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GENERAL INTRODUCTION 

Some years ago at this University a start was made 

on a systematic X-ray study of the structure of the reportedly 

isomorphous dithionates of potassium, calcium, strontium and 

lead (1). From the beginning, however, difficulty was experienced 

due to the prevalence of twinning in crystals of these salts. 

In fact, only of potassium dithionate were crystals of trigonal 

symmetry obtained. Laue photographs of all specimens of the 

other dithlonates mentioned showed pseudo-hexagonal symmetry. 

The space group of potassium dithionate (K2S20e) 

was established as DS or D~, a choice between the two depend

ing on the relative positions of a dyad axis and a plane of 

symmetry (2). Since well-formed crystals were not obtained, 

it was not possible to establish the relative positions of 

these symmetry elements by optical met.hods. A new X-ray 

method is described in Section I of the present thesis which 

now permits such a distinction to be made even on a crystal 

fragment with no recognizable faces. 

Helwig (3) and Huggins and Frank (4) independently 

completed structure investigations of K2S206. The two prOposed 

structures, however, are not identical. They will be discussed 

in detail later in this thesis. 

HAgg (5) examined orystals of K2S20S and of Rb2S206 

but, as will be shown later, it appears that the latter probably 

were twinned. 
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In view of the discrepancies between the results 

for the structure of K2S206 it seemed of interest to make a 

study of the closely related isomorphous rubidium salt. 

During the co~se of this investigation trigonal and pseudo

hexagonal crystals of K2S206 and of Rb2S20S were obtained so 

that an X-ray examination of the nature of the twinning in 

these substances was undertaken. 

The subject matter of this thesis has been divided in

to three sections. In the first, attention is drawn to the 

symmetry exhibited by Laue diagrams of orthogonal crystals 

obtained with the X-ray beam along lateral axes and a new 

X-ray method is described by means of which the members of 

certain pairs of space groups in the hexagonal system may 

readily be distinguished one fro~the other, The second section 

of this thesis deals with the X-ray study of the structure of 

rubidium dithionate during the course of which the theoretical 

arguments and experimental procedures developed in Section I 

were of material assistance. In the third section of this 

thesis is described the X-ray investigation of the nature of 

the twinning in crystals of K2S206 and of Rb2S20S which de

veloped from the work described in Section 11. 

Each section of the thesis contains its own table 

of contents, introduction and discussion of results. An 

Appendix to Section I describes a study of the space group of 

tourmaline which was undertaken as an interesting application 

of the experimental methods described in that section. The 
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oalculation and use of logarithms of intensities instead of 

direct values when, as in the present work, visual estimations 

of observed intensities of diffraction spots are employed is 

justified in an Appendix to Section II. References to the 

literature, and figures, are numbered consecutively throughout 

the thesis and are listed at the end in a General Bibliography 

and a General List of Illustrations, respectively. The thesis 

closes with a General Summary and a Statement of the Claim of 

Original Work as required by the Faculty of Graduate Studies 

and Research. 
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SECTION I 

LAUE DIAGRAMS OF ORTHOGONAL CRYSTALS 
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INTRODUCTION TO SECTION I 

During the course of the work on the structure 

of rubidium dithionate described in Section 11 of this thesis 

attention was directed to the types of Laue symmetry observed 

in photographs obtained with the X-ray beam along the lateral 

~ and ~ (orthohexagonal) axes of trigonal crystals. 

Since application of the Laue method of crystal 

structure analysis usually involves diagrams obtained with 

the beam along the direction of the principal axis, or inclined 

thereto by a few degrees only, the interesting features of 

photographs obtained with the beam along the directions of 

lateral axes have received little attention. The purpose of 

this section of the thesis, therefore, is to analyse the Laue 

symmetry to be expected under such conditions and to describe 

a new X-ray method, based thereon, for distinguishing between 

the members of certain pairs of space groups in the rhombo

hedral division of the hexagonal system. For convenience, 

the subject matter of this section is divided into two parts. 

An interesting application of the method developed in Part 11 

to the space group of tourmaline is described in an Appendix. 

It may be mentioned that the subject matter of this 

section already has appeared in print (6,7,8). 
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PART I 

THE LAUE SYMMETRY EXHIBITED BY ORTHOGONAL CRYSTALS 

It is of interest to examine the symmetry exhibited 

by Laue diagrams of crystals which possess a two-, three-, 

four- or six-fold symmetry axis and planes of symmetry con

taining this axis but with no plane of simple symmetry normal 

thereto. Two-fold axes perpendicular to the principal axis 

and not contained in the symmetry planes may be present but 

other elements of symmetry do not concern the present argument. 

There are seven crystal classes, therefore, which 

must be considered, namely, 

c! 
cl 
D~ 
'I'd 

c~ 

D~ 
eX 

rhombic pyramidal, 

ditetragonal pyramidal, 

tetragonal scalenohedral, 

hexacistetrahedral, 

ditrigonal pyramidal, 

ditrigonal scalenohedral, 

dihexagonal pyramidal. 

In the Laue method, however, a centre of symmetry 

is introduced automatically accord~g to Frledel's Law due 

to the inability of the method to distinguish between the 

parallel planes (hkl) and(hkl). Hence other classes exhibit 

the same Laue symmetry as those enumerated above. They may 

be grouped together as follows. 
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1. D2 (rhombic bisphenoidal), e! (rhombic 

pyramidal), D~ (rhombic bipyramidal). 

2. cl (ditetragonal pyramidal), Dg (tetragonal 

scalenohedral), D4 (tetragonal trapezohedral), D~ (ditetra

gonal bipyramidal). 

3. C; (ditrigonal pyramidal), D3 (trigonal 

trapezohedral), Dg (ditrigonal scalenohedral). 

4. eX (dihexagonal pyramidal), D~ (ditr1gonal 

bipyramidal), DS (hexagonal trapezohedral), D~ (dihexagonal 

b1pyramidal). 

5. Td (hexacistetrahedral), 0 (pentagonalicos1tetra

hedral), Oh (hexacisoctahedral). 

Of these five groups of crystal classes, 1,2,4 and 

h h 5 show the Laue symmetry of holohedral classes, i.e., D2 , D4, 

D~ and Oh, respectively. In the Laue method all classes in 

these four groups appear to possess a plane of symmetry normal 

to the principal axes and planes of symmetry containing this 

axis whether or not such planes actually are present in the 

crystal. 

Laue diagrams of the fifth group of classes, hav~g 

the Laue symmetry of ng, however, show only planes of symmetry 

containing the principal axis and no symmetry plane normal 

to this axis. 

Unless this is recognized, some confusion may arise 

in practice when Laue photographs are obtained of crystals 

belonging to the classes under discussion. For example, in 
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Figure 1, the diagram for tourmaline (O~) with the beam 

along the b (orthohexagonal) axis is not symmetrical about 

the trace of the plane normal to the ~ axis. It appears to 

be set incorrectly about an axis perpendicular to the ~ axis 

and parallel to the diagram. Aotually the photograph for 

Figure 1 was obtained as follows. A slip of tourmaline was 

polished with plane parallel sides of area much larger than 

the cross-sectional area of the X-ray beam. The plane of the 

polished surfaces coincided with the (loio) plane to within 

10 and 15 minutes of arc, respectively, in the prism zone and 

in the zone normal to the prism. The orystal slip was set 

optically so that the (lOIO) plane was normal to the direction 

of the X-ray beam. The beam, therefore, coincided almost 

exactly with the b (orthohexagonal) axis. 

That the symmetry of the diagram obtained, namely, 

only about the traoe of the symmetry plane (1120), is that 

which should be expected is clear from the following argument. 

In Figure 2A, aaa, bOb, cOo are three straight lines 

intersecting at 0 and making angles of 900 with one another. 

The figure MNPQRS is drawn as a regular bipyramid 

to avoid unnecessary complications. In the general case each 

of the points at the corners should consist of four points so 

that the indices of the faces would be (hkl), (hkl) , (hkl) , 

(hkl), (hkI), (fikl), (hill, (hkI) , where h, k, and 1 have 

different values in each set of indices. 
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Now, since the Laue method makes 0 a centre of 

symmetry, the faces NHS, QRS, QPS and NPS appear to be equi

valent to the faces QPM, NPM, NRM and QHM, respectively ••••• 1. 

In tourmaline, aOa, cOb, oOc are the directions of 

the ~, R, £, axes, respectively, in orthohexagona1 coordinates, 

and MBSP is a plane of symmetry (see Appendix, p. 23 ). 

Therefore, the faces QPM, QRM, QPS and QRS are equi

valent to the faces NPM, NRM, NPS and NHS, respectively ••••• 2. 

Combining data 1 and 2, the faces QPM, NPM, QBS and 

NHS are equivalent to each other, the faces QRM, NRM, NPS and 

QPS are equivalent to each other, but these two sets of faces 

are not mutually equivalent. Hence QPNR does not appear as a 
\ 

plane of symmetry. It will be noted that aOa becomes a two

fold axis of symmetry because a rotation of the figure through 

an angle of 1800 about aOa as axis brings the mutually equi

valent faces NPM and QPM into ooincidence with the equivalent 

pair of faces NHS and ~BS, respectively, and the mutually 

equivalent faces NRM and QRM into coincidence with the faces 

NPS and QPS, respectively, to which they are equivalent. Thus 

the space group c~ possesses the Laue symmetry of ng. The 

general type of symmetry to be expected, therefore, in a Laue 

diagram obtained with the beam along the direction DOb which 

lies in the symmetry plane MRSP is shown diagrammatically in 

Figure 2B. The points Pl , P2 , P3 , P4 arise from the general 

pairs of planes (hkl), (hkr); (fikl) , (hkl); (hlkl1l), (hlklll); 
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the same values as hI, kl and 11, respeotively. The diagram 

is symmetrical only about the trace of the plane MRSP, shown 

as a full line in Figure 2B. 

StIDilarly, since aOa appears to be a two-fold axis 

of symmetry, the type of Laue diagram obtained with the beam 

along this axis may be represented diagrammatically as in 

Figure 20 where the points PI' P2' P3 , P4 arise from the 

general pairs of planes (Efl), (hkI); (Elkll ), (~KlIl); 

(fiiKlIl), (hlklll); (fikI) , (hil) , respectively, where h, k 

and 1 have not the same values as hl, kl and 11, respectively. 

The diagram exhibits only the trace of the two-fold axis 

normal to the diagram (shown as an ellipse at the centre) and 

consequently possesses only a centre of symmetry. 

The same types of diagrams are obtained from crystals 

belonging to the classes D3 and Dg since these classes also 

have the Laue symmetry of Dg. 
As mentioned above, the other four groups of classes 

under examination exhibit Laue symmetry elements which make 

the plane QPNR appear as a plane of symmetry in addition to 

the plane MRSP. It will be seen that this makes the two sets 

of faces land 2 mutually equivalent, so that QMNS also is a 

plane of symmetry, and the Laue diagrams with the beam along 

cOb and along aOa,respectively, will have the general appearance 

shown in Figures 2D and 2E. They are symmetrical about the 
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traces of the planes QPNR and MRSP (shown by full lines) whic~ 

intersect in the traoes of the two-fold axes DOb and iOa,re

spectivelY,which are indioated by ellipses. They are symmetrical, 

therefore, about two lines at right angles intersecting in a 

centre of symmetry. The points Pl, P2, P3' P4 arise from the 

four pairs of the eight sets of planes constituting the general 

form { hkl} , where h, k, and 1 have the same values, respeotive1y, 

in eaoh set of planes of the form. In the speoial case of the 

classes having the Laue symmetry of the class Oh (hexacisocta

hedral), in which aOa (or cOb) appears as a four-fold axis, the 

distanoes PlP3, PlP2, P2P4 and P3P4 in Figures 2D and 2E are 

all equal when the beam is along one of these two axes. 

Figure 3 shows a Laue photograph of oalamine (hemi

morphite), class C!, taken with the X-ray beam al~g a ~ axis. 

It has the symmetry characteristics of Figure 2D. 

In addition to tourmaline (C~) and oalamine (Cl), 

single orystal specimens of chalcopyrite (D~), calcite (pg), 

greenock1te (C~) and tetrahedrite (Td ) were examined and each 

showed the Laue symmetry to be expected from its class on the 

basis of the foregoing argument. 
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PART 1I 

AN X-RAY METHOD FOR DISTINGUISHrnG BETWEEN 
CERrAIN SPACE GROUPS IN THE HEXAGONAL SYSTEM 

(a) Introduction. 

One of the difficulties which may be encountered 

in determining the space group of a given crystal belonging 

to one of certain classes in the hexagonal system arises from 

the fact that the conventional crystallographic axes do not 

always correspond to the true structural axes. This applies 

to the space groups of the ditrigonal bipyramidal (D~) class 

of the hexagonal division, and to those of the ditrigonal 

pyramidal (C~), trigonal trapezohedral (D3), and ditrigonal 

scalenohedral (ng) classes of the rhombohedral division whose 

structures are based on a hexagonal lattice (~). 

This point has been emphasized particularly by 

Astbury and Yardley (9). In referring to their tabulated 

data on the hexagonal space groups they point out, that "it 

will be found that only in a very limited number of cases is 

it possible without complete examination to distinguish between 

groups in which the true structural hexagonal axes lie in the 

symmetry planes (C3i, C3~' D3n, D3!) and the corresponding 

groups in which they are perpendicular to the symmetry planes 

(C3i, C3~' D3~' D3~). For example, we can distinguish between 

C3~ and C3~ if there are two molecules only per cell, for then 

the molecule itself must possess a triad axis, and this is only 

possible in C3~; but the tables alone do not dist~guish between 
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them if there are one, three or six molecules per cell. Similar 

considerations hold with regard to the pairs of groups in whioh 

the true hexagonal axes are parallel and perpendicular respeotive

ly to the dyad axes of the structure (D~ and D~; D~ and D~; 

D~ and D~; D3~ and D3a; D3~ and D3~)"' 
As will be established later, the crystal with which 

this thesis primarily is concerned belongs to the trigonal 

trapezohedral (D3) class. It is of interest, therefore, to 

consider the symmetry elements of the nine pairs of space groups 

mentioned in the foregoing exoerpt because it can be shown that, 

except in two cases, the Laue method of X-ray analysis is 

capable of allowing the correct choice to be made between the 

members of each pair. 

The final choice of space group for rubidium dithionate, 

to be described in Section II of this thesis, was made possible 

by the application of the general experimental methods now to 

be described. 

(b) Theoretical Argument. 

The problem is simplified by an examination of the 

stereographic projections for the four crystal classes which 

contain the nine pairs of space groups under discussion. They 

are shown in Figure 4. ~he crystallograph1c (~) axes are drawn 

as broken lines except where they lie in planes of symmetry when 

they are represented by full lines. They are marked ~l' ~2 and 

~. It is convenient to introduce another set of axes in the 
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same plane as the ~ axes but at 30° to them. These are shown as 

dotted lines except when they lie in planes of symmetry when 

they ar~ represented by full lines. They are marked ~, B2 and 

b3 and it will be seen that any given b axis makes angles of 

30° and 90° with a axes (e.g., B2 is at 30° to ~ and at 90° 

to ~2). Following the usual convention, planes of symmetry 

perpendicular to the plane of projection are represented by 

full lines, two-fold rotation axes in the projection plane by 

ellipses, the triad (~) axes perpendicular to the plane of 

projection by equilateral triangles, equivalent points above 

the plane as crosses and below the plane as circles. 

Since the Laue method is unable to distinguish a 

plane (hkl) from the parallel plane (fiki) this method intIOduc.es 

an apparent centre of symmetry whether such a centre is present 

structurally or not. In Figure 4, equivalent pOints arising 

from this limitation of the X-ray method are shown as dotted 

crosses (above projection plane) and dotted oircles (below pro

jection plane). As a result it will be seen from the diagrams 

that the ~ axes become dyad axes in C~, lie in planes of 

symmetry in D3 , and beoome dyad a~es in planes of symmetry 

in D~. This results in the well-known fact cited in Part I 

that C! and D3 appear as D~ and D~ appears as D~, in Laue 

photographs taken with the beam along the principal (c) axis. 

With the exception of the four space groups of the 

class D~, the pairs under consideration can be grouped in two 
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divisions as follows according to the symmetry to be expected 

from Laue photographs. 

1. C3~' C3~' D~, D~, Dg, D3~' D3~' in whioh ~ axes 

ooincide with dyad axes of rotation and b axes lie in symmetry 

planes perpendicular to the basal plane (J.to {OOOl} ). 

2. C3~, C3~' D$, D~, nB, D3a, D3tt, in whioh ~ axes 

ooincide with dyad axes of rotation and ~ axes lie in symmetry 

planes perpendicular to the basal plane (JLto {OOOI}). 

The Laue diagram obtained with the X-ray beam along 

an a axis, therefore, should show only a dyad axis through the 

undiffracted beam perpendicular to the photographio plate 

(Figure 20, p.10A) if the space group is one of those in 

division 1 while the Laue photograph with the beam along a 

b axis should show one plane of symmetry perpendioular to the 

photographic plate Wigure 2B, p.10A). 

Conversely, if the space group is one of those in 

division 2, the Laue diagram along the a axis should possess 

the plane of symmetry while that along the b axis should show 

only the dyad axis. 

No such distinction however can be made between D3~ 

and D3S, or between D3! and D3R, because it is clear from 

Figure 4 that in the Laue method both the ~ and £ axes will 

appear to coincide with dyad axes in planes of symmetry. Hence 

Laue diagrams obtained with the beam along either an ~ or b 

axis will possess two planes of symmetry intersecting at right 
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angles as in Figures 2D and 2E, p.lOA. 

(c) Procedure. 

The following experimental procedure, therefore, 

can be adopted with success in the space group examination 

of crystals belonging to the five classes (except D~) under 

review. 

Following the usual methods (e.g., 9, p.221) poss

ible space groups are reduced to one of the pairs given in 

divisions land 2 above, recognizing the fact that D~ and 
456 D3 are identical with D3 and D3 , respectively, except that 

they are in opposite rotatory sense. 

The crystal is then mounted on a spectrograph 

equipped with goniometric arcs and a Laue photograph is taken 

with the beam along the £ axis. The time oonsumed in obtain

ing a good symmetrical Laue diagram along the ~ axis is very 

much reduced if a crystal is available which has at least one 

recognizable face. Otherwise a number of successive photo-

graphs may have to be taken with intermediate calculations 

and settings on the arcs before the £ axis is made to coincide 

with the direction of the X-ray beam. 

Since the ~ and b axes are important zone axes their 

positions are readily identified on the £ axis Laue diagram by 

simple visual examination. The crystal is then turned on the 

arcs so as to bring one of these axes into coincidence with 

the axis of rotation of the spectrograph, leaving the £ axis 
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along the direction of the X-ray beam. If there is any doubt 

as to whether an a or a b axis is now in the axis of rotation, 

an oscillation photograph is taken and the primitive translation 

along the axis of rotation is obtained. Suppose that the axis 

o~ rotation coincides with the ~ axis. Then in this position 

the crystal is set with the £ axis along the direction of the 

beam, the ~ axis in the axis of rotation and hence a b axis 

lies parallel to the photographic plate (at 90° to a plane 

containing the ~ and ~ axes). The crystal is rotated through 

90° thus placing a b axis in coincidence with the direotion of 

the X-ray beam and a second Laue picture is taken along the b 

axis. The orystal in this position has an ~ axis in the axis 

of rotation, a b axis along the beam and the £ axis parallel 

to the plate (at 90° to a plane containing the ~ and b axes). 

Finally the crystal is rotated on the arcs through 30° about 

the £ axis thus placing a b axis in the axis of rotation of 

the spectrograph and an ~ axis along the direction of the beam 

and a third Laue picture is taken with the beam along the a 

axis. This may be followed by a second oscillation picture 

from which the primitive translation along the new axis of 

rotation can be calculated. 

If the primitive translation along the a axis is a o ' 

then that along the £ axis is equal to ao~so that, from 

the two oscillation photographs mentioned avove, the positions 

of the ~ and b axes can be determined and the second and third 
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Laue photographs can be identified as along the b and A (or ~ 

and ~) axes,respeotively. 

The symmetry of the Laue diagrams along the ~ and b 

axes immediately shows whether the space group is one of those 

in division 1 or division 2. 

(d) Experimental Test. 

One of the best established structures based on a 

space group falling within the scope of this method is that 

of~-quartz (10, pp. 239,242). This crystal has been assigned 

to the space group Dt (and ng) with ao equal to 4.9A. and Co 
o 

equal to 5.39A. 

A Laue photograph with the X-ray beam along the ~ 

axis of a crystal of quartz is shown in Figure 5. Radiation 

from a molybdenum target was employed. An oscillation picture 

of the crystal without change of setting gave a value of about 
o 

4.9A. for the primitive translation along the axis of rotation. 

Hence in the Laue diagram (Figure 5) an a axis is vertical and 

a b axis is horizontal. The crystal was turned through 90° 

about the vertical ~ axis and a Laue picture was taken alan.g 

the b axis. This photograph is reproduced in Figure 6 and 

shows a horizontal plane of symmetry. The crystal was then 

rotated through 30° about a horizontal axis perpendioular to 

the direotion of the beam, thus making an a axis coincide with 

the direotion of the X-ray beam. A Laue photograph of the 

orystal in this position is given in Figure 7, which possesses 
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only a dyad axis of symmetry through the central beam per

pendicular to the plane of the picture. An oscillation 

picture of the crystal without change of setting showed 

a primitive translation of about 8.51. along the axis of 

rotation. Hence a b axis is vertical (bo = ao~= 8.49!J 

and an ~ axis coincides with the direction of the beam in 

Figure 7. 
d Figure 5 exhibits the symmetry of D3. The c axis 

is thirded as can be shown by a search for reflections from 

the planes { 0001). The space group therefore is D5 (and D~l 
or Dg (and ng) since these are the only space groups in C;, 

D3 or D~ having this characteristic. Finally, from the data 

above, the dyad axes coincide with the ~ axes so that the 

space group must be D~ (and ng). 
In many cases the experimental procedure may be 

simplified. For example, if the size of the unit cell has 

been determined previously, a single oscillation picture will 

show which is the ~ or b axis and, if the space group has been 

unequivocally reduced to one of the pairs specified, then a 

Laue photograph either along an ~ or a ~ axis will give the 

position of the dyad axes. Thus two Laues and one osci1latl~ 

would yield sufficient data for the final choice of space group 

to be made between the members of any pair. 

(9) Discussion. 

The advantages of the method described above can be 

brought out by an examination of the literature pertaining to 
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the determination of the space group of potassium dithionate. 

Barnes and Helwig (2) reduced the possible space gro~s to 

D~ or D~ but made no attempt to choose between these two. 

Huggins ani Frank (4) arrived at D~ by an extensive comparison 

of intensities. This involved working out two structures for 

the crystal simultaneously, based on n! and D~, respectively, 

and eltminating that based on D~ as not satisfying observed 

intensity requirements. Such a procedure involves a great 

deal of extra labour which is saved if the choioe of spaoe 

group can be made before placing the diffracting centres in 

the unit cell. Helwig (3) showed that the space group mU$ be 

D~ by identifying the position of a dyad axis in the structure 

from a crystallographic examination of a crystal of the salt, 

measuring the primitive translation along this axis with the 

X-ray spectrometer and thus proving that the dyad axes coincide 

with the ~ axes. This method, however, involves the use of a 

crystal having a sufficient number of well-developed faces to 

allow the direction of the dyad axes (D3, n%) or symmetry planes 

(0;, Dg) to be fixed. It is not applicable to a crystal or 

crystal fragment having no, or very few, identifiable faces. 

Finally H!gg (5) reported the space group of potassium dithionate 

as D§ on the basis of the fact that the dyad axes are parallel 

to the shortest identity period of the basal plane, that is, 

coincide with the structural ~ axes, without giving the ex

perimental procedure by which he located the dyad axes in the 
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crystal and thus reaohed this conclusion. 

As a further test of the simple method desoribed 

in the present seotion, it was applied to a fragment of a 

crystal of potassium dithionate. The Laue diagrams obtained 

with the beam along ~ and ~ axes possessed a dyad axis and a 

plane of symmetry, respectively, and thus further confirned 

the space froup as nS. 
The advantages of this method, therefore, are due 

to its simplicity, its applicability to crystal fragments having 

no identifiable faoes and to the saving of labour arising from 

the fact that it allows the final ohoice of space group to be 

made without reference to the relative positions of the diffract

ing oentres in the unit oell. 

APPENDIX TO SECTION I 

THE SPACE GROUP OF TOURMALINE 

(a) Introduction. 

The orystal struoture of tourmaline has been in

vestigated by Kulaszewski (11) and by Machatsohki (12). The 

orystal belongs to the ditr1gonal pyramidal (C!) class of the 

hexagonal system (13, v.l, p. 348; 14, v.2, p. 742 although 

misprinted as ditrigonal bipyramidal on p. 744). 

Kulaszewsk1 made a study of a clear rose-red crystal 

from the Wolkenburg and Penig region in Saxony. She indexed 

the Laue diagrams obtained with the X-ray beam (tungsten radiation) 



-24-

perpendicular respectively to (0001), (0111), (1120), (1011), 

(5052), and (1010), and the spectrograms obtained with the 

beam (molybdenum K~ radiation) parallel to (0001), (olII), 

(1120), (1011), (0110), and (1010), respectively. From the 

Laue photographs she concludes that the underlying lattice is 

hexagonal ({h) since the Bravais-Miller indices of the majority 

of planes from which reflections were recorded do not satisfy 

the rhombohedral criterion that h-i-l = 3p (15,16), where the 

indices are taken as (h1kl) instead of the more customary (hkil), 

and p is an integer. The size o~ the unit cell is given in 

Table I1 below. The oscillation photographs' showed a thirding 

of the c axis and of that perpendicular to (loIO), i.e., the 

b axis in orthohexagonal coordinates. Data for the hexagonal 

lattice eliminate the space groups C3~ and C3~ which are based 

on Ir~' The thirding of {OOOl} eliminates C3~ and C3~ since 

for these space groups the (0001) spacing should be equal to 

1/6 Co if the £ axis is thirded. Kulaszewski concludes that 

the space group must be either C3~ or C3~ but that "eine Ent

scheidung, ob c3i vorleigt od er c3i, kann vorl!ufig nicht 

getroffen werden". The number of formula weights per cell was 

not determined because of the scarcity of accurate chemical 

analyses of tourmaline claimed for the time. 

Machatschk1, in a paper largely devoted to an attempt 

at the establishment of a chemical formula to represent the 

composition of tourmaline, reports the results of a ,c axis 
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rotation photograph of a blaok crystal from Grundesund, Norway, 

and a speotrometrio examination of a pale red specimen fr~ 

San Diego, California, and of a pale rose-red tourmaline from 

Pala, California. His results for the size of the unit cell 

are given in Table II below. From the data obtained, chiefly 

with the crystal from San Diego, he identifies refleotions from 

other planes which oonfirm the underlying lattioe as hexagOl.al 

and not rhombohedral. He finds that {OOOl} is thirded, thus 

eliminating C3~ and c3i, and oonoludes that the space group 

must be either C3; or C3~ with three formula units of the type 

XYg81SB5Hx031 per cell. 

