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As a part of his oral examination as a candidate
for the degree of Doctor of Philosophy, J. D. MeCullough
will defend the following propositions:

I. Selenium and iodine form a compound having the

formula SezIZ.

II. Dynamic allotropy in the various forms of solid
selenium as suggested by G. Briegleb (Zeit. phys. Chemn.
A-144--321,340 (1929) ) does not exist.

ITI. Of the three known crystalline forms of elementary
selenium, the hexagonal (metallic) form is the most stable
at 25°C. Of the remaining forms, both of which are mono-

clinic, the alpha variety is the more stable at 25°.

IV. The Allison Magneto-optic Method of Analysis is
a reliable means of determining the number of isotopes of

the positive constituent of ionie compounds.
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ABSTRACT

A new vacuun-vaporization method for determing-
tion of transition temperatures, due to Dr. A. 0. Beckman,
has been bested and proven Ho be all right by means of the
mereuric iodide transition at 1279,

This method shows an apparent transition between
a8 red micro-crystalline form of selenium and the hexagonal
form at a temperature of 74-759C.

The relative stability of the three erystalline
forms of selenium at 25° has been definitely established as:

(1.) hexagonal selenium (most stadble),

{2.) o - monoclinic selenium,

{Bs ) g = monoclinic selenium (least stadble).
I,

Evidence quoted in the litersture which supposedly
disproves compound formation between iodine and selenium in
no case prohibits the possibility of a highly dissociasted
compound.

Absorption spectra were photographed which give
strong evidence favoring a selenium-iodine compound in

solution.



quantitative measurements on the egquilibrium
between selenium and iodine in ethylene bromide and carbon
tetrachloride indicate a compound of formula SesIz, and
possibly Sely also.

IiI.

The Magneto-optic Apparstus was set up according to
the directions given by Allison in hisg numerous publiecations.
The broad minima attributed to the solvent could be loeated
as deseribed, but no minima of the sharp type dve to isotopes

of the positive ions were observed.
Iv.

With the =id of Taue and oscillation photographs,
potassivm chlorosmate and potasaiuvm bromosmate have been shown
to have the smmonium chloroplatinate structure., The edge of
the unit cube was found to be 9.729 + 0.02 A for potassium
chlorosmate and 10,30 + 0,05 £ for potassium bromosmate. The
halogen paraneters were found to be 0.243 £+ 0.002 and 0.244 + 0,001
reapectively. These values give an osmium-chlorine separation
of 2.36 = 0,02 A and an osmiuvm-bromine separation of 2.51 x 0.01
A in the complexes. Subtracting the normal eleetron-pair bond
radius for the halogen in each case, the cctaheiral electron-
pair bond radius for quadrivalent osmium is foumnd 4o be 1.37 £

0.02 & in K,0801, and 1.37 % 0,01 L in K,0sBr.



A STUDY OF THE ALIOTROPES OF SELENIUM

INTRODUCTION

The principal objective of this study has been an
attempt to determine such transition temveratures as exist
among the three known crystalline forms of elementary
selenium. The main portion of the work involved the use of
a new method for determining solid-solid transition tempera-
tures due to Dr. A. 0. Beckman of this Institute.

-The selenium allotropes have been the subject of
considerable discussion sinee the discovery of the element.
The range of stability of the various modifications and their
relationship to each other have not been well known. The
erystalline forms of the element so far established are:

(1) Hexagonal Selenium, the so-called metallic
variety. Grey metallic luster, not soluble to any appreciable
extent in solventswhich dissolve other forms of the element.

Density 4,86
Iattice Constants(l)
a = 4.344; ¢ = 4.954

(2) Alpha Monoclinic Selenium, dark red in color,
seni-metallic luster.

Density 4,46
Iattice Constants(Z) (for 32 atom cell)
8 = 8.9924; b = 8.9734; ¢ = 11.524
6 =91° 341
(3) Beta Honoclinic Selenium, also red in color.

First identified by Muthmann(3’ by optical methods.

Gt
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Density(®) 4,42
Iattice Constants(Z) (for 32 atom cell)
a = 12.74A; b = 8.044; ¢ = 9.354
i 930 4¢

The alpha and beta forms are both moderately
soluble in methylene iodide and carbon bisulfide, yielding
red-amber colored solutiouns.

Some investigators(4) have failed to recognize
the existence of two monoeclinie forms of selenium. During
the present study erystals of both monoelinic forms were
obtained. Klug(z) made use of these crystals in his x-ray
study of selenium and was ahle to prove the existence of
two distinet varieties. The usual habit of these erystals
is in the form of psuedo-hexagonal plates, which are
practically impossible to identify by means of the petro-
graphiec microscope. The angles (100) : (110) are 57° 467
and 570 597 respeetively for the alpha and beta varieties.

It is likely that the workers who have not been
aware of the existence of the beta form have worked with
mixtures of the alpha and beta modifications., The errors
due to this oversight, however, may not be serious due to the
facet that most preparations of monoclinie selenium are nearly
pure alpha and because of the similarities of the two forms.
X~-ray examination of several preparations made in this
laboratory by evaporation of solutions of the element in
carbon bisulfide and by modifications of the continuous
method described by Halla Bosch and.Mehl(ﬁ) show only lines
due to the alpha modifieation, the positions for the strong-

o)
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est reflections from the beta form being blank.

DESCRIPTION OF METHOD AND APPARATUS

The new method for determining solid-solid transi-
tion temperatures consists of the slow vaporization of the
substance under investigation in a vacuum and its subsequent
deposition on o surface of known temperature. This surface
usually cdnsists of a brass bar heated at one end, so that
a range of temperature is covered at a single run. One form
of the apparatus is shown in Figure 1. The material to be
vaporized is placed in the graphite crucible D which is
surrounded by a chromel or tungsten wire heater. The bar
C - ¢' receives the deposit. €' is a hollow copper block
which contains a heating element and a2 thermocouple well at
B. The copper block C is not heated but has a thermocouple
well at A. When the temperature of the block C 1is maintaim-
ed at 75°, the block C reaches equilibrium at about 55°, The
heavy brass shield E serves to protect the bar from heat
radiated from the crucible heater., The pressure in the bell
Jar is not measured accurately but is tested from time to
time by applying a potential of about 25 X. V. to a spark gap
of about 10 centimeters length in the vacuum. The vacuum was
maintained sufficiently good to prevent a glow across the gap.

