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

I. Selenium and iodine form a compound having the 

II. Dynamic allotropy in the various forms of solid 

selenium as suggested by G. Briegleb (Zeit. :phys. Chem. 

A-144--321,34O (1929) ) does not exist. 

III. 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 al:pha 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 ionic compounds. 
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ABSTHACT 
----·-

I . 

.A new va.cu.um-vaporiza.tion method. :f.'or determina­

tion of transition temperatures. due to Dr. A. o. Beekme...n. 

has been tested and proven to be all right by means of' the 

mercuric iodide transition at 127·0 • 

This method shows an apparent transition between 

a. red miero-erystalline form o:f selenium and the hexagonal 

form a.ta temperature of 74-75°c. 

The relative stability of' the three erystalline 

forms of' selenium at 25° has been definitely- established as: 

( 1. ) hexagonal selenium ( most stable ) , 

(2.) oe. - monoclinic selenium. 

(3.) (3 - monoclinic selenium (least stable). 

Evidence quoted in the li tere,ture which SUJ.)posedly 

disproves compound :f'o1--mation between iodine and selenium in 

no case prohibits the possibility of a highly dissociated 

compound. 

Absorption speetra were photogra:phed which give 

strong evidenoe favoring a selenium-iodine compound in 

solution. 

3 -



Quan.ti tative measurements on the equilibrium 

between selenium and iodine 1n ethylene bromide and carbon 

tetraehlo.ride indicate a. compound of formula Se2I2,. and 

possibly SeI4 al.so. 

The Magneto-optic Apparatus was set up according to 

the directions given by Allison in his nl:l:merous :publications. 

The broa d m.inima attributed to the solvent could be located 

as deseribed,. but no min.ima of' the sharp type due to isotopes 

of the :r,osi tive io:as wePe observed,., 

IV. 

With the s,id of Iaue and osoilla ti.011 photogr aphs_, 

pota ssi um ch lorosmate and potassium bromosm.a. te have been shown 

to have the runm@niu.m chloro:olati:nate struci.u.re. The e'dge of 
0 

the unit cube was found to be 9 ..• 729 ± O. 02 A for p-ota.ssium 
Cl 

chlo.rosmate and 10.30 ± 0 .. 03 .A for :potassium 01 .. omosma.te. The 
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halogen parameters we i•e found -to 'be 0.243 * 0.002 and 0. 244 ± 0.001 

respectively. These va lues give an osmiu.ra-chlorine separation 
0 

of 2 . 36 ± 0.02 A anti. an osmium-bromine se:pa.r a:t i on o:f 2._51 ± 0.01 
0 

.A in the complexes. SU.btra,eting the n.o:rmal e leotron-:pa lr bond 

r ftdius f'or the halogen in ea ch case,. the octahedral e1ectron­

:pa ir bond radius for quad.3:-iva lent osmium is fou.n.d to be 1.37 ::I:. 
0 0 

0.02 A in X20sCl6 and 1.37 ± 0.01 A in ¼OsBr6• 



A STUDY OF THE ALLOTR0PES OF SELENIUM 

INTRODUCTION 

The principal objective of t his study has been an 

attempt to determine such transition temperatures as exist 

among the three mown crystalline forms o'f elementary 

selenium. The main portion o'f the work involved the use o'f 

a new method 'for determining solid-solid transition tempera­

tures due to Dr. A. o. Beckman of this Institute. 

The selenium allotropes have been the subject of 

considerable discussion since 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 

crystalline forms of the element so far established are: 

(1) Hexagonal Selenium, the so-ca lled metallic 

variety. Grey metallic luster, not soluble to any appreciable 

extent in solven"tB which dissolve other forms of the element. 

Density 4 .• 86 

(1) Lattice Constants 
O 0 

a :: 4.34A; c = 4.95A 

(2) Alpha Monoclinic Selenium. dark red in color, 

semi-metallic luster. 

Density 4.46 

Iattice Constants< 2 ) (for 32 atom eell) 
0 0 0 

a = 8.992A; b = 8.973A; c = 11.52A 

p ::: 91° 34, 

(3) Beta Monoclinic Selenium, also red in color .. 

First identified by Muthmann< 3 ) by optical methods. 

5 



2. 

Dens1ty( 2 ) 4.42 

Lattice Constants< 2 ) (for 32 atom cell) 
Q O 0 

a = 12.74A; b = 8.04A; c = 9.25A 

f ~ 93° 4' 

The a lpha and beta forms are both moderately 

soluble in methylene iodide and carbon bisulfide. yielding 

red-amber colored solutions. 

