3.7

28.5

Total: 99.92
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its composition was probably wrong. His results should

not prejudice the interpretation of the Patterson map and

electron-density maps and the recognition in them of the

image of the structure.
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CHAPTER III

Unit cell and Space Group

The lattice constants, the cell constant and the

space group determined by Frondel and Straipt were checked

by taking precession photographs and cone-axis pictures

with MoK radiation. The selection of the material for

x-ray work is not easy because of its great hardness,

but it is possible to cause fractures by taking advantage

of the incomplete cleavage parallel to (111). Therefore

one usually gets little plates instead of cubes as spec-

imens for mounting on the goniometer head. A crystal

plate (diameter 0.2 mm and thickness 0.08 mm) was chosen

for the work described here. Previous investigation with

the polarizing microscope proved the synmetry to be iso-

metric. A rough determination of the refractive index

(n = 1.694 t 0.009) confirmed former results.

The crystal was mounted so that its [110 direction

was parallel to the dial of the precession camera. The

shortest translation period noted on the films (representing



the zeroth, first and second level of the reciprocal

lattice) was parallel to the four-fold axis as judged by

the intensity distribution of the reflections on the film.

* * *
This translation was taken as a . The vectors a2 and a3

*
were perpendicular to a and to each other, had the same

*
length as 4,, and were also parallel to other four-fold

axes. Cone-axis photographs taken along the four-fold

axes confirmed the cell and symmetry found from precession

photographs.

As there was no.systematically extinct group of refle-

ctions, the cell was proven to be a primitive cell. The

symmetry of the intensity distribution of the reflections

on the films shows that the diffraction symbol of rhodizite

is m3mP ---. This, together with the positive piezoelectric

and pyroelectric response and the presence of tetrahedral

faces on the crystal, establishes the space group as P43m.

Table lists some characteristics of the equipoints of this

space group.
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The refinement of the lattice constant was based upon

a back-reflection Weissenberg photograph taken with the

original back-reflection camera developed by Buerger (4).

The separations of the resolved <A - Ok2 doublets for a

few reflections were measured. The measurements were

treated by a method developed by Main and Woolfson(s);in

order to use this method, the program ALP for the IBM 7090/94

computer, written by Lippard (17), was employed. The values

of sin Q for the reflections were determined from these

measurements. The determination depends only upon the wave-

length of the x-radiation; CuK radiation was used, The

reciprocal-lattice parameters, the indices of the reflection,

and sin $ are related in the following way:

h2 2 + k2b*2 + C2c*2 + 2ktb*c* cos <A* + 2 thc*a* cos(*

+ 2hka*b* cos r* - 4 sin 2 G/A2 = S2

Differentiation of this formula gives the deviations in the

lattice parameters as a function of changes in s 2 sin 1'/l;

s was estimated using approximate lattice parameters



TABLE 3

Coordinates of the points in the sets of equivalent position (13)

Symbol of the set of
equivalent position

24:. 12h 6f 4e 3d 3c lb la

3m i2m +2m 4 3m 4 3m

xxx 0 OH il 000
xii OjO jrfl

00* jjo
Lxi

fmu

xijj
4
ii

IMu
X00
Ox0
00x
Roo
ORO
001

M0

xxz
zxx
xix

ExR
il
x22
z22
xii

Lzxx
2x2

2

b0
0xi
(0x
40
oil
loi
x0j
ixO

hio
Oi

I

XyZ
227
yzx
227
YX2

zyx
xPE

y~i

ii
z

izy

y72
yl

22

yz

Zya

x

272
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obtained from the precession photographs. Thus, for each

reflection, an equation was set up, and the whole set

solved simultaneously by the least-squares technique. The

results were

a -7.319 + 0.001 A

a* = 1/a - 0.13662 1 0.00003

Q3
V = 392.1 t 0.5 A

This determination of the space group and cell thus confirmed

the data of Strunz as well as those of Frondel and Ito.
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CHAPTER IV

IntensityMeasurements for Rhodizite

a. Selection of the material for intensity measure-

ments

As rhodizite does not show good polyhedra or well-

formed faces, it seemed desirable to prepare a sphere.

This was done by C.T. Prewitt of the Du Pont Research

Laboratory using a diamond-impregnated sphere grinder.

The radius of the sphere used for the intensity measurements

was 0.097 * 0.002 mm.

b. Measurements

The intensities were measured using a single-crystal

diffractometer employing equi-inclination geometry. MoKA

radiation filtered through Zr and a scintillation detector

were used. The crystal settings, T , and the settings of

the scintillation counter, T , were computed for each
reflection by the program DIFSET 4 written by Prewitt (26).

The rotation axis was parallel to the [110 axis, so that

tetragonal lattice geometry had to be applied. The asym-



metric Friedel unit in the MoKd sphere contains about 760

reciprocal lattice points; of these, 504 reflections had

measurable intensities.

The sphere was initially adjusted using precession

photographs (5). The final, highly refined adjustment was

accomplished by the Fankuchen method (12). The voltage on

the x-ray tube was set at 34.5 kV and the current at 15 mA.

The detector voltage and the pulse height analyzer were

adjusted to appropriate settings described in the Norelco

Radiation Detector Instruction Manual published by Philips

Electronic Instruments.

Filtered MoK radiation was used for three reasons:

1. Due to the small inear absorption coefficient of

molybdenum radiation, errors in the absorption correction

due to deviations of the radius of the sphere and errors

in the determination of the composition are minimized.

2. The number of independent reflections in the

McoL sphere was sufficiently large to allow accurate

refinement of the structural parameters.
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3. The anomalous dispersion correction for McKo

radiation is relatively small compared with that for CuKotk

radiation.

c. Computation of the intensities and the data

reduction

The intensities were computed from the diffractometer

measurements by means of the program FINTE 2 written by

Onken (20,22). The Lorentz-polarization-correction factor,

l/M, and the relative error, U~ r, in the structure factor

were also calculated with this program.

The spherical absorption correction (V r - 0.2) was

calculated using another program, GAMP, written by Onken

(21), and with the subroutines ABSRP1 and ABSRP2 written

by Prewitt. The intensities were corrected by multiplying

them by the Lorentz-polarization-correction factor, and the

structure factors were obtained by computing the square

root of the corrected intensities.

The output was a deck of IBM computer cards containing

the indices, the structure factors and their computed



standard deviations. All reflections hk were transformed

into one sector with h > k > 1. This sector has 1/48

the size of all reciprocal space.
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CHAPTER V

The Patterson Fniction

The initial step in finding the structure was to

prepare a three-dimensional Patterson function P(.V) from

the b'a. This was done with the IBM 7094 computer with

the program MIFR 2 written by Sly and Shoemaker (31).

This program required a data deck in which all reflections

hk in the positive quadrant would appear, since the pro-

gram was prepared for all symmetry groups lower than or

equal to the orthorhombic ones. This meant that reflection

cards had to be produced which contained all symmetrically

equivalent reflections in the five other equally-sized

sections of the positive quadrant. Thus the deck contained

six asymmetric units and was called the six-fold deck,

Since Pmm is a subgroup of Pm3m, the Patterson function

was computed for the symmetry group Pmmm, thus obtaining

the desired syanetry of Pm*m. The interval for which the

Patterson function was sampled was 1/30 of the cell edge

in every direction. The asymmetric unit was contoured,
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Before the Patterson synthesis could be interpreted

and a structure proposed, some preliminary work was still

necessary. This involved:

1. The calculation of the scale factor which brings

the Patterson map onto an absolute scale. P(OOO) is the

maximum of a peak, and can be determined by the sum S of

the squared number of the electrons of all the atoms in the

cell (i.e., S - I M Z 2, where M is the number of atoms i

and Z is the number of electrons of atom i). The scale

factor is found by dividing the calculated P(OOO) in the

Patterson map by the sum S. The Patterson map must be

referred to the true zero level. To find this, the highest

negative number in the computed Patterson map was added to

every value of the Patterson function (see Tables 4a and 5a).