The thermocouples were Chromel X-Copel junetions
and were calibrated at 0°, 99.4° and 217.0° in melting ice,

condensing steam and condensing naphthalene respectively.
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The method is not confined to work above room
tenperature but by use of liquid air, solid carbon dioxlde,
etc. on one end of the bar, the range below room temperature
may be investigated. In order to faellitate working at
low temveratures a modified Torm of apparatus was made,
the diagram of which is shown in Figure 2., The inner tube,
A, 1s of pyrex which is fitted into the bell jar by means of
a ground glass Joint. The deposit is received in this case
on & brass plate, B soldered to the end of a snug fitting

brags tube, B.

EXPERIMENTAL TEST OF THE METHOD

In order to test the method, the transition
between the red (tetragonsl) and yellow (orthorhombic)
forms of Hglg was checked. Since the vapor pressure of
Hgl, at the transition temperature (127-128°) is about 0.1
mm. 1t was necessary to modify the usual procedure. The
bell jar was evacuated as usual, then the stop~cock to the
pumps was closed. The vayorizaticn.was then started by |
very gradually heating the crucible. In order to protect
the brasc bar from the corrosive action of Hgl, at the high
temperature, it was given a very thin coating of Duco Cement
thinned with ethyl acetate. AL heavy coating is to be avoided
since it would hinder the transfer of heat from the eondens-
ing vapor to the bar. The necessity of good heat transfer

is borme out by the fact that red Hgl, deposits on medals at

2



S 2

10

s e cop DT Lo NI T TS

Bross /&,
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room temperature while the yellow form appears on glass at
this same tempersture, the red form being stable. A gold
plated bloeck has also been used in order %o secure frecdom
from corrosion, and yet have a good condueting surface.
Several test runs were mnde using Hgls. In one
run the temperature of the warmer end of the bar was 1290,
while the other end took a temperature of 103°, The transi-
tion occurred at a place 1-2 mm. from the warmer bloek, the
length of the bar being 58 mm. On the assumption of a
uniform temperature gradient this gives a transition tempera-
ture of 128-128.5°C. Using the form of the apparatus shown
in Figure 2, iso-amyl alcohol was boiled in the glass tube,
A, by means of an electric heater, the top of the ftube being
equipped with a reflux condenser. A thermometer dipping in
the boiling liguid showed a temrerature of 129°. The yellow
form of Hglg deposited inside a eirele at the center of the
block where it was fastened to the glass tube, while red
crystals deposited outside this zone. This would indicate
a transition just under 129°, the exaet difference not being
nown since no means of megsuring the temperature of the

block directly was provided in this case.

PURIFICATION OF SELENIUM

The selenium used in this work wass the so-called
metallic powder obtained from the General Chemiecal Co.
Since it was found to contain considerable non-volatile

material, it was c¢arefully purified in the following way.

11
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The powder was dissolved in 6N Hﬁog, using no nore of the
aeid than necessary. The resulting solution was filtered
thru sintered glass, then evaporated to dryness. The Selp
was then sublimed and dissolved in 12K HCl. Te@p being
mich less volatile than Se0Op is left behind in the sub-
limation, Selenium is precipltated from 128 HC1 by S0o,
while tellurium is not. The selenium is filtered out of
the solution, washed and put thru the same process again.
The product was then washed with water and alcohol and
dried over CaCl..

For use in the vaporization experiments some of
the dried selenium was fused and them eooled down to 150°
where it was kept for several hours. This treatment yields
a produet which is pure hexagonal selenium as shown by the
X-ray diagram and its failure to dissolve in the conmon
solvents. A semple of this product has been kept in a
sealed tube with CS, for three yesrs without a traece of

color showing in the solvent.

VACUUM VAPORIZATION OF SELENTUM

Using the method already outlined, selenium was
very slowly vaporized, the average time required was aboub
two hours for 0.,1-0.2 g. of selenium. The pressure was kept
sufficiently low to prevent a glow across the spark gap
when the potential was applied. The sound of the fore pump
was a good means of telling whether the pressure was above

or below the range in which g discharge would occur,
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The results of these experiments are shown in Table I,
Figure 3 is a photograph of the brass bar showing the
deposit of selenium resulting in Experiment 5. A sharp
line between two forms of the deposit shows at the left.

The curvature of the line near the edge of the bar indicates
that the effect is really due to tempersture difference,
since the edges of the bar would be expected to be cooler
than the middle portion. The line at the right is a reflec-
tion from the curved surface of the bar. The transition
temperature is indicated by these experiments to be between
74 and 75°,

In some cases there was a slight drift in the
temperature of the bar during the deposition. TFluctuation
in temperature was greatly reduced by using = separate
storage battery for the heater cireuit.

Attempts were made to narrow down this range by
using a heavier bar with & correspondingly smaller tempera-
ture gradient, but this simply made the boundary less dis-
tinet with no resulting increase in asccuracy.

The selenium which deposited in the region above
75° was grey in color and appeared metallic. X-ray powder
photos showed it to be definitly of the hexagonal ™metallice”
variety. The deposit below 74° in each case was red and
gsemi-transparent. It was birefringent when observed between
crossed nicols on a petrographic mieroscope, but no X-ray
diagram could be obtained under the same conditions where
good photographs of the hexagonal variety resulted.
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FIGURE 3

Photograph of bar showing deposit of selenium in
Experiment 5. The arrow indieates the line along which the

transition occurred.

TABLE I
Expt. Temperature Temperature d Transition
Warmer End Cooler End mm, ?empsratm'e
O¢ o¢ g
1 74 58 A11 Red  Above 74°
2 80 - 81 60 - 62 19 74 - 74,5
3 76 65 0 - 10 73 - 76
4 75 « 75,5 54 2 74,5 -« 75
5 7.0 56 10 74
6 75 54 0 75
7% 76.5 55 5 74
8% 75 5 3 74

* Vitreous Selenium Vaporized.
*% lonoeclinie Selenium Vaporized.

14
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Samples of this red form and the hexagonal form
from the bar were placed in sealed glass tubes with some
carbon bisulfide. The red form dissolved in sufficient
quantity to impart a decided amber color to the liguid,
while the hexagonal did not imparit the slightest trace of
color to it. These tubes were placed in a thermostat at
709, The red form blackened after a few hours and after
two days the solution became colorless. X-ray photographs
showed that the selenium had been converted to the hexagonal
farm., The hexagonal selenium remained unchanged.