In connection with the development of the method for 

distinguishing between oertain pairs of spaoe groups in the 

hexagonal system desoribed in Part II of this seotion of the 

thesiS, tourmaline offered an interesting case for application 

of the method since in neither of the previous investigations 

was any attempt made to choose between C3~ and C3~. Further

more the writer had at his disposal a orystal of a clear bottle

green colour in oontrast to the black and red speoimens pre

viously examined so that the present investigation extends the 

study of tourmalines to that variety. Unfortunately no reoord 

of the origin of the green orystal could be found. 

(b) X-ray EXamination and Results. 

Before prooeeding with the aSSignment of tourmaline 

to either C3~ or C3~ an investigation of oertain important 
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sets of planes was made by the use of the single crystal 

oscillation method on a Bernal Photogoniometer (17) with 

cylindrical camera. The K~ radiation from a copper target 

in a Shearer X-ray tube equipped with a nickel filter was 

employed. Due to the number of data presented by Kulas

zewski and by Machatschki it was not deemed necessary to 

make a complete examination of the crystal but simply to 

check their data as a preoautionary measure in eliminating 

all space groups except 03i and 0 3;. 

Reflections from planes having the indices given in 

'rable I below were sought for with the results. indicated. The 

indices of planes from which reflections were observed are marked 

~ while those from which no reflections were recorded are 

labelled~. The determination of reflection positions and 

the indexing of the oscillation photographs were carried out 

by the reciprocal lattice method (18) • 

TABLE I 

1. 2. 3. 4. 5. 6. 7. 

(0001) a (10io) a (1011) p (loil) p (2021) p (1120) p (1121) a 
(0002) a (2020) a (20~2) a (10I2) p (2022) a ( 2240) P (1122) a 

(3030) p (3033) p (1013) a (2023) a (3360) a (1123) p (0003) p 
(000&) ~ (4040) a (4044 ) a (1014) p (20S4) p (44S0) p (112'4) a 
(0005) a (5050) a (5055) p (1015) p (2025) p (55.iO.O) p ( 1125) 
(OOOS) p (6050 ) p (5066) p (10I6 ) P (2026) p (66.12.0 )p (1126 ) 

The size of the unit cell is given in Table II. 

The values of ao and Co were determined with a probable error 

of less than 1%. 

a 
P 
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TABLE II 

Uni t Cell Dimensions of Tourmaline 

Origin Colour ao Co c/a Reference 

Saxony .......... rose-red 16.231. 7.261. 0.44805 Kulaszewsk1 (11) 
Norway . . . . . . . . . . black l6.0aK. 7.21· 0.4507 Machatschki (12) 
Pala,Calif pale red 15.871. 7.13 • 0.4491 " . . . . . . 
San Diego,Calif •• rose-red 15.811. 7.101. 0.4490 " (Unknown) green 15.851. 7.07s1. 0.4464 This thesis 

The differences among the unit cell dimensions shown 

in this table are not surprising in view of the variations in 

composition possessed by tourmalines from different localities. 

They are in agreement with the range of values for the axial 

ratio (c/a) based on the results of crystallographic studies, 

for example, 0.4474 (14,v.l, p.744), 0.44805 (19), 0.45130 (19), 

and 0.54149 (19). 

Since the observed ratio cia agrees with the crystal

lographio value it is probable that the lattioe iS~. From 

the data in columns 1, 2, 3, and 6 of T~ble I it will be seen 

that those reflections which are obtained for the first six 

orders of (0001), (loio), (1011), and (1120) occur at the 

positions on the films calculated on the assumption that the 

lattice is hexagonal. Spots were not obtained at positions 

corresponding to the spacings of the corresponding planes (Ill), 

(lgl), (lOO), and (lIo), respeotively, of a rhombohedral 

lattice based on the same c/a ratio. It should be noted that 

all oscillations were taken over angular ranges such as to 

exclude reflections from sets of planes having spacings approach

ing those of the particular set of planes under examination. 
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These data, therefore, show by another method of investigation 

that the underlying lattice is ~ (9, p.246). This eliminates 

C3~ and C3~ from further consideration sinoe both or these 

space groups are based on lr~ (9, p.248). 

The data in columns 1, 3, 4, and 5 of Table I show 

that { mOiD.l} is not halved when I is odd. Hence the space 

group cannot be C3~ (9, p.248). 

Finally, C3~ is not possible since the data in columns 

I and ., of Table I show that { mm2ml} is not halved when I is 

odd (9, p. 248 ) . 

This leaves only C3~ and C3~ as possible space groups 

for tourmaline and is in agreement with the results of the earlier 

investigations. 

In addition to the thirding of { OOOI} and { IOIO} 

observed by Kulaszewski it may be noted that the present data 

indicate that reflections from planes of the form f 1121} appear 

only when 1 is an integral multiple of 3 (see column ?, 

Table I), and from planes of the form { m0Jii3} only when m is an 

integral multiple of 3 (see, for example, (1013), (2023), and 

(30~3), and some evidence was obtained for the absence of 

reflections from (4043) and (5053) and the presence of one 

from (6063)). 

Having confirmed the space group as either c3i or 

C3~ a series of Laue photographs was taken, using the radiation 

from a molybdenum target in the X-ray tube. 
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The crystal was mounted with the ~ axis along the 

beam. The Laue diagram (Figure 8) showed the s~~etry Dg 
which is in agreement with the crystallographic assignment 

of tourmaline to the class C!. From the positions of the 

spots on this photograph the directions of the ~ and b 

(orthohexagonal) axes were identified. The position of the 

crystal was altered on the arcs so as to make one of these 

directions coincide exactly with the axis of rotation of the 

spectrograph. The position of the layer lines on an oscilla-

tion picture with the crystal in this setting showed that an 

a axis was in the axis of rotation. The crystal was turned 

through an angle of 90° about this axis from the position 

occupied for the Laue picture with the beam along the ~ axis, 

thus making a b axis coincide with the direction of the beam. 

The Laue diagram obtained with the crystal in this position 

showed a horizontal plane of symmetry (Figure 9). The b axiS, 

therefore, lies in a plane of symmetry which passes through 

the c axis. 

Finally the crystal was rotated through an angle of 

30° about the £ axis thus placing a b axis in the axis of 

~otation and an ~ axis along the direction of the beam. The 

Laue diagram obtained with the crystal in this setting exhibited 

only a centre of symmetry (Figure 10). The ~ axis, therefore, 

appears to lie in a dyad axis of symmetry. 

From these observations the space group of tourmaline 
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must be c3i and cannot be C3~ (see p.l? ). 

In conclusion it is of interest to note that 

Figures 8, 9, and 10 exhibit the same symmetry elements 

as the corresponding figures on pages 88, 99, and 104, re

spectively, of the paper by Ku1aszewski (11) so that the 

distinction between C3~ and C3~ might have been made at that 

time. 
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SECTION II 

THE STRUCTURE OF RUBIDIUM DITHIONATE 
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INTRODUCTION TO SECTION 11 

The space group of potassium dithionate was 

established by Barnes and He1wig (2) in 1931 as D~ or D~. 

Later in the same year Huggins and Frank (4) and 

Helwig (3) reported the results of complete structure in-

vestigations of this salt. Both structures are in agreement 

on the following points: space group, D~; number of formula 

units (K2S206) per cell, 3-, special positions (20, p. 154) , 

28 in (o ) OOu; oau 
48 in 2{d) · 1/3, 2/3, 2/3, 1/3, -· u; u 

3K in (e) uuO; OilO; uOO 

3K in (f) · uu, 1/2; OU, 1/2; UO, 1/2 · 
180 in 3{g) · xyz; .... y, · y-x, xz; x-y, z· , 

yxz; x, - yz y-x, z· x-y, , 
There is, however, marked disagreement between the two sets 

Of numerical values proposed for the fourteen undetermined 

parameters involved, particularly between those for oxygen. 

This is evident from a oomparison between columns 3 and 4 of 

Table I. Better agreement is obtained by interchanging He1wig's 

~ and Z coordinates~s in column 5 of Table I. This has been 

pointed out by wyckoff (22, p. 60). 
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TABLE I 

Reported Parameters for K2S205 

Atom SEecia1 He1wig ( 3) Huggins and He1wig 
Positions Frank{4,21) (revised) 

S (c ) 0, 0, .15 0, 0, .15 0, 0, .16 
1/3, 2/3, 1/3, 2/3, S (d) 2/3, 1/3, .27 .27 .27 

S (d) 2/3, 1/3, .59 1/3, 2/3, .59 1/3, 2/3, .59 
K (e) .39, .39, ° .39, .39, 0 .375, .375, 0 
K (r) .3-1, 0, .50 .690, .690, 1/2 .69 , .59, 1/2 
0 (g) .18, .09, .22 .165, .11, .23 .09, .18, .22 
0 {g} .48, .24, .55 .615, .17, .34 .48, .24, .35 
0 (g) .58, .42, .21 .505, .21, .80 .58, .42, .79 

Helwig (3) has criticized the structure proposed by 

Huggins and Frank (4) on the grounds that their diagram for 

the projection of the unit cell on the basal plane possesses 

a lower symmetry than that of D~ and that certain planes which 

should scatter with equal intensities are reported to have very 

different F values (e.g., (1120),54; (I2Io), 85: (3360),37; 

(6330), 68). Helwig admits that in his own suggested structure 

there is an appreciable discrepancy between calculated and 

observed intensitiesfor (33~0) and for (4480) and concludes 

that "a small adjustment to the structure is perhaps still 

necessary" (3, p. 490). 

In reply to Helwig, Huggins (21) has admitted the 

presence of two errors in his original paper (4), namely, the 

values for u in the potassium parameters (corrected figures: 

0.375, 0.690) and inclusion of the wrong diagram for the pro

jection of the unit cell on the basal plane. Regarding the 

different F values for planes of the same form, Huggins explains 
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that "these F values were calculated •.• without making any 

correction for the differences in absorption and in the number 

of cooperating planes through the crystal for different re

flections" (21, p. 456). It may be noted that Huggins apparent

ly means the total number of planes (of a given set of indices) 

through the whole crystal in a given direction when he refers 

to the "number of cooperating planes". In its generally accepted 

and recognized meaning the expression signifies the number of 

planes of a given form which are mutually equivalent insofar 

as X-radiation is concerned. In its usual sense, therefore, 

the "number of cooperating planes" is a constant of a given 

form of a given crystal class; it is not a function of the 

length of path through the crystal as a whole. 

Huggins (21) states that he has recalculated F 

values for the m~ mmerous reflections listed by Helwig (3) 

using (a) the method of Helwig, (b) the method of Huggins and 

Frank but with Helwig's parameters, (c) the method of Huggins 

and Frank with their parameters. He reports the same measure 

of agreement with observed intensities in the three cases but 

claims that the third gave the best results. Huggins' most 

serious criticism of Helwig's structure, however, is based on 

the fact that Helwig's parameters lead to suspiciously short 
o 0 

potassium-to-oxygen distances in two cases (2.2A. and 2.3LA.) 

whereas the values of Huggins and Frank (4, 21) give reasonable 

interionic distances throughout the structure. This fact also 
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has been emphasized by Wyckoff (22, p. 60). 

The structure of rubidium dithionate has been con

sidered briefly by Huggins and Frank (4) and by H!gg (5). 

In connection with their work on potassium dithionate 

Huggins and Frank (4) refer to the structure of the rubidium 

salt as follows. 

"Sufficient data were also obtained from Rb2S206 

crystals to show that it has the same type of structure as the 

potassium salt, as would be expected from the crystallographic 

data. From the distances between layer lines the unit distances 

ao and Co were determined as about 10.01. and 6.31. respectively, 

in agreement with the density, which we roughly determined as 

3.00 g./cc., and the axial ratio (~:~=1:0.6307) as given by 

Groth, if there are three 'molecules' per unit. 

"Although we have made no attempt to determine 

accurately the parameters a comparison ••• of the observed in

tensities with values of F2 calculated on the assumption that 

the parameters are the same as for K2S206 • • • shows quite good 

agreement. We therefore conclude that the true parameters are 

not very different in the two cases." (4, p. 590). 

H!gg (5) has published the results of an X-ray 

examination of both K2S206 and Rb2S206. He agrees with Huggins 

and Frank that the two are isomorphous, belong to the space 

group D~ and that there are three formula units per cell. The 

dimensions'of the cells given by H!gg are in good agreement 
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with those of Barnes, Helwig, Huggins and Frank for K2S206 

and with those of Huggins and Frank for Rb2S206. In addition 

to the aforementioned set of special positions selected by 

Helwig and by Huggins and Frank for K2S206, HAgg considers 

that the six K (or six Rb) may be either in (e}+{f) [as given 

by Helwig and by Huggins and Fran~ or in (g). As he points 

out, the structure possesses 15 or 14 undetermined parameters 

depending on whether the metal ions are placed in (g) or in 

(e)+{f). He concludes, probably with justice, that an exact 

determination of all of these parameters can only be obtained 

with the help of absolute intensity measurements. He then pro

ceeds to a criticism of the work of Huggins and Frank and claims 

that their suggested structure cannot be correct. Taking the 

prism reflections ({hk.O}) as an example, he recalculated the F 

values using the data of Huggins and Frank and obtained rather 

large differences in certain cases, thus implying errors in 

calculation on the part of Huggins and Frank. Minor differences 

are attributed to the fact that H!gg used slightly different 

atomic F curves. HAgg claims to have examined a number of 

possible structures but to have been unable to find one giving 

an acceptable intensity distribution. The principal interest 

attached to HAgg's paper, however, lies in the fact that he was 

using unwittingly a crystal of rubidium dithionate which appears 

to have been twinned. This aspect of HAgg's work will be con

sidered in greater detail in Section III of the present thesis. 



-39-

In view of the discrepancies among the reported data 

for potassium dithionate and due to the meagre information 

available for rubidium dithionate the present investigation of 

the structure of the latter salt was undertaken. 

CRYSTALLOGRAPHY 

(a) Brief Literature Survey. 

Crystals of rubidium dithionate (Rb2S206) contalll no 

water of crystallization and are very stable under ordinary con-

ditions. 

Wyrouboff (23) reports that he has obtained ortho-

rhombic crystals and concludes that hexagonal specimens arise 

from a ternary association of orthorhombic lamellae. 

"Dans les hyposulfates anhydres de potassium et de 

rubidium, la forme primitive qui existe dans certaines conditions 
, , 
a l'etat normal est orthorhombique, et les oristaux hexagonaux 

, 
sont le resultat d'un croisement ternaire de lamelles appartenant 
\ 
a oette forme." (23, p. 366). 

He claims never to have encountered trigonal forms and 

considers such forms, reported by Fock (24), to be exceptional. 

Groth (14, v.2, p. 690), however, assigns rubidium 

dithionate to the trigonal trapezohedral (D3' rhombohedral 

enantiomorphy) class of the hexagonal system. 

Picoard (25) found the axial ratio (a/c) to be 1/0.6307. 

Groth (14, v.2, p. 690) reports the angle between 
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rhombohedral axes asO(- 108° 56'. 

Refraot i ve indices are given by Tops~e and Christ iansen 

(26) as 
W(J, 1.4556 

EO, 1.5041 

WD, 1.4574 

ED, 1.5078 

(J)F, 1.4623 

~F' 1.5167 

for the ordinary index (~) and the extraordinary index (€) 

using the C, D and F Fraunhofer lines. 

Pape (27) has determined the specifio optioa1 activity 

of potassium d.ithionate but not of the rubidium salt. For 

K2S206 he reports rotations per mm. of the C, D. E and F lines 

of 6.182°,8.385°,10.51° and 12.33°, respectively. The specific 

rotation of K2S20e, therefore, is a little more than one-third 

that of quartz. Wyrouboff (23, p. 362) states that rubidium 

dithionate is optically active but that rotation of the plane 

of polarization is very slight and can only be detected in 

orystals of two to three mm. thickness. 

(b) New Optical Measurements. 

As will be apparent later, it was of importance in 

the space group determination of rubidium dithionate to oonfirm 

the presence of optical activity if possible. 

A large flat hexagonal prism with its basal plane as 

a "contoured contact face" (13, v.l, p. 391) was examined in 

convergent light between crossed Nicols in a polarizll1g mioro

scope. The single blaok cross and the circular conoentric rings 

charaoteristic of uniaxia1 crystals (13, v.2, p. 831) were 

obtained. Furthermore, although the thickness of the prism was 
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not very great, the rings were very close together indicating 

rather large double refraction. By means of a quarter-wave 

mica plate the sign of the double refraction was found to be 

positive (13, v.2, p. 1052). These observations are in agree

ment with the measurements of Tops~and Christiansen (26), 

namely, that£D~ = 1.5078-1.4574 = 0.0504. The magnitude of 

the double refraction may be compared with that of calcite 

(~-fn = 0.1719) and contrasted with that of apatite (~-~D = 0.0044), 

the former having a large and the latter a small birefringence 

(13, v.2, p. 920). 

No optical activity was observed in this crystal, 

however, in spite of the fact that the thickness was of the same 

order of magnitude (2 to 3 mm.) stated by Wyrouboff (23, p. 362) 

as suitable for detection of this phenomenon. The absence of 

optical activity probably was due to twinning since, as Miers 

(28, pp. 54, 102) points out, optical activity is not observed 

when an enantiomorphous crystal forms a reflection twin of a 

right- and a left-handed individual. It is also possible that 

manifestation of optical activity in parallel polarized light 

may have been prevented by a slightly imperfect setting of the 

crystal since the birefringence is relatively large. The black 

cross and concentric circles in convergent polarized light doe·s 

not prove that the optic axis of the crystal coincides exactly 

with the direction axis of the illuminating beam of light. 

Later, after many recrystallizations, a small crystal, 
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possessing the prism and two rhombohedral forms and with basal 

plane faces at both ends, was obtained. A Laue photograph 

taken with the X-ray beam along the 0 axis proved that this 

orystal was not twinned. It had a length of between 1.5 and 

1.7 mm. along the ~ axis. Examination between crossed Nico1s 

in parallel polarized light showed a rotation towards the left 

of between 3° and 3.5°i The specific rotation, therefore, was 

about 2° per mm., about one-quarter of that found for potassium 

dithionate by Pape (27) but much greater than that implied by 

Wyrouboff's observation on rubidium dithionate cited previously. 

It is probable, therefore, that Wyrouboff's crystals were twinned. 

The crystal was too small in cross-section to show 

the black cross in convergent polarized light so that these data 

on specific rotation are complementary to the earlier observations 

on the large flat prism. It was not possible to identify the 

small faces of the left trigonal pyramid of the second order or 

those of the left positive trigonal trapezohedron characteristic 

of left-handed crystals. Although it was impossible to meaaure 

the refractive indices with precision, the ordinary index (UJ) 

was estimated as about 1.46 by the immersion method (13, v.2, 

p. 1183). This agrees with the observations of TOpS~B and 

Christiansen (26). 

These data, therefore, although meagre and inexact 

due to the nature of the crystals available, at least satisfact

orily confirm previously existing optical data on rubidium 
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dithicnate for the purpose of the structure investigation later 

to be described. 

EXPERIMENTAL :METHODS AND TECHl'lIQ,UE 

(a) Preparation of Dithionates 

There are several methods available for the preparation 

of dithionates. That developed by Rose (29, p. 89) is of more 

or less general applicability and was adopted for the preparation 

of the potassium and rubidium salts required for the work de

scribed in this thesis. The method has been outlined by Barnes 

and Helwig (2) and hence need not be given in d~tail here. 

Essentially, however, the procedure is as follows. 

Sulphur dioxide is bubbled through a cold aqueous suspension 

of manganese dioxide. The resulting solution containing 

manganese dithionate is treated with barium hydroxide, thus 

precipitating manganese as hydroxide and leaving barium dithionate 

in solution. Excess barium hydroxide is removed by treatment 

with carbon dioxide. From the solution of barium dlthionate, 

crystalline BaS205.2HaO is obtained by evaporation and is 

employed as the source material for the preparation of other 

dithionates. 

If, as in the case of potassium and rubidium, the 

cation of the desired dithionate forms a soluble sulphate, warm 

solutions containing equivalent weights of barium dithionate 

and the sulphate of the desired cation are mixed, barium sulphate 
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is precipitated and the dithionate of the desired cation remams 

in solution. 

If the cation sulphate is insoluble, the carbonate is 

treated with an equivalent weight of dithionic acid prepared 

by the addition of an equivalent weight of H2S04 to a solution 

of barium dithionate and the subsequent removal of BaS04 by 

filtration. 

After preparation of potassium and rubidium dithionates 

by this method the crystals were purified by many recrystalliza

tions from distilled water. Although no quantitative measure

ments were made, the proportion of single crystals as co~pared 

with pseudo-hexagonal (twinned) specimens of Rb2S206 appeared 

to increase with the number of recrystallizations. 

In spite of numerous precautions during growth of 

the crystals no really excellent untwinned specimens with many 

well-developed faces were obtained. Thoseof K2S206 in general 

were better than those of Rb2S206~ 

(b) Density of Rb2S206 

The density of rubidium dithionate was determined by 

the Retgers suspension method (13, v.l, p. 635). Small trans

parent crystals, free from any visible cavities, were selected. 

They were placed in a solution of methylene iodide and benzene 

to which benzene was added drop by drop until the crystals re

mained in suspension after vigorous shaking. The soluticn, 

having the same density as the crystals, was then transferred 
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to a pycnometer and its density was determined in the usual 

way. The value obtained was 2.85sg.!cc. at 20°C. No attempt 

was made to estimate the density with greater accuracy since 

the value was required only for the determination of the number 

of formula units of Rb2S20S per eell and the highest possible 

accuracy is not necessary for this purpose. The present result 

is in reasoI~bly good agreement with the determinations of 

Huggins and Frank (4) [3.00 g./cc~ and of H!gg (5) ~.8l g.!cc~ 

and probably is more accurate. 

The crystals employed in the present density determina-

tion presumably were twins. Since density, however, is a 

scalar property it is not affected by twinning. 

Finally, it was observed that the solution used in the 

density measurement has no chemical effect on crystals of 

rubidium dithionate even after some months of contact. 

(0) X-ray Equipment. 

The X-ray tube was of the Shearer gas-type described 

by Bragg and Bragg (30, pp. 34, 295) and supplied by Hilger 

(London). Targets of molybdenum and of tungsten were employed 
o 

for Laue photographs. Copper radiation (K~ = 1.539A.), filtered 

with nickel foil to remove the K~ line, was used for complete 

rotation and for oscillation pictures. Power was supplied to 

the tube from a 60 k.V.A. Watson transformer. The tube is 

self-reotifying and was operated usually at about 30 to 45 

k.V. and 1 to 5 m.A. depending on the target and on the type 
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of photograph desired. 

Photographs were taken on a Bernal Universal X-ray 

Photogoniometer supplied by Pye (Cambridge) and fully described 

by Bernal elsewhere (17). This spectrograph is suitable only 

for the usual types of flat plate and cylindrical cameras. 

No ionization spectrometer was available so that it 

was impossible to make absolute intensity measurements. The 

present work, therefore, is restricted by the qualitative 

nature of visually estimated relative intensities. 

(d) Interpretation of Data. 

1. Laue Diagrams. 

Gnomonic projections of Laue diagrams (10, pp. 128-144) 

were used to determine the symmetry and to check the primitive 

translation ratios (c/a, blc, b/a) of the unit cell and to 

index the diffraction spots. They were employed extensively 

in the investigation of the nature of twinning in crystals of 

K2S206 and of Rb2S206 to be described in Section III of this 

thes is. 

2. Oscillation Diagrams. 

Oscillation diagrams were indexed, and settings of 

the crystal on the speotrograph were calculated, by means of 

the reoiprooal lattice method of Ewa1d and Berna1 (18; 10, 

pp. 111-121). 

It is convenient, particularly in the construction 

of the reoiprocal lattice, and for the setting up of gnomonic 
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projection nets for the interpretation of Laue diagrams when 

the beam is along a lateral axis, to convert Bravais-Miller 

indices (HKIL) into trirectangular ones (hkl) • The conversion 

formulae are 
h = H H = h 

1 = L L = 1 

k = H+2K K == (k-h)!2 

= K+I I = H+K 

3. Intensities. 

For the construction of atomic F curves, the data 

of Pauling and Sherman (31) were found to be the most satis

factory. This point will be discussed in detail later. 

After summation of the structure amplitude, F (HK.L), 

over every ion in the unit cell the intensity of the diffracted 

beam (10( IF\ 2) was mul tiplied by the polarization factor 

(p = (1 + cos229)/sin 29) to give the simple intensity formula 

I ~IFI2 (1 + COS229)/sin 29 (10, p.121). 

Since comparison of intensities was made only between 

different orders of interference of the same planes, the numbEr 

of planes in the form {HK.L} was not involved and, since Cu-K~ 

radiation was employed exclusively for the oscillation photo-

graphs, there was no necessity for taking the wave-length into 

account. 

For comparison of relative intensities the logarithms 

of the calculated intensities [lOg pIF\2] were plotted, instead 

of the direct values, in order to obtain more readily comparable 
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curves. This is justified since, as previously mentioned, re

lative intensities were estimated visually and according to 

Fechner's law "sensation varies as the logarithm of the 

excitation." This point is discussed in greater detail in the 

Appendix to this section (see p.l20). 

UNIT CELL, BRAVAIS LATTICE AliD SPACE GROUP 

(a) Symmetry Elements. Crystal Class. 

A Laue photograph of Rb2S206, taken with the X-ray 

beam along the principal axis, is shown in Figure 11. The 

symmetry exhibited is that of Dg (compare Figure 4, p. l5A) 

so that the crystal can at once be referred to C5, D3 or ng 
since, by the operation of Friedel's law, these three classes 

have the Laue symmetry of D%. But the only classes in the 

hexagonal system that are optically active are C3, C6, D3 and 

D6. Observations already have been recorded to establish the 

fact that untwinned crystals of Rb2S206 possess optical activity_ 

Therefore, from the Laue symmetry and the fact of optical 

activity, crystals of rubidium dithionate must belong to the 

crystal class E3(rhombohedral enantiomorphy; trigonal trapezo

hedral). This agrees with the classification of Groth (14, v.2, 

p. 690) based on crystallographic data. 

(b) Dimensions of the Unit Cell. 

Having satisfactorily confirmed the crystal class, 

the primitive translations of the unit cell were determined in 
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the usual way from the distances of the layer lines above and 

below the equator in complete rotation photographs about the 

three orthohexagonal axes (10, p.l12, formulae 34a, 34b). The 

axial ratio (c/a) and the value of (sin 0( )/S (where ex is the 

angle between corresponding rhombohedral axes) were calculated. 

The radius of the cylindrical camera was standardized 

as 2.97 cm. from a complete rotation photograph of rock salt. 

In Table II the results for the constants of the 

unit cell of Rb2S206 are compared with those of previous 

workers. 

TABLE II 

Constants of the Unit Cell of Rb2S206 

° ao (A. ) ° bo (A. ) ° 00 (A. ) cia (sinlX )/2 

This Thesis 10.02 17.39 6.35 0.6337 0.8133 
Huggins & Frank (4 ) 10.0 6.3 0.63 
Hllgg (5) 10.144 6.409 0.6318 
Piccard (25) 0.6307 0.812 

The orthohexagona1 (b) axis lies in the plane of the 

a axes (normal to the 2 axis) and at 90° and 30°, respectively, 

from adjacent ~ axes. Hence bo = ao '{3 = 10.02 f3 = I? 351. , 

° in good agreement with the value (17.39A.) determined directly 

from a ~ axis rotation photograph. 