Some investigatorsC4) have failed to recognize 

the existence of two monoclinic forms of selenium. During 

the present study crystals of both monoclinic forms were 

obtained. llug< 2 ) made use of these crystals in his x-ray 

study of selenium and was able to prove the existence of 

two distinct varieties • . The usual ha.bit of these crystals 

is in the form of psuedo-hexagonal plates, which are 

practically impossible to identify by means of the petro­

graphic microscope. The angles (100) : {110) are 57° 46' 

and 57° 59 1 respectively for the alpha and beta va rieties. 

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 

fact that most preparations of monoclinic selenium are nearly 

pure alpha and because of' the similarities of the two forms. 

X-ray examination of several preparations made in this 

labo:ratoey by evaporation of solutions of the element in 

carbon bimµfide and by modifications of the continuous 

method described by Halla Bosch and Mehl( 5 ) show only lines 

due to the alpha modification, the positi ons for the strong-
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est reflections :from the beta form being blank .. 

DESCRI PTION OF 1.iETHOD AND APPARATUS 
-------~------ ------

The new method for dete rmining solid-solid transi­

tion temperatures consists of the slow vaporizati on o:f the 

substftnce under investigation in a vacuum and its subsequent 

deposition on a surface of known temperature. Thi s surface 

usually consists of a brass bar heated at one end, so that 

a. range of temperature is covered at a single run. One form 

of the a:pparatus is shown in Figure 1. The material to be 

vaporized is pl a ced in the graphite crucible D which is 

surrounded by a chromel or tungsten wire heater. The bar 

' C - c· receives the deposit. C' is a hollow copper block 

which conta ins a heating element and a thermocouple well at 

B. The copper block C is not heated but has a thermocouple 

' well at A. When the temperature of the bloek C 1s maintaia-

e-d. a t 75°, the block C rea ches equilibrium at a.bout 55°. The 

heavy brass shield E serves to protect the bar from hea t 

r adiated 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 K. v. to a spark ~P 

of about 10 centimeters length in the vacuum. The va cuum vm.s 

mainta ined sufficiently- good to prevent a glow across the &J,l>• 

The thermocouples were Chromel X-Gopel junctions 

and were calibrated at o0 • 99.4° and 211.0° in melting ice, 

condensing steam and condensing naphthalene respectively .• 
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4 .• 

The method is not confined to work above room 

temperature but by use of liqu id air ., solid ca rbon dioxide, 

etc .. on one end of the bar, the range below r oom temJ)eratu.re 

may be investigated.. In order to :facilita te working a t 

low temperatures a modif'ied f orm of a:ppe.ratu.s was made., 

the dia gram of which is sho'll'm in Figure 2. The inner tube, 

A,is of pyrex which is fitted into the bell jar by means of 

a ground glass joint. The deposit is received in this case 

on a brass plate.~ soldered to the end of a snug fitting 

brass tube. ::B. 

p::x:pERilf.ENTAL TEST OF THE METHOD ---------· --.-----. • 

In order to test the method1 the transition 

between the red {tetragonal) and yellow (orthorhombic} 

forms of HgI 2 was checked. Since the vapor pressure of 

HgI 2 a t the transition temperature (127-128°) is about 0.1 

mm. it was necessary to :modify the usu.al :procedure. The 

bell jar was evacuated as usual, the·n the stop-cock to the 

pumps was closed. The va:porization was then started by 

very gr.-:i, d:ually heating the eruci ble,. In order to protect 

the brass bar from the corrosive action of HgI2 at the high 

temperattu-e, it was given a very thin coating of Du.oo Cement 

thi1med with ethyl acet ate.. J. heavy coating is to be avoided 

since it would hinder the transfer of heat from the condens­

ing vapor to t he bar. The necessity of go od heat transfer 

is borne out by the fact that red HgI2 deposits on metals at 
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room temperature while the yell0w ,form appears on glass at 

t his same temperBtu.re, the red form being stable. A gold 

pl a ted block has a.lso been used in order to secure freedom 

from corrosio:n, and yet have a good conducting surf'a ee . 