When the red deposit is allowed to stand in CSp
at room temperature it changes in a few hours to the -
monoclinie¢ form as shown by X-ray powder photos. Furthermowe,
when the  -monoeclinie crystals are placed in guinoline or
in & solution of iodine in 082 they are converted to the
hexagonal variety, again this is proven by means of the X-ray
photographs.

Thege facts indicate that the hexagonal crystals
are more stable than the red deposit both at 70° and at room
temperature, making it appear doubtful that the phenomenon
observed at 74-75° is actually a transition in the ususl
meaning of the term.

The phenomenon is avnarently the same as the one
observed by CGoetz and Dodd(s)in studying bismuth and seleni-
un deposited on water cooled pyrex surfaces in a vacuum.
They contend that there is a definite temperature below

which the wvapor will not deposit in macro-crystalline form,
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vut rather is miero-crystalline. They were unable to
measure these temperabures with the apparatus used. The
first thin layer deposited is micro-crystalline and aects as
a poor conduector for the heat liberated by the condensing
substance. This caouses a gradual rise in the temperature
of the surface upon which deposition takes place until the
eritical temperature is reached at which the macro-crystal-
line deposit starts. Afber removing from the glass surface,
the two layers easily separate and show g different struc-
ture. They were not examined by means of X-rays.

kapitzal?) found that bismuth would deposit from
its vapor in a vacuum as a glassy amorphous layer at room
temperature, but deposited as crystals at 200°C. The two
forms were found to have different specific resistances
but were not examined by means of X-rays. v

The writer has found also that arsenie and anti-
mony yield amorphous layers when deposited on a surface at
room temperature in vacuo. IX-ray powder photographs serve
to prove the lack of & cerystalline structure. Conmparison
samples were photographed simultaneously, using the crystal-

line elements. These gave the customary vatterns.
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CONSTANT TEMPERATURE CRYSTALLIZATION FROM SOLUTION

In another series of experiments, selenium was
erystallized from solutions of the element in carbon bi-
sulfide, at constant btemperatures ranging from 25° up to
1000 by allowing the solvent to slowly vaporize. The rate
of evaporation was controlled by placing the solution in
the container shown in Figure 4. A pyrex tube serves to
hold the solution. %his is placed inside the brass cylin-
der and the cap scerewed in place. An asbestos filled copper
gansket makes the joint gas tight. The needle valve permits
adjustment of the rate of evaporation of the solvent, which
may be condensed in order to cheeck on this rate. About 50 ce
of solution, saturated with amorphous selenium at room tem-
perature was used in each vaporization which required from
three to five days. The brass cylinder wasg placed in a
thermostated oil bath during the crystallization.

In one respect these experiments checked the vacuum
vaporization method, namely that hexagonasl crystals were
always obtained at temperatures above 75°, Below 72° red
crystals were obtained which always showed the X-ray powder
disgram for x-monoclinic selenium. Between 72° and 750,
the products varied somewhat. In one vaporization ecarried
out at 74.5° a single red crystal spveared along with many
smaller ones of the hexagonal vsriety. Beeause of the dif-
ference in appearance of this crystal from red crystals which
had been obtained from CSp at room temperature, H. P. Klug
became interested in it and succeeded in identifying it as
the P variety by means of Isue and Oseillation photographs.
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Iater attempts to grow more g crystals at this and neighbor-
ing temperatures failed.

Powder photographs of the crystals obtained below
790 are identical to those obtained by photographing the
powder resulting from grinding a single Xerystal, The |
crystals obtained between 720 and 750 are mostly of the
form, but the photographs show some of the principal lines
of the hexagonal variety. Some of these photographs are

ghown in Figure 6.

DITATOMETRIC MUASUREMENTS

Crystals of X monoclinie selenium were prepared
by a continuous method similar to that described by Halls,
Bosch and Mehl(5). X-ray photographs of the produet show
lines of the & variety only. Two grams of these crystals
were placed in a dilatometer having & buld volume of about
1l ce. and a capillary of about 0.5 mm. inside diameter,

The ecapillary wasg provided with a2 millimeter seale., The
liquid used in this case was dibutyl phthalate which has a
slight solvent power on selenium.

From the density of the A erystals, 4.46, the
volume of 2 grams would be 0.448 c¢c. The corresponding
volume for the @'variety is 0.453 ¢c. and for the hexagonal
form 0.411 ce. This means an inerease in volume of 0.005 ce.
or a rise of 8 mm. of the liquid in the capillary for complete
change to the F form. For complete transformetion to the
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hexagonal form there would be a decrease in volume of 0,037
ce. or a fall of 5 em. in the meniscus.

When kept at 25° no change in the scale reading
could be observed in two weeks. The temperature was raised
by five degree intervals and kept constant at each step
for two or three days. At 45° the scale reading decreased
0.0% cm. per day. At 70° the rate of fa2ll became 0.13 ecm.
per day. Except for this gradusl fall in scale reading, no
irregularity occurred in the volume-temperature curve ob-
tained. On going bhack to 250 there was no indication of s
rise in the capillary, whiech at this time was 1.56 enm.
lower than the 25° reading at the start. The above process
was repeated with sinilar results. On standing at room

temperature, the reading when placed in a 25° thermostst
showed a decrease of 0.40 cm. from the 25° reading made a
year earlier. This latber fact indlcates the instadbility
of o« -monocliniec selenium at room temperature. An X-ray
examination of the selenium after removal from the dilaton-
eter showed both the hexagonal and the X -monoeliniec phases
o be vyresent.

HISCELLANEQUS EXPERIMENTS

In order to better establish the stability rela-
tionships existing between the three erystalline forms of
the element, a series of rather simple experiments was
made. In all cases where statements are made regarding the

modification being worked with or produced, this has been

20
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definitely established by means of some kind of Z-ray
vhotograph. Examples of these photographs are shown in
Figure 6., In addition, some ecrystals were further identified
by making measurements on several interfacial angles by means
of an optieal goniometer.

{(1.) Amorphous red selenium, the variety
precipitated by neans of sulfur dioxide or hydrazine in
agueous solution, was placed in guinoline at 25%, The med
powder turned dark in a few hours, and after two days the
transformation to the hexagonal form was complete. The
resulting product showed no trace of color when placed in
earbon bisulfide. This is in sgreement with the work of
A, P, Saunaersce) who showed that the density of amorphous
selenium increased to 4.8, the value for the hexagonal form,
when placed in guinoline.