From Table II it will be seen that the axial ratio 

(c/a) agrees within 1/2% with that found by Piccard from a 

crystallographic study. It also agrees within 1/4% with the 

ratio determined from the gnomonic projection nets described 

in Section III of this thesis. 
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The values for the spacings of different planes 
\ 

observed in oscillation photographs showed the same order of 

agreement (1/4 to 1/5%) with corresponding spacings oalculated 

direotly from the data of this thesis recorded in Table II. 

(c) Number of Formula Units of Rb2S206 per Cell. 

The volume of the hexagonal cell is given by 

v = co(ao)2 (:3/2 

= (6.35(10.02)2 V!3/2)10-24cm. 3 

and the mass per cell by 

m = v J? = (6.35(10.02)2 v:3/2)10-242.855 

= 1. 576 x 10-21g • 

The formula weight of Rb2S206 is equal to 

M = 2(85.44)+2(32.05)+5(15.00) 

= 331.00g. 

and hence the mass per formula unit is 

331.00/(5.064 x 1023 ) = 5.458 x 10-22g. 

The number of formula units of Rb2S206 per cell, 

therefore, is equal to 
-21 -22 (1.575 x 10 )/(5.458 x 10 ) = 2.89 

= 3 

since the number of formula units per cell must be a whole 

number. 

This number agrees with that found by Huggins and 

Frank (4) and by H!gg (5). 
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(d) Bravais Lattice and Space Group. 

Following the method desoribed in Section I, Part II, 

of this thesis, Laue photographs obtained with the X-ray beam 

along ~ and ~ axes, respectively, of a trigonal crystal of 

Rb2S206 showed immediately that the ~ axes are two-fold symmetry 

axes while the b axes appear to lie in planes of symmetry con

taining the c axis. The only space groups of the class D3 in 

which this condition is fulfilled are D~ and D~ (9, plates 17 and 

18). Of these, the former is based on the hexagonal Bravais 

lattice ( r-h) while the latter is based on the rhombohedral 

lattice ( r;h). 

Assuming a hexagonal lattice, the number of formula 

units of Rb2S205 per cell has been shown to be 3. This is 

possible in D~ (9, p. 249). 

On the other hand, if the lattice really were rhombo

hedral, the number of formula units per cell should be 2.89(8/3) 

= 7.7 (i.e., 8) which is not possible in D~ (9, p. 246). 

Furthermore, an examination of the hexagonal indices, 

particularly those of complex character, of points on the 

gnomonic projections of Laue diagrruas (see Section Ill) proved 

at once that, for the great majority of planes represented, the 

expressions 

(2H+K+L)/3, (K-H+L)/3, (-2K-H+L)/3, 

where H, K, L are Bravais-Miller indices, are not integral. 

This fact supplies further evidence in favour of a hexagonal 
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.rather than a rhombohedral lattice (10, p. 184). 

Thus, the Bravais lattice must be ~ (hexagonal) 
2 and the space group must be D3. 

In order to confirm this conclusion without recourse 

to the number of formula units per cell, all possible space 

groups (D~, D@, D~, D~, D~, D§, D~) may be examined. Of these 

D~, D~, D~ and Dg are characterized by a thirding of {0001) 
1 2 ? 

whereas DB, D3 and D3 have no "abnormal spacings." (9, p. 249). 

Five-degree oscillation photographs resulted in the 

unequivocal identification of reflections from each of the 

first seven orders of (0001). This fact immediately eliminates 

D~, D~, D~ and D~ from further consideration. Furthermore, the 

observed spacings were those calculated on the basis of a 

hexagonal lattice and not 3/2 of these values as should be the 

case if the underlying lattice were rhombohedral. 

Oscillation photographs also led to the identification 

of reflections from the first eight orders of (lOIO)· and from 

five of the six possible orders of (1120). The observed ~pac

ings of (lOiO) were (ao \j3)/2, (ao \(3)/4, (ao'{3)/e, etc. 

corresponding to r-h and not 2/3 of these values corresponding 

to [;h. Similarly, observed spacings of (1120) were ao/2, ao/4, 

ao/e, etc. corresponding to r: and not twice these values 

corresponding tor;h. There is no doubt, therefore, that the 

Bravais lattice iS~. This eliminates D~. 
Of the two remaining space groups, D~ and D~, it has 

been shown above that the Laue diagrams obtained with the beam 
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along lateral axes are compatible only with D~. This space 

group is represented by C321 in the complete Hermann-Mauguin 

notation and alternatively by H3l2 (33, v.l, p.4l). 

In order to avoid any possible ambiguity in the use 

of three letters (hkl) for trireotangular coordinates it may 

be stated at this point that rhombohedral coordinates are not 

employed in any part of this the$is since the crystals under 

discussion are based on the hexagonal Bravais lattice fh. 
Finally, it may be noted that the space group or 

rubidium dithionate has been established unequivocally by 

methods which are entirely independent of any knowledge re

garding the detailed internal struoture of the crystal. 

STRUCTURE 

(a) Special Positions 

1 . f D23 The specia posit~ons or the space group 

(hexagonal axes) as listed by ~yckoff (20, p.l54) are as 

follows~ 

One equivalent position: 

(a) 000. (b) 00,1/2 

Two equivalent positions: 

(0) OOu; OOU. (d) 1/3,2/3,u; 2/3,l/3,U. 

Three equivalent positions: 

(e) uuO; OuO; uOO. (f) uu,1/2; Ou,l/2; uO,l/2. 

Six equivalent positions: 

(g) xyz; y-x,~z; y,x-y,z; yxz; x,y-x,z; x-y,yz. 
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Six rubidium atoms, six sulphur atoms and eighteen 

oxygen atoms must be placed in the unit cell because the cell 

contains three rormula units of Rb28206. 

Since dithionates ionize in aqueous solution to give 

(S206)= as the anion it is probable that this ion retains its 

identity in the crystal in the same manner as do other compound 

anions, such as (804)=, (C03 )=, (N03)-, etc. Furthermore it 

is probable that the (82°6)= ion has the general form 03-8-S-03 

in which case its most probable position would place the two 

sulphur atoms on a three-fold axis with three oxygens associated 

with each sulphur in much the same way as three of the four 

oxygens in the tetrahedral (804)= ion. The assumption of this 

rorm for the dithionate ion is supported by the results of a 

study of the Raman Effect in aqueous solutions of sodium 

dithionate (34), from which PringsheL~ and Yost conclude that 

in the dithionate ion the two sulphur atoms have a common bond, 

are equivalent and symmetrical to each other and to the two 

groups of oxygen atoms. 

The most logical positions for the six sulphur atoms 

in the cell, the'refore, would appear to be in pa irs on the 

three-fold axes. Thus the two equivalent sulphur atoms of 

one dithionate radical may be placed in the speaial positions 

(c) with the other two pairs in two sets of (d) positions. The 

six sulphurs, therefore, have the following sets of special 

positions as shown in Figure 12. 
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(o) OOu"; OOu" 

(d) 1/3,2/3,uftt 
; 2/3,1/3,fi"' 

(d)'1/3,2/3,u""; 2/3,1/3,ii"" 

The S-S distance in the dithionate ion, therefore, 

is equal to Co (2u") or to Co (uft , -u"" ), so that 

2oou" = Co (uft , -ut'" ) 

from which 

2u" = un, -un" • . • • . • . • . • . • . • • . . • • . . . • • •. 1. 

Due to the very restricted nature of the special 

positions (a), (b), (c), (d), (e), (f) it is obvious that no 

combinations of these positicns will now place three oxygen 

atoms adjacent to each of two sulphur atoms and still retain 

an 03-8-8-03 unit. This was confirmed by constructing diagrams 

of oxygen positions accordil~ to the different combinations 

possible. It follows, therefore, that the eighteen oxygen 

atoms must occupy three sets of (g) positions. 

Largely from considerations of available space and 

in order to hold the structure together the most probable 

positions for the six rubidium ions are (e) + (f). Positions 

(a), (b), (c), (d) can be discarded since the dithionate ions 

already have been placed on these verticals (00; 1/3,2/3; 2/3,1/3). 

As will be shown later, reflections from odd orders of (0001) 

are relatively weak in intensity - apparently due to a halving 

of the contributions from the rubidium ions. This suggests 

that the rubidium ions probably are equally divided between 
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vertical parameters of 0 and 1/2 as in (e) + (f) and are not 

si tua ted all in one plane as in 2 (e) or 2 (f). The suggest ion 

of H!gg (5) that they may be in (g) will be shown later to be 

incompatible with the observed intensity distribution of the 

basal plane reflections. 

The most probable speciaf positions, therefore, of 

the scattering centres in the cell of rubidium dithionate are 

as follows. 

6 Rb in 

.( e) uuO; OuO· , uOO. 

(r) u'u' 1/2· , , Oil' 1/2· , , u'0,1/2. 

6 S in 

(c ) OOu"· , OOu". 

(d) 1/3 ,2/3, uft, ; 2/3,1/3, un'. 

( d ), 1/3, 2/3 , u mt ; 2/3, 1/3 , 11"". 

18 0 in 

(g) xyz; y-x,xz; y,x-y,z; YXZ; x,y-x,z; x-y,yz. 

( g ) , X ' Y , z'; y' -x' ,X' z'; y', x!-y' , z' ; 

y' X' Z t; X ' , y' -x ' ,z t; X' -y , ,y' z' . 
(g)" xtfy"z"; y"-xft,x"z"; ytt,x:-y",z"; 

y" x" 2"; i", y" -X" ,2ft; x" -y" , y" ztf • 

(b) Nature of the Interatomic Bonds. 

The most probable types of bond among the rubidium, 

sulphur and oxygen atoms are those which complete the outermost 

shell of eight electrons (35) either by complete transfe~ or 
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by mutual sharing of electrons. Since rubidium certainly is 

present in the crystal as the ion Rb+ (36 electrons outside 

the nucleus), the only uncertainty lies in the valence numbers 

to be assigned to S and to 0 in the dithionate ion (8206)=. 

Three possibilities are conceivable. They are re-

presented diagramatically in Figure 13. The valence numbers 

and numbers of external electrons are as follows. 

A. Rb+ 36 ; S5+ 11; 2- 10. , , o , 

B. Rb+ , 36; 82+ , 14; 01 - , 9 • 

C. Rb+ , 36; SO , 16; (0°,8/0-1 , g)O( 2/1 

Of these, A and C are improbable since, in neither 

case, are rare gas configurations attained for all the atoms. 

lurthermore, in C the three oxygen atoms associated with each 

sulphur atom are not identical one with another. Since there 

are two 0° and one 01-, however, the "average" valenoe number 

may be considered formally as (1/3)- and the atomic F value 

at (sine)/A equal to 0.0 may be taken as 8.33. 

(c) Atomio F Curves. 
The variation of atomic scattering power with 

(sine)/)L for different valence numbers of the atoms involved 

is given in Table III and shown (with the exception of 0(1/3)-

and 85+) in Figure 14. The values are based on data of Pau1ing 

and Sherman (31), those for 85+,82+,0(1/3)-,01 - having been 

obtained by interpolation. 
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Possible Interatomic Bonds in Rb2S206 



-58-

TABLE III 

Atomio F Values 

( sine~/i\ 
x 10-

Rb1+ 0° 0(1/3)- 01 - 02 -

0.0 36.00 8.00 8.33 9.00 10.00 
0.1 32.64 7.36 7.67 8.25 9.15 
0.2 27.44 5.82 6.06 6.44 7.07 
0.3 24.22 4.14 4.31 4.49 4.84 
0.4 22.19 2.90 2.95 3.06 3.22 
0.5 19.71 2.19 2.21 2.25 2.32 
0.6 16.89 1.80 1.81 1.81 1.83 
0.7 14.22 1.63 1.63 1.62 1.61 
0.8 12.15 1.54 1.53 1.52 1.51 
0.9 10.47 1.4,9 1.48 1.47 1.46 
1.0 9.34 1.44 1.44 1.43 1.42 
1.1 8.44 1.38 1.38 1.37 1.37 
1.2 8.16 1.31 1.31 1.30 1.29 
1.3 7.47 1.23 1.24 1.26 1.22 
1.4 7.15 1.15 1.15 1.14 1.14 

{sine )/;\ 
x 10-8 S6+ s5+ s2+ SO S2-

0.0 10.00 11.00 14.00 16.00 18.00 
0.1 9.88 10.58 12.7 14.1 15.5 
0.2 9.47 9.69 10.4 10.8 11.2 
0.3 8.86 8.88 8.95 8.96 8.97 
0.4 8.09 8.09 8.11 8.16 8.21 
0.5 7.22 7.26 7.4 7.52 7.64 
0.6 6.31 6.37 6.55 6.67 6.79 
0.7 5.44 5.49 5.55 5.73 5.81 
0.8 4.64 4.67 4.76 4.80 4.84 
0.9 3.92 3.93 3.98 4.00 4.02 
1.0 3.34 3.34 3.35 3.36 3.37 
1.1 2.89 2.89 2.89 2.88 2.87 
1.2 2.51 2.51 2.49 2.49 2.49 
1.3 2'.22 2.22 2.21 2.20 2.19 
1.4 1.98 1.97 1.96 1.96 1.96 
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Scattering powers also were calculated by the method 

of Fermi and Thomas (36) based on caesium as a typical atom 

(37; 10, p.98) and another set of values compiled by James and 

Brindley was obtained from the "Internationale Tabellen" 

(33, v.2, p.571). 

In view of the statement of Huggins and Frank (4) 

that the parameters of Rb2S206 probably are not very different 

from those of K2S206, the following calculations were made. 

Applying the K2S206 parameters (a) of Helwig (3), 

revised as shown in Table I, and (b) of Huggins and Frank 

(4,21), respectively, to Rb2S206, values of log I = log P\F\2 

for the basal plane reflections were calculated for the three 

(A, B, C) possible combinations of valence numbers already 

discussed (Figure 13) using scattering powers based on (1) the 

data of the ttlnternationale Tabellen", (2) the Pauling-Sherman 

values given in Table Ill, and (3) the Fermi-Thomas system. 

The results of these calculations (except those based 

on the Fermi-Thomas method) are shown in Table IV where the 

letters and figures have the significance indicated in the 

preceding paragraph. 



TABLE IV 

log I = log p)F12 

( 0001 ) 1. Ala Alb A2a A2b Bla BIb B2a B2b CIa .QlQ. C2a 9.ru2. 1 (oba.t - - -
4 v.s. 4.52 4.53 4.53 4.54 4.52 4.53 4.52 4.53 4.52 4.52 4.52 4.53 
6 s. 4.10 4.12 4.13 4.16 4.10 4.12 4.13 4.15 4.10 4.12 4.13 4.15 
5 m. 3.37 3.18 3.49 3.29 3.38 3.18 J 3.44 3.24 3.39.3.19 3.47 3.27 
2 W. 4.42 4.38 4.10 4.03 4.43 4.41 4.17 4.11 4.43 4.40 4.25 3.41 
3 w. 2.84 2.70 2.95 2.78 2.83 2.70 2.92 2.77 2.85 2.72 2.90 2.75 
1 v.w. 3.36 3.19 3.40 3.22 3,.44 3.33 3.48 3.32 3.47 3.33 ~.50 3.35 ~ 
7 a. 1.65 0.12 1.75 1.97 1.58 0.08 1.51 0.85 1.73 0.12 1.29 1.16 0 

I 

~} valenoe nwnbers as on page 57. this thesis. 

1 scattering factors according to the "Internationale Tabel1en". 
2 scattering factors according to Pau11ng and Sherman. 
a parameters of·X2S205 according to He1wig. 
b parameters of K2S20S according to Huggins and Frank. 
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In no case was perfect agreement obtained between 

the relative order of log I (calculated) and of I (observed); 

for example, see 1 = 1 and 1 = 2 in Table IV. This indicated 

that Rb2S206 probably has ,arameters that are not exactly the 

same as either of those sets (3,4,21) proposed for K2S20S. 

An examination of Table IV shows that whereas the 

"Internationa~Tabellen" as contrasted with the Pau1ing-Sherman 

scattering factors make no appreciable difference to the log I 

values for (OOOI), they give definitely higher figures for 

(0002). Since log I for (0002) is much larger than the observed 

relative intensities in all cases, the Pauling-Sherman factors, 

therefore, appear to be less objectionable than the others. 

Furthermore, although the differenoes between log I for (0005), 

medium, and (0003), weak, are not very different between the 

2a and 2b sets of values, the latter (involvil~ the parameters 

of Huggins and Frank) give lower figures for log I (0002) than 

the former. The best agreement, therefore, between observed 

and calculated intensities is found for the combinations A2b, 

B2b, C2b. Objections to the A and C sets of atomic numbers 

already have been pointed out (see p.57). Insofar, therefore, 

as parameters of K2S20S can be applied directly to Rb2S20S the 

evidence indicates that the best and most probable combination 

of variables is B2b, i.e., the valence number combination of 

Rb1+, 30; S2+, 14; 01-, 9; the scattering factors of Pau1ing and 

Sherman and the parameters of Huggins and Frank. 
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As was expected, none of the sets of values based 

on the Fermi-Thomas scattering factors were as satisfactory 

as those involving the Pauling-Sherman data, since a general 

treatment such as the former usually is not as reliable as 

a special consideration of each individual case as in the 

latter. For this reason the results of the application of 

the Fermi-Thomas method are nqt included in Table IV and the 

Fermi-Thomas system will receive no further mention in this 

thesls • 

(d) Vertical Parameters. 

Since the heights (1/2 and 0) of the rubidium ions 

are fixed, the first part of the geometry of the structure is 

concerned with the vertical parameters of the atoms s2+ and 01 -

constituting the dithionate ions. 

As a basis for calculation it may be assumed that 

each sulphur and its three adjacent oxygen atoms are in the 

same relative positions as in the sulphate ion (regular tetra-
o 

hedron) and that the S-O distance is 1.495A. (33,l9,3,2). 

The validity of these assumptions will be examined later. 

The sulphate tetrahedron is shown in perspective ~ 

Figure l5A and its projection on the plane DAMH (Figure 15&) 

in Figure l5B. 

Since the radius R of the circumscribed sphere is 

3/4 of the height of the tetrahedron and 3 times the radius_ 

of the inscribed sphere, it follows that SH = (AH)/4 and that 
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so: 
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FI GURE 15 

The Sulphate Tetrahedron 
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MH = (MD)/3 = (AM)/3 = (a \(3)/6, so that HO = 2MH = a 'f3)3 

and AH = ~ (AD)2_(HD)2'= V a2-(a2/3)'" = a V2/3' and SA = R = 3(AH)/4 

= (3a V 2/3~/4 = (aV 3/2)/2. 

Thus the distance between adjacent oxygen atoms is 

AD = a = R2 F = 2.44Jl. and the height of the sulphur atom 

S above the plane (BeD) of the three oxygen atoms is r = h/4 

/ 
0 _ (0 ) = R 3 = 0.4g8A., where R is the 8-0 distance 1.495A .• 

In terms of parameters (i.e., co), r = 0.498/co 

= 0.498/6.35 = 0.0785. 

Now, according to equation 1 (p. 55), 2u" = un, - u~ , 

so that, if the S-S distance (2u") in the dithionate ion is 

known, urn can be expressed in terms of u~. Assuming, therefore, 

that this distance is the same as that in the pyrite structure 

(34), 2u" may be taken as 2.091., or, in parameters, 2u" = 2.09/6.35 

= 0.33, so that u" = 0.165. This assumption will be justified 

later from intensity considerations. 

The distance, in terms of vertical parameters, between 

a sulphur atom and the nearest plane of oxygen atoms is 

r = z -u ft = (1 - z') - u ft, = U ttt, - (1-zn) = O. 0 ? 85 .•••••.•••••••••• 2 

and thus z = u" + 0.0785 = 0.165 + 0.0785 = 0.2435_ 

The following expressions now give the relationships 

between uft ', z' and Z", respectively, and the undetermined u~. 

(a) ut" = 2u" + u ttff (equat ion 1, p. 55) 

= O. 33 + u"" . 
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(b) (l-z')-u"' = 0.0785 (equation 2, p. 63) 

z' = 1-0.0785-u'" 

= ~-0.0785-0.33-um 

= O. 5915-u"" • 

(c) u""-(l-zn ) = 0.0785 (equation 2, p. 63) 

ztt = 1+0. 0785-umt 

= 1.0785-u"" • 

In order to fix un" and as a test of the foregoing 

values for un (0.165) and for z (0.2435), reflections frcm the 

basal planes were examined. 

The general structure factor for {OOOl} is 

F = 3Rb1+{1+00S n l}+ 2s2+{ oos 27iu"1+ 

+ cos 2 11 un, l+cos 2 IT un" l} + 

+ 60l -{ cos 2 n zl+cos 2TI z'l+ 

+ cos 2 TT zttl} • 

Obviously only vertical parameters are involved in 

this expression and it will be observed that reflections from 

the even orders in general should be stronger in intenSity 

than those from the odd orders since the comparatively heavy 

rubidium ions make no contribution to the scattering in the 

latter case. 

The following Table VI lists the values for the 

reflection angle a (in radians), (sin a)/I\. ' the polarization 

factor (P = (1+cos22a)/sin 2a), log P and the scattering powers 

of Rb1+, 82+, 01 - ( from Figure 14, p. 58A) , respectively, for 

the seven orders of (0001) observed. 
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TABLE VI 

~0001) e (sine ~>t. p log P 
F values 

1 ( radians) x 10 Rb1 + SZ=F 1-
~ 

1 0.1215 0.0787 8.075 0.907 33.86 13.25 8.50 
2 0.2448 0.1575 3.785 0.578 29.52 11.25 7.32 
3 0.3722 0.2353 2.275 0.35'7 26.18 9·.55 5.80 
4 0.5063 0.3149 1.510 0.179 23.88 8.90 4.25 
5 0.6509 0.3937 1.418 0.152 22.32 8.16 3.15 
6 0.7273 0.4726 1.004 0.0017 20.34 7.59 2.48 
7 1.00'72 0.5512 1.327 0.123 18.20 5.95 2.03 

Inserting the appropriate data of Table VI in the 

general structure factor equation for tOOOl}, log I = log pJF(2 
was calculated for 1 = 1,2,3,4,5,6,7, respectively, and for 

different values of u~. The results were plotted in terms or 

log I against umt for the different values of 1, as shown in 

Figure 16. 

It was not necessary to cover the corrplete range 

o ~ un" ~ 1 because changing un" into ii"" merely interchanges the 

x and y coordinates (see (d)', p. 55) which are not involved in 

the general structure factor for {0001}, so that the range 

O~u"" ~ 1/2 is equivalent in this case to the range 1/2~u""~ 1. 

Furthermore, it will be observed in Figure 16 that the log I 

curves are symmetrical about the abscissa u ft
" = 0.335. Thus 

un" must have some value UA"" between 0 and 0.335 or the 

symmetrical value (see Figure 16), uB"" = uA""+ 2(0.335-UA""). 

For no value of uft
" either with the scattering factors 

of Pauling and Sherman (Table VI) or with those of the 

"Internationale Tabellen" was it possible to obtain values of 
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log I for the different orders of refleotion from {OOOl} in 

perfect agreement with the observed relative order of intensi-.. 
ties. The best value was ulr ~ 0.25{u~" = 0.42) using the 

atomic F curves of Pauling and Sher.man. 

The visually estimated relative order of intensities 

is given herewith, 

(0004) v.s. 

(0006 ) s. 

(0005) m. 

(0002) w. 

(0003) w. 

(0001) v.w. 

-( 0007) a. 

where the letters have their usual significance (s., strong; 

m., medium; w., weak; v., very; a., absent). 

In Figure 16 it will be observed that in the rarrge 

o <. u"" <. 0.243 the second order is the strongest and th e fifth 

order falls below the t.hird from 0.075 to 0.245. Furthermore, 

in the range 0.26 <. u"" <. 0.335 the f"ifth and the third orders 

are below the first and the third also appears below the seventh 

from 0.265 to 0.29. Finally fpr un"> 0.29 the fifth order again 

drops below the third. It will be seen that the second order 

alone prevents perfect agreement with the relative order of 

observed intensi ties being reached for any val ue of u"". In 

Figure 16 the second order is comparable with the third only 
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in the neighbourhood of u~ = 0.32 but here the seoond and 

third orders are below the first and the fifth is below these 

three. For values of u tm <0.32, the second order rapidly be

oomes too high. If the second order is neglected, however, it 

will be found that the range of possible vaJnes for unt! is 
f 

limited to 0.246 <uft" <0.253. 

Therefore, taking uX" as 0.25 and retaining the 

Pauling-Sherman scattering factors for Rbl +, 82+ and 01-, the 

effects of modifying the S-S distance in the dithionate ion and 

of flattening the 303 pyramid were examined. 

It was found that any significant change in the S-S 
o 

distance (2.09A.) led to even more discordant results than those 

shown in Figure 16. It may be conaluded, therefore, that the 
o 

S-S distance in the dithionate ion cannot be far from 2.09A. 

and hence that the value of the parameter u" must be close to 

0.165. 

On the other hand, decreasing the vertical distance 

of the sulphur atom from the plane of the three nearest oxygen 

atoms [ SH - r = (h/4)ao in Figure 15, P.62AJ gave more aaaept

able results as shown in Table VII. 
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TABLE VII 

(un" = 0.25 or 0.42) 

{0001) I log I (oalculated~ 
1 (obs. ) (h/4)/oo = 0.0785 0.065 0.06 0.05 

4 v.s. 4.48 4.49 4.49 4.49 
6 s. 4.17 4.14 4.13 4.09 
5 m. 3.22 3.58 3.68 3.81 
2 w. 4.26 4.30 4.31 4.35 
3 w. 3.15 3.42 3.50 3.63 
1 v.w. 3.00 3.22 3.29 3.41 
7 a. 2.26 1.36 1.93 2.25 

It has been pointed out that for r = (h/4)/oo = 0.0785 

the calculated value or log I for the second order is too high. 

It is clear from Table VII that decreasing (h/4)oo, although 

oausing a slight increase in log I ror the second order, re

sults in an appreciable rise for the third order, thus diminish-.. 
ing the difference between the second and third orders. Below 

(h/4)/oo = 0.05, however, the value for the second order rises 

rapidly to meet that for the fourth at (h/4)/Oo = 0.03. Also, 

with decreasing values of (h/4)/co, the magnitude of log I falls 

for the sixth order and rises for the fifth. Values for the 

second order, however, should be below those for the sixth and 

fifth but in all cases are higher. Hence the effect of diminish

ing (h/4)co is to increase the magnitude of the discrepancy 

between the sixth and second orders and to decrease it between 

the fifth and· second. Finally, values of log I calculated for 

the seventh order first fall and then rise with decreaslllg 

values of (h/4)/co and thus, in conjunction with the increase 
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in those for the second order, limit the extent to which de

oreasing the distance (h/4)/oo profitably may be considered. 

The best compromise between relative values of log I (oaloulated) 

and the relative order of observed intensities is obtained when 

(h/4)/oo = 0.06. With this value, curves of log I calculated 

for different values of u~ between 0.21 and 0.335 are shown 

in Figure 17 and it will be observed that decreasing the dis

tance (h!4)/co from 0.0785 (Figure 16) to 0.06 (Figure 17) makes 

no other value of un" more acceptable than 0.25. 