Seve:Fa.l te·st runs were made using HgI~. In one 
N 

run the temperature of the warmer end of the bar was 129° , 

while the other end t ook a tempera ture of 103° . The transi­

tion occurred at a place 1-2 mm. from the vJarmer block., the 

leD.t,o-th of t h e bar being 58 mm . On the assumption of a 

u...~iform temperature gradient this gives a transition tempera­

ture of 128-12B . 5°c. Using the form of the apparatus shown 

in Figure 2, iso-amyl a lccahol was boiled in the glass tube, 

A, by means of an electric heater. the to:p of' the tube being 

equipped with a reflux condenser • .A thermometer dipping in 

the boiling liquid showed a tem, erature of' 129°. The yellow 

f'orm of' HgI 2 <leposited inside a eirele at the center of the 

block where it was f a stened to the glass tube .;· while red 

crystals deposited outside this zone . This would indi cate 

a transition just U..'tlder 129° • the exact di f ference not being 

known since no means of measuring the temperature of the 

block directly was provided in this ca se. 

PURIFICATION OF SELENIUM 

The selenium used in this work was the so-called 

metallic powder obtained from the General Chemical Co . 

Since it wa s :f'ound to contain considerable non-volatile 

material, it was carefully purified in the following way. 
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The powder was dis solved in 6N RN03 ; using no more of the 

a cid t hn.n necessary.. The :resulting sol1rt;ion 1>1as :filtered 

th.1~ s inte r ed gl ass , then eva pora ted to dryness . The SeO<J (:., 

was then sublimed and dissolvea in 12N HGl. Te82 being 

much less vo.l a t :lle t h,9Jl Seo2 is l e:ft behind in the sub­

limation. Selenium ts pre cipit a ted :from 12N FrCl by so2, 

while tellurium is not. The seleni1.11n is :fi ltered out of 

the sol ution,, washed and put thru. the same process a,gain. 

The product was t;hen wa shed with iva ter and a lcohol and 

dried over Caci ~. 
;,., 

For use in the vaporj_z.ation experiments some o:f 

the dried selenium v1as fused and then cooled down to 150° 

when·e it was kept for several hours. This treatment yields 

a :product which is pure hexagonal selenium a s sho'lftm by the 

x-ray diagram and its fa ilure to dissolve in the common 

solvents. A sampl e of this pr .o.duct ha s been kept in a 

sealed tube with cs2 for three years without a trace of 

color showing in the solvent .. 

VACUUM VAPORIZATION .Q!. SELENIUM 

Using the method already outlined, selenium was 

very slowly vaporized, the average time required was a bout 

two hours for 0.1-0 . 2 g. of selenium.. The pressure was kept 

sufficiently low t.o prevent a. glow across the sl)ark ga,p 

when the :potential iia.s applied . The sound of the :fore :pump 

wa s a good means of' t elling whe t her the pressure was above 

or below the r ange in ~rhich a discharge would oecu.r . 
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7. 

The results o:f these experir.aents are shown in Table I. 

Figure 3 is a :photograph of the brass bar showing the 

deposit of selenium resulting in E:xperiment 5. A sharp 

line between t wo forms of the deposit shows at the left. 

The curva ture of the line near the edge of the bar indicates 

that the effect is really due to temperature difference , 

since the edges of the bar would be expected to be cooler 

t han the middle portion. The line at the right is a reflec­

tion from the curved surfa ce of the bar . The t ransition 

tempera ture is indica ted by these experiments to be between 

74 and 75°. 

In some cases the-re was a slight drift in the 

temperature of the bar during the deposit j_on. Fluctuation 

in tempera ture was grea tly reduced by using a separ ate 

storage battery for the heater cireui t. 

Attempts were made to narrow down this range by 

using a heavier bar with a correspondingly smaller tempera ­

ture gradient, but this s imply made the boundary less dis . .,. 

t i nct with no resulting increa se in a ccuracy. 

The selenium which deposited in the region above 

75° was grey in color and appeared metallic. X-ra y powder 

photos showed it to be definitly of the hexagonal "metallicn 

variety. The deposit below 74° in ea ch ease wa s red and 

semi-transparent. It wa s birefringent when observed between 

crossed nicols on a petrographic microscope, but no X-ray 

diagram could be obta ined under the same conditions where 

good photographs of the hexa gonal variety resulted. 



e. 

FIGURE 3 

Photograph of bar showing deposit of selenium in 
Experiment 5. The arrow indicates the line a.long which the 
tran ition occurred. 