Saunders confined his experiments in guinoeline %o
the amorphous form of the element. It was considered of
interest to try the effect of that liquid on other forms of
selenium. These effects were as follows: The red form of
selenium obtained by the vacuum vaporization preéess changed
in a few hours to the « modificeation, then more slowly to the
hexagonal form. Falirly large « crystals which could be
identified were the intermediate product. The X and &
crystals undergo o slow change in guinoline %o the hexagonal
form. The change takes place in a Tew hours when the crystals
are powdered Tirst. Hexagonal seclenium undergoes no change

in three years. The effect of guinoline on selenium seems
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to be due to its ability to open the Se_ ring, allowing the

8
atoms to arrange themselves in the more stable spirals.

{2.) vVwhen benzene is slowly added to a saturated
solution of selenium in carbon bisulflde, small X -monoclinie
erystals are precipitated. When acetone is used as the
precipiteting liquid, small, dark red needles result which
were shown to be of the hexagonal variety.

(3.)  -monoeclinie erystals will dissolve when
placed at 25° or at 50° in o saturated solution of the
variety in earbon bisumlfide containing exeess of the solid.
This experiment has been repeated several times with proven
erystals., This is in keeping with the faet that @ crystals
are never found in products which are very slowly crystallized
from solution, but only result in the comparatively rapid
evaporation or cooling'of sabturated sgolutions of selenium in
such solvents as carbon bisulfide or methylene iodide. The
one exception to this already noted on page 11 may have been
an aceident brought about by the failure of any & nuelei to
form. It has been found impractical to test the reladive
stability of the x and g orystals sbove 500 due to their
great tendency to transform to the hexagonal form.

(4.) Various statements are found in the literature
regarding the effect of light on selenium. Red amorphous
selenium powder was placed in a guartz tube in direct sunlight
on a warm, cleay day. In half an hour the powder had sintered

to a grey mass which proved to be hexagonal selenium., When
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the tube was placed under water, still in the direet sun-
light, the red powder remained unchanged for hours.

and X erystals have been kept for three years exposed to
the light of the laboratory without change. Radiation
from a quartz mereury arc also seems to be without effect.
The effect of light seems, therefore, to be only that due
to the heat produced,

(5.) Solutions of selenium in carbon hisulfide
were sealed in pyrex tubes, both with and without hexagonal
erystals. These tubes remained unchanged for three years at
room temperature. On plaeing in an oven at 1209, the solu-
tion in contaet with the crystals slowly deposits selenium,
while the tubes containing no cerystals showed no change in
three days.

(6.) Crystals of o -monoeliniec selenium will
keep indefinitely at room temperature either aloume or in
contact with a saturated solubion in carbon bisulfide,

When held at 50° under either of the above conditions s

slow change sets in and the erystals darken,

DISCUSSIOH

The present work has definitely established the
relative stability of the various erystalline forms of
selenium at 25°C. The hexagonal form is the most stable,
with the & crystals next, the ﬁ crystals being least stabde .
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Thig is contrary %o the belief of Saunéers(g) who placed
the @ erystals above the & form in stability.

The direct change of the hexagonai form to any
other form of the element bolow its melting point (217°) has
never been observed. By direet change here is meant any
change whieh does not involve chemieal combination.

The « and @ erystals have never been obtained
in any way other than from sclution. Hexagonal erystals
may be obtained from solutions under ceertain conditions,
by slowly cooling molten selenium or by slow sublimation,
provided the surface upon which deposition takes place is
above 75°,

¢. Briegleb{?) postulated o dynamic equilibrium
Sep, = 28e in all solid forms of selenium. This is not
in keeping with the lmown structure(?) of hexagomal seleni-
um which consists of infinite chains of seleniuvm stoms in
the form of spirals with a three-fold screw axis. 4lso,
gince both monoelinie forms of selenium contain 32 stoms in
the unit eell{?) and since these crystals yield Seg molecules
in solution, it is reasonable to believe that the monoclinie
erystals are built up of 388 molecules, These molecules |
are probably of the same form as those found for Sg in ortho-
rhombie sulfur by Warren and Burwell{1l) in which the atoms
form an eight membered staggered ring in two parallel planes.
Briegleb based most of his reasoning on the apparent molecu-
lar formula Seq 3 to Seq gp found for selenium in molten

lodine. These low values are probably due to compound forms -

(10
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tion as shown in Part II. of this thesis.

No satisfactory theory has been found which will
explain the sharp line obbained between the red and hexagon-
al grey forms of selenium deposited on the brass bar in the
vacuum vaporization experiments, other tham that of a
transition. That it is a transition in the ordinary semnse
seems improbable since the red deposit changes to the
hexagonal form when placed in quinoline at room temperature
or in earbon bisulfide at 70°, The effect is not due to the
material from which the bar is made since the same resulis
are obltained when it is gliven a thin coating of Duco cement.
Yo reaction takes place between the selenium and the brass
bar even at 100° as shown by the X-ray photographs of the
deposit and by the fact that the brass maintains its shiny
surface. If one considers the possibility of the seleniunm
depositing in the red miero-erystalline form, followed by a
change to the hexagonal form on that part of the bar where
the temperature is above 75°2, one would not expect a sharp
line to result, but rather a more gradusl change from +the
red to the grey forn.
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A new vacmun~vaporization method for delerming-
tion of itransition temperatures, due o Dr. A. 0. Beckman,
has been tesied and proven to be all right by means of the
mercurie iodide tramsition at 127°.

Thig method shows an apparent transition between
& red micro~crystalline form of selenium and the hexagonal
form at a temperature of 74-75%3,

The relative sitability of the three crystalline
forms of selenivm at 25° has been definitely established ag:

(L.) hexagonal selenium (most stable),

(2.} o = monoclinic selenium,

{3.) g * monoeclinie selenivm (least siable).



{1.)
(2.)
(3.)

(4.)

(5.)
(6.)
(7.}
(8.)
(9.)
(10.)
(11.)
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FIGURE 6a
Alpha Monoelinie Selenium

30° Oseillation photograph with unfiltered
copper radiation glaneing (001l) of the €4 atom gen
or (101) of the true 32 atom wnit. A small erystal
fragment is responsible for reflections which do
not conform to the horizontal plane of symmetry
which normally results for oscillations about the
b axis.




Beta Monoeclinie Selenium

30° Oseillation photograph with unfiltered
copper radiation glancing (100) of the 32 atom unit.
The oseillation was about the ¢ axis which was
placed vertieally, hence no plane of symmetry.