2. The calculation of the expected peak heights. A

vector between two atoms in crystal space is represented by

one maximum in the Patterson map, the magnitude of which is

equal to the product of the numbers of the electrons of the

two atoms (6) (see Tables 4b and Sb).
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TABLE 4a

Calculation of the scale factor an~d -of the peak heigt
based on Frondel s idealized formula

Cs B2 assum atoms notall icnized

M
(number of
atoms per
unit cell)

1

z
(number of
electrons)

36
13

11

25

81 324

2.MZ2 - 4235

P (000)QCOMP

P (min) COM

Scale factor - - 0.255

atom

Cs

Al

Be

z2 M.
2

1296

169

OH

1296
696
64

275
160064

- 1005

2 4
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TABLE 4b

Calculation of the expected oak heigt
(single peaks only)

vector
from to
a b

Cs
Cs
Cs
Cs
Cs
Cs
Al
Al
Al
Al
Al
B
B
B
B
Be
Be
Be
0
0
H
Cs
Al
Be
B
0
OH

Ca
Al
B
Be
0
H
Al
B
Be
0
H
B
Be
0
H
Be
0
H
0
H
H
OH
OH
OH
OH
OH
OH

absolute
peak height

a' b Z(a,b)

36
36
36
36
36
36
13
13
13
13
13
5

5

4
4
4
8

9
36
13
5
4
8
9

36
13
5
4
8

13
5
4
8

5
4

4

$
9
8

9
9
9
9

9
9
9

1296
468
180
144
288
36

169
65
52

104
13
25
20
40

5
16
32
4

64
8
1

324
117
45
36
72
81

weight
koZ(avb)

330.5
119.3
45.9
36.7
7304

1.2
4301
16.6
13.3
26.5

3.3

6,4
5.1

1002
1.3
4.1-
8.2
1.0

16.3
2.0
0.255

82.6
29.8
11.5

9.2
1804
20.7

expected weight
in the computed
Patterson map

256.5
45.3
-28.1
-37.3
-0.6

-72,8
-30.9
-57.4
-63.7
-47,5
-70.7
-67.6
-68.9
-63.8
-72.7
-69.9
-65.8
-73.0
-57.7
-72.0
-73.7

8.6
-44,2
-62.5
-64.8
-55.6
-53.3

z b
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TABLE Sa

Calculat:eon of the sale factor ad of thelak he
based-on Frondel's idealized formla

CS B1 25LA e0 asmig-af-oie

z2

35,5

11.5

3

3o5

9.0

8.5

1260.25

132.25

9.00

1225

81.00

72,,25

1260.25

529.00

27.00

134.75

2025.00

289.00

ImZ2 - 4265.00

k 40 234c 465.00

atom

Ce

Al

Be

B

0

OH

11

25

4

- 0. 253
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TABLE 5b

Calculation of the expected peak height
(single peaks only)

vector
from to
a b

CS
Cs
CS
Ca
CS
Cs
Al
Al
Al
Al
Al
B
Be
Be
BO
Be
Be
Be
0
0
OH

Ca
Al
B
Be
0
OR
Al
B
Be
0
O1
B
BO
0
OR
Be
0
OH
0
OH
OH

za

35,5
35,5
35.5
35,5
35.5
35.5
11.5
11,5
11.5
11.5
11.5

3.5
3.5
3.5
3,5
3.0
3.0
3.0
9.0
9.0
8.5

absolute
peak height
Z a'*b-2(aob)

35.5
11.5

3. >
3.0
9,0
8.5

11.5
3,5
3.0
9.0
8.5
3,5
3.0
9.0
8.5
3.0

9A0
8.5
9.0
8.5
8.5

1258.45
408.25
124.25
106. 5
319.5
301.75
122.25
40.25
34.5

103.5
97.75
12.25
10.5
31.5
29.75
9.0

27.0
25.5
81.0
76.5
72.25

weight
k.Z(a,b)

318.4
103.3
31.4
26.9
80.8
76.3
30.9
10.2
8.7

26.2
24.7
3.1
2.7
8.0
7,5
2.3
6.8
6.5

20.5
19.4
18.3

expected weight
in tie computed
Patterson map

kZ(aob)- P(min)

234.4
29.3

-32.6
-47.1
6.6
2.3

-33.1
-63.8
-65.3
-47.8
-49.3

-71.3
-66.0
-66.5
-71.7
-67.2
-67.5
-53.5
-54.6
-55.7



TABLE 6

Possible distribution of the atoms in rhodizite
on equivalent positions of space group P43m

for formula CsAlAtBe, B 2 OH

The atoms can be distributed on

Atom Number la or lb
in cell or both

3c or 3d
or both

4e 6f or 6g
or both

12h or 121
or both

Cs

Al

Be

OH

33
3
3

25 1
11

1

11
11

33

4
4

44

444444
44444
4444
444
444
444
44
44
4
4

33

33

6
66

12
66
6

666
6666

666
66

6

12

12
12

12 12

24j

24
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Figure 1

Projection of the maxima of the Patterson function

onto the xyO plane

Legend: The first niumber is the z coordinate in 30ths

of the cell edge. The second number (under-

neath the first) is the height of the maximum.
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3. Maktng a plot on whtich the maxima of the Patter-

son function are projected onto the plane xyO (see Figure

1).

4. Finding all possible distributions of the atoms

on the atomic positions of the space group (see Table 6).
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CHAPTER VIT

The First Trial Structure

a. General procedure

The composition of the Manjaka rhodizite deduced by

Frondel and Ito implies that there is one atom of alkali,

of average atomic number 36 and average atomic weight 90.5,

per cell. Because of the large size of this alkali, it is

apparently not involved in substitution for the smaller

non-alkali atoms, so it is natural to assign the one alkali

atom to an equipoint of multiplicity one. Two of these are

available in space group 243m, namely la at 000 and lb at

2 2 02 The steps in solving the structure are unaffected

by which is chosen; we chose la. In this case we are deal-

ing with a heavy-atom problem with the heavy atom at the

origin. The peaks of the Patterson function might then be

expected to be dominated by an image of the structure as

seen from the origin.

The most reasonable procedure seemed to be first to

find peaks in the Patterson function which corresponded to
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the oxygen atoms which immediately coordinated with the

alkali at the origin, to calculate a trial electron density

whose phases were based upon the alkali and these surround-

ing oxygen atoms, to seek to interpret new peaks appearing

in the electron-density function, and then to continue this

iterative process until all atoms were located (3).