1 
2 
3 
4 
5 
6 
'7* 
8** 

Temperature 
,armer End 

oa 

74 
80 - 81 
76 
75 - 75 .• 5 
77.5 
75 
76.5 
'15 

TABLE I 

TemJ.)eratu.r& 
Cool.er d 

oc 

58 
60 - 62 
55 
54 
56 
54 
55 
53 

* Vitreous Selenium Vaporized. 
** Monoclinic Selenium Vaporized. 

d Transition 
mm. Tempira.ture 

C 

All Red .Above 74° 
19 74 - 74.5 

0 - 10 73 - 76 
2 74.5 .. 75 

10 74 
0 '15 
5 '74 
3 74 
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9. 

Samples of t his red form and the hexagonal form 

from the ba r were :pl a ced in sealed gl a ss tubes with some 

ca rbon bisulf'ide, The red form dissolved in sufficient 

qu.anti ty to impart a decided amber color to the. . li quid , 

while the hexagonal did no-t impart the slightest trace of' 

color to it. Thes.e tubes were placed. in a thermosta t a t 

70°. The red form blaeken.ed a.~ter a few hours and after 

two days the solution became col-orlE.HilS,. X-ray photographs 

showed tha t the selenium had be-en converted to the he:r-..agonal 

fat"m. The hexagonal selen'ium remained unehanged. 

When the red deposit is allowed to stand in cs2 

at room temperature it changes in a few hours to the o< -

monoclinic form as sho?m. by X-ray powder photos. Furthermore, 

when the o<. -monoclinic crystals a1~ pl aced in quinoline or 

in a solution of iodine in cs2 they are converted to the 

hexagonal variety, again t his is proven by means o:f the X-ray 

photographs. 

These :facts indica te that the hexagonal crystals 

a re more stable than the red deposit both a t 70° and a t room 

temperat-ure, making it appear doubtful that the phenomenon 

observed a t 74-75° is actually a transition in the usual 

meaning of the term. 

The :phenomenon is a p , ar ently the same as the one 
(6) 

observed by Goetz and Dodd in studying bismuth and seleni-

um deposited on water cooled pyrex sur:fa ces in a vacuum. 

They contend that there is a de:finite tempera ture below 

which the vapor will not deposit in ma cro-cr ystalline form, 



20,. 

bu.t rather is micro-crystalline. They were unable to 

mea sure these temperatures with the ap~aratu.s used. The 

:first t hin l ayer deposited is micro-crystalline and a et·s as 

a poor c ondu.ctor :for the hea t 11 be-rated by the condensing 

substance . This ce:u.ses a gradual rise in the tempera tu.re 

o:f the surfa ce UJ)on which deposition takes place until the 

critica l temperature is reached at which the ma cro-crystal­

line deposit sta rts. .Af'ter removing :from the gla ss surface, 

the two l a yers easily separate and show a diff erent struc-­

tu.re. They were not examined by means of X-rays. 
. . ( 7) Ka.pitza found that bismuth would deposit from 

its vapor in a va cuum as a gla ssy amorphous l ayer a t room 

temperature, bu.t deposited as crystals a t 200°c. The two 

:forms were found to have different specific resistances 

but wer e not examined by means of X-rays. 

The writer has :found also that arsenic and anti­

mony yield amorphous layers when deposited on a surfa ce a t 

r oom temperature in va cuo. X-ray :powder photographs serve 

to prove the lack of a crystalline structure. Compa rison 

simples were photographed simultaneously,, using the crystal­

line elements. These gave the customary :patterns. 
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11. 

CONSTANT TEMPERATURE CRYSTALLIZ11.TION FROM SOLUTIOn 

In another series of experiments, selenium was 

crystallized :from solutions of the element in carbon bi-
o sulfide, at constant temperatures l"anging from 25 up to 

100° by allovdng the solvent to· slowly vaiporize. The :r-ate·· 

of eva poration was cont rolled by :placing the .solution in 

the container shown. in Figure 4. A pyrex tu.be se!'ves to 

hold the solution. fhis is :plaeed inside the brass cylin­

der and the aa p screwed in :pla.ee-.. An asbestos f'illed copper 

gasket makes the joint gas tight .. The needle va lve :permits . 
adjustment of the rate of' evaporation of the solvent, which 

may be condensed in order to cheek on this rate. About 50 cc 

of solution, satu.I,'ated v1ith amor phous selenium a t room tem­

perature was used in each vaporization. which required f1•om 

thre-e to five days. The bra ss cylinder was placed in a 

thermostate-d oil bath du.ring the crystallization. 