29
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FICURE 6¢ -- Powder photogra
selenium &ewsﬁe& in vacuum on ‘hm

S8 m“ abeve 759¢C,

FIGURE 64 -~ Powder photograph of crystals
(o mixture of K - monoelinic and hexsgonal selenium)

obtained by mpemtien of a solution of selenium in
earbon bisulfide at 74°,

clinic selenium, obtained fmpm?mmlﬁsg from a
single crystal.



FIGURE 61

Isue photogravh of X - monoclinie
selenium with X-ray beam normal to (101) eof
the 32 atom unitv.



FIGURE 6g

Iave photograph of hexagonal
selenium with X-ray beam mormal to (10:°0).
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EVIDENCE FOR EXISTENCE OF A SELENTIUM-IODINE COMPOUND
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EVIDENCE TOR EXISTENCE OF A SELENIUM-IODINE COMPOUND

INTRODUCTION

Determinations of the molecular weight of seleni-
um in iodine as & sclvent, both eryoscopic and ebulloscopic,
yield values which are abnormally low.(l)(z)(ﬁ) By the
method of freezing point lowering, values ranging from 1,33
to 1.78 atons to the molecule are found, while in boiling
iodine the values range from 1.26 to 1.88. In such solvents
as methylene iodide$?) phosphorus{5) aiphenyl,(2) and snthra-
quinone,(g) at temperatures ranging from 40 to 277°C, the
moleculay weights found correspond to Seg. Further, the
moleculor weight of sulfur in iledine is found to be normal,
that is, the molecule is Ss.(z)

In order to account for this anomalous behavior
of selenium toward iodine, various attempts have been made
to find a selenium iodide. These attempbs have all ended in
negative or doubtful conclusions,

Pellini and Pedrina(e) determined the freezing point-
composition diagram for the two elements and found it to be
of the normal V type with a euteetic at a point corresponding
to about 50 atom percent of each element. The freezing points
cannot be accurately determined, however, due to great tendency
toward formation of undercooled licuids, especially for points
in the ceniral part of the diagram. This work was repeated
by Beckmann and Grunthal(v) with about the same results., This
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eliminates the possibility of a stable compound but does
not elininate the pogsibility of a dissociated one.

Using molben sulfur as a solvent, Beckmann and
(3)

Platzmenn also attempbted to detect compound formation
between selenium and iodine. The procedure consisted in

the determination of the effect of selenium and of iodine
separately and together on the freezing point of the sulfur.
Wo compound formetion was indicated. A similar set of
experinents was made by Beclkmamm and Eanst(é) using
methylene iodide as the solvent. Again no abnormal effect
was found. However, it should be pointed out that neither
of these methods would be gensitive enocugh Ho deteet o high-
ly dissociated compound. Three reactions which might be

proposed are:

i) Bey + 4I, = 4 Se, I, 514
2 = :
) Se, + 8I, 8 Sel, 9:8
3 3 + = & 7
3) Beg + 161, 8 Sel, 1728

The ratios of the number of molecules used up to
the number of molecules formed are given at the right.
Resctions (1) and (2) would be difficult to deteet unless
they went well toward conpletion.,

wrightie) measured the wvapor pressure of iodine
in the fusion products with selenium, sulfur and tellurium
at various temperstures. In each ease the vapor pressure was

found to be the same asg that for ovure iodine at the same

temperature. On passing a current of nitrogen over the
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fusion products at 150°C, he found that the iodine was
removed completely from sulfur and selenium, but that
tellurium held back a quantity corresponding to Telé.

On this last fact he drgws his conclusions that tellurium
forms an iodide, while sulfur and selenium do not. The
vapor pressure measurements do not exclude compound forma-
tion (even & stable compound) while the faet that selenium
giveg up all its iodine at 150° does not ot all disprove
the exigtence of s dissocliated compound.

Beckmann and Faust(é)

measured the specific

voelume of selenium iodine nixbtures and found that they
could be ealculated on the basis of an additive relation~
ship, from the specific volumes of selenium snd iodine, that
is:

g Yy Se
where the Vs refer to the specifice volumes and the Ns are
the atomie percentages. For Te -I mixtures they found
deviations up to 1.5% from additivity, & compound being
formed in this ease. This evidence makes a selenium lodide
geem improbable, but does not necessarily disprove the
existenece of one,

None of the work gquoted definitely disproves the
formation of a dissociated compound between éelenium and
iodine. The purpose of the v»resent work has been to find

evidence for the existence of a dissociated compound and to

determine such facts about it as time nermits.
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PURIFICATION OF MATERIALS

The selenium was purified according to the methed
already outlined under the discussion of the selenium allo-
tropes.

Iodine was purified by sublimation from sn inti-
mate mixture of about four parts of iodine to one part of
potassium iodide. This product was then resublimed without
the addition of potassium iodide,

The carbon bisulfide wasg shaken with mercury and
allowed to stand over the metal for several days. It was
then dried with CaClg, filtered and distilled using a two
foot column.

A good grade of ecarbon tetrachloride was dried
with KECOS and CaClg, then distilled without further purifi-
cation. This was also the case with chloroform.

Ethylene bromide was fractiomated from a student
preparation by careful distillation., The distillate was
then placed in a refrigerator and frozen. On removing from
the refrigerator, the bottle was inverted and the solid per-
mitted to melt about ome third. This liquid was rejected

and the remaining solid ( F. P. 9.8°9) was used.

ABSORPTION SPECTRUM STUDIES

F. Olivari(l) observed that a color change
oceurred when selenium was shaken with solutions of iodine
in carbon bisulfide, but said that he believed this color
to be the same ag that resulting when white light passes

36
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FICURE 2

Absorption spectra showing evidence
of compound formation between selenium and
iodine. The speetra marked 8 are of the
source pvhotographed through both eells filled
with pure ecarbon bisulfide. Those marked A
are with the earbon bisuvlfide solutions of
selenium and of iodine in separate cells,
while the spectra marked B are with the two
solutions mixed.
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FIGURE 3

Hierophotometer records of absorption speetra A and B
with six second exposures. The new region of absorntion on
mixing the twb solutions is clearly shown st the right of the

records.
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in succession thru first a solution of selenium in carbon
bisulfide, then thru a solution of iodine in that solvent.
Visual comparisons made by the author did not seem o agree
with this conclusion. Beckmann and Grunthal(v) also comment
on this color change. They state that no color change is
observed when the so called metallic selenium is shaken
with a solution of iodine in carbon bisulfide in the cold,
but that on heating, a color change did appear which they
attributé té a conversion of the hexagonal selenium té the
amorphous or soluble form. This is wrong on two counts.