It may be mentioned that increasing the distance 

(h!4)/oo above 0.0785 does not improve the position of the 

second order which aga~n rises and, in addition, it results in 

bringing the fifth and sixth orders closer together until they 

meet at 0.10. 

The foregoing discussion of the vertical parameters 

of the dithionate ions may be summarized by stating that, with 

assumptions of u" = 0.155 and (h/4)/Oo = 0.0785, the result of 

the eight sets of possible variations involving constant, llL

creasing and decreasing values of un and (h/4)/co, respectively, 

showed that the best agreement between observed and calculated 

intensities for the first seven orders of (0001) was obtained 

with u" = 0.165, (h/4)/co = 0.06, u~ = 0.25 (uB' = 0.42). 

The 3-0 distances in the 803 pyramids and the relative positions 

of the 303 groups in each dithionate ion about the vertical 

axes will be discussed in connection with the lateral parameters 
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of the structure and in the Discussion. 

Before leaving the vertical parameters, however, it 

is of interest to examine the positions of the rubidium ions. 

As previously mentioned, although the special positions (e)+(f) 

are the most probable, available interionic distances in the 

cell do not prohibit the placing of the six rubidium ions in 

2(e), 2{f) or (g), respectively. 

In 2(e) or in 2(f) the six rubidium ions would all 

be at the same level (0' or 1/2), whereas in (e)+(f) three are 

at 0 and three at 1/2, thus halving the £ axis insofar as 
... 

rubidium contributions to the structl~e factor are concerned. 

Thus the odd orders of (0001) should be abnormally weak in 

intensity if the rubidium ions are in (e)+(f), whereas this 

should not be the case if the rubidium ions are in 2(e) or in 

2(f). The values of log I oalculated for 2(e), 2(f) and (e)+(f), 

respectively, are compaTed with the observed intensities of 

the first seven orders of (0001) in Table VIII. It is obvious 

that the rubidium ions cannot be either in 2(e) or in 2(f). 

TABLE VIII 

~oOOll I lOT I {calculat ed l 
1 ~ obs.} ~el+{f: 2(e} 2(f} 

1 v.w. 3.29 5.45 5.59 
2 w. 4.31 4.31 4.31 
3 w. 3.50 4.51 4.94 
4 v.s. 4.49 4.49 4.49 
5 m. 3.68 4.72 3. 915 
5 s. 4.13 4.13 4.13 
7 a. 1.93 4.13 4.26 
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FIG l8A 

Diagram showing ertical Parameters of 

oss1ble Planes of b+ in (8) Positions 

(u A = 0.58 , A = 0.25 J zl = 0.36, zI = 0.81) 
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If the six rubidium ions are placed in (g) another 

unknown vertical parameter (Zab) is Introduced. The rubidium 

ions thereby occur in layers corresponding to RB and R'B' in 

Figure 18 at heights zRb and zRb, respectively. 

The most logical position for the layer BB is equi-

distant from the planes of oxygen atoms whose vertical para-

meters are z' and z"-l, respectively. Making this assumpticn, 

the value of zRb can be calculated as follows. 

z' = 1- [(h/4)/OO] - un, (see p. 64) 

= 1-0. 06 - ( 0 • 33+u ''" ) 

Although either ul" (0.25) or u~" (0.42) may be assumed for 

this calculat ion, it will be shown later than ut'"~ = ul" = 0.25. 

Hence 

z·' = l-Q.06-0.33-0.25 

= 0.36, 

and 
1+ [(h/4)/OO] z" = -u"" (see p. 64) 

= 1+0.06-0.25 

= 0.81, 

so that, 
z"-l = -0.19 

The vertical distanoe between the oxygen planes under 

discussion is equal to z'-(z"-l) = 0.36+0.19 = 0.55, so that 

zRb ~ (0255 - 0.19) = 0.085. 

Replaoing the vertical parameters 0 and 1/2 by 0.085 

and -0.085 for zRll and ·"ZBb of the (g) posi tions, oalculated 

values of log I are given in Table IX. 



(0001) 
1 

1 
2 
3 
4 
5 
6 
7 

I 
(obs. ) 

v.w. 
w. 
w. 

v.s. 
m. 
s. 
a. 

-72-

TABLE IX 

lay I (calculated) 
(e +(f) ill 

3.29 
4.31 
3.50 
4.49 
3.68 
4.13 
1.93 

5.31 
3.04 
3.61 
3.96 
3.73 
4.22 
4.11 

It is evident that, as in the cases of 2(e) and 

2(f), the calculated values of log I for the odd orders are 

too high. Thus, although only one possible value of zRb has 

been tested, it is evident that the rubidium ions must be close 

to zRb = 0 and 1/2, thus favouring (e)+(f) as the most probable 

posit ions. 

The vertical parameters of the cell, therefore, are 

as follows. 

Rbl + 0 and- 1/2 

82+ utf = 0.165 

u mt = "" uA = 0.25, or 

= u"" B = 0.42. 

: un, = u"' :A = 2u"+uA' = 0.58 , or 

= un, = 2u"+u"" = 0.75 .-. B B 

01 - z = u"+ [ (h/4)/co J = 0.225 

Z' = z, = l-uA.' - [(h/4)/CO] = 0.36, or 
:A,-

= Zi3 = l-U~' - [ (h/ 4 ) / co] = 0.19. 

= z" = 1+ [(h/4)/co1 -umt = 0.81, or 
'A A z" 

~ ~ = 1+ [ (h/4)/Co] -~" = 0.64. 

A choice between the A and B alternative values will 

be made later. 
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(e) Lateral Parameters. 

The vertical distance between a sulphur atom and 

the plane of the three nearest oxygen atoms [ (h/4)/Co] has 

been established as about 0.06 Co = 0.06 x 6.35 = 0.3811. 
o which now replaces the original assumption of 0.498A. 

Assuming the same sulphur-to-oxygen distance (1.4951.) as 

before, the radius of the circle passing through the centres 

of the three oxygen atoms, B, C, D, of Figure l5A (p.62A) 

thus becomes, as in Fig~e ~9A, R' = V(1.495)2_(0.381)2'= 

1.4461. Hence the distance between two adjacent oxygen atoms 

or the same 803 group is now 1.446 f3 = 2.50.J,. (see Figure 19A) 

instead of 2.4411 . (as on p. 63). In terms of co, this is 

equal to (2.504/Co) = (2.504/10.02) = 0.25. 

The symmetry elements of the space group D~ permit 

any orientation of the dithionat'e ion at B in Figure 12 

(p.54A) about a vertical axis or any positions of its two 

constituent 803 groups relative to each other about this axis. 

The relative positions of the 803 groups making up the 

dithionate ion at C automatically follow any changes in those 

at B by virtue of the symmetry involved. Possible variations 

of the dithionate ions A at the corners of the cell (Figure l2) 

from what will be referred to hereafter as the uclose-packed" 

arrangement (shown in Figure 19A) , however, are limited to 

equal left- and right-handed turns of the upper and lower 803 

groups, respectively, or vice versa, since the edges of the 
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cell are along two-fold axes of symmetry. These conditions 

are illustrated in Figure 20. 

In order to fix the lateral parameters it may be 

assumed temporarily that all the dithionate ions have the 

close-packed structure indicated in Figure 19A. It is then 

possible to determine the lateral (x.and y) parameters of the 

oxygen atoms of the dithionate ions at the corners of the cell. 

It is clear from Figure 19A that, since the axes Ox, Oy and 

their bisector (the smaller diagonal of the cell) are two-fold 

axes o~ symmetry, the centre o~ the oxygen atom with co

ordinates x, y is at 30° from Ox and at 90° from Oy. Hence, 

y = (x/2) = {R'V!3)/3 = {2.504)/3, or, in terms of ao, y = 
(2.504 )/3{10.02) = 0.0833, and x = 2y = 0.1666. 

Of the four lateral parameters (x', y', x", y") 

for the oxygen atoms of the dithionate ions within the cell, 

any three may be determined if the fourth is known. In 

Figure 19B, consider a point B on the circumierence of a c.irc1e 

with centre at 0 (correspondi~g to C in Figure 12, p.54A) and 

with radius (R') equal to 1-44&1. The lateral coordinates of 

o are Xc = 2/3, Yo = 1/3. From a diagram such as Figure 19B 

drawn to a large ~cale (lcm. § 0.10021 = O.Olao) so that read

ings could be made directly in parameters (i.e., in terms of 

ao ), XB = ZG and YB = BG for any point B could be detennined. 

Since close-packing of the 303 groups of each dithionate ion 

has been assumed, the coordinates of the point C (correspondllLg 
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to B in the other 803 group) are Xc = MN, y& = C'R. Thus 

x', y', x", y", fixing the positions of the oxygen atoms in 

the two 803 groups of the dithionate ion, were detennined for 

all possible orientations about the vertical axis. Due to the 

three-fold nature of this axis it was necessary only to con

sider an angular range of 120°. The following Table X gives 

the values of y", x', y' corresponding to x" over the appropriat e 

range 0.750> xn> 0.5016 for R' = 1.4461. 

TABLE X 

x" r.. x' r.. x" r.. x' L 
0. 5016 0.251 0.585 0.168 0.65 0.182 0.8015 0.316R v 

0.51 0. 2115 0.633 0.176 0.66 0.187 0.8066 0.327 
0.52 0.194 0.661 0.187 0.67 0.192 0.8123 0. 3368 
0.53 0.185 0.679 0. 1965 0.68 0.197 0.817 0. 3475 
0.54 0. 1784 0.695 0. 2065 0.69 0.203 0.820 0.357 
0.55 0. 1735 0.710 0. 2165 0.70 0. 2095 0.824 0.367 
0.56 0.171 0. 7235 0.226 0.71 0. 2165 0.827 0. 3766 
0.57 0. 1685 0.735 0. 236 7 0.72 0. 2236 0.830 0. 3875 
0.58 0.168 0. 7464 0.247 0.73 0. 2316 0.8305 0. 3965 
0.59 0.168 0. 7555 0. 2565 0.74 0.241 0.832 0. 4065 
0.60 0.169 0.765 0. 266 5 0.75 0.251 0.832 0. 416 6 
0.61 0. 1705 0. 7736 0. 276 5 0.76 0. 2615 0.8315 0. 4264 
0.62 0.1725 0.780 0.286 0.77 0. 2725 0.8296 0. 436 5 
0.63 0. 1755 0. 7883 0.296 0.78 0. 2854 0.8275 0. 4475 
0.64 0. 1785 0.795 0. 3065 

Graphical treatment not only was easier and less 

time-consuming than individual calculations would have been 

but it also enabled the effect of modifying the sulphur-to

oxygen distance (and thence R') to be determined immediately 

by simply drawing circles of appropriate radii. 

The two lateral parameters (u, u') defining the 
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positions of the rubidium ions [(e)+{f), P.56] may have any 

value from 0 to 1 insofar as the symmetry elements of the cell 

are concerned and, furthermore, they are entirely independent 

of each other. The relatively high atomic number of rubidium, 

however, makes the contribution of the rubidium ions to the 

general structure factor for tmomo} of major importance so that 

reflections from this form were employed for the detennination 

of u and u' • 

When x = 2y (see p. 74) the general structure factor 

for t mOiiiO lis given by 

F = 2 Rbl+(cos 2 IT urn + cos 2IT u'm + 1) 

+ 2 82+ [1 + 2 cos 1\ m cos (IT m)/3] 

+ 2 01 - [cos 2 1fIDX + 2 cos 2 IT my 

+ coS 2 IT mx' + cos 2 1\ my' + cos 2 n m(x' -y' ) 

+ cos 2 1\ mx:" + cos 2 IT my" + cos 2 IT m ( x" -y" ) J 
In the following Table XI are recorded the va.lues 

for (sin e)/A ' log P and the scattering factors for Rbl + 82+ , , 

01 - • 
TABLE XI 

(mOiiiO) (sine )/A. log P Rb1+ 82+ 01-

B! x 10-8 

1 0.05'76 1.048 34.6 13.65 8.80 
2 0.1152- 0.731 32.0 11.25 8.05 
3 0.1728 0.530 28.8 11.00 7.00 
4 0.2304 0.3'71 26.3 9.85 5.90 
5 0.2880 0.236 24.5 9.10 4.80 
5 0.3455 0.120 23.3 8.60 3.80 
'7 0.4032 0.034 22.2 8.20 3.05 
8 0.4608 OAOOO 20.'7 '7.90 2.55 
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The contributions of the oxygen atoms to the structure 

factor for{momo} is relatively small and is a minimum, at 

least insofar as the second, fourth, fifth, seventh and eighth 

orders are concerned, when x" = 0.75 (y" = 0.251, x' = 0.832, 

y' = 0.4166, see Table X, p. 75). For this value of x", the 

structure factor contributions from the oxygen atoms for the 

orders named lie between -0.10 and 0.11 while the total structure 

factor (F) has values between 12.21 and 49.31. For the third 

and sixth orders the oxygen contributions are -41.83 and ~22.8 

respectively, in total values of 169.1 and 89.8, respectively. 

This is of no importance, however, since the contributions of 

the sulphur atoms, which are zero for all values of m not 

integral multiples of 3, raise the calculated values of log I 

for the third and sixth orders above the values for the other 

orders under almost all conditions. The first order cannot 

be discussed since its calculated position on the photographic 

films came within the area shielded with lead to prevent im-

pingement of the undiffracted beam on the film during exposure. 

Taking the values for u and ut proposed by Huggins 

and Frank (0.375, 0.69) and by Helwig (0.39, 0.69) for the 

potassium ions in potassium dithionate as a guide, the following 

Table XII shows the values of log I calculated for various com

binations of u and ut over the ranges 0.36 to 0.39 for u and 

0.69 to 0.715 for ut, assuming x ft = 0.75 so as to remove the 

influence of the oxygen atoms as completely as possible. 
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TABLE XII 

log I ( calculated) 

(mOriiO) I u = 0.36 0.375 0.375 0.375 0.375 0.375 0.375 
m (obs. ) u'= 0.712 0.69 0.70 0.705 0.71 0.712 0.715 

3 v.s. 5.18 4.10 4.99 4.97 4.95 4.94 4.93 
6 s. 4.25 3.35 4.03 3.94 3.84 3.80 3.73 
8 m. 3.52 3.24 3.39 3.50 3.63 3.68 3.77 
4 w. 3.44 1.41 2.79 3.07 3.27 3.33 3.42 
7 w. 3.33 3.11 3.41 3.49 3.54 3.55 3.55 
5 v.w. 2.78 3.25 3.31 3.30 3.25 3.23 3.17 
2 a. 0.09 3.20 2.90 2.73 2.52 2.43 2.27 

log I (calculated) 

(mOI1iO) I u = 0.375 0.38 0.38 0.38 0.39 0.39 
m (obs.) u'= 0.72 0.69 0.695 0.70 0.69 0.712 

3 v.s. 4.90 4.99 4.98 4.77 5.07 5.09 
6 s. 3.61 4.09 4.02 3.94 4.38 3.77 
8 m. 3.86 3.21 3.27 3.36 2.97 3.52 
4 w. 3.54 1.51 2.39 2.81 2.05 3.45 
7 w. 3.53 3.28 3.43 3.54 3.59 3.87 
5 v.w. 3.04 3.48 3.45 3.43 3.62 3.68 
2 a. 2.02 3.39 3.27 3.15 3.67 3.30 
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A careful examination of Table XII shows that, of 

the combinations listed, the only ones for which the relative 

order of values of log I (calculated) is in agreement with the 

relative order of observed intensities are 0.35, 0.712; 

0.375, 0.712; 0.375, 0.71, of which the last may be discarded 

on the grounds that it leads to calculated values for the 

fourth and fifth orders that are too nearly identical. Neither 

the potassium parameters of Huggins and F~ank (0.375, 0.69) nor 

of Helwig (0.39, 0.69) give satisfactory results. 

It is of interest to see if any progress can be 

made on the basis of interionic distances. The radius of the 

ionic domain of Rb+ is greater than that of K+ by about 0.1371. 

in the iodides, 0.149A.in the bromides, and 0.1471. in the 

chlorides (38, p. 419). From empirical values determined by 

-;1asastjerna (38, p. 428), and based on a consideration of molar 
o 

refractive indices or crystals, the difference is 0.20A. On 

the assumption that the radius of Cs+ is equal to the radius 

of I-, the radius of the ionic domain of Rb+ is greater than 
o 

that of K+ by O.l4BA. (38, p. 421). The difference between the 

radii of the ionic domains of Rb+ and K+, therefore, may be 

taken as approximately 0.15. 

Potassium-to-oxygen distances have been detennined 

as 2.791. to 2.811. in KH2P04(39), 2.721. to 2.951. in 

KAl(S04)4 (40), 2.731. to 3.121. in KCl03 (41) and 2.711. to 

3.501, in K2S04 (42). The minimum potassium-to-oxygen distance, 

therefore, appears to be about 2.7lA. If to this be added the 
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difference (0.15) between the radii of the atomic domains or 

Rb+ and K+, a value of 2.851. is obtained for a minimum estimate 

of the distance from rubidium to oxygen. In Rb2S04 the minimum 

rubidium-ta-oxygen distance calculated from data cited by 

~Tyckoff (10, p. 294) is 2.g91.although Ogg (43) gives 2.89 

from his experimental data and 2.88 as the sum of atomic radii 

based on Pauling's figures. 

Hence, assuming a rubidium-ta-oxygen distance of 

2.861. between the rubidium ions at R(~OO) and R'(OU',1/2), 

respectively, a~j the nearest orygen atoms of the dithionate 

ion, the vertical axis of which passes through the point S 

of Figure 21, possible values of u and u' may be calculated. 

In Figure 21 the circle, with centre at S, passing through the 

points 01, 02, 03, 04, 05, 06 represents the projection of the 

locus of the possible positions of the oxygen atoms of the 

dithionate ion at the corner (8) of the cell. It has been 

pointed out previously (see p. 73 ) that the two-fold nature 

of the a axes requires that a right-handed turn about a 

vertical axis of one of the 303 groups of the dithionate ion 

at 8 from the close-packed" arrangement must be accompanied 

by a left-handed turn of the same magnitude on the part of 

the other 803 group and vice versa. Bearing this in mind, 

the points" 01, 02, 03, 04, 05, 06 represent the projections 

of arbitrarily chosen possible positions of an oxygen atom 

having the lateral parameters y, X-Ye Since the vertical 
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. 
parameter z is known (0.225, see p.?2) the values of u and 

u' defining the possible positions (uOO; OU~ 1/2) of the 

rubidium ions at Rl, R2, R3, R4, R5, RS and Ri, R2, B3, R4, 
R5, BS' respectively, on the assumpticn that in all cases the 

rubidium-to-oxygen distance shall be 2.851., may readily be 

calculated. They are presented in Table XIII. 

TABLE XIII 

°1 02 03 ~ 05 ~ -
Z 0.139 0.129 0.117 0.101 0.081 0.058 

x-y 0.009 0.028 0.042 0.064 0.~6 0.106 
u 0.392 0.390 0.384 0.3?5 0.360 0.342 
ut 0.?30 0.712 0.697 0.675 0.658 0. 5535 

Since x no longer is equal to 2y (compare p. 74) 

the structure fac.tor for t mamo} is now given by 

F = 2 Rbl+(cos 2 ~ um + cos 2 IT u'm + 1) 

+ 2 8 2 + [ 1 + 2 cos 1f m cos ( 1f ml/~ 
+ 2 01- [cos 2 T[ mx + cos 2 1'( my 

+ cos 2 IT m(x-y) + cos 2 IT mx' 

+ cos 2 IT my' + cos 2 IT m(x'-y') 

+ cos 2 1\ mx" + cos 2 IT my" 

+ cos 2 1\ m(x" -y" l] 

Substituting values of x, y, U, ut from Table XIII 

and retaining the values of x", y", xt, y' previously employed 

(see p. 7?), log I was calculated for the various orders of 

(mamO) and the results are shown in Table XIV. 
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TABLE XIV 

108 I {oalculated) 
(mOmO) I u = 0.392 0.390 0.384 0.375 0.360 0.342 

m (obs. ) ut = 0.730 0.712 0.697 0.676 0.658 0. 6435 -
3 v.s. 4.?? 4.88 4.92 5.04 5.09 5.00 
6 s. 3.32 3.75 4.06 4.31 4.45 4.51 
8 m. 4.06 3.67 3.37 3.36 3.63 3.61 
4 w. 3.91 3.59 2.85 2.67 3.385 3.285 
7 w. 4.03 4.04 3.74 2.01 3.15 3.01 
5 v.w. 4.10 3.85 3.66 3.60 3.66 3.98 
2 a. 3.10 3.26 3.38 3.53 3.54 3.45 

It will be seen that in no case is satisfactory 

agreement obtained between the relative order of calculated 

(log I) and observed intensities. The least objectionable of 

the u, ut combinations is u = 0.360, u t =0.658, although the 

fifth and second orders yield values for log I that are too 

high and that for the fourth order should be somewhat lower. 

The shape of the log I curves for different values 

of x" over the range 0.585 to 0.832, as shown in Figure 22, 

disposes of the possibility that more acceptable agreement 

might be obtained for some value of x" other than 0.75. It 

will be observed that, although log I for the fifth order is 

sensitive to changes in the value of x", the second order is 

essentially constant over the complete range of values, and is 

too high. Since the structure factor fortmomo} does not in

volve vertical parameters the log I ~. x" curves have a period 

of 600 when the two 803 groups of t-he dithionate ions within the 

cell are assumed, as in the present case, to be close-packed. 
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Furthermore, if the close-packed arrangement of 

the dithionate ions within the cell is to be preserved, it 

can be shown that it is not possible to maintain a min~um 
o 

rubidium-to-oxygen distance of 2.86A. between the rubidium 

ion R5(u' = 0.658) and any two of the oxygens of heights 

z' and z", respectively, of the nearest dithionate ion within 

the cell for any orientation of this ion about a vertical axis. 

This is clear from Figure 23. In this figure, Sl represents 

the projection of the centre of the sulphur atoms of lateral 

coordinates 2/3, 1/3 and the circle through the points A, B, 

C, P, etc. is the projection of the locus of the positions of 

the oxygen atoms. The line PR5,therefore, represents the pro

jection of t~e shortest rubidium-to-oxygen distance. Since 

the axis through Sl Is a three-fold axis it is neoessary only 

to consider oxygen positions over an angular range of 120°. 

The lines SlA and SlF, therefore, have been drawn at 600 to 

the left and right, respectively, of SlRS• The arcs BM! and 

aND represent the intersections of a sphere of radius 2.861. 

and centre at R5 with horizontal planes at heights zl (0.30, 

see p. 72) and zl (0.81, see p. 72). The arcs BCPDE and CPD, 

therefore, represent the projections of oxygen positions at 

heights zl and ZA' respectively, which are prohibited by the 

restriotion that the rubidium-to-oxygen distance be not less 

than 2.861. Consequently, permissible positions are limited 

to the ranges AB and EF for the oxygen atoms at height zl and 
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to AC and DF for those at height zX. For the close-packed 

arrangement, oxygen atoms at zl are separated laterally from 

those at zl by an angle of 60°. Hence, it will be found that 

placing an oxygen atom at height zl within either range ot 

possible positions AB or EF results in an oxygen atom at height 

zl falling within the prohibited range CPD or, similarly, 

placing an oxygen atom at height zX within either range of 

possible positions AC or DF automatically places an oxygen atom 

at height zl within the prohibited range BCPDE. The same 

argument is valid if ~ and ~ are employed instead of zl and 

zl, respectively, except that in the former case the arc BME 

in Figure 23 is at height z.s (0.64) and hence BCPDE is a pro

hibited range for oxygen atoms at height za and the arc CND 

is at height ~ (0.19) and hence CPD is bnpossible for oxygen 

atoms at height za. This follows from the fact that 

zl - 0.50 = 0.31 = 0.50 - zs and zfi - 0.50 = 0.14 ~ 0.50 - zl, 
and that the vertical par~eter of the rubidium ion at R5 in 

Figure 23 is 0.50. 

If, however, the assumption of a close-packed arrange

ment be abandoned, rubidium-ta-oxygen distances are satisfactory 

when oxygen atoms are in positions within the ranges E'FE (where 

E'F is equivalent to BA) and D'FD (where D'F is equivalent to 

CA), at heights zl and zl,respectively. 

Since the range E'FE is relatively small ("130
), x' 

may be fixed for purposes of calculation at 0.67 (corresponding 
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to the point F in Figure 23}. For this value of x' the varia

tion in log I for values of x" over the range 0.57" x" 4 0 c 768 

(corresponding to D'F D in Figure 23) is shown in Figure 24. 

The best agreement with the relative order of observed in

tensities oocurs when x" = 0.75 although the fourth order in 

Figure 24 is too low. It may be mentioned that for no other 

value of x' in the range O.552,,-xt~0.589 (corresponding to 

EtF E in Figure 23) is sat isfac.tory agreement obtamed. For 

the same reasons as those presented in the preceding paragraph, 

the foregoing argument may be applied when ZB' ZB are involved 

instead of zl, z1 except that E'FE and D'FD then represent per-

missible ranges for oxygen atoms at heights ~ and ZB' re

spectively, instead of zl and zA' respectively. 

It appears to be impossible, therefore, to maintain 
o 

a minimum rubidium-to-oxygen distanoe as high as 2.86A. 

Returning, therefore, to the original assumption of 

close-packing in all dlthionate ions and x" = 0.75 (see p. 77), 

it has been shown that reasonably good agreement between the 

relative order of calculated values of log I and that of observed 

intensities is obtained when u = 0.36, ut = '0.712 and when 

u = 0.375, ut = 0.712. In each of these cases the shortest 

rubidium-to-oxygen distances are as follows: 

1. u = 0.36, u' = 0.712 

Rb+(iioO) to nearest 'oxygen of dlthionate 

ion at corner of cell , 2.851. 

Rb+(!OO) to nearest oxygen of d1thlonate 
o 

ion within the cell, 2.50A. 

Rb+(Oft',l/2} to nearest oxygen of dithionate 

ion at corner of cell, 2.511. 
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2. u = 0.375, u' = 0.712 

Rb+(UOO) to nearest oxygen of dithionate 
o 

ion at corner "of cell, 2.98A. 

Rb+(uOO) to nearest oxygen of dithionate 

ion within the cell, 2.491. 

Rb+(Ou',1/2) to nearest oxygen of dithionate 

ion at corner of cell, 2.511. 
000 

The minimum distances (2.49A., 2.50A., 2.511.) 

almost certainly are too small to be admissible. 

Leaving out of consideration the dith1onat~ ion 

within the cell, the oxygen atoms of the dithionate ion at 

the corner may be turned counterclockwise about the vertical 

three-fold axis until the distances between the rubiWWm ions 

at (OU',1/2) and (uOO), respectively, and the nearest oxygen 

atom of the dithionate ion at the corner of the cell are equal. 