In one respect these experiments checked the vacuum 

vaporiz..9, tion method , namely that hexagonal crystals were 

a l ways obta ined a t temperatures above 75°. Below 12° red 

crystals were obtained vvhi ch always showed the X-ray powder 

diagrs,m for o<- monoclinic seleuium. Between 72° and 75°, 

the :produets varied somewhat. In one vaporization carried 

out at o/4.5° a single red crystal appeared along wi th many 

smaller ones of the hexagonal ve,riety.. Because of the dif­

ference in appearance of this crystal from red crystals which 

had been obtained. :from cs2 at room temperature, H.P. Klug 

became interested in it and succeeded in identifying it a s 

the r variety by means of Iaue and Oscillation :photographs. 
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12. 

Later attempts to grow mo:re ~ cryst eul s at this and neighbor­

ing temperatures failed. 

Powder photogra phs of the crysta ls obtained below 

72° are identical to those obtained by photog-:eaphing the 

powder resulting from grinding a single 0\ crystal. The 

crystals ol,tained betvreen 72° and 75° are mostly of the 

form. but the photographs show some of the principal lines 

of the hexagonal variety. Some o:f these :photographs are 

shown in Figure 6. 

DILATOMETRIC MRASU.REMENTS 

Crysta.ls of O<. monoclinic selenium were prepared. 

by a continuous method similar to that described by F.alla. 

Bosch and M'.ehl ( 5 ). X-ray photographs of the product show 

lines of the 0( ve,riety only. Two grams of these crystals 

were pl aced in a dilatometer having a bu.J.b volume of about 

l ce. and a capillary o:f about 0.5 mm .. inside diameter. 

The capilla ry was :provided with a millimeter scale ,. The 

liquid used in this case was dibutyl phthalate which bas a 

slight solvent power on selenium. 

From the density of the °' crystals. 4.46., the 

volume of 2 grams would be 0,.448 cc. The eorres1>onding 

volume for the ~ variety is 0.453 oc. and :for the hexagonal 

form 0 .. 411 ce. This means an increase in volume of 0.005 cc:. 

or a rise of 8 mm. of the liquid in the oapilla:ey- for complete 

change to the~ form. For complete transformation to the 

1-9 
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hexagonal form. there wou1d. be a decrea se in volume o:f 0.037 

cc. or a fall o-f 5 em. in the meniscus .• 

When kept at .25° no change in the scale reading 

could be observed in t wo weeks. The tempera.tu.re wa s ra1sed 

by :five degree intervals a.nd kept constant at each step 

for two or three days. At 45° the scale r eading deereased 

0.03 em. per d.8.y. At 70° the rate of fall became 0.13 em. 

:per day. E:xeept for this gradua l f'all in sca le readir...g, no 

irregularity occurred in the volume-temperature curve ob­

tai ned. On going ba.ek to 25° t her e ~vas no indication of a 

rise in the capillary, which at this time was 1.56 cm. 

lower than the 25° rea ding at the start ., The above proeess 

was repeated with similar results. On standing at room 

t emperature, the reading when :placed in a 25° thermost!it 

showed a decrease of 0,..40 cm. from the 25° reading made a 

year ea rlier. This latter f'a;ct ind.i cates the instability 

o-f 0( -monoclinic selenium a t room tem:peratu:re. An X-ray 

eY..amina ti on of the selenium after r emoval from the dila tom­

et-er showed both t he hexagonal and the e1... - monoclinic phases 

to be present _. 

!!I SCELLANEOUS EXJ?ERHfBNT S 

In order to better esta blish the stability rela­

tionships existing between the three crystalline :forms of 

the element,,. a. series of rather simple experiments was 

made. tn all cases where statements are ma.de regarding the 

m.0difioation being ,vorked with or produced.. this has been 

20 



14. 

de:finiteJ.y estabJ.is:h-ed by means o:f some kind .o:f X-ray 

:photograph. Examples o-.f these phot,ographs a.re sho1.m in 

Figure 6. In addition, some erystals were f'urther identified 

by maldng measurements on several inter-.faeial angles by means 

of an optieal goniometer .. 