The hexagonal selenium will dissolve (as shown later) in
solutions of iodine in any solvent in the cold and heating
will not change the stable hexagonal‘selenium to the anmor-
phous form, but rather the change goes in the opposite
direction. (See preceding discussion on selenium allotropes
in this thesis.)

In order to definitely establish the nature of the
color change occurring on mixing a solution of selenium in
carbon bisulfide with a solution of iodine in that solvent,
absorption spectra were photographed. The experimental set-
up is shown in Figure 1. The procedure was as follows:

The source was photographed first, the light passing
thru both cells filled with pure carbon bisulfide. In the
photograph, Figure 2, these spectra are marked "S", Next,
Cell #1 was filled with a solution containing 0.885 g. of
iodine vper 1000 g. CS, and Cell #2 was filled with a solu-

4C
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tion containing 0.195 g. of selenium per 1000 g. CSoe The
spectrs photographed with this arrangement are marked "AY,
Finally these two solutions were empbied out, mixed and
both cells refilled with the resulting solution. These
spectra are designated "B". Examination of the spectra
shows a definite inerease in absorption especially in the
violet, whiech region is absorbed practieally completely by
the mixed solutions, This lends very strong evidenéé in
favor of o compound between the elements in solution.
Great care was taken to see that the iodine was free of
other halogens since they are known to reaet with selenium.
Microphotometer records were made of the spectra

under A and B with the six second exposures. The records
show more clearly the additional region of absorption.
These are shown in Figure 3.

THE EQUILIBRIUM BETWEEN IODINE AND SELENIUM IN SOLUTION

In order to get some idea as to the stability of,
or degree of dissociation of the compound, and in order to
determine its formula, some experiments were carried out at
25%, The main purpose here was the determination of the
relation between the concentrations of the dissolved sele-
nium and the iodine,

First it was determined gqualitatively that hexagon-
al (insolublde) selenium 4id actually dissolve in dilute
solutions of iodine in such sclvents as carbon tetrachloride,
carbon bisulfide, chleoroform and ethylene bromide. It was

found that if the resulting mixture was filtered thru a



7.

fine sintered glass filter, a good test for selenium could

ve obtained in the filtrate. When the pure solvents them-
gelves are shoken with hexagonal selenium, or allowed to
stond for very long periods, the filtrate shows no test for
seleniun, The selenium test wss made in each case by shaking
the filtreate with agqueous sulfur dioxide solution.

The experimental procedure used in the quantita-
tive experiments was as follows:

Weighed quantities of pure iodine and solvent were
placed in glass sboppered bottles. These were rotated over-
night or longer in the thermostat at 25°, The solutions
were then allowed to settle in the bath for tem minutes or
longer, after which the samples were removed by slowly fore-
ing the solution thru a small sintered glass filter by means
of water free asir saturated with the solvent. The sample
was collected in a weighed, glass stoppered flagk, the size
of sample being determined by weighing.

In most of the experiments & gravimetric method of
selenium analysis was used. The weighed sample was trans-
Terred to & separatory funmnel and the flask was rinsed out
with about 100 ece. of 3N NaQH solution, which was then poured
into the funnel. The sample was shaken with the base solution“
for several minutes, then the two layers were separated. By
this process, the selenium and icdine are transferred to the
agueous layer, the selenium being converded mainly to selenite,

but pertially to selenate. The aguecus layer is filtered thru
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sintered glass and saturated with sulfur dioxide. 4in equal
volume of concentrated ACl is then added and more sulfur
dioxide budbbled into the solution. This precipitates the
selenite. The selenate is finally precipitated by the addi-
tion of hydrazine hydrochloride after the sulfur dioxide has
been boiled off. In order to convert the colloidal selenium
to & form in which it will be retained by the filter, the
solution must be heated several hours. It is then collected
in s sintered glass crucible, washed with water, then with
aleohol and finally dried a% 105°,

In some of the later experiments a quicker and

more reliable volumebric method was developed., The detalls

of the method will be publighed later. It will suffice here
to say that in 6N HCl, selenium in any lower valence sghate
is converted quentitatively by iodate to selenite, the iodate _
going to ICl as usual. An equilibriuvm mixture of selenium
and iodine can be analyzed by titration with standard thio-
sulfate to get the total iodine, then with standard iodate
to get the sum of iodine plus selenium. The selenium is found
by difference. In the thiosulfate titration, the selenium
precipitates, but this causes no troudble in the stareh end
point, since the selenium is wet by the organic solvent and
does not enter the squeous phase.

Data for the ecuilibrium in ethylene bromide are
given in Table I and for carbon tetrachloride in Table II.
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TABLE I

Selenium -~ Iodine Equilibrium in Ethylene Bromide

(1) (2) (1)
ifoles of I, Gram-atoms of Se per Ratlo /(2
0.0445 0.00200 2243
- 0.0756 0.00328 2249
0.102 0.00452 22.6
0.169 0.00777 21.7
0.308 0.0152 20.2
0397 0.,0209 19.0
0,452 0.0252 17.9
TABLE II

Selenium ~ Iodine Equilibrium in Carbontetrachloride

(1) (2) (1)
Moles of Ip per Gram-gtoms of Se per Ratio f 4
1000 g. 0014 1000 g. 0014 ()
0.04236 0,001064 39,81
0.05622 0.001401 40,13
0.07620 0.,001910 39,90

14
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These results are plotted in Figures 4 and 5 respectively.
The curve for ethylene bromide shows a departure from g
straight line, while that for carbon tetrachloride is
remarkably straight. Over the same concentration range,
however, no departure in the case of ethylene bromide is
evident,
The following reactions are considered as

posglbilities, keeping in mind the known halogen compounds
of the sixth group elements:

(1) sSe (solid) + 12 = SeIB
(2) sSe (solid) + 222'= 8914

(3) 25e (solid) + 12 = 39212

Using an excess of solid hexsgonal selenium, the

corregponding mass-action constants are:

K]_ - (SGIZ)

(IZ)
_ (SeIé)
2 ()%

(Sezlz)
(I,)

Kg =

HNeglecting activity effeets for the time being we
see that reactions (1) and (3) require a linear dependence

of the digsolved selenium on the iodine concentration while
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in reaection (2) this yields a quadratic dependence,
; fienss e 2
Se (dissolved) = K2(12) .