The trial density function was computed from the

observed structure factors, to which were assigned signs

which were taken from the calculated structure factors

based upon a proposed structure called the model.

b. Calculation of the structure factor

The structure factors were computed using the program

SFLSQ 3 written, partly in FORTRAN and partly in FAP, by

C.T. Prewitt (25) for the IBM 7090/94 computer. The scat-

tering curves for the atoms were taken from International

Tables for X-Ray Crystallography (13). At first all atoms

were considered to be half-ionized, since no direct infor-

mation was available about the status of the electronic

shell. The atomic parameters came from a proposed model;
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the isotropic temperature factors for each atom were ass-

umed to be 0.5 A. The scale factor, which puts FCa on

the same scale as F ,obs was first assumed to be 1.

c. Early stages of refinement

The SFLSQ 3 programs made it possible to refine the positional

space parameters, the temperature factors, the scale factor

and the occupancy by the least-squares technique. Success-

ive refinement computations were made partly at the same

time as the preparation of successive Fourier maps (3).

Changes in some subroutines (SPGRP, TEST) were necessary

because of the crystal system to which rhodizite belongs.

Subroutine WEIGHT was prepared so that each structure

factor had a weight of 1 while the structure was being

analyzed. This is the safest weighting scheme for the

initial stage of a structure analysis, because nothing is

known about the correct weighting scheme.

The contributions from the several atoms to the cal-

culated structure factors for weak reflections are nearly

in balance, and a small change in coordinates of even one



atom could cause a change of sign in the calculated

structure factors. Furthermore, the inclusion of an

observed structure factor of incorrect sign can give rise

to twice the electron-density error that would have occurred

had the doubtful term been entirely omitted. Accordingly,

the deck containing the structure factors was reduced to

approximately 400 reflections in the early stages of refine-

ment by excluding the weak reflections.

An electron-density and electron-density difference

function were also computed with the Fourier program MIFR 2

written by W.G. Sly and D. P. Shoemaker (32). After the

structure factors were calculated with the program SFLSQ 3

the output data were written on a tape which became the

input to the program ADIAG (33). In the program ADIAG a

tape deck was then prepared which contained all symmetric-

ally equivalent reflections in the positive quadrant.

This tape was used to give the required input data to

the program MIFR 2 by which the electron-density, the

electron-density difference function, was computed. The
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interval for which the electron-density function was

sampled was 1/30 of the cell edge in every direction.

The asymmetric unit was contoured,

d. Derivation of model I

The first model, labeled model zero, contained only

the alkali atom at the origin which dominated the phases.

The trial electron density was therefore computed with

positive signs for all structure factors. The imaginary

part was zero. This map showed the heavy atom at 000, as

well as other peaks which helped to locate the oxygen atoms

surrounding the alkali.

Patterson peaks of fairly great weight at a reasonable

distance from the origin were sought which could be inter-

preted as oxygen locations. These were found at xxz, x = 1/4

and z - 0. Accordingly, the next model, model A, had, in

addition to one alkali atom at the origin, an oxygen, 0(1),

in 121 at 0. The electron-density function for model A

was still centrosymmetrical; i.e., the imaginary part of the

structure factor was zero because the model contained only

atoms which were centrosymmetrical.



The Patterson map agreed with the Fourier density map.

It suggested that, in addition to Ca (which hereinafter

stands for the averaged alkali, Cs, Rb, K and Na) and O(1),

there were four aluminum atoms at position 4e. It also

suggested that, since 0(1) and 0(2) formed an octahedron

with Al in the center, 12 atoms 0(2) were in equipoint

12i with _x 1/4 and z - 1/2. The distance from the corner

to the center (41-0(2) 1.83 A) agreed fairly well with

the distances found for an Al-0 bond. The exact values

were obtained by finding the position of the maximum from

the two preceding electron-density maps.

From the electron-density function of models A, B and
(see Tabe7)

C, (it seemed very likely that an oxygen atom 0(3) should

be placed in lb at .I A heavy peak in 4 with _x

3/4 suggested that 4 oxygens 0(4) were at the position

complementary to that of Al. The electron-density map

based on this model made it seem very likely that four

beryllium atoms were in position 4e with x = 5/8. All the

previous electron-density maps and the Patterson function
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supported this hypothesis, Beryllium would then form a

tetrahedron with a Be-o distance of Bd 1.65 A. This

has been found in bis-acetylcetone-beryllium where d -

1.068 A (Shangdar et al., 18), in bertrandite, where d

1.70 1 (Ito and West, 14) and in euclase, where d 1.37

to 1.91 A (Biscoe and Warren, 2).

The model now represented the formula presented by

Frondel fairly well. It was especially encouraging in that

it contained 29 oxygen atoms, a feature which had at first

made the analytical result appear dubious.

Now only the boron atoms needed to be accounted for,

The electron-density and electron-density difference maps

suggested that they were located at 64, xOO with x = 1/4

and at 6g, x4 with x - 1/4. If this were the case,

however, there would be twelve boron atoms instead of

eleven. This would mean either that Frondel's formula

contains too few borons or that it was necessary to use,

in the last stage of refinement, an occupancy differing

slightly from unity. The Fourier maps showed all expected



om (al (OsgWf ( 0)o

(WE (1E)0 ('0)o

(40o

a'9

0

0

x

x
SL 1

TV

s

s

S90

TV

TV

TV

ME

(v0o (fi

(00o

(00o

Wvo

q

(fi

(fi

(no

f
S

grZ s1

m1

(Do

(Do

(Do

(Do

(Do

00

TZT

0at AO PU030S
so aIPO *pow U- swow

so a 1RIP0W UT am-IV

03 Cf 1aj)0W UT $W0flV

so a 1OPO"W UT S111W

93 9 lapom UT SWOW

'3 v I OPO TfmOW

11[ iu~odjnbj

naaWuwwdj ntds p0zflap.

L rTIvi

Ct?

Soc



TABLE 8

Series of models I, listing the actual parameters

atom

equipoint

parameters x
of model A y

B (1)
parameters x
of model B y

z

parameters x
of model C y

z
B (12)

parameters x
of model D y

z
B (A2)

parameters
of model E
(first
cycle) B

x

y

(Al)

Cs 0(1)

la 121

0 0.25
0
0

0.5

0(2)

121

0(3) Al

lb 4e

0(4) Be B(1) B(2)
4e 4e 6f

0.0
0.5

0 0.264
0
0

0.5

0025
x

-0.009
0.5

0 0.270 0.261
0
0
0.5

0
0
0

0.44

x

0.009
0.5

x
0.509
0.5

0.261 0.253
x

0.002
2.1

x
0.471
3.7

0.5

0.274

0.5
x

0.5

0.632

x

0.5

0.284 0.775 0.626
x x x

0.01

0 0.264 0.252
0
0

0.30
-0.001

2.0

x
0.526
2,1

x
4.12

0.272
x
x

2.1

x x

1.80 0.01

0.774
x

x

0.6

0.626
x

x

0.01

0.256 0.099
0
0

2.8 5.0

R (%)

41.0

38.5

36.0

32.0

30.5



TABLE 8 (continued)

atom Cs

equipoint

parameters x
of model E y
(second ,2)
cycle) B (A2)

0(1) 0(2)

ia 121 121

0 0.261 0.258
0 x x
0 0.003 0.472
0.49 1.7 5.9

0(3)

ib
Al

4e

0(4)

4e

Be B(1) B(2)

6f

0.27& 0.776 0.626 0.259 0.071
t Kx

x

0.01 5.7

x

x

1.3 0.01 2.5

6g R(%)
30.0

x

x

28

N



peaks with volumes which were proportional to the number

of electrons of the atoms, and it therefore appeared that

the model did indeed represent the structure of rhodizite.

When attempt was made to refine this model by the least-

squares technique, however, it failed.