(1.) Amorphous red seleniillll• the variety 

-precipita ted by means of sulfur dioxide or hydrazine in 

a queous solution, was plaoed in quin-011:ne at 25°. The red 

powder turned dark in a few hours. and a.f'ter t v10 days the 

trans:f'orme~tion to the hexagonal -.form v.ras complete . The 

resulting produet showed 110 trace o:f color when pl aced in 

carbon bisul:fide. This is in agreement with the work of 

A. P_. Sm:nnders< 8 ) v.rho showed that the density o:f a.mor-phous 

selenium increase-d to 4.8,. the value :for the hexagonal form, 

when pl a ced in quinoline. 

Sa:u.nd~rs con.i'ined his experiments in quinoline to 

the amorphous form of the element . It wa s considered of 

interest to try the effect of that liquid on other forms of 

s~lenium. These ef:feets were as follows: The red form of 

selenium obtained ·by the va cuum vaporization proe-ess changed 

in a few hours to the o< modifieation. then more slowly to the 

hexagonal form . Fairly large 0( crystals which could be 

identified were the intermediate product. The 

crystals undergo a slow change in quinoline to t he hexagonal 

form . The change t akes pl.ace in a few hours when the eeystals 

s.re powdered :first . Hexagonal s elenium undergoes no change 

in three year s. The ef:feet of q:uinoline on selenium seems 
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to be due to its ability to open the se8 ring, allowing the 

a toms t o ar range themselves in the more stable spirals . 

{ 2 . ) Wl1en benzene is slowly added to a saturated 

solution of selenium in ce,-rbon bi sulfide, small o< -mo-no cli nic 

crystals a.re :precipitated. 'Wlien acetone is used as the 

precipitating liqui~ small, dark red needl.es result which 

V-lff!'e sho\-m to be of the hexagonal variety. 

( 3.) (3 -monoclinic crysta ls will dissolve when 

placed at 25° ~r at 50° in a saturated solution of' the o< 

variety in ei? ... rbon bisul:fide c ontaining -exeess of the solid. 

This experiment has been repeated several times with proven 

crystals .. This is in keeping v1ith the f'aet tha t 0 crysta ls 

a re never :found. in pro<lucts which are very slowly crystallized 

from solution., but only result in the comparatively r apid 

evaporat i on or eooling of saturated solutions of selenium in 

such s olvents as e.!3.rbon bi sulfide or methylene iodide. The 

o-ne exception to this already noted on page 11 ma;y have been 

an accident brought about by the f a ilure of a:JlJJ' 0( nuclei to 

f'orm. It has 'been found impra ctical to test the rela tive 

stability of the o< and ~ erystals a bove 500 due to their 

great tendency to trans:form to the hexagonal form .. 

(4.) Various sta teme-nts are found in the literature 

regarding the effeet o:r light on selenium. Red amorphous 

selenium powder wa s pl aced in a quartz tu.be in direct sunlight 

on a warm. clea r day. In l:'l..alf an hour the :powder had sintered 

to a grey mass which proved to be hexagonal seleniu.m. W'hen 
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the tube was plaeed under water, still in the direct sun­

light, the red powder remained unchanged :for hours .. 

and o< crystals have been kept :for three years exposed to 

the light o:f the laboratory without change . Radi ation 

fr-om a quartz mercury are also seems to be without e:f'feet . 

The ef'f'ect of' light seems,. therefore ., to be only that due 

to the heat produced. 

( 5 .) Solutions of sel enium in carbon hisulf'ide 

were sealed in py-rex tubes , both with and without hexagonal 

erystals. These tubes remained unchanged :for three years a t 

room tempera:tu.re . On plaeing in an oven at 120° 1 the solu­

tion in conte .. ct with the crystals slowly deposit s selenium, 

while the tubes containing no cryst als showed no eh~o-e in 

three days. 

( 6 .• ) Crystals of' 0( -monocl i n i c selenium will 

keep indefinitely at room temperature either alone or in 

contact with a saturated solution i n carbon bisu.lfide . 

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

slow chc':tllge sets in and the crystals darken. 

DISCUSS I OW 

The present work has definitely established the 

relative stability of the various crysta lline forms of 

selenium a t 25°c . The he:r-...agonal form is the most stable . 

with the a( crysta ls next ., the p crystals being least sta 'bae • 
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This i s contra ry to the belief of Saunders(8) ,vho :placed 

the r erysta.ls above the ~ form in stability. 

1.rhe direct change of' the hexagonal. f'or.m to any 

other form of the element b,,,, low its melting point. (217°) has 

never been observed. By direct change here is meant 8J:1Y 

change whieh does not involve ehemiea l combination. 