Obviously, reaction (2) ean play no more than a very
small part in the earbon tetrachloride equilibrium. It
probably does play a part in the ethylene bromide solutions,
however. This shows up even more if we consider activity
effects. G, Herraro(g) found that the distribution coeffi-
cient for iodine between ethylene bromide and water inecreased
as the iodine concentration increased. The variation in the
coefficient was from 650 to 696 as the iodine coneentration
in the aqueous phase varied from 0,03 to 0.183 g. pver liter.
I the usual assumption is made regarding the activity co-~
efficient in the agueous phase, namely that it is unity,
this means that the activity coefficient of the iodine in
ethylene bromlide decreases with an inerease in conceatration,
If the activity coefficient actuslly falls off with increas-
ing iodine conecentration, reaction (2) must be éalled upon to
explain the Increase in slope.

The effeet of selenium on the solubility of iodine
in the two solvents was also determined. The apvarent
solubility of iodine in ethylene bromide is the same (within
a8 very small experimental error) whether or not selenium is
present., In the case of carbon tetrachloride, however, the
solubility of iodine is measurably increased when selenium

is present. The quantity of this inerease, together with the
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quantity of selenium in solution, enables one to write a
formuls for the compound. In so doing it is assumed that
the small concentration of the selenium iodide present does
not in itself affeet the solubility of icdine in the solvent.
This assumption seems reasonable since the concentration of
the compound is only one-fortieth or one-eightieth that of
the iodine.

The experimental procedure here was the same as
already described. The solubilities of iodine in the sol-
vents were also determined and found to be in good agree-
ment with values given by Hiléebrand(lo). The data are
given in Table III. The solubility of hexagonal selenium
in the solvents is immeasurably small. The inerease in the
solubility of lodine in earbon tetrachloride due to selenium
is 0.215 g. or 0,0017C gram-atoms per 1000 g, of 0014.

The inerease in solubility of selenium due to iodine is
0.,1525 grams or 0.00195 gram-atoms per 1000 g. 0814. This
indicates 1.15 gram-gtoms of selenium per gram-atom of
iodine and that the compound yredominating is Seglz since
the linear dependence of the selenium concentration on that
for iodine vequires two atoms of iodine ir the molecule.

The high value (1.15) obtained above must be due
to a decrease 1In solubility of iodine in the solvent brought
about by the compound, an effeect which is to be expected.
Since the above result was brought about by taking the small
difference between two relatively large numbers, & very small

decrease in the solubility of iodine brought about by the
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TABLE III

Solubilities - (Grams of Solube per 1000 g. pure Bolvent

at 25%¢.)
Iodine Iodine Selenium
in in in
CEK Br CoH,Br, Sattd. CoH,yBr Sattd.
472 witﬁ S€lenium wi%h Todine
115.0 114.7 1,984
114.8 115,.0 1,993
114,9 Ave. 114.9 1.989
Todine Todine Selenivm
in in in
6614 CCl, Sat'd. with ¢Cl, Sat'd.
elenium witﬁ Iodine
19,12 19.24 0.154
19,13 19.34 0.153

19.125 Ave. 19,340 0.1535
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presence of the compound would ecause a relatively large
error in the difference of the two solubilities. By
coincidence, the compound seems to increase the activity of
I2 in the ethylene bromide to the point where its apparend
solubility is unchanged. 3By apparent solubility here is
meant the total iodine in solubion per 1000 g. solvent.
Greater deviation might be expected in the case of ethylene
bromide since the concentration of iodine is about five
times and of the conpound about ten times as great as in
carbon tetrachloride.

The formation of 3914 also seems somewhat probable.
It has already been pointed out that this would account for
the increase in slope found in Figure II. Going back to the
measurenents on the molecular weight of selenium in iodine
as the solvent (See page 1) it is recalled that values rang-

ing from those corresponding to Se to those correspond-

1.33

ing to Se were obtained, the lower values being obtained

1.88
in the more dilute solutions and at the lower temperature.
These meamurements c¢an also be explained on the assumption
of a mixture of 5914 and Se212 in solution. At low selenium

concentrations, relatively more Sel, would be expected,

4
bringing about a lower apparent molecular weight for selenium.
The lower molecular weights for selenium at the lower tempera-
ture canmot be explained by means of a dissoeiation of the

type Se,, = mnde, since anm increase in temperature would

favor dissociation. This behavior can, however, be represented
in terms of Seplp and SeI,, if we say that increased tempere -

ture shifts the equilidbris in such a way as to increase the
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ratio of Segly to Sel,.
In carbon tetrachloride, the equilibrium constant

has the value:
(SegIz)
(1,)

Ky 0.0127.

In the ethylene bromide solutions, the data
follow closely the empiricsl equation:

se (&issolved) = 0.0400(I,) + 0.0353(I,)%.
Thig leads to the following equilibrium constants

in this solvent:

B, = 4322120 = 5 0208

(I5)

Kg = gSelgz = 0,0409 .

(I)"
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SUMMARY

Evidence quoted in the literature which supposedly
disproves compound formation between iodine and selenium in
no ecase prohibits the possibility of a highly dissociated
compound.

Abgorption spectrs were photographed which give
strong evidence favoring a selenium-iodine compound in
solution.

Quantitative meagurements on the eguilidbrium
between selenium and iodine in ethylene bromide and carbon
tetrachloride indieate a éompound of formﬁla Seglo, and
possibly Sel, also.



(1)
(2)
(3)
(4)
(5)
(6)

(7)
(8)
(9)
(10)
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AN ATTEMPT TO REPRODUCE THE ALLISON MAGNETO-0PTIC EFFECT

INTRODUCTION

The Hagneto-optic Method of Analysis has bheen de-
seribed by Allison in numerous articles sinee its discovery
in the year 1927. The method if wvalid, would prove of great
interest to chemiste and physicliste from both experimental
and theoretical standpoints. The effect commands much inter-
esh. ‘irst, because of the very small concentrations (10-12
formal) at which it is elaimed to be observed and second,
beecause of the lack of any theoretical explanation for it.

Ag a means of analysis, 1t is claimed that not
only can an element or radical be detected in solution in
very minute quantities, but also that the various isotopes
of the positive constituents show up separately, enabling
one to determine the number of isotopes possessed by a
metallic element. No means has been found for detecting
isotopes of the negative elements or radicals by this meth-
od.

Two outstanding facts aroused the author’s inter-
est in the subject.

(1) In 1927 Astun(l), using 2 newly built mass
spectrograph found & weight for the hydrogen nucleus which
was in good agreement with the chemieal agtomic weight. This
lead him to believe that hydrogen was therefore a pure ele-
ment with atoms of only one masgs. This caleulation was made
on the assumpbion that oxygen waes also "pure", which later

proved to be in error.