For u = 0.35, ut = 0.712, the distance is 2.691.wh1le for 

u=0.375, ut = 0.712, it is 2.771. Although both of these 

values are less than that expected (namely, approx~ately 

2.851.), the second (for u = 0.375, ut = 0.712) is more accept

able than the first. It is obvious that any further rotation 

of the oxygen atoms either clockwise or counterclockwise will 

result in one of the equalized distances increasing at the 
o 

expense of the other. Thus to inorease the value of 2.77A. 

fram one rubidium ion when U = 0.375, ut = 0.712 would intro

duce a correspondingly lower value for the distance fram the 

other rubidium ion. The values of x and y, defining the 
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lateral positions of the oxygen atoms of the dithionate ions 

at the corners of the cell when the distances between the 

rub1dbxm ions (uuO; u'u',1/2) and the nearest of these oxygen 
o 

atoms are equal to each other and to 2.77A., are x = 0.16031 

y = 0.12°4· 

Val ues of log I for {mOiiiO 1 ca1 cu1ated on the bas! s 

of close-packing for the dithionate ion within the cell, 

x" = 0.75, u = 0.375, u' = 0.712, x =·0J.603, y = 0.1204 are 

compared with observed intensities in Table XV. 

TABLE XV 

(mamO) I log I 
m (obs. ) (calculated) 

3 v.s. 4.95 
6 s. 3.9'1 
8 m. 3.77 
4 w. 3.47 
7 w. 3.75 
5 v.w. 2.86 
2 a. 2.45 

The calculated (log I) values for the seventh and 

second orders appear to be too high. 

Moreover, it has been shown (p.80 ) that for c10se

packing of the 803 groups of the dithionate ion within the 

oel1 and x" = 0.75 the distance between the rubidium ion at 

(uOa) and the nearest oxygen atom of this dithionate ion is 
o 

only 2.49A. when u = 0.375. 

Since u and u' hav'e been fixed at 0.375 and 0.712, 

respeotive1y, and the largest value possible for a minimum 
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o 
rubidium-to-oxygen distance has been determined as 2.7?A. 

it is possible to establish permissible and prohibited ranges 

for x' and x" defining the positions of the oxygen atoms of the 

dithionate ions within the cell. Thus, Figure 25 is similar 

to Figure 23 (page 83A) except that a larger area of the pro

jection on the basal plane is shown. In Figure 25, R and Br 

represent the projections of the centres of the rubidium ions, 

the u parameters of which are u = 0.375 and ut = 0.712, re

spectively, at heights 0 and 0.5, respectively. The circles 

around S, SI (and equivalent points) as centres represent the 

projections of the loci of oxygen atom positions. The arcs 

drawn with R and R' as centres represent the projections of the 

intersections of spheres of radii 2.771.and centres at R and R' 

with planes at heights zl = 0.36 (or ZB = 0.54) - shown as a 

line of dashes and dots - and zl = 0.81 (or zB = 0.19) - shown 

as a line of dashes only - respectively. Values of xI(xB), 

yl(y§), xl(xA), yl(YB) that are permissible for a minimum 

rubidium-to-oxygen distance of 2.771. may readily be dete~ined 

from Figure 25. The limits of the ranges of values are shown in 

Figure 25 and in Table XVI below. Due to the three-fold axis 

through the point SI of Figure 25, three equivalent permissible 

ranges occur for x', y' and for x", y", but in establishing the 

parameters x', y', x", y" only one range of x', y' and one of 

x", y", of course, need be considered. 
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TABLE XVI 

Permissible Values of x' , y' , x" , y" 

from to 

Xl(x~) 0.506 0.580 

Yl(YB) 0.292 0.412 

x' (x" ) 'A B 
0.782 0.832 

y' (y" ) A B 0.494 0.422 

Xl(x§) 0.589 0.710 
Yl (YB) 0.168 0.217 

xl(XB) 0.657 0.712 
yl(YB} 0.472 0.494 

XA(~) 0.782 0.814 

YA (YB) 0.288 0.342 

Xl(xB) 0.506 0.528 
y" (y' ) A B 0.219 0.186 

The following pair of ranges was selected for examina-

tion: x' (x") = 0.506, yl(YB) = 0.292, to xl. (XBo) = 0.580, yl(YB) A B 

0.4l2;Xl(xB) = 0.506, yx. (YB) = 0.219 , to xl(xB J = 0.528, YX (YB) 

0.180, (see ]*igure 24). 

The values of log I for {mOiiiO}calculated for different 

combinations of values within these ranges and for x = 0.1603 , 

Y = 0.1204 (see p. 87) are given in Table XVII. 

= 

= 
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TABLE XVII 

~momOl I 108 I ( calculatedl 

!!! (ob8. ) xl.(xB) = 0.505 0.510 0.505 0.524 0.524 0.524 

yl (yn' = 0.292 0.303 0.292 0.337 0.337 0.337 

Xl{XB' = 0.506 0.516 0.528 0.510 0.516 0.524 

YI{Y~ J = 0.219 0.201 0.185 0.211 0.201 0.191 

3 v.s. 4.96 4.95 4.97 4.97 4.97 4.97 
6 s. 4.18 4.30 4.28 4.31 4.35 4.37 
8 m. 3.76 3.59 3.65 3.62 3.56 3.55 
4 w. 4.06 3.78 3.64 3.62 3.43 3.17 
7 w. 3.4'7 3.41 3.41 3.40 3.3'1 3.35 
5 v.w. 3.60 2~84 3.08 3.02 3.11 5.24 
2 a. 2.77 1.'76 0.49 0.27 1~90 2.58 

-~---~~~-~--~~------~----------------------~-----------------

'mOIiiOl I log I (ca1culated l 
m (obs. ) xl (xB) = 0.545 0.545 0.546 0.555 0.555 0.555 -

yl{YB' = 0.372 0.372 0.372 0.386 0.386 0.386 

x" {x t , 
'A B = 0.506 0.515 0.528 0.506 0.516 0.528 

yI {YB' = 0.219 0.201 0.186 0.219 0.201 0.186 

3 v.s. 4.96 4.97 4.97 4.96 4.96 4.95 
6 s. 4.19 4.28 4.29 4.14 4.23 4.25 
8 m. 3.71 3.60 3.61 3.70 3.58 3.59 
4 w. 3.42 2.98 2.08 3.33 2.83 1.51 
7 w. 3.55 3.51 3.50 3.6~ 3.60 3.59 
5 v.w. 3.38 3.45 3.50 3.47 3~54 3.6? 
2 a. 2.26 2.80 3.16 2.55 ~.96 3.28 

--~----------------------------------~--------------------~--

(mamO) I 108 I ( calculated) 

~ (obs. ) xl (xi3) = 0.570 0.570 0.570 0.580 0.580 0.580 

yl {YE' = 0.404 0.404 0.404 0.412 0.412 0.412 

XZ{~, = 0.505 0.516 0.528 0.506 0.516 0.528 

yi {YE' = 0.219 0.201 0.186 0.219 0.201 0.186 

3 v.s. 4.93 5.05 4.96 4.96 4.96 4.96 
6 s. 4.08 4.13 4.19 4.07 4.17 4.18 
8 m. 3.66 3.69 3.55 3.65 3.52 3.53 
4 w. 3.25 2.88 0.34 3.23 2.64 i.52 
7 w. 3."1:3 3.69 3.69 3.74 ~."'l 3.'70 
5 v.w. 4.02 3.52 3.74 3.60 2.79 3.09 
2 a. 2.74 i.96 3.37 2.70 3.06 3.35 
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A oareful examination ot Table XVII shows that, 

of the oombinations listed, only the following give relative 

orders of log I values in agreement with those of observed 

lntensities: 

XA(~) = 0.508, y' (y" ) = 0.292 t XA(~} = 0.528, ytt (yt ) = 0.186; A B A B 
Xl(Xj3} = 0.524, Y' (yft ) = 0.337, x" (x t ) = 0.516, Y! (YB) = 0.201; A B A B 

Xl(xa) = 0.546, yt (y" ) = 0.372, xA (X]3) = 0.506, ytt (y') = 0.219. 
A B A B 

Of these, the first may be discarded since the value of log I 

for the fourth order is almost equal to that for the eighth 

order. In the case of the third, the log I value for the 

fifth order is not very much lower than that of the fourth. 

It will be noted in Table XVII tha t, with xl (~) = 0.524, 

yt (y" ) = 0.337 J decreasing or increasing the values of XA(~) , A B 
1'" (y t ) 

A B leads to unaoceptable relative values of log I. 

In the following Table XVIII are reoorded the results 

of a series of calculations with values of Xl(xa) in the 

neighbourhood of 0.524 and 0.546 and with values of Xi(XB) 
between 0.506 and 0.516. 
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TABLE XVIII 

(moDlO) I log I {oa1oulatedl 
~ (obs. ) x' (x") = 0.524 0.538 0.538 0.538 0.535 0.530 A B 

yl LYB J = 0.337 0.361 0.361 0.361 0.356 0.347 

xl {xA J = 0.516 0.516 0.510 0.506 0.506 0.506 
Y" ( y' J A B = 0.201 0.201 0.211 0.219 0.219 0.219 

3 v.s. 4.97 4.97 4.97 4.98 4.97 4.97 
6 s. 4.35 4.31 4.27 4.23 4.24 4.26 
8 m. 3.56 3.60 3.65 3.72 3.71 3.69 
4 w. 3.43 3.13 3.39 3.51 3.56 3.64 
7 w. 3.37 3.44 3.47 3.48 3.51 3.43 
5 v.w. 3.11 3.35 3.29 3.27 3.84 3.79 
2 a. 1.90 2.62 2.23 1.88 1.63 0.32 

-----~---------~~----~----~~~------~-~-----~---~-----------~ 

~momO) I 106 I,oa1culated l 
!! (obs .1 xA(~) = 0.546 0.546 0.552 

Yl. LYB' = 0.372 0.372 0.381 
x" (x' J A B = 0.510 0.505 0.506 

Y!(YB J = 0.211 0.219 0.219 

3 v.s. 4.97 4.96 4.96 
6 s. 4.23 4.19 4.16 
8 m. 3.65 3.71 3.71 
4 w. 3.28 3.42 3.36 
'1 w. 3.54 3.55 3.60 
5 v.w. 3.40 3.38 3.45 
2 a. 2.48 2.26 2.46 

-----~------~--------~--~----------~----------~----~--------

The only other sets of values that appear to be as 

satisfactory as xl<XS) • 0.524, YI(YB) = 0.337, X!<XS) = 0.516, 

Yl(YB) = 0.201 are the closely related pair, Xl(XS) = 0.538, 

Yl(y§) = 0.361, xI(xB) = 0.506, yl(yA) = 0.219 and xl(x§) = 0.538, 

yl(Yi3) = 0.361, xl(xB) = 0.510, yX{YB) == 0.211, of which the 

first shows better agreement between the log I values for the 

fourth and seventh orders and yields a lower and hence more 
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acceptable value of log I for the second order. 

From the data of Tables XVII and XVIII, therefore, 

it may be concluded that values of x', y', x", y" probably 

are close to one of the sets 

xl(XB) = 0.524 x' (x" ) A B = 0.538 

Yl (YB) = 0.337 yl (YE) = 0.361 
or 

x" (x' ) = 0.516 xl(XB) = 0.506 A B 
Y! (:1:8) = 0.201 Y1(Y:a) = 0.219 

It is now of interest to see if any distinotion 

can be made between these two sets on the basis of the re-

1ative order of log I values and of observed intens1ties of 

diffraction effects from other forms. As a matter of record, 

caloulations also will be shown for xl(XB) = 0.546, Yl(YB) = 0.372, 

xl(xB) = 0.506, yl(yA) = 0.219, because, although it has been 

noted that log I values for (mamo} are not highly satisfaotory 

for this set, it will be shown later that it denotes an 

orientation of oxygen atoms more nearly comparable to that 

of Hugg1ns and Frank for K2S206 than does either of the other 

sets under ex~inat1on. 

It will be shown later (p. 103) that for the three 

sets of values of x', y', x", y" aooeptable results for 

log ItmOliim} are not obtained when z' = zB and ztt = zB. In 

the following Tab1e XIX, values of log I for [ mOtllm}, oaloulated 

for the combinations of XA' Yl, xX, y1 shown, are compared 

with observed intens1tles. 
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TABLE XIX 

~momml I lOB I i ca1culated l 
!!! (obs. ) :x' = 0.524 0.538 0.546 -A yl = 0.337 0.361 0.372 

X" 'A = 0.516 0.506 0.506 

:vI = 0.201 0.219 0.219 -
1 s . ( -) 3.80 3.78 3.78 
2 m. 3.27 3.33 3.35 
5 m. 3.38 3.42 3.42 
3 v.w. 3.01 3.11 3.06 
4 a. 2.49 2.25 2.18 

Satisfactory values for log I are obtained in each 

of the three cases. On the hasis of the data presented in 

Table XIX, the highest value (0.546) of xl may be considered 

as slightly better than the other two since the differenoe 

between the second (m.) and fifth (m.) orders is less and 

that between the second (m.) and third (vow.) and between 

the third (v.w.) and fourth (a.) 1s greater than for either 

of the other combinations. 

Reflections from { mOifim}, therefore, a.ppear to 

favour values of xl, xl close to 0.546, 0.506, respectively, 

whereas those from {mamo} indicate values in the neighbourhood 

ot 0.538, 0.505, respectively, or 0.524, 0.516, respeotively. 

It is of interest, therefore, to consider the relative in

tens i ty of reflect ions from {mmSo} and from f mmaiDm }. 

The general struoture factor for {mm2m0} 1s given 

by 



F = Bb1+ (cos m 4 1T u + 1 sin m 4 IT U 

+ cos m 4 1'( u' + 1 sin m 4 Tfu t + 2 oos m 2 Tru 

- 2 i sin m 2 T[ u + 2 cos m 2 TT ut - 2 i sin m 2 7f u' ) 

+ 6 32+ + 2 01 - [cos m 2 T{ (x+y) + 1 sin m 2 If (x+y) 

+ cos m 2 Tt (y-2x) + i sin m 2 1f (y-2x) 

+ cos m 2 1t (x-2y) + i sin III 2 TT (x-2y) 

+ cos m 2 Tt (xt+y') + i sin m 2 rr (x'+y') 

+ cos m 2 IT (yt-2x t ) + 1 sin m 2 IT (y' -2x' ) 

+ cos m 2 1\ (x'-2y') + i sin m 2 rr (x'-2y' ) 

+ oos m 2 1f (x"+y") + 1 sin m 2 n (x"+y") 

+ cos m 2 1\ (y" -2x" ) + 1 sin m 2 1\ (y"-2x" ) 

+ cos m 2 'IT (x"-2y" ) + i sin m 2 If (xtl -2y") J 
The values of (sin a)/A , log P and the scatter~g 

factors of Rb l +, .S2+, 01 - are recorded in Table XX. 

(nnn2mO) 
J! 

1 
2 
3 
4 
5 
6 

(sin e)/~ 
x 10-8 

0.·100 
0.200 
0.300 
0.400 
0.500 
0.600 

TABLE XX 

log P 

0.797 
0.452 
0.2095 
0. 037 7 
0. 0154 
0.324 

32.64 
27.44 
24.22 
22.19 
19.71 
15.89 

S2+ 

12.7 
10.4 
8.95 
8.11 
7.40 
5.55 

01 -

8.30 
5.45 
4.48 
3.06 
2.26 
1.82 

Values of log I for the first six orders of (mrn2mO) 

for the values of x', yt, x", y" under discussion are oompared 

with observed 1ntens1ties in Table XXI, where \7. indicates 

the evaluation of the relative intensities in the present 
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investigation, 1!. reoords the observations of Hagg . ( 5. ) and 

H. &. F. those of Huggins and Frank (4) • 

TABLE XXI 

,IDIll2ino 1 I 108 I ~ oalculated l 
m (ob8·1 x' = 0.524 0.538 0.546 - A !. !!. H.& F. yr = 0.337 0.361 0.372 A 

Xi' A = 0.515 0.506 0.506 
y" 
....! 

= 0.201 0.219 0.219 

1 m. w. (-) a • 3.92 3.93 3.92 
2 a. ... (-) a. (v .w.) 3.87 4.25 3.82 
3 w. m. m.s.(m.) 4.22 4.33 4.35 , a. v.w. a. 3.29 3.58 3.63 
5 w. 3.45 3.55 3.53 (5 s.(-)- 4.10 4.07 4.11 

It will be seen that the observations of Hagg are 

in general agreement with those of Huggins and Frank regard~g 

the relative intensities of the first four orders (the only 

ones examined by Hlgg and by Huggins and Frank) whereas the 

present investigation raises the intensity of the first order 

to "medium" and reduces the third to "weakff. Due to the shape 

of the crystal and to its positions relative to the incident 

beam for reflect ions from { mm2iiio} each diffraction spot on the 

present films appears as three very small dots instead of as a 

single spot. In consequenoe, it was exceptionally difficult 

to estimate the relative intensities of the diffraction effects 

from { IIlIllmRO} • In this part i cu lar case, th erefore, i t is 

probable that the mutually supporting data of Hlgg and of 

Huggins and Frank are more reliable than those of the present 
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investigation. With this assumption, the best agreement 

between oaloulated values of log I in Table XXI and observed 

intensities occurs for XA(~) = 0.546, XA(~) = 0.506 and for 

XA(~) = 0.524, XA(~) = 0.516. 

It should be mentioned that Hlgg's estimation of 

(33~0) includes (5051) and that of (4480) includes (lOi5) 

since the intenslties of powder lines are involved. The 

effect of (lOi5) on the estimation for (4480) is of no con-

sequenoe as is evident from a comparison of the observed in

tensities (v.w. or a.) for the diffraotion effeot from this 

plane in Table XXI. Furthermore, for xl = 0.538, Ff33g0) = 13,130 

and Ff5051) • 8,815; P(3360) = 1.620 and P(505l) = 1.634 

(mean, 1.627). Hence log PIF\2 = log P + log [ F~ 50!;l) + F~ 3360)J = 

0.2113 + 4.3413 = 4.55 as compared with 4.33 for (33g0) alone. 

Thus, the superimposition of (5051) on (3350) does not raise 

log I for the latter to a value that invalidates the agreement 

between the observations of Hagg and of Huggins and Fratlk shown 

in Table XXI. 

The only available observations for {~mm} are due 

to Hagg and comprise only the first three orders. 

The general struoture faotor for ( mm2IDm} is gi ven by 

F = Bbl + [cos m 4 1f U + i sin m 4 Tt U 

+ 2 OOS m 2 TI u - 2 1 sin m 2 n u 

+ oos m n (cos m 4 n u' + i sin m 4 IT u' 

+ 2 cos m 2 Ru' - 2 i sin m 2 nu')] 
+ 2 32+(008 m 2 rr u" + oos m 2 nun, + cos m 2 nu"") 
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+ 01 - [COS m 2 1T (x+y+z) + i sin m 2 rr (x+y+z) 

+ oos m 2 Tt (-2x+y+z) + 1 sin m 2 rr (-2x+y+z) 

+ cos m 2 n (x-2y+z) + 1 sin m 2 1f (x-2y+z) 

+ cos m 2 TI (x+y-z) + 1 sin m 2 TI (x+y-z) 

+ oos m 2 n (-2x+y-z) + 1 sin m 2 1T (-2:x+y-z) 

+ cos m 2 n (x-2y-z) + 1 sin m 2 IT (x-2y-z) 

+ cos m 2 1\ (xt+y'+z') + 1 sin m 2 1\ (x'+y'+zt) 

+ cos m 2 TI (-2x'+y'+z') + 1 s1n m 2 n (-2x~'+z') 
+ oos m 2 Tt (x'-2y'+z') + 1 sin m 2 n (x f -2y'+z') 

+ cos m 2 n (x'+y'-z') + 1 sin m 2 TT (x'+y'-z') 

+ cos m 2 n (-2x'+y'-z') + 1 sin m 2 n (-2x'+y'-z') 

+ cos m 2 TI (x' -2y' -zt) + 1 sin m 2 TT (x' -2y' -z') 

+ oos m 2 It (x"+y"+z") + 1 sin m 2 TT (x"+y"+z") 

+ oos m 2 Tf (-2x"+y"+z") + 1 sin m 2 'IT (-2x"+y"+z") 

+ cos m 2 Tt (x"-2y"+z") + 1 sin m 2 If (x"-2y"+z") 

+ cosm211(x"+y"-z") + 1 sinm2 Tr(x"+y"-z") 

+ cos m 2 n (-2x"+y"-z") + i sin m 2 TT (-2xtt+y"-z") 

+ cos m 2 1\ (x"-2y"-z") + 1 sin m 2 TT (x"-2y"-z") ] 

Values ot (sin e)/~ , log P and the scattering 

faotors of Rb1+, S2+, 01 - are recorded in Table XXII. 

TABLE XXII 

,mmSml (sin e)1t log P Rbl + S2+ 01-
!! x 10-

1 0.1270 0.5838 30.9 12.04 7.8 
2 0.2540 0.3133 25.6 9.50 5.37 
3 0.3810 0.0623 22.6 8.24 3.3 
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Calculated values of log I for {mm~m} are com

pared with H!ggts observed intenslties in Table XXIII. 

(mm2Dim) 
m 

1 
2 
3 

I 
( ob8.) 

RaSS 

s. 
v.w. 
v.w. 

TABLE 

x' = A-
yl = 
x" A = 
YX = 

XXIII 

log I (oalculated) 
0.524 0.538 0.546 

0.337 0.361 0.372 

0.516 0.506 0.506 

0.201 0.219 0.219 

4.98 4.99 5.00 
3.71 3.76 3.76 
2.73 2.57 2.45 

For this series xl = 0.524, xl = 0.516 ls to be 

~reterred due to the slightly lower log I value for the seoond 

order and to the fact that for this combination the differenoe 

between the log I values for the seoond and third orders is 

less than in either of the other oases. 

From the data of Tables XVII, XVIII, XIX, XXI and 

XXIII, however, it is impossible to make very sharp dlstmctions 

among the three sets of values for xl, yl, xA' yl. The 

available evidenoe appears to indioate xl = 0.524, xl = 0.516 

or xl = 0.538, xl = 0.506 rather than xl = 0.546, xX = 0.506 

but the present qualitative treatment is inadequate to enable 

a definite deoision to be reached. 

The ooordinates of the point on the cirole about 

81 in Figure 25 (p. 88A) equidistant from xl = 0.524, 

yl = 0.337 and xl ~ 0.538, yl = 0.361 are xl = 0.532, yl - 0.349. 

The ooordinates of the point equidistant from xl = 0.516, 
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y" = A 0.201 and xl = 0.506, Yl = 0.219 are xl = 0.509, Yl = 0.209. 

For these positions log I values for {mama} are very 

satisfactory as shown in Table XXIV. 

(mamO) 
m -

3 
6 
8 
4. 
7 
5 
2 

TABLE 

I 
'ob8·l 

v.s. 
s. 
m. 
w. 
w. 

v.w. 
a. 

XXIV 

log 
xl 
yl 
Xi' 

A 
yl -

I 'oalc.} 
= 0.532 

= 0.349 

= 0.509· 

= 0.209 

4.ga 
4.30 
3.53 
3.49 
3.42 
3.18 
1.74 

It maybe concluded, therefore, that the lateral 

parameters of the oxygen atoms of the dithionate ions inside 

the cell have the approximate values xl = 0. 532, yl = 0.349, 

x" = A 0. 509, yl = 0. 209. 

Values of log I for { mOIiim}, {mmmno} and {mm_ } 
oalculated with these parameters are recorded in Table XXV. 

It will be observed that acceptable agreement between calculated 

values of log I and observed intensities is obtained in each 

case. The data of Table XXV may be oompared directly with 

those of Tables XIX, XXI and XXIII. 
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TABLE XXV 

x' A = 0.532, Yl = 0.349 ; x" A = 0.509, yl = 0.209 

(mOiiim) I log I (IDIJl2mO) I log I ~mm2mml I lOB I 
(obs. ) (obs. ) (obs. ) m -

1 
2 
5 
3 
4 

( calc • ) m (oalo.) !!! ( calc. ) 

s. ( -) 3.81 1 w. (-) 3.93 1 s. 
m. 3.33 2 w. (-) 3.86 2 v.w. 
m. 3.39 3 m. 4.27 3 v.w. 

v.w. 3.00 4. v.w. 3.43 
a. 2.28 5 ?w. 3.52 

6 ?s. ( - ) 4.06 

.(t) Distinction between uT and UB". 

As previously mentioned (p.65), a consideration 

of reflections from { 0001) leads to an ambiguity in the 

determina t10n of u"" (and hence of x', y', z', x", y", z") 

4.99 
3.73 
2.79 

due to the fact that curves of log I ~. un" are symmetrical 

about a value ot un" = 0.335. It has been shown (p. 69) that 

u"" probably has a value close to u~ = 0.25 or UB' = 0.42. 

A distinction between u'A and u'B, however, may be 

made on the basis of reflections from {momm.}. 
The general s,tructure factor for (momm} is given by 

F = Rb1+ (1 + cos m n + 2 cos m 2 IT u 

+ 2 cos m IT co s m 2 IT u' ) 

+ 2 82+[COS m 2 n u" + cos m n cos m IT {-(1/3) + 2U"') 

+ cos m l\' {-(1/3) + 2 U""}] 
+ 2 01 - [ c~s m 2 '"IT (x+z) + cos m 2 n (z-y) 

+ cos m 2 ~ (y+z-x) + cos m 2 TI (xt+z') 

+ cos m 2 TI (z'-y') + cos m 2 IT (yt+zt-x t
) 

+ cos m 2 TI (x"+z") + oos m 2 IT (z"-y") 

+ cos m 2 TI (y"+ztt-X")] 
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Values of (sin el/A' log P and the scattering 

factors of Rb1+, 8 2 + , 01- are recorded in Table XXVI. 

TABLE XXVI 

(mOtiiml (sin elf 
Bbl + s2+ 01 -1! x 10- log P 

1 0.0976 O.SOg 33.6 12.6 8.30 
2 0.1852 0.465 27.8 10.45 6.55 
3 0.2928 0.225 24.5 9.10 4.70 
4 0.3904 0.049 22.4 8.30 3.17 
5 0.4860 0.009 20.0 7.50 2.40 

It has been shown (Table XI[, p. 94 and Table XXV, 

p.101) that for uT = 0.25, zl = 0.36, zz. = 0.81 (consult 

p. 72) reasonably satisfactory values of log I are obta~ed 

for the different orders of [ mOiiIm} for certain combinations 

of xl, yl, .X!, Y!. In Table XXVII are presented corresponding 

values of log I calculated for the alternative values of 

UB'(=0.42), zB(=0.19), zB(=0.64), ~'YB'xB'YB. 

TABLE XXVII 

(mOJ1lm) I log I (calculated) 

1! i obs.) ~ = 0.524 0.532 0.538 0.546 

Y~ = 0.337 0.349 0.361 0.372 

xt 
B = 0.516 0.509 0.506 0.506 

YB = 0.201 0.209 0.219 0.219 

1 s.(-) 3.98 r· 96 3.96 3.96 
2 m. 1.41 .71 1.09 1.24 
5 m. 3.36 3.33 3.33 -3.36 
3 v.w. 2.52 2.79 2.95 3.01 
4 a. 2.82 2.64 2.67 2.78 
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The calculated values of log I for the seoond order 

alone are sufficient to eltminate ulB, zB,~. It follows, 

therefore, that un" = u~ = 0.25, z' = zl = 0.36 and z" = 

z! = 0.81 (see p. 72). 

(g) Summary of Rubidium Dithionate Parameters. 

For convenienoe, the preceding data on the vertical 

and lateral parameters of Rb2S20e are summarized in Table XXVIII. 

To faoilitate comparison with the corresponding values for 

K2S206' the data of Huggins and Frank and of Helwig (revised) 

given in Table I (p. 35) are repeated in Table XXVIII. 