After computation of the scale factor k in order to

adjust the average magnitude of Fa t obs by the formula

E Fobs
k M- FFCal

the disagreement between Fobs and Fcal was measured by means

of the residual,

R-jFcalI - IFobsJI

Z IFobSI

The value of this for model A was 0.41. R for model D was

only 0.30. Table 7 shows the models and Table 8 contains

the results after their refinement. The improvement in R

from R = 41.07. to R = 32% and later to 307. is not enough



to suggest that the structure is correct. Furthermore,

the temperature factor for the boron atoms B(2) increased

to 28 12, showing that B(2) had been placed in the wrong

position. The temperature factors for Al and 0(2) were also

too high (see Table 8); their magnitudes did not compare

well with those usually found in inorganic structures.

These facts required the couclusion that this model was

wrong. Since it had looked reasonable from the electron-

density maps, however, perhaps these maps could be interpreted

in other ways. The oxygen atoms 0(1) and 0(2) appeared to

occupy the right sites. Therefore several attempts were made

at exchangIng the positions of 0(4), 0(3) and various cations.

The following models (here idealized) were considered:

Model 1

Cs at la
O(1) at 121 with x = 1/4, z w 0 their former position

0(2) at 121 with x = 1/4, z = 1/2

0(3) at lb

Al at 4e with x - 3/4 the former 0(4) position

0(4) at 4e with x = 5/8 the former Be position

R = 31.1%
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Model 2

CS at la

0(1) at 121 with x n 1/4, z m 0

0(2) at 121 with x - 1/4, z = 1/2

B(3) at lb

Be at 4e with x = 3/8

Al at 4e with x = 3/4

0(4) at 4e with x - 5/8

B(l) at 4e with x - 1/4

B(2) at 6f with x - 1/4

R = 26.27.

their former positions

the former 0(3) position

complementary to the
former Be position

complementary to the
former Al position

the former Be position

the former Al position

the former position

This model contains 28 oxygen atoms and 11 boron atoms; the

former position of the B(2) atom was discarded as being

incorrect.

Model 3

Cs at la

O(1) at 121 with x - 1/4, z - 0 their former position

0(2) at 121 with x - 1/4, z - 1/2

0(3) at lb

0(4) at 4e with x - 5/8 the former Be position

Al at 4e with x - 3/4 the former 0(4) position

Be at 4e with x = 1/4 complementary to the
former 0(4) position
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B(1) at 4e with x - 1/4

B(2) at 6f with x - 1/4

R - 25. 5%

the former Al position

the former position

All these results show that, while the proposed models

may have some properties of the actual structure, they do

not represent the correct structure.
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CHAPTER VII

The Second Trial Structure

A new approach to discovering the right structure was

made by taking tnto account the following points:

1. The relation with pharmacosiderite

2. Interpretation of an apparent substructurt

3. A clue to the true structure should be indicated

in the results of the computations for the first

trial structure.

Pharmacosiderite has the same space group as rhodizite.

The cell parameter, a 7.91 A, is very close Co that of

rhodizite. It has four iron atoms in octahedral coordination

(34); this coordination was also found for the aluminum atoms

in model 1 for rhodizite, although the arrangement of the

four octahedra was different0 In pharmacosiderite the four

octahedra of oxygen atoms around the four iron atoms form a

group in the center of the cell; four oxygens in 4e with

x- 5/8 occupy the tetrahedral position complementary to Fe.

The other twelve oxygen atoms are located in equipoint 121
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Figure 2

The Al4016 group

Legend: small black circles: A

small white circles: A

medium white circles:

medium striped circles

large white circles: 0

large black circles: 0

L at z

L at z

0 at

at z

at z

- 3/8

- 5/8

z 3/8

z - 5/8

- 1/8*

- 7/8*

*appearing as rings
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with xxz, x - 3/8 and z - 1/8. Each octahedron shares an

edge with the three other octahedra, thus forming a tight

cluster in the center of the cell.

It seemed very likely that a similar group of octa-

hedra, but in this case around aluminum atoms, might replace

the other arrangement of octahedra around the four aluminum

atoms in rhodizite. In the first trial structure of rhod-

izite each octahedron around an Al atom shared only a vertex

with each of three other octahedra.

By looking at a procession photograph of rhodizite in

which the four-fold symetry axis is normal to the picture,

one may observe an arrangement of intensities which may be

assumed to be a substructure in rhodiite. From the

weights of the reciprocal-lattice points (Figure 3) one

can derive a law relating the subcell to the true cell in

the reciprocal lattice. This is:

I - 4n Reflections with h - 4n, k - 4n only contribute
to the reciprocal lattice which is related to
the substructure
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Figure 3

Plot of part of the reciprocal lattice

showing Fob as weight of a reciprocal lattice point
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1 = 4n + 1 These reflections do not contribute to the
reciprocal lattice which is related to the
substructure

1 4n + 2 Reflections with h -4n + 2, k - 4n + 2 only
contribute to the reciprocal lattice which
is related to the substructure

1 - 4n + 3 These reflections do not contribute to the
reciprocal lattice which is related to the
substructure

That is, the lattice of the substructure is face-centered

and has the period $a; its reciprocal is body-centered and

has the geometrical lattice period of 4a*. The substructure

can be interpreted as a lattice array of oxygen atoms in

rhodizite in a cubicclose packing.

Actually, a true substructure must have a reciprocal

lattice with points whose weight is very strong for the sub-

structure reflections only, and very weak for all the others.

As this requirement is not fulfilled, only a large part of

the cubic close packing exists, the missing part being occu-

pied by other atoms in a different arrangement.

A key to the correct structure was found in the in-

1 1 1
correct one. In that structure the odd oxygen at 2 .2 in
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lb had been surrounded tetrahedrally by Be atoms in 4e at

5 5 5
approximately W 6 4. All Fourier maps, however, showed an

additional peak in the complementary tetrahedral position

at about 3 . This required a set of eight atoms at the

vertices of a cube surrounding the center of the cell; the

edge of this cube is approximately 1/4a -l.8 1. Since this

is an acceptable Al-O distance, the set of eight atoms could

be interpreted as parts of four octahedra of oxygens sur-

rounding the four Al atoms in equipoint 4e at 3 3 . If

this interpretation was correct, there should be 12 oxygen

atoms in equipoint 121 at about . This central cluster

would comprise four octahedra about the four Al atoms, each

sharing three edges with its neighboring octahedra and thus

forming a tight cluster whose composition would be Al 401 6 .

Since this provides the correct number of Al atoms for the

Strunz as well as for the Frondel and Ito formulae, a new

beginning was made by assuming this cluster at the center

of the cell, with the alkali at the origin. The expected

substructure of cubic close-packed oxygen atoms would become
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more complete if another oxygen atom at 121, x = 1/8 and

z = 5/8 were added. The position of this atom is consis-

tent with the distribution of the maxima of the Patterson

function and would have to be consistent also with the

electron-density maps based upon models containing only Cs

in la and the cluster at the center of the cell. Approx-

imation of the sites occupied by the boron and beryllium

atoms was not attempted at this point, since this inform-

ation should come out of the electron-density and electron-

density difference maps when calculated with the phases

determined by the models described above.

The calculation of a series of successive electron-

density and electron-density difference maps was now begun.