(2) 56

In October, 1930, Allison and Harphy(g) in dis-
cussing isotopes, and believing that hydrogen atoms werse all
of one mass made the sbatement: "Hydrochlorie, nitriec and
sulfuric acids each produce two minima, for which we are un~
able to cccomnt.” (It should be noted that each 1sotope
suppegedly produces 2 minimum,) In cther words, they werve
at a2 loss to explain the sppearance of an extra minimum in
the case of hydrogen, This would lead one to believe, in
the light of the later discovery of H® in 1932 by Urey,
Brickwedde and ﬁurphy(ﬁ> that the Magneto-optic Method is
really all right.

(2) W. ¥, Iatimer and H. A. Young(4) reported that
they not only checked verious of Allison's results but that
when HCl was dissolved in solutions containing heavy water
they were able to deteet still a third isotope of hydrogen.
The isotope E& was later digcovered by Ilozier, Smith gnd
Bleakney{5) by means of the mass speelrograph. Since Isatimer
has the reputation ef being & good seientific worker, hkis
report coused many people to accept the Hagneto-optic Methe
od of Analysis as wvalid.

In view of the above facts, it was considered
worth while to set wp the apparatus seo that the method might
be given a further check and so that data might be obtained
which would be of help in establishing some theoretical basis
for the effect. Professor W. V. Houston of this Imnstitute

was inbterested ir the latier sspect of the problem.
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APPARATUS

Z11 apparatus used was as nearly identical to that
described by Allison as was practieal at the time. The
optieal set-up was mounted on an optieal bench so that
exget alignment was facilitated. A rectifying tube was used,
but due to the lack of a filament transformer, an auto-
transformer was employed, which introduced & ground in the
gireuit at this point. Otherwise the electriecal cireuvit
wag analiered. The trolley wire was counsideradbly larger
(#12 hard-drawn copper wire) than the #18 used by dllison.
This wire was also used in winding the helices into which
the cells fit. 4 rather large Nicol prism was used as a
polarizer while the anslyzer and cirele was borrowed from
the laboratory polarimeder. The movable trolley was operated
by means of s drum mounded in fromt of the observer.

The apparatus was first set up in the second sub-
basement of the Astro-~physies Inboratory, but this proved
later to be too damp, so the equipment was moved to an old
barracks on the campus., This was quite dry in summer.

EXPERIMENTAT

The gzero point of the seale was located as directed
by Allison, the minimom in this case, with carbon bisulfide
in both eells being gquite sharp. When the second cell was

3%

filled with a dilube aqueous solubion of HC1, SnCl,, XC1l, ete.,

a rather broad minimum could be locaded, but the sharp
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minima, which have been attributed te the various isotopes
of the positive ions, could not be observed.

Various methods of observation were employed. The
room was kept in complete darkmess during observation and
the trolley position could not be seen, In the earlier
work, a study of Allison'’s scale readings was purposely
avoided so that observations would not be influenced in this
way. In order to reduce eye fatigue, & method was somebimes
employed which consisted of alternately looking into the
eyepiece for a few seconds, then away for about the same
length of time., Small changes in the trolley setting were
usually made during every third or fourth rest period.

- Many hours of observation with various sclutions
in the second ceell at coneentrations rumning from 0.1 %o
10~10 formal were made. The woter used in making up these
solutions was redistilied from alkaline permanganate in an
all glass still. Changes were madé from time to time in the
variables of the eleetrie eircuit such as the capacity of
the condenser, length of spark gap, primary voltage, etec.
A sodium vapor Iab-are was tried as a light source with
even less success, in spite of it bheing steadier than the
spark., This might be expected, since the Verdet Consbants
become smaller at longer wavelengths, with correspondingly
emaller »otations of the plane of polarization. The spark
remained in the eircuit in this case of course, its light

being shielded.
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The minims consist of a decreass of about 3 to 5%
in the intensity of a very weak light source which iso
subjeet to flicker since it comes from a spark, snd sudbjeet
further to changegzin line voltage which may amount to
several percent.

In the latter part of the work a new ides was
incorporated in the apparatus with the purpose in mind of
getting a split field of vision, one-half of which would
undergo minime while the other half would »roduce simnultane-~
ous maxima. If the two halves of the field are matched to
start, then at the scale setting of one of Allison's
minima, they should go out of mateh, one side getting wesker,
while the other side grows stronger. TFlickering of the
light source should affect both halves alike, giving no
relatlve change in intensity.

In order to bring atout the above conditiocns, s
quartz dise was made up, one half of vhich was cut from a
1ef%t handed erystal, while the other half was eut from o
right handed one, The two halveg were cementbed together as

shown,
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This disc was ground to such & thickmess that the
plane of polarization of light of 4481 from the magnesium
gpark experienced & resulitant yotation of aboub 2% in each
half or a separation of aboutb 4° in the planes of polariza-
tion in the two halves of the field.

Since the minime are supposedly produced by
differential rotations of the plane of polarized monochro-
matic light observed thru a Nicol prism, if the above
described dise is placed somewhere in the light path between
the two Nieol prisms, then the effect desireld should be
produced. n trying it oul, this proved to be the case
fer the broad minims already described, yet no sharp minima
could be loeated.

As a final resort, and not until then, a study was
mede of Allison's reported seale readings, which were then
used in looking for minima. Agein no sharp ninims due to
the isotopes were to be found.

DISCUSSION

Unfortunately, the failure to obiain sharp
minima of the type described by Allison does not necessarily
disprove the validity of the uwethod. One thing, however,
appears to be certain, nsmely, that the method, even though
14 may work in some eases, is extremely tedious in 1its
operation and subvjeet to uvnknown disturbances which cause it
to be inopsrative. At the present writing, the velilidity of

the method is stlll unsettled. Humerous papsrs on both sides
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have appeared, none of which offer any uncuestionable proof

one way or the other.
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THE CRYSTAL STRUCTURE OF POTASSTUM
CHLOROSHMATE AWND POTASSIUM BROMOSMATE
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FIGURE 1

Plot showing the square root of the ealculated
intensities for various orders of (111) as functions of the
chlorine parameter, u. The arrows show the regions eliminated
by the indicated comparisons.
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e FIGURE 2

Caleulated intensities
of selected Iaune
reflections of Ko08Clg
as functions of the
chlorine parameter, u.
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FIGURE 3
Square root of caleculated intemsities for (mm)
of K2093r6 plotted as functions of the bromine

paraneter, u.
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