TABLE XXVIII 

Atom S:Qeola1 Rb2S2Oa K2S206 
Positions (This Thesis) Hugsins HelWi~ 

& Frank (revise ) 

S (c) 0,0, .165 0,0, .16 0,0, .16 
S (d) 1/3,2/3, .25 1/3,2/3, .2'1 1/3,2/3, .27 
S (d) 1/3,2/3, .58 1/3,2/3, .59 1/3,2/3, .59 

Rb(K) (e) .375, .375,0 .375, .375,0 .39, .39, ° 
Rb(K) er) .712, .712,1/2 .690, .690,1/2 .69, .69,1/2 

0 (g) .160, .120, .225 .165, .11, .23 • 09 , .18 , .22 
0 (g) .532' .349' .36 .615, .17, .34 .48, .24, .35 
0 (g) .50g 1 .2°9, .81 • 505 , • 21 , .80 • 58 ; .42 , • 79 

In Table XXVIII it will be observed that the present-

data for Rb2S206 are relatively close to those of Huggins and 

Frank for K2S206 except for x' = 0.532, y' = 0.349 (this thesis), 

x' = 0.615, y' = 0.17 (Huggins and Frank). This disorepancy 

is not as large as it appears in Table XXVIII, however, beoause 

the three-fold nature of the axis through the dithionate ion 



-104-

places an oxygen atom in the position x' = 0. 652, yt = 0. 183_ 

Thus for detailed comparison with the data of Huggins and 

Frank the oxygen atom coordinates 0.532, 0.349, 0.36 of this thesis 

in Table XXVIII may be replaced by 0. 652, 0.183, 0.30. The 

other values of Xl. , y' examined in detail in the present in-

vestigat ion, namely, 0.524, 0.337; 0.538, 0.351; 0.545, 0.372, 

are equ1valent to 0.652, ·0.188; 0.540, 0.176; 0.630, 0.175, 

respectively, in terms of the oxygen atom employed by Huggins 

.and Frank from which to designate x t , y' coordinates. The 

least satisfaotory parameters (0.546, 0.372) from the point 

of view of the present study of the structure of Rb2S200, 

therefore, are the most nearly comparable to the corresponding 

parameters of Huggins and Frank for K2S206. The exact values 

of Huggins and.Frank (0.615, 0.17) for x', y' are equivalent 

to 0.553, 0.383 in terms of the present data and it has been 

shown in Table XVIII (p. 92 ) that values of x' = 0.552, 

y' = 0.381 (x" = 0.506, y" = 0.219 - very close to 0.505, 0.21 

of Huggins and Frank, see Table XXVIII) lead to unaoceptable 

values of log I for { momO}. The difference between the values 

of the x', y' coordinates for Rb2S206 of the present investiga

tion and those of Huggins and Frank for K2S206, although not 

as la.rge as it appears in Table XXVIII, nevertheless is 

justifiable on the basis of available experimental evidence. 

On the other hand, the large differences between 

the (revised) parameters of Helwig for K2S206 and those of 
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Huggins and Frank for K2S208 and of the present investigation 

for Rb2S206 are not due simply to a differenoe in choice of 

equl valent oxygen atoms to which values of x, y, x', y', x", 

y" are referred. They are due to appreoiable differenoes in 

the relative orientation of the oxygen atoms about the vertical 

axes. 

The projeotion of the structure of Rb2S206 on the 

basal plane is shown to scale in Figure 26, where the unit cell 

-is outlined in red. Symmetry elements are represented by the 

usual convention~l symbols and the coordinates u, ut, x, x' 

x", y, y', yff are indi ca ted. Rubidi um (Rb+), sulphur (S++) 

and oxygen (0-) ions, respectively, have been drawn as oircles 

of decreasing radii. The oircumferences of these oiroles are 

shown as lines of different widths to indicate differem 

heights in the cell. The values of the vertical parameters 

uti, U'" , u"", z, z', z" are given for one example of each. 

Since the sulphur atoms occur in pairs on the same vertioals, 

the parameters (l-u"; l-u'" ; l-umt ) of the atoms higher in the 

cell are shown as solid figures while the parameters (un; u"' ; 

u"") of those lower in the oe11 are indicated by ohequered 

figures. 
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o 

FIGURE 26 

Projeotion of Struoture of Rb2S206 on Basal Plane 
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DISCUSSION 

It is olear from Table XXVIII (p. 103) that the 

parameters determined for Rb2S206 in the present investigation 

are in general muoh closer to the oorresponding parameters 

of K2S206 found by Huggins and Frank (4,21) than to those 

reported by Helw1g (3). Since it is to be expeoted that 

oorresponding parameters of Rb2S206 and of K2S206 might be 

identical or very nearly so, the present study of the struoture 

of rubidium dlthlonate suggests that the parameters of Huggins 

and Frank for K2S206 probably are mora nearly oorrect than the 

oorresponding parameters of Helwig in those oases where the 

two sets of values are not in agreement with each other. 

That neither the complete set of parameters for 

K2S206 given by Huggins and Frank nor that due to Helwig may 

be applied to Rb2S206 without modification, is olear from the 

data of the following Tables XXIX to XXXIII, inclusive. In 

these Tables, the intensities of the diffraction effects from 

Rb2S206 observed by Hagg (5) and by Huggins and Frank (4) are 

compared with the present observations and corresponding values 

of log I calculated for {OOOl}, {mO~O}, ~mommJ, fmm2.mO} , {mm~} 
by the direot application of the K2S206 parameters of Huggins 

and Frank and of Helwig (as given in Table XXVIII, p. 103) to 

Rb2S206 are shown in conjunction with the log I values 

caloulated with the parameters derived in the present in

vestigation (Table XXVIII, p. 103). In these Tables, data 
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of Huggins and Frank or those based thereon are indioated 

by He&. F. and those of the present investigation by!. A 

dash (-) signifies absence of available data. 

TABLE XXIX 

~OOOll I{obs. ) log I ~ calc .l 
1 Hligg H.&. F. .!L. Helwig H.& F. W. (p .68) 

4 w. m. v.s. 4.52 4.53 4.49 
6 s. 4.02 4.15 4.13 
5 a. B. m. 3.44 3.24 3.68 
2 w. (+) m.w. w. 4.17 4.11 4.31 
3 a. a. w. 2.92 2.77 3.50 
1 a. v.w. 3.48 3.36 3.29 
7 a. 1.51 2.62 1.93 

It will be observed that the relative intensities 

noted in the present investigation are consistently higher 

than corresponding observations of Hagg or of Huggins and 

Frank exoept in ·the case of the seoond order. It has been 

pointed out previously (pp. 66, 57, 68) that, under all oon-

ditions, log I values for this order relative to those for 

the other orders are unsatisfactory. Evaluating this order 

as "medium" instead of ··weak" , to bring it into harmony with 

the observations of Hagg and of Huggins and Frank, however, 

does not improve the results materially, since the value of 

log I (see last column of Table XXIX) l-ies between those of 

the fourth (v.s.) and sixth (s.) orders. m1gg's estimation 

of "weak" for the fourth order is not in agreement with the 

observations of Huggins and Frank and of the present study. 

Furthermore, the anomalous log I value for the seoond order 
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is not ~proved appreoiably by the applioation of the K2S206 

parameters of Huggins and Frank or of Helwig. The oalculated 

value of log I for (0002), therefore, remains as an unsatis

faotory result in the determination of the structure of 

rubidium d1thionate. 

It appears also from the data of Table XXIX that the 

K2S206 parameters of Huggins and Frank and of He1wig lead to 

log I values for the first (v.w.) order that are too high com

pared with that of the third (w.), even if the evaluation of 

the fifth order as "medium" compared with ffzero" (nabsent") 

in the other two studies be considered as high. It may be 

noted, however, that reflections from the fifth order certainly 

occur on the present films and appear to be of stronger in

tensity than are those of the third and first orders. 

Finally, the log I value (2.62) for the seventh order 

calculated on the basis of the K2S20e parameters of Huggins 

and Frank is rather high. 

TABLE XXX 

(mODiO) I (obs.) lOB I {calc.) 
Helwig H.& F. W.{p.10O) m Hagg H.& F. !La 

3 s. s. v.s. 4.90 5.02 4.98 
6 m. m.(m.s.) s. 3.91 4.39 4.30 
8 m. 2.90 3.08 3.63 
4 v.w.(?) a. w. 1.83 1.32 3.49 
7 w. a. w. 3.56 3.05 3.42 
5 v.w. w.(a.) v.w. 3.72 3.36 3.18 
2 a. a. a. 3.59 3.30 1.74 
1 a. 2.96 2.53 2.31 
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From the data of Table XXX it is apparent that the 

application of the K2S206 parameters of Helwig and of Huggins 

and Frank lead to log I values for the fourth order of (mOmO) 

that are too low and to values of log I for the seventh, fifth 

and second orders that are too high compared particularly with 

the value for the eighth order. It may be noted that, in 

general, t~e parameters of Huggins and Frank lead to somewhat 

less objeotionab1e results for log I than do those of He1wig. 

Neither set of parameters, however, gives as satisfactory a 

series of log I values for {mamo} as that of the last column 

of Table XXX. This is particularly significant since the three 

sets of observed relative intensities shown in Table XXX are 

in satisfactory mutual agreement. 

TABLE XXXI 

(mOiiim l I {obs. l 
B! Hagg H.& F. w. Helwig 

log I (calo.) 
H.& F. W • (p .lm) 

1 s. ( -) 3.31 2.77 3.81 
2 v.w. m. 3.10 2.12 3.33 
5 m. 3.90 3.84 3.39 
3 a. v.w. 1.95 3.47 3.00 
4. v.w. a. 3.22 2.96 2.28 

In Table XXXI the values of log I calou1ated with 

the K2S206 parameters of Huggins and Frank for the first and 

second orders of (momm) are too low compared with the values 

for the fifth, third and fourth orders. Furthermore, the vahe 

for the fourth order is somewhat high. 

The K2S20S parameters of Helwlg yield log I values 
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for the fifth and fourth orders that are too high compared 

with the values for the first and second orders and the value 

for the third order (1.95) is lower than one would expect 

even for a "very weak" reflection. 

The paper of Hug.~ ins and :Frank (4) contains no da ta 

on the relative intensities of relleotions from {momm) for 

Rb2S20S • 

TABLE XXXII 

(nnn2mol I (obs. ) lOB I (calc. ) 
m Imgg H.& F. w. Helwig H.& F. W.(p_1Ql) -
1 w. (-) a. m. 3.54 3.77 3.93 
2 w. ( -) a.(v.w.) a. 3.52 3.87 3.86 
3 m. m.s.(m.) w. 4.66 4.58 4.27 
4 v.w. a. a. 3.93 3.43 3.43 
5 w. 3.52 3.44 3.52 
6 s. ( -) 3.90 3.91 4.06 

Reasons already have been given (p. 96 ) for oonsider-

ing the mutually supporting observations of relative intensities 

for t mm2mO} of Hagg and of Huggins and Frank as more reliab le 

than those of the present investigation. 

Log I values for {mm.2mo} are not wholly satisfaotory 

wi th any of the sets of parameters under oonsideration. Those· 

of the present investigation show the smallest disorepanoy 

between the sixth (8.-) and third (m.) orders. On the other 

hand, the K2S20S parameters of He1wig give the most satisfactory 

relative values for the fifth (w.), first (w.-) and second 

(w.-) orders but that for the fourth (v.w.) order is too high. 
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TABLE XXX!!I 

(mm5m) I (obs.) log I (oalo'i 
!! Hagg H.& F. w. Helwig H.&F. W. p .. 10l) 

1 s. 4.98 5.05 4.99 
2 v.w. 3.80 3.73 3.73 
3 v.w. 3.61 3.11 2.79 

The data of Table XXXIII are too meagre to warrant 

any detailed discussion. Relative log I values are reasonably 

good for eaoh of the three sets of parameters although in each 

case that for the seoond order appears to be rather high as 

does also that for the third order based on Helwig's parameters 

and that for the same order based on the parameters of Huggins 

and Frank. 

It is of interest to summarize and to discuss the 

more interesting interatomic distances in the struoture ot 

rubidium dithionate as found in the present investigation. 

The dtmensions of the dithionate ion are as follows: sulphur

to-sulphur distance, 2.091. (p.53); sulphur-ta-oxygen (in the 
o 

same 803 group), l.49f)A. (p .62); oxygen-ta-oxygen (adjacent in 
o 

the same 803 group), 2.50~. (p.73). Although the general 

structure (03-5-5-03) of this anion has not been determined 

direotly either in K2S206 or in Rb2S206, it has lent itself 

readily to placement in the unit oe11s on the basis of exist

ing oonditions of symmetry and has led to the elucidation of 

structures for whioh oaloulated intensltles of diffraotion 
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effects are in reasonably satisfaotory agreementw~th qualita

tive observations. 

In its general oharaoteristios (two rings of oxygen 

atoms at the corners of equilateral triangles joined through 

two sulphur atoms on a line through their centres), it has 

been employed by HAgg (45) in an attempt to determine the 

structure of oaesium dithionate (space group, D3i or DB, 
i.e., not isomorphous with K2S206 and Rb2S206 ). The assumed 

struoture is that which is to be expeoted on ohemioal grounds 

(44, p.54g) and it has been shown (p.54) to be in harmony with 

the results of Raman Effect studies of sodium dithionate in 

aqueous solution (34). Although the lattioe energy of the 

sulphates presumably is lower than is that of the corresponding 

dithionates, there appears to be no structural peculiarity in 

K2S206 or in Rb2S206 that would lead one to expeot the ex

per~ental faot that dlthionates in general decompose at low 

or moderate temperatures, depending on the cation, into sulphur 

dioxide and the appropriate sulphate. 

In the structure of Rb2S206 the distanoes between 

the centres of adjaoent rubidium ions is more than adequate. 

Even if u were equal to ut, the centres of rubidium ions 
o 

would be separated by 0.5 Co = 3.1751. and the ionic diameter 

of Rb+ is approximately 3.041. ( 10, p.192 ). 

Minimum rubidium-to-oxygen distances already have 

been disoussed at some length (see p. 79 et seg.) and evidence 



-113-

has been presented to justify relative positions ot rubidium 

ions and oxygen atoms leading to a minimum rubidium-to-oxygen 

distance of 2.771. As pointed out previously, this value is 

lower than that of 2.861. to be expected on the basis of known 

potassium-ta-oxygen distances and known differences between 

the atomio domains of rubidium and of potassium (see pp. 79,80). 

With values of u and u' established ~s 0.375 and 0.712, re-

speotlve1y, rubidium-ta-oxygen distanoes can be inoreased only 

by diminishing the value of R' (see p. 73 and Figure 19A, p.73A). 

This may be effected either by increasing the height of the 

303 pyramid (r = (R/3) = (h/4), see p. 63 and Figure 15, p. 62A) 

and retaining the original sulphur-ta-oxygen distanoe or by 

decreasing the sulphur-ta-oxygen distance and retaining the 

original height of the S03 pyramid. Since possible variations 

of the distance between a sulphur atom and the nearest plane of 

oxygen atoms has been examined (pp. 67, 58, 69) and it has 

been shown that the most acceptable value probably is close 
o 

to 0.0600 = 0.38LA. the second alternative alone need be con-

sidered at this point. 

In either case, of course, when the distance between 

adjacent oxygen atoms of the same 303 group is diminished, the 

distance between the rubidium ions and the nearest oxygen atom 

of the dithionate ions at the corners of the oell and the 

shorter distanoe between a rubidium ion and the neares~ oxygen 
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atom of the dithionate ion wi thin th.e cell are increased. 

If no change in the height of the 803 pyramid be made t the 

sulphur-to-oxygen distance must be diminished. The follow

ing Table XXXIV shows the magnitude of these changes when 

the value -of Rt is reduced from 1.4461. (p. 73) 
0 

to 1.40A. 

and to 1.301., respectively. 

TABLE XXXIV 

Rt O--to-o- + - + -Rb -to-Q Rb -to-O ++ -S -to-O 
( corner) ( inside) 

1.44£1 2.5041~ 2.771. 
0 

2.86A. 1.49t.. 
1.40 • 2.42¥." 2.811. 2.881. 1.45 . 
1.301. 2.25 • 2.861. 2.901. 1.351. 

Although Rt = 1.30 leads to the best rubidium-to-

oxygen d:stances, the distance between adjaoent oxygen atoms 

(2.251.) almost certainly is too gmall for 01- on the basis 

of diameters of 1.201. for 0°,2.701. for 02 - and 2.661. for 

( OH ) - ( 10, p. 192). 

In the following Table XXXV, values of log I for 

{mamO}, (mommJ, tmmZ:ffiO) and {mm2ffim) calculated on the basis 

of Rt = 1.40 are compared with previously given values for 

Rt = 1.446. For the calculations involv~g Rt = 1.40, the 

final values of this thesis (Table XXVIII, p. 103) for all 

parameters except X t Yt x', yt, x", y" have been employed. 

On changing R' from 1.446 to 1.40 the coordinates x and y 

(defining the positions of the oxygen atoms of the dithionate 
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ions at the co"rners of the cell) have been altered to maL"'1tain 

equal distanoes from the rubidium ions (uuO; ut, u', 1/2) to 

these oxygen atoms. The oxygen atoms of the d1thionate ions 

within the cell (the positions of which are defined by x', y' 

and x", ytt) have been maintained in the same angular positlms 

around the vertical axes as for R = 1.446, new values of x', 

y' and of x", y", therefore, arising from their movement to-

wards the ax is (SI of Figure 25 Jp. e~;.8.. or 0 of Figure 19A J 

p. ?3A) due to the lower value of Rt. 

TABLE XXXV 

R' = 1.446 Rt = 1.40 
x = 0.160 x = 0.155 
Y = 0.120 Y = 0.120 
x' = 0.532 x' = 0. 536 
y' = 0.349 y' = 0.349 
x" = 0.509 x" = 0. 515 
y" = 0.209 y" = 0.212 

{mamO} I lOB I (calc. ) (mOliiml I lOB I {c al c • l 
m (obs. ) R' = 1.446 1.40 m ( oba • ) lit = 1.446 1.40 -
3 v.s. 4.98 4.99 1 s. ( -) 3.81 3.89 
6 s. 4.30 4.29 2 m. 3.33 3.57 
8 m. 3.63 3.64 5 m. 3.39 3.28 
4: w. 3.49 3.49 3 v.w. 3.00 2.93 
7 w. 3.42 3.46 4 a. 2.28 2.58 
5 v.w. 3.18 3.24 
2 a. 1.74 1.86 
1 2.31 2.28 

{lIllllmiiO} I log I ~ oalo.l (mm'-lnm) I loS I (oalc .l 
1.446 1.40 ( ob8. ) lit 1.445 1.40 !!! (obs.) .H' c !! = 

1 w. (-) 3.93 4.10 1 s. 4.99 4.99 
2 w. (-) 3.86 3.76 2 v.w. 3.73 3.81 
3 m. 4.27 4.24 3 v.w. 2.79 2.51 
4 v.w. 3.43 3.33 
5 ? w. 3.52 3.44 
6 ? s.(-) 4.06 4.05 
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A detailed examination of the data presented in 

Table XXXV shows that although Rt = 1.40 leads to slightly 

better results for {memo} in that the values of log I for the 

fourth and seventh orders are more nearly the same, the re

sults oalculated with R' = 1.446 for {mOmm] are deoidedly better 

(compare the seoond and fifth orders) and those for {mm2ffioJ 
(oompare the first and sixth orders) and for { 1llIll2iim} (compare 

the second and third orders) are slightly better than corres

ponding results caloulated for Rt = 1.40. 

Hence, on the basis of the present qualitative 

evidence, there seems to be no valid reason for appreciably 

deoreasing the value of R' (and thus reducing the sulphur-to

oxygen and oxygen-to-oxygen distanoes) in spite of the fact 

that such a procedure would lead to a somewhat larger minimum 

rubidium-to-oxygen distanoe than 2.771. 

The usefulness and importance of interatomic distanoes 

as a guide in the elucidation of a structure with many un

detenmined parameters has been amply illustrated throughout the 

present study of the struoture of rubidium dithionate. For 

example, without the restriotions regarding a min~um rubidium

to-oxygen distanoe utilized in the diagram showing permissible 

and prohibited ranges for values of x', yt, and x", y" (Figure 

25. p. S8A), evaluation of these parameters would have been 

still more unoertain than aotually proved to be the case. 

This is evident from the data of ~able XXXVI where log I values 
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for t momo) , based on a few combinat ions of' x, y, x', y', 

x", y" selected from calculations incidental to the work 

of this thesis but discarded as leading to rubldlum-to

oxygen distances less than 2.771., are presented. Values 

of parameters not shown in Table XXXVI are those of Table 

XXVIII (p. 103). The last column, for comparison, contains 

the log I values already given for the complete set of para

meters finally adopted (Table XXVIII). 

TABLE XXXVI 

{momo} I lOB I (calculated} 
Y! (obs .1 x = 0.144 0.161 0.167 0.160 0.160 -Z= 0.144 0.118 0.083 0.120 0.120 

x'= 0.823 0.823 0.832 0.553 0.532 
Z' = 0.460 0.460 0.426 0.172 0.349 
x"= 0.722 0.722 0.760 0.506 0.509 

z"= 0.225 0.225 0.262 0.219 0.209 

3 v.s. 4.96 4.96 4.94 4.96 4.98 
6 s. 4.1'7 4.18 3.83 4.17 4.30 
8 m. 3.82 3.75 3.67 3.68 3.63 
4 w. 3.63 3.55 3.33 3.30 3.49 
7 w. 3.68 3.47 3.52 3.60 3.42 
5 v.w. 3.09 3.35 3.23 3.13 3.18 
2 a. 1.91 1.72 2.35 2.52 1.74 

Anyone of the first four series, but particularly 

the first, would be satisfaotory if no minimum limit were 

assumed for rubidium-to-oxygen distances. Without gOing into 

unnecessary details, however, it may be noted that calculated 

distances between rubidium and oxygen atoms for eaoh of the 

first four sets of parameters in Table XXXVI show at least 

one such distance in each structure that is considerably lower 

than 2.771. 
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The general character of the structure of rubidium 

dithionate as shown in Figure 25 is that of an almost close

packed assemblage of positive rubidium ions cemented togeth~ 

by negatively charged dithionate ions. In the main, relative 

atomic positions are reasonable on the assumption of mutual 

compensation between electrostatic attractions and repulsions 

among the three kinds of ions (Rb+, S++, 0-) involved. It will 

be observed in Figure 26 that the oxygen atoms of the dlthionate 

ions within the cell are very nearly close-packed whereas those 

of the dithionate ions at the corners of the cell are not. It 

has already been shown that the latter circumstance arises from 

the fact that the distances between rubidium ions at heights 0 

{or l)and 1/2, respectively, and the nearest oxygen atoms of 

this ion are equal to each other. The distances between 

rubidium ions and nearest oxygen atoms of the dithionate ions 

within the cell also are approximately equal to one another 

(cir. 2.891.), the different relative positions of the ions 

within the cell compared with those at the corners thus per

mitting an approximately close-paoked arrangement of oxygen 

atoms in the former case. 

In conclusion it may be stated that the final para-

meters for rubidium dithionate given in Table XXVIII probab~ 

represent as close an approximation to the true values as it 

is possible to obtain with a purely qualitative treatment of 

relative intensities. In view of the conflicting results of 

Huggins and Frank and of Helwig for potassium dithionate and 
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the data presented in this thesis for rubidium dithionate 

it is obvious that any further work on the structures of 

these two substances should be undertaken only with adequate 

equipment for exact quantitative treatment of intensities. 

It has already been mentioned (p. 45) that such equipment 

was not available for the present investigation. 



-120-

APPENDIX TO SECTION II 

THE FECRNER LAW 

"The sensation varies as the logarithm of the excitation." 

The Fechner Law is the integral form of the experi

mental observations of Bouguer on which photometric methods 

are based. 

Bouguer observed that if an intensity, I, is just 

distinguishable visually from another intensity, I +AI, then 

(Ilr)/I ~ 1/100. If{AI)/I = 1/100 be considered as a measure 

of what may be called the "quantum" or "grain" of sensation 

that is just perceptible and if only medium intensities and 

spots of about the same size (conditions that are fulfilled 

in the present instance) be involved, Bouguer's relation holds 

and is independent of the first intensity (46, p.1447). 

Let two intensities, the ~th and (n+l)th, in a series 

be just distinguishable fram each other and thus differ by a 

"quantum" or "graln~ of sensation, s. Then 

for any value of ~. 

By integration, since 

In+l - In = ~ In' 

I = Kecs , 

or, loge l = os + logeK, 

where 0 is a variable increasing by whole numbers (1,2,3, ••• ) 

and ~ = 1/106 = a constant. 
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Thus the intensities must increase exponentially 

in order to create Bnpressions corresponding to sucoessive 

whole numbers. 

Curves giving the variation of contrast sensitivity 

with field brightness (47, p.192) show that the former is a 

constant in the usual brightness range involved in the examma

tion of photographio films by transmitted light. Thus, between 

100 candles/(metre)2 and 10,000 oandles/(metre)2, LlB/B is a 

constant and the visual sensation function is a straight line 

when the abscissae are logarithmio, i.e., "the sensation varies 

directly as the logarithm of the stimulus over the useful 

range of field brightness." 



-122-

SECTION III 

TWINNING IN POTASSIUM AND 

RUBIDIaM DITHIONATES 
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~ODUCTION TO SECTION III 

As mentioned in the Introduotion to Section 11, 

Hagg's paper on potassium and rubidium dithlonates (5) is 

of partioular interest because it Is probable that his crystal 

of rubidium dithionate was twinned. In conneotion with the 

Laue diagrams whioh he obtained from the two dithionates, 

HAgg says, "Bezttglioh der Symmetrie der Lauephotogramme 1st 

es bemerkenswert, dass w!hrend die Photogramme von K2S20S die 

Lauesymmetrie D3d deutlich zeigen, die Photogramme von Rb2S206 

belnahe die Lauesymmetrle DSh besitzen.H Regarding photo-

graphs taken with the beam along the ~ and ~ axes, respectively, 

of crystals of K2Sa06 and of Rb2S206, respeotively, "dort sieht 

man wle bei RbaS206 eine Sy.mmetrie niedriger als Doh nur ~ 

Photogramm entlang der zweiz!hllgen Achse aber nicht mehr ~ 

Photogramm entlang der trigonalen Achse wahrgenommen werden kann.ft 

(5, p.267). As a matter of fact a close examination of H!gg's 

Figure 1d. (5, p. 265) shows that, insofar as relative positions 

of spots only are conoerned, the symmetry is that of Figure 2E 
h of this thesis .(p. lOA), i.e., Do. Only when the relative in-

tensities of the diffraction spots are considered does the 
d 

centre appear solely as the trace of a two-fold axis (i.e., D3). 

HAgg apparently was aware of the possibility of twin 

formation because he states that, "Die L~sungen wurden bei 850 

abgedampft um die Zwillingsbildung zu vermeiden, die nach Fock 
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unterhalb etwa 70° sehr ausgepr!gt wird." (5, p.266). The 

reference to Fock is not very convincing beeause Fock's 

statement (23, 24) was snnply that he obtained ~ trigonal 

crystal of KaS20 S by evaporation between 70°0. and 80°0. 

whereas at lower temperatures only hexagonal crystals were ob

served. It may be mentioned that Wyrouboft (23), who cites 

Fock's work, cla~s to have been unable to obtain trigonal 

orystals. 