The first model, PL 1, contained Cs in position la at 000

and Al in position 4e, x = 3/8. This led to model PL 2,

which had in addition 12 0(2) in position 12L with x = 3/8

and z - 1/8; model PL 3 contained O(1) in position 4e with

x = 5/8 and 0(3) in position 121 with x = 1/8 and z 518

in addition to the atoms in model PL 2. The discrepancy



factor, R, was computed for each structure factor calcul-

ation, A refinement of the scale factor was necessary for

each new model. For model PL 3 the scale factor, the

coordinates and the temperature factors were refined by

the least-squares method. The R factor for PL 1 was initially

41%, but dropped to 33% in PL 2. The agreement between F

and Fobs for model PL 3 increased after four refinement

cycles and showed a discrepancy factor of only 19.1%.

Now an electron-density function was again computed;

the peak at the former Al position in 4e, x - 1/4 almost

vanished, and the electron density showed a maximum in the

complementary tetrahedral position 4e, x = 3/4; it seemed

very likely that the four beryllitm atoms could fit in the

centers of these four tetrahedra. After another refinement

the R factor first increased to 20% and then decreased to

19.4%; it always remained above the former value of 19.1%.

The electron-density map, and especially the electron-

density difference map, were again investigated and an add-

itional peak of medium height was discovered in position

12h, x = 1/4. It seemed possible that this mgit be the
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location of the boron atoms, especially since their

occurrence in a tetrahedral coordination of oxygen atoms

is common. The discrepancy factor, R, however, showed an

increase to 19.97.. The beryllium atom was therefore taken

out of the last model and the discrepancy factor, R, was

recalculated. It decreased to 15.5%, and to 14.6% after

one cycle of refinement. It seemed unlikely that the

discrepancy factor would decrease further. Hence the

beryllium atoms were put in again, and after one cycle of

refinement the value of R, 13.7%, showed that the right

structure had been found. Now an electron-density map was

prepared. It still showed a peak at I 1. Geometrical

and crystal chemical considerations preclude the placing

of an atom in this very small hole and in the immediate

environment of negatively and positively ionized atoms.

This was proved by showing that the R factor increased to

15.7% when computed for a model containing an additional

oxygen atom at lb. Then a model with three oxygen atoms

at 0 0 in 3d was tried. R increased to 16.0% and then

decreased slightly to 15.17o after two refinement cycles.

6T,



It was thus established that the unit cell of thod-

izite contains one alkali atotj at the origin, twelve atoms

0(2) in 121 at x t~ 3/8, z 'f 11S, four 0(1) in 4e with x t 5/8,

twelve 0(3) in 121 at x ^ 1/8, z , 5/8, four Al atoms, four

Be atoms and twelve B atoms. Tables 9 and 10 show the series

of models II (PLi, i - 1,2,0.,9)0



CHAPTER VIII

The Final Stage of Refinement

The final stage of refinement (Cruickshank, 8) of the

structure of rhodizite was now possible and, for several

reasons, necessary.

1. The reflection deck had to be thoroughly checked

for heavy systematic errors due to the overlapping of

reflections by general-radiation streaks. These streaks

belonged to reflections which were lying on the same

central reciprocal-lattice line but nearer the origin.
ofSFLSQ3W)

2. Adjustment of the subroutine WEIGHT'to reflect

the accuracy of the various data was very important in

order to avoid drastic effects on the scale factor and

vibration parameters. A good weighting scheme is one which

gives refined parameters with the smallest standard devi-

ations (Cruickshank, 7, 8).

3. The alkalies Cs, Rb, K and Na have absorption

edges with frequencies ying within the range

of the frequency, 'MK , of the MoK radiation (.K

1/alkali)v This means that corrections for anomalous



dispersion are necessary. The average corrections of the

alkali scattering factor are:

f' - 0.3 e; ft - 1.9e

A section of the subroutine SPGRP of program SFLSQ 3 takes

care of this correction.

4. The occupancy of the alkali atom had been assumed

to be 1, although the result of the chemical analysis gave

a value of 0.94. Refinement of the occupancy was therefore

desirable.

The final stage of refinement consisted of six cycles

of least-squares refinement. The variations mentioned

above for attaining better agreement between b and l

tiere tried.

All reflections on the same reciprocal-lattice line

directly beyond very strong reflections were removed from

the deck. These were: 500, 550, 660, 900 and 10 00. For

the refinement the full deck of cards was used.



The subroutine WEIGHT was changed as suggested in (3)

above. For Fbe 0, the standard deviation was computed

as C = 100/F obs The weight for a reflection was calculated

according to the formula

w 1/U2 F obs/10,000

Some criteria for the right choice of a weighting scheme are:

A. The weighted

W(JIFbs -)Fal)
R - WIFobsi

should be minimized. It decreased in the computations from

18.4% to 6.6% after the first refinement cycle and to 5.4%

after the second.

B. The variance of the refined parameters should

become very small. The refined parameters in the first

and second refinement cycles were the scale factor, the

space parameters and the isotropic temperature factors;
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the refined scale factor, an - 1.445, had a standard devi-

ation of 0.006. In the second refinement cycle for model

PL 7 the standard deviation was 0.02. The standard devi-

ations of the space parameters increased slightly in the

first cycle and somewhat in the second, but did not go below

their values in the second cycle of PL 7.

C. An incorrect weighting Scheme also has very drastic

effects on the temparature factors. The temperature factots

,7A2 to86*2
of the beryllium atoo increased from .71to 8.6 A in the

"2
first cycle, to 24 I in the second cycle, and to 25 A in

the third cycle of the final stage of refinement. This

could have been incorrectly interpreted to mean that Be does

not belong at the location at which it had been put. It

was found, however, that the weighting scheme was chosen

properly but that for two very strong reflections, 400 and

550, the value of tobs a )F)I/O had been computed to

be abnormally high, although for both reflections .Cal
and kbs showed very good agreement. These reflections

were therefore assigned a weight of zero, since the



weighting scheme did not hold for them. After the sixth

refinement cycle the temperature factor for Be had a very

reasonable value (atomic B for B after the sixth cycle

1.8 t 0.5 12)

The presence of an anomalous scatterer separates the

symmetrically equivalent Friedel reflections into two groups

which are no longer equivalent. Table 11 shows the two

groups of reflections for the space group P43m derived 'by

Pepinski and Okaya (19). The difference, 61, of the

21 2 .
intensities cF (hkl) and cF (hkl), where c is the reciprocal

of the intensity correction factor, can be computed in the

following way:

2 2b
A I = I(hkl) - I(hil) = (cF (hkl) - cF260)

F 2 (hkl) F*(hkl) * F(hkl), where

F(hkl) Z jc " , or

(hkl) (6f'c. + Wf"cs ) (cos Ccy% + i sin 4c ) +

IR cos C+ i (RJ sin , where
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TABLE 11

The two equivalent groups due to anomalous dispersion

equivalent reflections
of group 1

(right-handed)

hkl
khl

k6l
hEli

fikI
lhk
kib
hlk
Eli
I6k
h1E

1k1lk
Ibk
ikh

kb
10b
kjfi
Igh
klh

equivalent reflections
of group 2
(left-handed)

fi61
kfil
hkl
gh1
ikl

hil
IU

blk
lhi
Elk
Ihk_

lih
kli
Ikh
1h
lkh
kih



IRI cos t Zfj cos4)j and IRI sin 2Ifj sin j

As 4Cs - 0, it follows that

F(hkl) w af' es + i6f" Zs + IRIcos + IRJain

cF 2 hkl) c. ( jRICos + 6f' IS) + (Af' es +(Rjsin )