The 0( and (3 crystals have never been obtained 

in any way other than f.rom solution. Hexagonal crystals 

may be obtained from solutions under certain conditions,,. 

by slowly eool:tng ·molten selenium or by slow sublimation, 

provided the surfaee u:pon which deposition takes place is 

above 75° .. 

G .. Briegleb(4:) :postulated a dynamic equilibrium 

se2 = 2Se in all solid forms of selenium.. This is not 

in keeping with the known. strueture ( 9 ) of hexagonal seleni­

um wh:leh eoneists of infill! te eh.4.hs of selenium atoms in 

the form of' spirals with a three-fold screw axis. ilso. 

since both monoclinic forms 0£ selenium contain 32 st-oms in 

24 

(10) 
the unit ce11J 2 l and since these crystals rteld se8 molecules • 

in solution. it is rea.sonable to believe th.at the mon-oclinie 

crystals are bu.11 t up of' se8 moleeu.les. These molecules 

are probably of the same f'orm. a s those :found f'or s8 in ortho­

rhombie sulfur by Warren and Burwe11(ll) in vvhich the a toms 

form an eight membered staggered ring in two :parallel planes. 

Rriegleb ba sed most of his reasoning on the apparent maleeu­

lar :formula se1 . 33 to Se1•88 found for selenium in molten 

iodine. These low values are probably due te compound :forma-
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tion as soo:i.m in Part II. of this thesis .. 

No satisfactory theory h...e.ts been :ftnmd whieh will 

explain the sharp line obtained between the red and hexagon­

al grey forms .a:f selenium de:posi ted on the brass b~r in t-he 

vacuum vaporization experiments., other than that of a 

transition. That it is a transition in the ordinary sense 

seems improbable sinee the red depo.sit changes to the 

hexagonal form when plaeed in quinoline at room tempera tu.re 

or in earbon bisulfide. at 70°. The effect is not due to the 

material from whi.eh th-e bar is made since the same resu.lts 

are obtained when it is given a thin eoat.ing of' Du.eo eement., 

No reaction takes pl a ce 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 consid&'rs the possibil.ity of the selenium 

depositing in the red m.1ero-ecysta111n.e form., :followed by a 

change to the hexagonal. form on that part o:f the bar vrhere 

the temperature is above f5°. one woul.cl not expeet a sha.rp 

line to result. but re ther a more gradual change from the 

red to the grey f'om. 
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A new vaeu:um--va:por:tza.t.ion method for determina-

has been teated and p.woven to be all righ.t by means of the 

me1.,.eurie iodide t1-ans:i:tion at 12'1°. 

Thia method shows an apparent transition bet\-veen 

a red mioro ... c-rystallin,e :form 0-f selenium a.lid. the llexagonal 
. . . 0 

:form at a tem:per& tu.re o~ 7 4.,.75 c.. 
11.'he relative ste,bili ty of the three crystalline 

forms of s e leni11tn at 2i0 has been definitely Els'habl.ish&d as : 

(1.) hemgonal seleui,m (most st,9.ble) • 

Uz.) ex ... monoclinic se.J.enium., 

(3.) r - monoclinie s~lani12111 (lea.st. s·i;able ). 
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FIGURE 6a 

Alpha onoo11n1c Selenium 

30° Oscillation photograph with unfiltered 

copper radiation .glancing (001) o:f the 64 atom cell 

o~· (101) of the tru.-e 32 atom unit. A 11 crystal 

:fragment 1s responsible for reflections which do 

not confom to the horizonta.J. pla.ne of aymmetry­

whioh normally results tor oscillations about the 

b a.xi • 
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FIGURE 6b 

Beta llonoclinic Selenium 

zoo Oscillation photograph nth 1lll.filtered 

copper radiation glancing (100} of the 32 atom unit. 

The osoillation \VD.S about the c ~,xis which wa.s 

placed vertieall.y. hence no plane o~ symmetry. 
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FIGURE 6c -- Powder photogrn:ph of hexagonal 
selenium de osited in vacuum on brass S'tll!"face above 7500. 

FIG-URE 6d - l?o der :photogra.:ph o.f crystals 
(a mj.xtu,re of o<. ... onoelinic and hexagonal selenium) 
o·btained by evaporation of s. solution of selenium in 
carbon bisul.fide at ?4° . 