Hagg suggests two alternative explanations tor the 

alleged fact that, although crystals of K2S20S clearly show 

the Laue symmetry of Dg. the Laue symmetry of Bb2S20e is 

"nearlyH that ot DR. According to Hagg, "Entweder besitzt in 

beiden Salzen das Metallatomgitter die Lauesymmetrie DSh, die 

dann zu ftberwiegen beginnt wenn die Metallatome schwerer 

werden, ·oder der ~bergang von Kalium- zu Rubidiumatomen 1st 

von einer ParameterAnderung begle1tet, die eine Annaherung 

an hehere Symmetrie verursacht." (5, p. 267). 

Experience in this laboratory has shown that the 

tendency to twin formation at ordinary temperatures is very 

much more pronounced in rubidium dithionate than it is in the 

potassium salt. During the determination of the space group 

ot K2S206, Helwig (I) encountered no crystals of that salt 

possessing pseudo-hexagonal Laue symmetry although Hankel and 

Lindenberg (48) elsewhere have concluded fram piezo-electrical 

studies that K2S206 orystals usually are twins. 
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In preparing crystal s of rubidium dithionate for 

the structure investigation described in Seotion II of the 

present thesis, evaporation was allowed to proceed always 

at room temperature. Although most ot the specimens showed 

pseudo-hexagonal Laue symmetry, a few were obtained clearly 

showing the Laue symmetry of Dg both with respect to the re

lative intensities of equivalent spots on the photographs and 

to their geometrical arrangement around the spot due to the 

undiffracted beam. The proportion of such trigonal orystals 

as compared with those giving pseudo-hexagonal photographs, 

s~ilar to Bagg's reproductions, appeared to increase with 

the number of reerystallizations.. Attempts to prepare twinned 

crystals of K2SaOS, on the other hand, led to the identification 

of only one' spec~en showing pseudo-hexagonal Laue symmetry. 

This experience tends to invalidate Hagg's tacit 

assumption that his crystal of Rb2S206 was not twinned because 

it was grown at a certain temperature. 

Having obtained trigonal and pseudo-hexagonal crystals 

of both K2S206 and Rb2S20S, the investigation of the nature of 

the twinning in these substances was undertaken. For future 

reference it may be noted that the hexagonal symmetry of the 

Laue diagrams of the twinned crystals is exhibited only by the 

geometrioal position of apparently equivalent points and not 

by their relative intensities. In this thesis, therefore, 

the prefix "pseudo" is employed to indicate this fact as, for 
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example, in the terms "pseudo-hexagonal" and ffplanes of 

pseudo-symmetry.-

As will be mentioned later, the trigonal and pseudo

hexagonal crystals of KaSa06 and of Rb2S20S available for this 

investigation were too ~perfect from a crystallographic point 

of view to permit formal study of the twinning with an optical 

goniometer. It was of interest, therefore, to examine the 

adequacy of X-ray methods for this purpose. 

X-BAY INVESTIGATION AND RESULTS 

Laue photographs were taken of trigonal and pseudo

hexagonal crystals of K2S20S using tungsten radiation and with 

the beam along ~, band £ axes, respectively. Corresponding 

pictures were obtained of trigonal and pseudo-hexagonal 

crystals of Rb2S20S with molybdenum radiation. The photographs 

are reproduced in Figures 27 to 38, inclusive. In the case of 

the potassium dithionate the plate-holder was given a vertical 

shift of about 2 cms. in a direction normal to the X-ray beam 

in order to increase the range of diffraction angles available 

for examination. 

The photographs were analyzed by means of gnomonic 

projections. Outlines of these projections are shown in 

Figures 39 to 44, inclusive, in which only those spots of 

interest in the twinning question are shown. 

In these Figures the black circles indieate the 
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FIGURE 29 
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FIGURE 30 

Pseudo-hexagonal K2S20S 

Beam along .!! axis 

b c+ 
b 



o 

• 
, 

-1270-

• 
. . . ... . • 

• , . . 
• 

, 

• 

. , , . . 
, .. 

• . 
. . . ... . 

.. . 

FIGURE 31 

Beam along ~ axis 

c+ c 
a 
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FIGURE 33 

Beam along ~ axis 
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FIGURE 34 

Pseudo-hexagonal Rb2S20S 
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Trigonal Rb2S206 
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FIGURE 36 

Pseudo-hexagonal Rb2S206 

Beam along ~ axis 

b 0+0 
b 

0 



o 

\ . 

-127F-

• • 
, " .. 

# , 

• 

FIGURE 37 
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projections of planes absent in the twins but present in the 

single crystals, while the open circles indicate the pro

jections of corresponding planes present in the twins and in the 

single crystals in order to emphasize the appearance of the 

plane of pseudo-symmetry that appears in Laue diagrams of the 

twins. These latter points have been am'1tted, however, from 

the projeotions of photographs taken with the beam along the 

~ axis in order to reduce the number of spots in the 'igures 

and thus avoid confusion. The open circles enclosing the 

letter S and the asterisks (~) indicate the prOjections of 

planes represented on the Laue diagrams by spots of stronger 

intensity in photographs of the twins than in those of the 

single orystals and of weaker intensity in photographs of the 

twins than in those of the single crystals, respeotively. In 

eaoh Figure the scale of the crystal-to-plate distance in terms 

of that of the prOjection net is indioated and 1s identified 

by the letter d. The shaded areas represent the areas of the 

~, ~ and ~ planes of the unit cells in the appropriate pro-

jeotions. 

About 3000 pOints were dealt with in the case of 

K2S20a and indexing was relatively easy due to the large number 

of zones interseoting in each of the pOints of s~ple indices. 

Fewer spots were available in the diagrams of Rb2S20& for the 

following reasons: molybdenum instead of tungsten radiation 

was employed; the crystal of RbaS20S was somewhat larger than 
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that of K2S206, thus involving greater absorption of diffraoted 

rays; no shift of the plate-holder was made in the case at 

Rb2S206; with the beam along the ~ axis, the direotions of the 

~ and ~ axes relative to the long and short edges of the photo

graphic plate inadvertently were interchanged for the single 

orystal and the twin, respectively, so that only those areas 

of the plates governed by the shorter d~ension were available 

for comparison. As will be seen from an examination of Tables 

I to XVIII and Figures 39 to 44, however, the number of 

diffraction spots examined was more than adequate for the 

purpose desired. 

The following series of Tables I to XVIII, inclusive, 

and Figures 38 to 44, inclusive, summarize the results obtained. 

In the Tables are given the indices of planes corresponding to 

points on the gnomonic projeotions that are (a) present on that 

of the twin but absent from that of the single crystal, (b) of 

stronger intensity in that of the twin than in that of the 

single crystal, (cl of weaker intensity in that of the twin 

than in that of the single crystal, for K2S20S with the beam 

along the ~ (Tables I,ll, Ill), ~ (Tables IV, V, VI) and ~ 

(Tables VII, VIII, IX) axes, respeotively. Tables I, 11, III 

are summarized in Figure 39, Tables IV, V, VI in Figure 40 and 

Tables VII, VIII, IX in Figure 41, respectively. Tables X to 

XVIII, inclusive, and Figures 42 to 44, inclusive, present 

corresponding data for Bb2S206. It should be noted that only 
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those planes about whioh no doubt existed are inoluded in 

these Tables and Figures. 

An interesting feature of these data is that very 

few planes of the same indioes appear in corresponding 

Tables for K2S206 and for Bb2S206' respectively. 
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TABLE I 

K2Sa06. c axis. Present in Twin. Absent in Single Orystal. 

(~071) (6713) (76,13L3) (95,14,3) 
(Q771) (1763) (7,1§,§3) (5,I4~93) 
(7701) (7163) (13L§,73) (~,593) 

(7613) (2,13,7,3) (!!,953) 
(Sl?1) 
(S7!1) 
(7181) 
(1871) 
(f781) 
("-Sfl) 

(65 I.f,2) 
(~:f:f ,62) 
(1~, 6,J,.52) 
(11,562) 
(56,11~2) 
(S,11,52) 

(7072 ) 
(07'12 ) 
(7702 ) 

(6i73) (~7,13t3) (§9,1&~3) 
(1673) (l3,763} (9,14,53) 

(7073 ) 
(7703) 
(0773) 

(73,rn,3) 
( 10.J:1f3 ) 
(3 10,73) 
l3~,10,3) rrn, '133) 
(f ,10,33) 

(0,iO,10,3) 
(!,Q,0,iO,3) 
(10,10,03) 

(49,l3J,.3) 
(4,13,,.93 ) 
(13 g43) 
(9

t
li,43) 

(O" ,13,3) 
(I3',493) 

(S8,i4,3) 
(14 863) 
(8,J,.:f:i, 63 ) 
(85,14,3) 
(f4,683) 
(6,14,83) 

(- !'a.lO, 94) 
(19,10

t
4) 

(!&.10, 4) 
(~o,914) 
(10,ff4) 
(91,rn,4) 
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TABLE 11 

K2S206· c axis. Stronger in Twin than in Single Crystal. 

(0441 ) (2572) (9453) (IT 923) 
(4041) (4§'53) (2~tt,93) 
(4401) (~352) (9543) (2 ,11,3) 

(~852 ) (4593) 
(~601) (5832 ) (5943) (10,193) 
(6061) (8532) 

(~i2,83) 
(2i ,10,3) 

(O~61 ) (5382) (1,10,93) 

(2641) (1892) 
(- ,12,3) (9,~t13) 
(i2,84§) (10,9 3) 

(4~21) (9si2) (8,12.143 ) 
(4261) (8912) (12,483) (10 643) 
(<<241) (i982) (6,rn,43) 
~6i~1) 

('7,lL52) 
(§S15) ~~lO,63) 

2461) (!§93) __ ,463) 
(2.2,12,2 ) 

(i,ii,12,3) 
(64,10,3) 

(0001) (12,752) 
(I2,2,10,3) (0881) 

('1293) 
(1,12,11,3) 
(11,1,I2,3) (iO,L12,3) 

(5,12,71) (9273) 
(11,293) 

~lO,12,~3) 
(9'7!3) 12,ro,23) 

(18"2) (7§23) (§,1123) 

TABLE III 

K2S206. c axis. Weaker in Twin than in Single Orysta1. 

(2i31) (9453) 
(3121) (5493) 
(3211) 

(1673) 
(~461 ) (1763 ) 

(4401) (9723) 
( 7923) 

(7'01) (2g73) 
('1073) (2'193) 

('1«,13,3) (1 ... iO,93) 

(4«,10,3) 
(I9ffiO,3) 
(7, ,53) 

(7253) (9,rQ,14) 
(10,914) 



o 

o 

i 
/ 

;" 

\ 
\ 

\ 

\ 
\ 

\ 
\ VJ 

\ 

!..Il 

(j) 

"'132A-

• 

(j) 

(j) • • / 

/ 
(j) l. 

! 
/ 

/ 
/ 

/ 

I.(j) 

/ 
I 

/ 
/ 

• 

• 

IJ) 

/ 

/ 
/ 

I 

~IJ) 

/ 

/ 
/ 

\ 

i 

\ 

\ 

/ 

/ 

• 



TABLE IV 

K2S206. a axis. 
Present in Twin. 

Absent in Single Crystal. 

(l!oi) (3585) 
(lOi4) (3855) 

(3584) (4375) 
(3854) (4735) 

(3i25) (12,Z§,ll) 
(32i5) (l2,57,17) 

TABLE V 

TABLE VI 

K2Sa06. a axis. 
Weaker in Twin 

than in Single Crystal. 

(1211) 

(4481) 

(3962) 

(2113) 

(32i4) 

(4405l 

(12,75,14) 

KaS206. a axis. . Stronger in Twin than in Single Crystal. 

(3061) (3473) (32ii) (3526) 
(3473) (3f!4) (532g) 

(4,lA,lO,i) (4373) (1324) (5236 ) 

(57,i2,i) (1343) (4405) (5385 ) 
(1433) 

(3362) (2135) (5506) 
(3362) (10i3) (5056 ) 

(lio3) (3146) 
(4156) (45§!) (4136) 

(24~3) (1436) 
(73 ,iQ,6) (297~) (3416) 

(2133) (43I6) 
(538,10) (2532) 

(5496) (45§3) 
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TABLE VII TABLE VIII 

KaS206. b axis. K2S206. b axis. 
Present in Twin. Stro~er in Twin 

Absent in Single Crystal. than in lngle Crystal. 

(6241) (6~41) (2028) 
(642f) (6421) (2205) 

(~,48t) (6IB2) (34i5) 
(12,841) 

(10,732) 
(3145) 

(6243) (5506 ) 
(6423) (01i3) (5056 ) 

(9!'73) (7i63) (2356) 
(9'723) 

(6153 ) 
(2536) 
(3526) 

(!,Q,373) (5613) (3256) 
(10,733) 

(6243) (1436) 
(0114) 

(6514) 
(1346) 

(0225) (56i6l (231:4) (5161 
(2135) (2134) 

(1436) (23i5) 
(2425) (134~) 

(0338 ) 
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TABLE IX 

K2S206. b axis. Weaker in Twin than in Single Crystal. 

(8261) (0334) 

(51ii) (2134) 
(2314) 

(1122) (1324) 

(5322) 
(1234) 

(3144) 
(5ii2) (3414) 

(4312) (3524) 
(4i32) 

(3255) 
(2o§3 ) (352~) 
(0223) 

(i3~5) (2203) 
(1235) 

(2313) 
(2133) (6825) 

(!4:iS) (34!5) 

·(415!) (45i5) 

(50BS) ( 022!) 
(5503) 

(5725) 
«(243) 

(255i) 
(10,913) (2356) 

(3256 ) 
( "'103) (3525 ) 

( 56i3) (1346) 
(i436) 

(7163) 
(7513) (§,13,5,iO) 
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TABLE X 

RbaS206. c axis. 
Present in Twin. 

Absent in Single Crystal 

(8803 ) 
(0883) 
(8083) 

('1923) 
(9723) 
(2973) 
(2793) 
(92'73) 
(7293 ) 

(7,~.&.33) 
(:\.Ot?33) 

TABLE XI 

RDaS206. 0 a:xis. 
stronger in Twin 

than in Single Crystal 

(6sil) 
(5«11) 
(5161) 
(Si51) 
(io51) 
(lM1) 
(5611 ) 
(&'511) 
(6"151) 
(Bi61) 
(I~61) 
(18"51) 

(7702) 
(07'2) 
(7072) 

(5492) 
(4592) 
(4952) 
(5942) 
(9452) 
(§542) 
(5492) 
(4592) 
(4952) 
(5942) 
(9452) 
(9542) 

(7612 ) 
(67ia) 
(1 ;62) 
(i6'12) 
(7i62) 
(6172) 

TABLE XII 

Rb2Sa06. 0 axis. 
Weaker in '!'win 

than in Sinsle Crystal. 

(4401) 
(0441 ) 
(i041) 

(7701) 
(0771) 
(;071) 

(1431) 
(1341) 
(4311) 
(34il) 
(3141) 
(4131) 

(7072) 
(7'102 ) 
(0;;72) 

(Q502) 
(5052) 
(05S2) 

(5612) 
(65i2) 
(fS52) 
(1562) 
(6152) 
(5i6s) 

(1652) 
(i562) 
(6512) 
(5612) 
(5162) 
(6152) 
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TABLE XIII 

Rb2S206. a axis. 
Present in TWin. 

-137" 

Absent in Single Crystal. 

(123i) 
(1321) 

(10i3) 
(lI03) 

(2643) 
(2463) 

(2Q23) 
(2205) 

TABLE XV 

TABLE XIV 

Rb2S206. a axis. 
Stronger in TWin 

than in Single Crystal. 

(134i) 
(1431) 

(1232) 
(1322) 

(3473) 
(3743) 

Rb2S206. a axis. Weaker in Twin than in Single Crystal. 

(35aO) (2353) 
(3~50) (2533) 

(2351) (3743) 
(253I) (3473 ) 
(235I) 

(2134) (2531) 

(4952) 
(2314) 

(4592) (6,rL55) 

(1213) 
(65~1,5) 
(6,lL5§) 

(1123) (65,11,5) 
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TABLE XVI 

RbaSa06. b axis. 
Present in Twin. 

Absent in Single Crystal. 

(9!'11) 
(9721 ) 

(5144) 
(5414) 

(10,281) 
(ilJ;~e21 ) 

(7164) 
(7614 ) 

(9§72 ) 
(§72a) 

(38,7,31,4) 
(38,31,74) 

(10i3) (O225) 
(1103) 

(8195) 
(4133) (8915) 
(4313) 

(1457) 
(Si54) (i5i7 ) 
(6514) 

TABLE XVII 

TABLE XVIII 

RbaSa06. b axis. 
Weaker in Twin 

than in Single Orysta1. 

(8350) 
(8530) 

(3145) 
(3415) 

(8351) 
(8351) 

(6285) 
(6825) 

(8531) 
(3256) (S53I) 
(3526) 

(Oli2) 
(123,10) 

(4i34) (132,10) 
(4314) 

BbaSa06- b axis. Stronger in Twin than in Single Crystal. 

('1160) (si51) (5053 ) (3034) 
(7610) (6511) (5503) (3304) 

(6150) (7161) (2023 ) (1235) 
(<<510) ("611) (2a03) (i325) 

(Sf70) (725i) (1124) (2356) 
(8'110) (75ai) (I214) (2536) 

(4rS1) (3122) (3034) (4377) 
(4311) (3212) (3304 ) (4'13'1) 

(5141) (O113) (2134) 
(5411) (231i) 
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INTERPRETATION OF LAUE DIAGRAMS 

An examination of ~ables I to XVIII and Figures 39 

to 44 suggests that the twinned crystals are derived from 

the single crystal by a rotation of 60· (or 180°) about the 

~ axis in K2S206 and in Rb2S206, respectively. !he pseudo

hexagonal (twinned) spec~ens, therefore, appear to be due 

to the interpenetration of two single trigonal crystals having 

their ~ axes in common but otherwise biseoting each other. 

Sinoe the gnomonic projeotions of the ~ axis Laue diagrams do 

not distinguish planes of the form tBK.LJ fram those of the 

form {HK.L } no distinction can be made on the basis of these 

projections alone between an ordinary rotation of 60° (or 180°) 

and a two-fold axis of rotary-refleotion. 

Turning now to the ~ axis Laue diagrams (Tables IV 

and XIII, Figures 40 and 43) it will be seen that all the points 

added by twinning appear in pair.s across the oentre as the 

trace of a two-fold axis perpendicular to the diagram. These 

points may be considered as due to planes introduoed by the 

reflection of corresponding planes in the single crystal across 

the ~ or ~ planes acting as planes of pseudo-symmetry. 

From the ~ axis Laue diagrams it appears that, of the 

points added by twinning, some are in the trace of the ~ plane 

(which is a plane of symmetry in the single crystal) and others 

appear in pairs, one on each side of the trace of the ~ plane, 
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so that they may be considered as due to a reflection of corres

ponding planes in the single crystal across the ~ planes acting 

as planes of pseudo-symmetry. 

Thus, in the Laue diagrams of the twins, the ~ and 

~ planes appear as planes of pseudo-symmetry in addition to the 

nor.mal plane of symmetry bc. 

This result is sufficient to show that in twinning the 

~ axis appears to act as an axis of simple rotation and not as 

one of rotary-reflect:ion, 9tS will be clear from the following 

argument. 

Consider first the effect of a simple rotation of 60° 

about the ~ axis on the trigonal space group D~, the Laue 

symmetry elements·of which are those of Dg (see Figure 45A). 

A 60° rotation about the ~ axis of the points on the stereo

graphic projection of ng and superposition on the original 

diagram is identioal with D~ since the basal (.!!!) plane and the 

~ planes thereby appear as planes of symmetry as in Figure 450. 

It may be noted that the same result is obtained by a rotation 

of the points of Figure 45A about one of the b axes (at 30° to 

the ~ axes) and superposition on the original diagram. From 

the point of view of Laue photographs, Figures 45A and 450 may 

be simplified as in Figures 45B and 45D, respectively, sinoe 
I 

X-ray methods are unable to dist.inguish the planes (HK.L) and 

(HK.L) one from the other. Thus the points ~ and ~ in 

Figures 45A and 450 appear as a single spot (corresponding to 
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~) in a Laue photograph. FurtheDnore, it is cle~r from 

Figure 46 that a rotation of 60° about the ~ axis is equi

valent to one of 180° (1.e., 60° + 120°) when this axis is 

one of three-fold symmetry. 

In order to visualize more easily the effects of a 

simple rotation of 1800 and of a rotary-reflection, respeotively, 

on the Laue symmetry of ng, a triangular pyramid of the 18th. 

(D3) class (13, v.l, p.35l) may be employed. Such a model was 

constructed of cardboard and a long pin was used to fix it 

about the £ axis while other pins indicated normals to the 

faces. The indices of the faces of such a right pyramid (see 

Figure 47) are 

1. (2131) , i.e., (241) in trirectangular coordinates, 

2. (1231) , 1.e. , (151) in trireotangular ooordinates, 

3. (ilOl) , i,e" (ill) in trireotangular Qoordinates. 

Twinning due to a simple rotation of 1800 (see 

Figure 47) would add the planes 

1 t • (1231) , i.e. , (151) in trirectangular coordinates, 

2'. (2i31) , i,e., (241) in trireetangular coordinates, 

3'. (1101) , i.e. , (111) in trirectangu1ar coordinates. 

S~ilar1y, the faces of the corresponding lef~ 

pyr~id have the indices (3I21), (3211), (Oill), to whioh 

twinning due to a rotation of 1800 would add (3121), (32il) 

and (0111). 

But, since X-ray methods oannot distinguish directly 
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between left- and right-handed crystals, only the right 

pyramid need be oonsidered. 

Diffraction spots due to planes of the right pyramid 

are represented in Figure 48 by points on schematic ~ and ~ 

axis gnomonic projections in the quadrants specified below, 

where 1 = lower, u = upper, L = left, R = right. The indices 

of the planes are recorded also in terms of trirectangular 

coordinates which may be determined directly from Figure 48. 

~ Plane a axis b axis 

1 (2131) 1L,(12,1/2)=(24l) 18,(1/2,1,1/4)=(241) 

2 (1231) uL, (iS1) uB,(l/5,1,l/5)=(15i) 

3 (1101) uB, (111) lL, (ill) 

The planes added by twinning due to a sbnple rotatiaa 

of 600 (or 180°) about the ~ axis, their positions in Figure 48 

and their orthohexagona1 indices are as follows. 

~ Plane a axis b axis 

l' (1231) 1L, (151) 1R,(1/5,l,l/5)=(151) 

2' (2i31) uL,(i2,l/2)=(241) uR,(1/2,l,1!4)=(24l) 

3' (liol) lB, (ill) uL, (ill) 

Thus, in Laue diagrams of D~ (in which the .! axes 

are two-fold axes and the B2 planes appe~r as planes of symmetry 

(ng)) twinning due to a 60° (or 180°) rotation about the c 

axis introduces points that make the !£ and ~ planes appear 

as planes of pseudo-symmetry (nR) at least insofar as relative 

positions of apparently equivalent points are concerned. This 
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is clear from Figure 49 where the points corresponding to 

1,2,3,1',2',3' and due to the operation of the two-fold 

(~) axis and the apparent (~) plane of symmetry are shown. 

Figures 48 and 49 may be compared directly with 

Figures 40, 41, 43, 44 if the schematic diagrams with the beam 

along the ~ axis in Figures 48 and 49 first be turned counterclock

wise through 90°. It will be observed that the same type ot 

symmetry is exhibited by the schematic diagrams and the oorres

ponding gnomonic projections. Thus the Laue diagrams of the 

pseudo-hexagonal K2S20S and Bb2S206 possess the pseudo-symmetry 

to be expected on the assumption of a simple rotation of 60· 

(or 180°) about the ~ axis. 

The same method of analysis may be employed to show 

that the assumption of a rotary~ref1ection is not consistent 

with the observed facts. 

The effect on the same model of a right pyramid of 

a rotation through 1800 about the ~ axis, followed by a ref

leotion, is represented in Figure 50. Twinning of this kind 

would add the following planes to those previously listed as 

1, 2, 3. 

1" • (123i) , i.e. , (151) in trirectangular coordinates, 

2" • (llOi), i.a. , (Ill) in trirectangular coordinates, 

3" • (2i3i) , i.e. , (24f) in trireotangular coordinates. 

With the same conventions as before, these planes 

would be represented on the gnomonic projections of ~ and b 
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axis diagrams by the points designated below. 

1 

2 

3 

a axis 

1L, (12,1/2 )=(241) 

uL, (i51) 

uB, (li1) 

uL,(151) 

uR, (1ii) 

1L,(12,1/2)=(241) 

Thus, in both cases, 

1 ;; 3 ft 

2 !! 1" 

3 - 2ft 

b axis 

1B,(1/2,1,1/4)=(241) 

uR,(1/5,1,1/5)=(15i) 

1L, (ill) 

uR,(1/5,1,1/5)=(15i) 

lL, (ill) 

18,(1/2,1,1/4)=(241) 

so that spots are B21 introduced in previously unoccupied posi

tions by a twinning due to a two-fold axis of rotary-reflection 

and this is contrar.wto the observations recorded in Figures 

40, 41, 43, and 44. 

It is clear, therefore, that, from the gnomonio 

projections of Laue photographs taken with the X-ray beam along 

~ and ~ axes, respeetive1y, of trigonal trapezohedral crystals, 

it is possible to distinguish a twinning that appears to be 

derived from a 60° (or 180°) rotation about the ~ axis from 

one that is due to the operation of the ~ axis as a two-fold 

axis of rotary-reflection. In fact the Laue method would not 

show the existence of twinning in the latter case since a plane 

(BK.L) beoomes the plane (Hr.L) by a simple rotation of 1800 
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and finally (HK.!:) by a subsequent reflootiOll. and, (HK.L) is 

indistinguishable f~am (HE.L) by X-ray methods of analysis. 

Beyond differentiation between twinning due to an 

apparent rotation about the £ axis and that due to a rotary

reCBction the Laue method alone is powerless as will be evi

dent from the following discussion of its limitations. 

LIMITATIONS OF THE LAUE METHOD 

The most common types of twinning found in crystals 

of the trigonal trapezohedral class are represented in 

Figure 51, where the stereographlc projections of right- and 

left-handed orystals are designated R and Lt respectively. 

BR and LL represent corresponding projections for complete 

penetration twins of two right- and two left-handed crystals, 

respectively, and RL that for one right- and one left-handed 

crystal. Finally, RRLL represents the stereographic projection

of complete holohedral twinning and may be considered as due 

to a combination of two right- and two left-handed individuals, 

of RR and LL, or of two RL, twins,respectively. It is obvious 

that the projections of RR and LL have the symmetry of Do' that 

of RL has the symmetry of D~ while that of RRLL has the symmetry 

of D~. 
But, since the X-ray method automatioally introduces 

a centre of symmetry, it is clear that, insofar as Laue symmetry 

is concerned, B 5 L = Dg and BB = LL = EL = RRLL = DR, the 



-145A-

FIGURE 51 

stereo graphic Projections 

of Possible Twins in D3 
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diagram ot the latter class being derived from that of the 

former by a rotation of 60° (or 180°) and superposition on 

the original. The X-ray method alone, therefore, is unable 

to distinguish the four types of twinning represented in 

Figure 51 one from another. It may be mentioned that a s~ple 

reflection of R or L across a plane normal to the £ axis and 

superposition on the original diagram is identical with RL, 

although W.L. Bragg (49, p. 179) refers to it as another type 

of twinning. An examination of Figure 51, however, shows that 

the addition of a plane of symmetry normal to the 0 axis 

~ediate1y converts either B or L into BL. 