As cos4- cos (-J) and sin k - -sin -, we get

CF- c ( R cos + Af' CS)2 + (af' Cs - )R) sin$)

Therefore, the difference, A I, is

6I 4cIRI af" ca sin$

If the correction factors are not equal and c - c2

c does not hold, then

I (hki) - I(iE) - 2 (c1 - c2) fRf a fa sin

The difference of the corresponding structure factors is:

F (hkl) - F(hkl) VF (hkl) - F (hi)



in 2(RI cost + 6f' cs)2 + ( AVa C + R s ) L

+ ) (8f" es - RIsin )2

It was not known to which group of reflections the

measured intensities should be assigned. It was, however,

certain that all these reflections belonged to one group

only and not to both. In the first and second refinement

cycle they were assumed to be right-handed; as the R factor

went up to 17%, it was concluded that they belonged to the

other (left-handed) group. After four cycles of refinement

the unweighted R factor went dowa to 12.7%. This was the

best agreement between the calculated and observed structure

factors. The occupancy of the alkali, which was also refined,

did not change significantly. In the fourth cycle the

product of the multiplicity factor (1/24) and th'e occupancy

was refined to 0.0407. This means that the occupancy was

refined to 0.97. From the correlation matrix it is surprising

that the temperature factor of cesium is not very highly

dependent on the occupancy, c, of cesium ( (ce, , atomic B
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TABLE 13

Structure Factors

h k 1 Fobs

26.18
51.35
52.29
88.23
37.58
37.90

147.86
108.48

6.04
29.53
53.56
22.62
75.31
10.90
53.60
65.62
79.80
46.86
37.53
31,27
37.30
21.39
46.14
32.07
28.57
9.07

25.47
58.27
50.35
41.65
48.31
30.07
35,73
32.44
16.94

FCal

23.10
44.91
52.16
86.49
37,35
44093

146.34
108.17

4.98
29.00
50.93
34.65
75.14
12.68
52.49
64.57
79.46
49.43
40.30
31.79
38.06
20.15
44.68
35.19
27.58
10.15
26.42
60.32
51.10
30.44
47,62
28.53
36.29
35.18
14.75

h k 1 Fob.

5 3 1 13.32
5 3 2 46.80
5 3 3 34.67
5 4 0 8.43
5 4 1 25.66
$ 4 2 28.24
5 4 3 23.30
5 4 4 33,65
5 5 1 16.78
5 5 2 30.40
5 5 3 31.29
5 5 4 26.93
5 5 5 34.82
6 0 0 54.32

1 0 15.74
6 1 1 38.59
6 2 0 22,70
6 2 1 27.45
6 2 2 48.27
6 3 0 33.93
6 3 1 47.06
6 3 2 19.59
6 3 3 30.42
6 4 0 11.97
6 4 1 28.91
6 4 2 20.41
6 4 3 11.21
6 4 4 9.17
6 5 0 22.34
6 5 1 39.72
6 5 2 22.41
6 5 3 21,44
6 5 4 15.95
6 6 2 31.71
6 6 3 20.50

FCal

14,49
45.10
33.92
8.60

25.57
28.93
25,15
36.41
20.75
32,23
29.91
29.43
30.70
46.47
T5, 21
30.42
22.48
27.49
55,21
38.77
46092
17.66
28.38
10.51
30.78
21.67
10.26
30.15
20.15
40.03
23.11
16.17
17.68
37.15
20.01



h k 1 Fobs

6 6 4 17.96
6 6 5 13.77
6 6 6 26.45
7 0 0 31.82
7 1 0 38.19
7 1 1 12.03
7 2 0 21.32
7 2 1 33.58
7 2 2 20.27
7 3 0 35.61
7 3 1 37.84
7 3 2 26.00
7 3 3 11.89
7 4 0 49.34
7 4 1 a.44
7 4 2 9.80
7 4 3 45.69
7 5 1 21.47
7 5 2 20,31
7 5 3 9.23
7 5 4 14.00
7 5 5 8.27
7 6 1 12.89
7 6 2 17.37
7 6 3 22.01
7 6 4 18.75
7 6 5 25.86
7 6 6 9.25
7 7 0 54.28
7 7 2 11.17
7 7 3 17,77
7 7 4 32.33
7 7 5 16.06
7 7 6 14.06
7 7 7 15.56
8 0 0 118.03
8 1 0 13.87
8 1 1 35.04

16.59
15.06
25.63
24.82
39.69
14.52
26.46
32.04
18.70
33.01
38094
26.31
13.05
50.55
10.47
12.35
45.40
22.12
18.59
11.39
12.7 6
9.54

15.54
15.03
18.86
21.78
25.48
8.49

53.41
16,16
33.22
31.21
15,25
14.40
10.9?

118.11
2.25

33.40

b k 1 Fobs

8 2 0 15.83
8 2 1 28.20
8 2 2 20.60
8 3 0 46.15
s 3 1 23.06
8 3 2 16.15
8 3 3 30.40
8 4 0 23.09
& 4 1 32,66
8 4 2 20.86
8 4 3 6.24
8 4 4 85.49
8 5 0 28,43
8 5 1 29.86
S 5 2 18.38
8 5 3 26.28
M 5 4 6.99
8 5 5 22.80
8 6 0 15.18
8 6 1 11,53
C 6 2 20.04
8 6 3 15,18
8 6 4 15.01
8 6 5 17.04
4 0 0 136.95
4 4 0 183,60
8 6 6 11.74
O 7 1 19.85
6 7 2 11,54
8 7 3 16,68
8 7 4 25.69
8 7 5 9,68
8 7 7 23.14
C 8 0 64.92
8 & 2 18.52
6 8 3 20.89
8 8 4 13.16
8 8 5 17.39

18.56
27.71
23.73
38.45
26,58
18.89
27.96
25.41
32.31
23.25
6.47

80.96
25.60
34.94
21.11
24.13
10.14
24.72
17.67
14.87
19.88
17.25
14,96
16.09

126.90
195.64

12.01
18.48
12.24
15.55
24.80
12.76
24.77
59.13
20.92
21.42
15.18
18.50



-c.)

h k I Fobs

12.41
38.86
10.61
12.81
16.69
22.13
20.29
14,40
21.68
17082
21.08
18,19
18.83
16.73
12.72
14,60
22.54
15.10
7,94

14.82
11.67
16.29
12.01
13.37
22.66
9.96

17.07
9.37
9.69

16.39
7.41

10.20
9.67

20.07
14.59
14.70
12.53
16.88
10.45

FcC

16.54
42.65

2.73
14.57
13.55
23.50
20.71
17.67
17.70
15.69
13.25
17.04
21.57
16.37
12.73
9.04

20.12
14.06
6.65

12.44
12,08
16.36
7.60

11.83
24.18
8.87

18.25
10.49
9.49

16.86
12.37
9.43
6.29

18.56
14.13
18.26
12.98
19.06
12.27

h k 1 Fobs

9
9
9
9
9
9
9
9

10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

12.17
21.48
17.02
14.81
8.16

14.83
8.23

12.51
17.43
30.63
8.38

10.93
22,88
15.03
12.03
21.84
21.56
11.31
18.45
13.10
14.63
26.39
15.46
29.54
14.78
14.55
20.37
10.33
11.75
17.07
19.93
7.81