Of the four possible types of tWinning, it is evident 

that measurements of optioal activity may be employed to supple

ment the X-ray data and l~it the possible types in any specific 

case. Thus for HR ( and LL) the specific rotation will be the 

.same as in R (and L), whereas ~or RL and RBLL the speoifio 

rotation will be less, and may be zero, depending on the re

lative proportions or the Rand L constituents. 

OPTICAL EXAMINATION 

Twinned crystals of K2S206 and of Rb2S206 were 

examined optically with the following results. In each case 

the existence of twinning was established by Laue photographs. 

K2S206. 

Only one crystal of K2S206 possessing pseudo

hexagonal symmetry was obtained. Consequently this specimen 
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was employed throughout the Laue investigation already de

scribed. It had thus been subjected to prolonged exposure 

to X-radiation before the necessity for optical measurements 

was realized. It was found that crystals of KaSa06 and of 

Rb2S206 turn pink and then purple after extended exposure to 

the X-ray beam. In the case of the specimen of K2S206 under 

discussion a pronounced purple tint was observed. Marked 

dichroism was manifested, the ordinary ray (W) appearing 

oolourless while the extraordinary ray (~) was violet. 

Furthermore, the basal plane face was absent from 

one end of the crystal and the specnnen was too small to permit 

cutting one. Finally, tabular fluid inclusions parallel to the 

basal plane were present. 

Under these circumstances, therefore, a study of the 

optical activity of this crystal could not be made. 

Rb2S206. 

Unlike K2S206, several pseudo-hexagonal crystals of 

Rb2S206 were obtained. A comparatively large speoimen was 

selected and the fact of twinning was verified by means of a 

Laue photograph. This spec~en was not subjected to prolonged 

exposure to X-radiation and hence dichroism, although of the 

same character as that encountered in K2S206, was slight. ~he 

purple tint of the crystal in ordinary light was limited to 

the region that had been exposed to X-rays. 

No evidence of optical activity could be detected in 
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this crystal of Rb2S206 although the probable error in the 

measurement of speoific rotatory power was estimated at less 

than (l/4)o/mm. under the existing oonditions. 

Since the specific rotation of a trigonal (untwinned) 

crystal of Rb2S206 has been established in Section II of this 

thesis (see p. 42) as between 1.80 and 2.20 per mm., it follows 

that twinning in rubidium dithionate must be of the RL or 

RRLL type (see Figure 51). This oonclusion receives some in

direct confirmation from the fact that Tops~e and Christiansen 

(26) observed no optical activity in crystals of rubidium 

dithionate whereas Wyrouboft (23) reports very slight activity. 

It may be inferred, therefore, that these investigators 

examined twinned crystals composed of different relative pro

portions of Band L constituents. 

DISCUSSION 

It is clear fram the arguments presented in this 

Section of the thesis that the Laue method enables a distinct

ion to be made between a twinning in the trigonal trapezohedral 

class (D3) due to an apparent rotation about the ~ axis and one 

due to a rotary-reflection. This is another instance of the 

interest attached to Laue photographs obtained with the beam 

along lateral axes as emphasized in Section I of the present 

thesis. Ltmitations of the Laue method, however, prohibit any 

distinction among the types of twinning designated RR, LL, RL 
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and RRLL. Nevertheless, there are occasions when a crystal 

suitable for Laue photographs but unsuitable for oomplete 

crystal10graphie examination will permit measurements of 

optical activity to be made. 

In such a case, as in the twinned Rb2S206 crystal 

disoussed in this Seotion, a distinotion can be made between 

BR (and LL) on the one hand and RL and RRLL on the other. 

Thus the X-ray method ooupled with studies of optical aotivity 

enables some progress to be made in the determination of the 

nature of twinning in certain oases where the more exaot 

methods of formal crystallography oannot be applied in full. 

Speoifically, the work of the present Section has 

identified a twin of BbgS20S as of the RL or RRLL type. Due 

to the reasons already given it was ~possible to do more with 

a twinned orystal of K2S205 than to determine that the twinning 

was not due to a rotary-reflection. From crystallographic 

studies, however, Fook (24) has stated that twins of K2S206 

are of the BR (or LL) type. If this is oorreot, twinning in 

the isomorphous K2S206and Bb2S206 is of different types. 

It is of interest to note that Sohubnlkow and 

Zinserling (50) have employed Laue diagrams (only, however, 

with the beam along the ~ axis) together with optioal studies 

to demonstrate that meohanioal twinning in quartz due to , 
pressure is of the Dauphine (BR and LL) type. 

There is no doubt that the rubidium dithionate 



-150-

crystal of Hlgg, to which reference already has, been made, was 

a twin. His reproduction (5, p.266) of the Laue photograph 

with the bewn along the £ axis apparently possesses the 

symmetry or D~ both with respect to the geometrical positions 

of diffraction spots and to their relative intensities. The 

photograph obtained with the beam along an ~ axis, however, 

shows the symmetry of D~ only when the relative positions of 

the diffraction spots are considered. If the relative in

tensities of apparently equivalent spots are examined it will 

be seen that the symmetry actually is that ot Dg. Considered 

in conjunction with Laue photographs of crystals of potassium 

dithionate that admittedly and clearly show the symmetry ot 

d D3' this fact should have been sufficient to suggest the pre-

sence of twinning in the orystal (or crystals) of rubidium 

dithionate examined. Instead, Hagg suggested the hypotheses 

cited in the Introduction (p. 124) to this Section to account 

for the fact that a crystal, .which was expected to show the 

symmetry of ng, in reality appeared to possess pseudo-D~ 

symmetry. 

As noted previously (p. 125), Hlgg suggests (a) that 

the lattice of the metal ions may possess the Laue symmetry or 

h Do and that this lattice may have a dominating influence on 

the Laue symmetry exhibited by the cryst'al as a whole when 

the relatively heavier rubidium ions are involved or (b) that 

in passing from K2S206 to Rb2S206 a change in parameters may 
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occur of such a nature as to result in an approach to the 

higher symmetry. 

It is of interest, therefore, to examine all the 

space groups of those crystal olasses (~, v h) CS, D6, Do that 

possess the Laue symmetry of D~ to determine if the special 

positions (uuOj QuO; uOOj u'u',l/2; OU',l/2; u'O,I/2) 

occupied by potassium and rubidium ions in K2S206 and Rb2S206. 

respectively, are possible therein. 

The space groups in which this combination 

[(e) + (f) of D~J does B2! occur (20, pp. 158-169) are D~h' 
n2 I 2 3 4 n2 345 
~3h, eSv , CSv, eSv , C6v, ~, De, D6, Do. If u = u', the 

oombination would be identical with (g) ot D~h- It u = ut = (1/2), 

identity would be established with (t)+(g) of D~, (t)+(g) of 
124 

Daht (f) of Deht (g) of D6h- If u = u', it would be identioal 

with (g) of Dg and (g) of D~h' respectively. 

There is, however, one set ot speoial positions 

possible in a space group having the Laue symmetry of. D~ that 

is identical with (e)+(f) of D~ (where u and u' may have any 

values independently of each other). It is (f)+(g) of D~h. 

It appears, therefore, (a) that the metal ions in 

K2S20a and in Rb2S206 ~ on a lattice having the Laue symmetry 

of DR and (b) that the possibility of an approach to the higher 

(D~) symmetry due to changes in the parameters (u and u') in 

passing fram K2S206 to Rb2S206 may be discarded since u and ut 

may have any values independently of each other without affect-
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ing the holohedral Laue s~~etry of their lattice. 

Qualitatively, Laue diagrams of trigonal (single) 

crystals of K2S206 and of Rb2S206 (see Figures 27, 29, 31, 33, 

35, 37) are not good examples of the type of diagram to be 

expected from a typical trigonal crystal as, for example, 

~-quartz (see Figures 5, 6, 7, pp. 20A, 20B) or, particularly, 

tourmaline (see Figures 8, 9, 10, pp. 29A, 29B). Furthermore, 

the Laue diagrams of Bb2S206 are less obviously trigonal than 

are those of K2S20o. It is probable, therefore, that Hagg's 

suggestion regarding the influenee of the potassium and, notably, 

the rubidium ions on the Laue symmetry of the crystals as a 

whole is justified despite the fact that it was proposed to 

aecount for observations regarding the Laue symmetry of orystals 

of Rb2S206 that were assumed to be single crystals but, in view 

of the results of the present investigation, appear to have 

been twins. 



-153-

GENERAL BIBLIOGRAPHY 

1. He1wig, G.V. Ph.D. Thesis, (Physics Dept.) McGi11 
University, Sept. 1931. 

2. Barnes, W.H. and He1wig, G.V. Can. J. Research, 1, 
565-9 (June 1931). 

3. He1wig, G.V. Z. Krist., ~, 485-492 (Nov. 1932). 

4. Huggins, M.L. and Frank, Q..O. Am. Mineralogist, 1&, 
580-591 (Dec. 1931). 

5. Hlgg, G. Z.Krist.,~, 265-273 (Aug. 1932). 

6. Earnes, W.R. and Wend1ing, A.V. Trans. Boy. Soo. (Canada), 
&1, Ill, 133-140 (1933). 

7. Earnes, W.H. and Wend1in~J A.V. Trans. Roy. Soc. (Canada), 
~, Ill, 169-175 (1933). 

8. Barne s, W. H. and Wendl ing, A. V • Am.. Mineralogis t, !.Q, 
253-9 (1935) • 

9. Astbury, W.T. and Yard1ey, K. Trans. Boy. Soo. (London), 
A224, 221-257 (1924). 

10. Wyokoff, R.W.G. The Structure of Crystals, 2nd. Ed., 
(Chem. Cat. Co.), New York, 1931. 

11. Ku1aszewski, C. Abh. math.-phys. Klasse s!chs. Akad. Wiss. 
Leipzig, 38, 81-117 (1921). 

12. Machatschki, F. Z. Krist., 1£,211-233 (1929). 

13. Tutton, A.E.H. Crystal10graphy and Practical Orysta1 
~easurement, 2 vols., (Maomi11an) London, 1922. 

14. Groth, P. Chemische Krysta110graphie, 5 vols., (Engelmann), 
Leipzig, 1906-1919. 

15. Schiebo1d, E. Abh. math.-phys. Klasse s!ohs. Akad. Wiss. 
Leipzig, M, 119 (1919). 

16. Wyckoff, R.W.G. Am. J. Sci., ~, 329 (1920). 

17. Berna1, J.D. J. Sci. Instruments, 1, 273-284 (1927); ~, 
241-250 (1928); ~, 314-318, 343-353 (1929). 



-154-

18. Bernal, J.D. Proc. Boy. Soc. (London), All3, 117-160 
(1927) • 

19. Hintze, C. Handbueh der Mineralogie, Leipzig, 1897, 
vol. 2, pp. 312-314. 

20. Wyckoff, R.W.G. The Anal tieal E ression of the Results 
of the Theory of Space Groups, 2nd. Ed., Carnegie 
Institution), Washington, 1930. 

21. Huggins, M.L. Am. Mineralogist, ~, 455-457 (Oct. 1933). 

22. Wyckoff, R.W.G. The Structure of Crystals. Supplement 
for 1930-1934 to the Second Edition, (Relnho1d) , 
New York, 1935. 

23. Wyrouboft, M.G. Ann. Chim. Phys., (6), ~, 340-417 (1886). 

24. Fock, A. Z. Krlst., ~, 161 (1881). 

25. Piccard, J. J. f. prakt. Chem., §2,(2), 456 (1862). 

26. Topspe, H. and Christlansen, C. Vidensk. Se1sk. Skr. 
Kopenhagen, 9, 661 (1873); Ann. Chim. Phys., (5), 
1,5-99 (1874); Pogg. Ann., Erg!nzb.6, 499-585 (1874). 

27. Pape, C. Pogg. Ann., ~, 224-239 (1870). 

28. Miers, H.A. MineralogY, 2nd. Ed., revised by H.L. Bowman, 
(Maomi11an), London, 1929. 

29. Rose, H. Neus Jahrb. Min. Geol. (Beil. Bd.), 29, 53-105 
(1910) • 

30. Bragg, W.H. and Bragg, W.L. X-rays and Crystal structure, 
~e1l), London, 1924. 

31. Pau1ing, L. and Sher.man, J. Z. Krist., §!, 1 (1932). 

32. G1ooker, B. Materlalprftfung mit Rentgenstrahlen, 
(Springer), Berlin, 1936. 

33. Internationa1e Tabellen zur Best~ung von Kristallstrukturen, 
2 vols., (Gebrttder Borntraeger), Berlin, 1935. 

34. Pr1ngshe~, P. and Yost, M. Z. t. Physlk, ~,4 (1929). 

35. Lewls, G.N. Valence and the Structure ot Atoms and 
Moleoules, (Chem. Cat. Co.), New York, 1923. 



-155-

36. Thomas, L.H. Proc. Cambridge Phi1. Soo., ~, 5, 542 (1927). 

37. Bragg, W.L. and West, J. Z. Krist., ~, 118 (1928). 

38. Davey, W. P. A Studf of Crystal Structure and Its 
Applications, MoGraw-Hi11), New York, 1934. 

39. West, J. Z. Krist., 74, 306 (1930). 

40. Vegard, L. and Maurstad, A. Z. Krist., 69, 519 (1929). 

41. Zachariasen, W.R. Z. Krist., 11, 501 (1929). 

42. Ogg, A. Phi1. Mag., £, 354 (1928). 

43. Ogg, A. Phil. Mag., ~, 665 (1930). 

44. Mellor, J.W. Modern Inorganic Chemistry, (Longmans, Green), 
London, 1925. 

45. Hlgg, G. Z. physik. Chem., l8B, 327-342 (1932). 

46. Roger, G.H. and Binet, L. Trait~ de Physiologie normale 
et patho1ogigue, part X, vol. 11, (Masson), Paris, 
1935. 

47. Hardy, A.C. and Perrin, i.H. The Principles of OptiCS, 
(McGraw-Hi1l), New York, 1932. 

48. Hankel, W.G. and Lindenberg, H. Abh. math.-phys. K1asse 
sAohs. Akad. Wiss. Leipzig, 18, 361 (1892); 21, 11 
(1894); Z Krist., ~, 515 (189'7). 

49. Bragg, W.L. and Bragg, W.H. The Crystalline state, vol.l, 
A General Survey by W.L. Bragg. (Bell), London, 
1933. 

50. Schubnikow, A. and Zinser1ing, K. Z. Krist., ~, 243-273 
(1932) • 



-156-

GENERAL LIST OF ILLUSTRATIONS 

Figure Page 

1. 'l'ourmal ine (Po1 ished Slip). Beam along B. axis....... 9A 

2. Schematic Diagrams illustrating Laue Symmetry 

of Orthogonal Crystals. Beam along lateral axes ••••• lOA 

3. Calamine (Hem1morphite) • Beam along ~ axis •••.•.•••• l3,A 

4. Stereographio Projeotions. v °3, ~, d 
D3, 

h 
D3· •• • • • •• • • • l5A 

5. 0< -Quartz. Beam along .! axis...... • • • • • . • • • • . • • • • • • •• 20A. 

6. 0( -Q,uartz. Beam. along b axis......................... 20B 

7. ct -Quartz. Beam along ~ axis ••••••••••••••••••••••••• 20B 

8. Tourmaline. Beam along ~ axis ••••••••••.••••.••••••• 29A 

9. Tour.maline. Beam along ~ axis ••••••••••••••••••••••• 2gB 

10. Tourmaline. Beam along ~ axis ••••••••••••••••••••••• 29B 

11. Rubidium. Dithionate. (Single Crystal). 

Beam along ~ axis... • • • • • • . • • • • • • • • • • • • • • • • • • • • • • • • •• 48A 

12. Vertical Parameters of the S Atoms ••••••••••••••••••• 541 

13. Possible Interatamio Bonds in Rb2S206 •••••••••••••••• 57A 

14 • At omi c F Curve s • • • • . • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •• 58A 

15. The sulphate Tetrahedron ••••••.••••••••••.• · •• ••••••• 62A 

16. Log ItoOOl}. (h!4)/oo = 0.0785 •••••••••••••••••••••• 65A 

17. Log I{OOOl}. (h/4)/Co = 0.06 ••••.••••••••••••••••••• 68A 

18. Diagram showing Vertioal Parameters of Possible 

Planes of Rb+ in (g) Positions ••••••••••••••••• 

A. (ul' = 0.59, ul"= 0.25, zl = 0.36, z!= 0.81) 

B. (~t = 0.75, u'B' 0.42, zB = 0.19, za= 0.64) 

• • • • • • 

•••••• 

70J.. 

70B 
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19. !. Plan of "Close-paekedH Dithionate Ion 

~. Diagram illustrating Dependence of y", x', y' 

on xH for "Close-packed" Dithionate Ion ••••••••••.•• 751 

20. Symmetry Elements of D~ showing Permissible 

Rotations at S03 Groups about Vertioal Axes ••••••••• 741 

21. Relative Positions of Rb+(R,R') and 0-(0) of 

Dlthionate Ion at Corner of Cell tor Bb+-to-O-

Distance of 2.861................................... SOA 

22. Log Itmomo} ~. x". Dithionate Ions "Close-Packed". 

(u = 0.360; u' = 0.658)............................. 82.A. 

23. Permissible and Prohibited Ranges of x', y' and ot 

x", yH tor Rb+-to-O- Distance ot 2.86A •••••••••••••• 83A 

24. Log I{momO) ~. x". (x' = 0.67). 

(u = 0 • 36 0; u' == O. 658) • • • • • • • • • • . • • • • • • • • • • • • • • • • • • 85A 

25. Permissible and Prohibited Ranges ot x', y' and ot 

x", y" for Rb+-to-O- Distance of 2.771 •••••••••••••• S8A 

26. Projection ot Structure of Rb2S20S on Basal Plane ••• ID5A 

27. Trigonal K2S20a. Beam along ~ axis ••••••••••••••••• 127A 

28. Pseudo-hexagonal K2Sa06. Be~ along ~ axis ••••••••• 127A 

29. Trigonal K2S20a. Beam along a axis ••••••.•••.••.••• l27B 

30. Pseudo-hexagonal K2S20S. Beam along ~ axis ••••••••• l27B 

31. Trigonal K2S206. Beam along b axis ••••.•••.•••••••• l27C 

32. Pseudo-hexagonal K2S206. Beam along b axis •••.••••• 127C 

33. Trigonal Rb2S206. Beam along £ axis ••••.••••.•••••• 127D 

34. Pseudo-hexagonal Rb2S206. Beam along ~ axis ••••.••• 127D 

35. Trigonal Rb2S206. Beam along a axis •••••••••••••••• l27E 
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36. Pseudo-hexagonal Rb2S206. Beam along .! axi,s ••••••••• l27E 

3? ~r1gonal Bb2S206. Bewn along b axis •••••.••••••••••• l27F 

38. Pseudo-hexagonal Rb2S206. Beam along b axis ••••••••• l271P 

39. Gnomonic Projection. K2S206. Beam along ~ axis ••••• l32A 

40. Gnomonic Projection. K2S206. Beam. along ~ axis ••••• l33A. 

41. Gnomonic Projection. K2S20e· Beam along b axis ••••• l35A 

42. Gnomonic Projection. Rb2S206. Beam along .2. ax is •••• 136A 

43. Gnomonio Projeotion. Rb2S20S· Beam. along a axis •••• 137A -
44. Gnomonic Projection. Rb2S20S. Beam along ~ axis •••• 138A 

45. Diagram illustrating the Effect of a Simple Rotation 

of 600 about the 0 Axis on the Stereograph1c Projection 

and Laue Symmetry of d 
D3· •••••••••••••••••• · •••••••••• l40A 

46. Diagram showing Equivalence of 60° and 1800 Rotations 

about the Triad .2. Axis. • • • • • • • • . • • • • . • • • . • • • • • • . • • . •• 140B 

47. Diagram illustrating the Effect of Twinning by 

Rotation of 1800 about £ Axis on Right Triangular 

Pyramid of the 18th. Class ••••••••.•••••••••••••••.•• 14lA 

48. Schematic Laue Diagrams. Twinning of Right Triangular 

Pyramid of 18th. Class by 1800 Rotation about £ Axis. l42A 

49. Schemat io Laue D,iagrams. Same as Figure 48 but show

ing Introduction of Pseudo-symmetry Planes due to 

Twinning ••••••••••••••.•.••••.••••••••• · ••• · •• • • • • • •• l43A 

50. Diagram illustrating the Effect of Twinning by Rotary

r~eotion on a Right Triangular Pyramid of 18th.C1ass 143B 

51. Stereographic Projections of Possible Twins in D3 •••• 1451 
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GENERAL SUMMARY 

1. The symmetry elements of Laue photographs of orthogonal 

cry-s.tals obtained wi th the X-ray beam along lateral axes 

and the ~portance thereof have been pointed out. 

2. A new X-ray method for distinguishing between the members 

of certain pairs of space groups in the hexagonal system 

has been developed and has been tested by application to 

O(-quartz and to potassium dithionate. 

3. By means of this new prooedure the spaoe group of tour

maline has been established as O~V. 

4. The optical activity of rubidium dithionate has been 

measured .as 1.So to 2.20 per mm. 

5. The crystal olass of rubidium dithionate has been con

firmed as trigonal trapezohedral. 

6. The density of rubidium dithionate has been measured as 

2.855 g. per cc. at 20°0. 

7. The dUnensions of the unit cell of rubidium dithionate 

have been determined as ao = 10.021., bo = 17.391., 

Co = 6.351., (c/a) = 0.5337, (sinD{ )/2 = 0.8133. 

8. The number of formula units of Rb2S206 per cell has been 

shown to be 3. 
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9. The Bravais lattice and the space group of.rubidium 

dithionate have been established unequivooally as p 
and D~, respectively. 

10. The most probable special positions of the scatter~g 

centres in the unit oe11 of rubidium dithionate have 

been shown to be as follows. 

6 Bb in 

(e) uuO; QuO; uOO. 

(f) u'u' ,1/2; OU',1/2; u'O,1/2. 

6 S in 

(c) OOu"; OOUri • 

(d) 1/3,2/3,u'" ; 2/3,1/3,u"' • 

(d) 1/3,2/3, u""; 2/3,1/3, iilttt • 

18 0 in 

(g) xyz; y-x,iz; y,x-y,z; 

YXZ; x,y-x,z; x-y,yz. 

(g) x'y'z'; y'-x',xtz';y',x'-y',z'; 

11. ~he nature of the interatomio bonds in rubidium dithionate 

and the appropriate atomic F curves have been considered. 

It has been shown that atomic scattering factors based 

on data of Pau1ing and Sher.man are more satisfactory for 

application to rubidium dithionate than are those of the 
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"Internationale Tabellen" or those determined by the 

Fermi-Thomas method. 

12. The most probable values of the vertioal parameters have 

been determined on the basis of diffraction data from 

lOOOl}. 

13. Reasonably satisfaotory values for the lateral pa~eters 

have been determined on the basis of available inter

atomic distanoes and of diffract ion data from { memo}, 
{ mOIim } , t IDIn2iiio }, {mm2mm}. 

14. The values of the parameters are as follows. 

Rb+ : 

Bb+ 

s++ 

s++ : 

s++ : 

• • 

• • 

0.375, 0.375, 0 

0.712, 0.712, 1/2 

0, 0, 0.165 

1/3, 2/3, 0.25 

1/3, 2/3, 0.58 

0.160, 0.120, 0.225 

0. 532, o .34g, 0.36 

0.50g, 0.2°9, 0.81 

15. The struoture of rubidium dithionate as found in the 

present investigation has been compared with the structures 

proposed by He1wig and by Huggins and Frank for the iso

morphous potassium dith1onate. 

16. Data have been presented to show that neither the para-
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meters of He1wig nor of Huggins and Frank tor potassium 

dithionate can be applied without modification to 

rubidium d1thionate. 

17. On the basis of expected similarity between corresponding 

parameters of potassium and rubidium dith10nates it has 

been shown that the present data tor the latter salt in

dioate that the structure ot Huggins and Frank for 

potassium dithionate probably is more nearly correct 

than is that of Helwig. 

18. ~he use of the logarithms of values of calculated in

tensities instead of the more cumbersome direot figures 

for comparison with visually estimated intensities has 

been justified on the basis of the Fechner Law. 

19. Trigonal and pseudo-hexagonal crystals ot potassium and 

rubidium dithionate have been subjected to examination 

by the Laue method in an attempt to determine the nature 

of twinning in these crystals. 

20. The 1~itat1ons ot the Laue method for this purpose have 

been examined. 

21. It has been shown that the Laue method in conjunction with 

studies ot optical activity is capable ot allowing some 

progress to be made in the determination ot the nature 
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of twinning in crystals of the trigonal trapezohedral 

class in certain oases where the exact methods of formal 

crystallography cannot be applied in full. 

22. Twinning in a pseudo-hexagonal crystal of potassium 

dithionate of very unsatisfactory physical state has 

been determined as not due to a rotary-tefle·ction. 

23. A pseudo-hexagonal crystal of rubidium dithionate has 

been identified as of the Brazilian or of the complete 

hexagonal holohedry type. 

24. It has been shown that a crystal of rubidium dithionate 

subjected to an inconclusive X-ray examination by HRgg 

probably was a twin. 
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STATEMENT OF CLAIM OF ORIGINAL WORK 

The principal features of the original work contained 

in this thesis are as follows. 

(a) The detailed geometrical deduotion of the symmetry 

to be expected in Laue diagrams obtained from orthogonal 

crystals with the X-ray beam along lateral axes. 

(b) The development of a new X-ray method, applicable 

to crystal fragments having no recognizable faces, for dis

tinguishing between the members of certain pairs of space groups 

in the hexagonal system. 

The applioation of this method to tourmaline, the 

space group of which had previously been determined as civ or 

2 C3v' thus resulting in the unequivocal establishment of the 

space group as 03\. 

(c) The measurement of the optical aotivity of an ~ 

twinned orystal of rubidium dlthionate. 

(d) The confirmation of the space group of rubidium 

d1thlonate by more varied methods than have hitherto been 

applied to this crystal. 

(e) The deter.mination of the complete struoture of rubi-

dium dithionate for the first time in detail. 

(t) The justification and use of the more convenient 

logarithms of calculated intensities instead of the more cumber

some direct values for oomparison with visually estimated in

tensities of X-ray diffraction spots. 
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(g) The examination of possible applications of the Laue 

method, particularly with the X-ray beam along lateral axes, 

in conjunction with optical studies for use in the study of 

the nature of twinning in crystals of the trigonal trapezo

hedral class in cases where crystal specimens are not suitable 

for complete formal crystallographic study. 

(h) The elimination of a possible rotary-r~ction as the 

kind of twinning observed in a pseudo-hexagonal crystal of 

potassium d1thlonate. 

(1) The deter.mination of the twinning in a pseudo

hexagonal crystal of rubidium dithionate as either of the 

Brazilian or of the complete hexagonal holohedry type. 
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