10.09
9.36

12.95
12.03
9.72

12.89
12.36

10.58
7.61

18.51
12.48
9.46

10.71
12.01
4.67

19.49
31.49
10.32
10.84
28.85
10.34
12.54
20.61
26,54
12.26
18.80
11.60
8.61

27.04
8.86

22,21
6.75

11.72
20.65
7.28

17.98
18.79
18.77
8.20
9048

3.54
9,03

10.67
9.74

12.52
11.04



h k 1 Fobs Fcal

10
10
10
10
10
10
10
10
10
10
10
10
10
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11

8
8
9
9
9
9
9

10
10
10
10
10
10
0
1
1
2
2
3
3
3
4
4
4
4
4
5
5
5
5
5
6
6
6
6
6
7
7

7
8

2
4
7
9
0
3
6
8
9

10
0
0

1
2
0
2
3
0

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

8080
11.61
14.68
8.06
9.80

17.27
11.58
15.68
7.98

13.74
7.57
7046

9.00
38.51
13.04
20.87
11,51
10.70
27.26
11.75
21,53
12.29
17.81
9.29

22.63
23.81
8.61

10.45
14,11
14.18
10.55
17.71
17.18
10.61
10.77
9.00

35.17
15.44

h k 1 F obs Fcal

7.97
11.72
19.55
7.93

12050
16.06
10.77
2.00
7,79

11.79
7 25
5.82
8.60

33.86
11.68
18.22
13.17
12.49
36.92
13.85
23.45
15.25
18.89
10.43
21,36
25.31

7.32

11.37
13.77
12.15
8.81

14.11
14.53
10.87
9.07
8.51

32.90
16.69

11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
12
12
12
12
12
12
12
12
12
12
12
12
12
12

7
7
7
7
8
8
8
9
9
9
9

10
10
10
10
10
10
11
11
11
11
11
11
11
0
1

2
2
2
3
3
4
4
4
5
5
5

10.45
10.97
34.97
16.22
18.68
17.24
18.82
10.48
9.00
8.12

14.52
9.44

10.17
9.09

14.13
8.24

10.57
38.30
9.29

12.90
28.67
8.45

16.75
19.58
20,11
16.20
22.97

7.51
12.44
11.53
9.81

24,20
47.12
14.56
14.74
15.14
18.06
20.37

9.93
8.39

32.73
19.73
18.43
14.89
17.25
11.82
5.96
8016

11.43
6.99
7.18
9.70

12.83
6.51
7.15

35.21
6.63

15.07
27.43
6.99

10.13
19.90
8.80

16.09
29.99
8.28

15.460
13,59

1.54

22.29
42,36
14.19
14.62
15.55
20095
22.60
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h1 k I Fobs

12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12

6
6
6
6
6
7
7

7
7
7

8

9

8
8

9

8

9
9
9
9
9

10
10
109
9
9
9

10
10
19
10
1010

12
12
1212
12

11.63
12.17
10.15
10.76
17.43
14.90
11.32
11.06
14.30
7.92
9075

10.67
16.26
28.10
14.78
7.61

13.85
8.63

16.52
9.27

16,92
12.23
9.87
9,86
8.80
8.69

11.06
7.84

14.30
9.58

10.65
10,31
7.88

17.74
9.70

14.60
9.79

10.29

12.48
12,86
10.53
11.95
11.45
11.70
12,08
10.51
12.19
5.37
3.07

13,87
16.50
26.20
15.31
8,32

14,23
9.24

18.41
9.62

15,71
13.97

7.65
9.85

10.90
9.63
9.32
5.89

10,38
7,13
7.71
9.67
8.45

14.78
10.65
13.87
9.30

12.19

h k 1 Fobs

12
12
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13

12
12

1
1
2
2
3
4
4
5
5
5
5
6
6
6
6
7
7
7
8
8
8
8
8
8
8
9
9
9
9

10
10
10
10
11
12

15.49
7.81

16.94
9.96
9.95
9.13
9.14

11.07
9.00
8.92
9.43

14.68
8.52

11.25
10.91
10.47
9.41
8.10
7,73
8.99

12.56
7,79
8.56
8.66

13.21
10.75
9.04
7.63
9.94
9.09

15.07
8.12

13.88
9.90
9.48
6.36
8.42
9.37

FCal

16.46
8052

4.51
6.19
9,34
9.48
7,95

11.92
8.23
5,99
3.48

16030
8.45
9.27

12.51
6.95
1.56
9.26
9.92
7,58

10.16
5.66

12.36
6.99

10,82
10,38
4.41
7.49
5.40
8.56

17.52
6.26

10.61
10.59

8o29
6099

5.17
10.48



h k 1 Fobs

13
13
13
13
13
13
13
13
13
13
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14

12
12
12
12
12
13
13
13
13
13
0
1
3
3
3
4
5
5
5
5
6
6
6
7
7
7
8
8
8
8
9
9
9

10
10
10
11
11
11

8.28
8.38
8.11
6.19
6.11

10,89
15.46
6.62
7.75
7.30

24.69
11,70
11.42
15.60
12.60
18.46
19.93
9.22

10.22
9.51
8.69
9,38

11.57
12.54
14.97
12.72
10.91
9,55
9.28

10.68
13,29
12.19
13.44
8.58
6.94
7.76
8.21
8.80
6.64

Fcal

4.56
9.62
8.77
4.50
7.05
9.79

18.55
7.45
8.15
7.40

24.98
7* 18

10.85
18.33
4.85

14.83
18.57
7.19
7.82
6,23
5.89
4.24
9.67
8,94

14.10
5.62
8.60
4,37
6.02
5.66

10.13
14.25
10.29
4.08
4.39
7.10
8.82
7.08
3.40

h k 1 Fobs

14
14
14
14
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
16
16
16
16
16

12
12
12
13
0
1
1
2
2
3
3
3
4
4
5
6
6
6
7
7
7
7
7
7
8

10

10
10
10
10
11
11
0

2
3
3

6.10
6.09

18.67
6.89
9.61

10.60
9.61

12.89
8.67

19.12
12.51
11.40
14.36
18.98
9.27

11.62
12.43
8.73

25.84
9,53
8.49
9.47

20.94
8.11

10.89
7.25

14.93
8.82
9.06
6.85
8.40
7*16

22.59
18.98
21.69
20.14
9.52

14.68
8.58

Feal

5.36
6.04
3.80
6.67

13.53
12,87
10.65
10083
10.90
18.10
11.53
9.22

17.39
18.98
8.39
9.89
9.80
7,99

26.68
5.28
8.38

11.93
20.69

7.07

9.11
11.39
14.99
6.31
8.57
7.02
6.12
5072

24.07
22.50
15.32
17.90
10.64
17.35
10.02



h k 1 Fobs

16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
17
17
17
17
17
17
17
17
17
17
17
18
18
18
18
18
18
18
18
18

3
4
4
5
5
6
6
6
7
7
8

8
9
9

10
0

3
5
5
6
6
7
8
9
9
0
1
3
3
4
4
5
5
5

14.23
9.18

17.88
13032
17.06
7.42
8.62
9.64

12,56
7.51

12.07
9.44
9.92

11.39
8.74
9.64
7.52
7.67
7.55
8.00
6.28
9.30
8.12
5.78
5,66
4.98
8.94

11,45
12.18
6.74

10.00
14.43
5.86
9.05
8.91
6.82

14.10
.71

12.72
17.08
15.16
9,44

10.22
7.50

11.36
6.88
9.71

10.46
9.39

11.13
11.01
9.55
6.67
7.54
3.29

11.57
7.69
6.33
9.19
4.63
7.40
7.14
8.06

10.25
12.34
5.17
6.26

13.25
6.25
7.88

11.36
6.78

h k I Fobe

18 6
18 7
19 1
19 2
19 2
19 3

6.00
5.33
6.18
9.10
5.92
9.00

-74.

Fel

4.76
6,56
4,53
9.82
7.26
8.62
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of Cs) -459). Usually the correlation between these two

parameters is very high. Table 12 contains the final

space parameters and temrperature factors of the rhodizite

structure. In Table 13 the observed structure factors

and final calculated structure factors are listed.



CHAPTER IX

The Final Structure

In the rhodizite structure the oxygen atoms are

arranged in cubic close-packing whose period parallel to

a is 1/4a. If all close-packed sites were occupied, 32

oxygen atoms would be required; however, four sites are

unoccupied, in the manner described below, and the cell con-

tains only 28 oxygen atoms, namely 4 0(1) + 12 0(2) + 12 0(3).

The metal atoms occupy octahedral and tetrahedral voids

between oxygen atoms. Each Al atom is surrounded by six

oxygen atoms in octahedral coordination, namely 3 0(1) +

3 0(2). Each of the four octahedra shares three edges with

the other octahedra to form a tight central cluster of com-

position Al4016-20

Each of the Be atoms is surrounded by four oxygen atoms

in tetrahedral coordination, namely 0(1) and 3 0(3). The

four Be atoms thus augment the central cluster to form a

larger cluster of composition Be Al0 28 -36. This cluster is

bordered by 24 oxygen atoms, namely 12 0(2) + 12 0(3), and all

atoms of this cluster are entirely within the cell boundaries.
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Each of the B atoms is surrounded by four oxygen atoms

in tetrahedral coordination, namely 2 0(3) + 2 0(2). The Be

atoms lie in the cell faces, four to a face, and connect the

enlarged clusters with one another. In this way the entire

structure, except for the alkali atoms, comprises a connected

network of composition (B12Be4Al4028) per cell.

The oxygen atoms of the connected network are in cubic

close-packing which would be complete except for four miss-

ing oxygen atoms which would tetrahedrally surround the

origin. The resulting hole at the origin is occupied by an

alkali atom whose immediate environment consists of 12 0(3)

atoms, each at a distance of about 3.24 1. These oxygen

atoms do not surround the alkali uniformly, but occur as

four tetrahedrally located clusters of three, each three

outlining a face of a tetrahedron of oxygen atoms surround-

ing Be.

Figures 4 and 5 illustrate the arrangement of atoms in

the mineral rhodizite. Figure 4 shows the atom locations

in the lower half of the ideal structure, and some of the
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symmetry elements of space group P3m which repeat the

labelled atoms. Figure 5 shows the network in the upper

half of the cell represented as coordination polyhedra.

The tetrahedra in the heavily shaded diagonal bands have

their centers on level z ; 3/4. In these tetrahedra the

metal is alternately B and Be, with the Be on the mirror

in the middle of the band. The more lightly shaded tetra-

hedra have their centers at z - 1/2 and contain B only.

The central pair of heavily shaded octahedra contain Al at

level z 5/8. The circles represent the alkali atoms at

level z - 1.

The structure reported here has the idealized formula

CsB 12Al4Be4028, which differs from the Frondel and Ito form-

ula in that (a) it has 12 B instead of 11, (b) it has 28 0

instead of 29, and (c) it does not appear to need any hydro-

gen atoms, as suggested by the following argument: All oxy-

gen atoms of rhodizite are exactly satisfied by electrostatic

valency bonds provided that the alkali atom is ignored and no

oxygen atoms are regarded as hydroxyls. The electrostatic

valency summations are as follows:



Figure 4

Atom locations in the lower half

of the ideal structure
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Cs

--- 0 0 -

B

B O

B20

0O0z
-- - 0- -



Figure 5

Network in the upper half of the cell

represented as coordination polyhedra
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O(1: 3 1 (Al) + 1(Be)2

0(2): -2 (Al) + 2- 4 ( = 2

0(3): -2 (Be) + 2- (B) m 2

Because of this, it seems reasonable to suppose that the

hydrogen atoms reported in Frondel and Ito's analysis are,

in fact, absent from the structure, and that in the recorded

analysis the loss on ignition was due rather to a loss of

some of the other constituents, especially B and alkali.

The density computed for the ideal formula, CoB 12 Be 4 A 4 028

(except that the alkali mixture found by Frondel and Ito was

used instead of pure Cs), in an isometric cell of edge a -

7.319 1, is 3.478 g/cc. This is essentially the same as

that of Frondel and Ito's preferred formula, which requires

3.47, as compared with a measured density of 3.44. The small

excess in calculated density could readily be attributed to

a small error in determination of the proportions of the

several alkalies making up the alkali site.

The ideal formula CsB12Be4Al4028 appears to be unbal-

anced in the amount of one excess positive charge. In other
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TABLE 14

Bond distances

Bond

Al - 0(1)

Al - 0(2)

Al - Al

Be - 0(1)

Be - 0(3)

B 0(2)

B 0(3)

Cs - 0(3)

distance,

1.932

1.873

2.950

1.72

1.606

1.519

1.475

3.227

0

standard deviation, A

0.005

0.005

0.007

0.02

0.010

0.006

0.006

0.010



TABLE 15

bond angle standard deviation
(degrees) (degrees)

Al - 0(1) - Al 99.5 0.4

Al - 0(2) - B 119.5 0.3

Al - Al - 0(1) 40.2 0.2

Al - Al - 0(2) 88.1 0.2

0(1) - Al - 0(2) 93.5 0.2

Be - 0(1) - Al 118.2 0.8

Be - 0(3) - B 114.2 0.9

B -0(2) - B 120.8 0,6

B - 0(2) - Al 119,5 0.4

B - 0(3) - Cs 114.9 0.4

B -0(3) - B 118.4 0.4

0(1) - Be - 0(3) 100.5 1.2

0(2) - B 0(3) 108.8 0.4

0(2) - B 0(2) 110.2 0.4

0(3) - B - 0(3) 113.2 0.8
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words, the alkali appears to behave formally as a neutral

atom. It also appears to be held, clathrate fashion, within

the large hole at the origin. For the Manjaka rhodizite,

the composition of the alkali in the hole is Cs 4 7Rb K 33Na03

It is evident that these various atoms, whose radii vary from

about 1.7 A down to 1 A for ionic radii, or about 2.4 A to

1.6 1 for metallic radii, cannot all fit the same void. The

occurrence of neutral Na in the clathrate structure Na8Si46
and NaxSil36 has just been discovered and discussed by Kasper

et al. (15) Rhodizite appears to offer another example of a

neutral alkali in a cage. This is anomalous, however,

because Cs is one of the most easily ionized atoms. An

explanation may be that it contributes its electron to a

bond between the four close Al atoms, thus permitting the net-

work to have a valence of -1. Each of the four A106 tetra-

hedra shares three edges with the other three, giving rise to

a tight cluster whose composition is Al4016, with a formal

valence of -20. The distance between Al atoms of this



cluster (2.95 A) is only a little larger than in metallic

Al, and a bond between them thus appears possible. The

same cluster is found in the spinel and pharmacosiderite

structures.

In Tables 14 and 15 the inter-atomic distances and

bond angles, with their standard deviations, are listed.
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