FIGURE 6e -- Po·ro.er photograph of ~ - mono­
clinic selenium, ob-tined :from owder ~sulting from a. 
single crys 1 . 
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Laue photograDh o-r ex.. - monoclil1i c 

seleniuin with L- ray beam normal to (lOl.) of 

the 32 atom unii . 
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FIGURtl 6g 

Iau.e photograph of' he:xagonal 

selem:am. with X-ray beam normal to (10 · 0) .. • 
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II. 

EVI DENCE FOR EXISTENCE OF A SELENimt-IODI1ifE CO:MPOWD ____ .......... . . ................. .. 



EVIDENCE FOR EXISTEN"CE OF A SELENIUM-IODINE COMPOUND 

INTRODUCTIOJ 

Determinations of the molecular weight of seleni­

um in iodine as a solv-ent, both cryoscopio and ebulloscopic, 

yield values whieh are abnormally low.(l){B)( 3 ) By- the 

method o:f freezing point lowering_,- values ranging :from 1.33 

to 1. 78 at .oms te ·the mo1eov..le are f'mmd. vrhile in boiling 

iodine the values range from 1.36 to l.88. In such solvents 

as methylene iodidef4 ) phos:phorus} 5 ) diphenyl , ( 2 ) and anthra­

quinone, <2 ) at temperatures ranging t:oom 40 to 27·1°c, the 

molecula,r weights f'ound. correspond t .o Se8 • Further. the 

molecul&.1" weight of' S'Ulf'tn• in iodine is :found to be normal , 

that ts 1 the molecule is s8.( 2 ) 

In order to a ccount for this anomalous beh--1vior 

of selenium toward iod.ine • various attempts have been mad_e 

to find a selenium ioclide. These a ttempts have all ended in 

neg:ative or doubtful ooncl't1sions. 

Pelli1rl. and Pedrina ( 6 ) determined the freezin,g :point ­

composi tion cliagra.m :for the two element.s and found it -'Go be 

of the normal V- type with a euteotie a t a :point coi•responding 

-'i:;o about 50 atom percent o:f each element. The freezing points 

cannot be acou:ra.tely determined,,. however ., due to great tendency 

toward formation of undercooled liquids . especially for points 

in the central pa.rt of the diagram. This v10rk ,vas repea ted 

by Beckmaml and. Gru.nthal ( 7 ) with about the same results. This 
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eliminates the :possibility of a stable <iompound bu:'c does 

not elimi11ate the :po.ssibility of a dissociated one. 

Using molten sulfur a s a solvent, Beckmann and 

J?latzmann( 3 ) also attempted to detect compound formation 

between selenium and :iodine. Th-e procedure oonsisted in 

the determina tion of the ef:fe·et of selenium and o:f :i.o,di11e 

se:paretely and. together on the t'l-eezing point of the sul.fur. 

No compound formation was indicated. A similar set of 

experiments wa s ma de by Beeklllan:n and Faust ( 
4

) using 

methylene iodide as the solvent. Agatn no abnormal e:f:fect 

,ms found.. However, it should be 11ointed out that neither 

.of these methods would be sena1t1ve enoUfl',h to detect a high­

ly dissociated. eompou.nd. Three reaetions which might be 

:proposed are: 

:;:;: 4 Se 2I 2 5:4 

2) ::. 8 SeI 9:8 
2 

Se -t- 16I 
8 2 

8 SeI
4 

1 17 :8 

1rhe :ratios o:f the number of moleoules used u:p to 

the nu..f!lbe r o:f' mole cule-s f'ormed a re g1 ven a t the right. 

Rea ctions (1) and (2) would be dif'fieult to de-f;eet unless 

they ilfent well toward completion. 
' ( 8 ) 
Wright :mea sure d. the vapor press,2r-e of iodJ.ne 

in the fusi .on proa.ucts with seleniu.'111~ 81:Llfur and ·tell11rium 

at various temperatures. In ea eh ca se the va:por presS\ire ms 

:found to be the same as th:3,t f'or pure iodine a.t the same 

temperature. On passing a current of nitrogen over t he 
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fusion products at 150°c, he ~ound that the iodine was 

r emo"lrnd com:pJ.etely from sulfur and selenium, but that 

tellu_riuro. held ba e]c a quantity corresponding to TeI4 .• 

On this l ast :fact he dr~ws his conclusions that tellurium. 

fo rms an iod.id.e .~ wh:tle su.l:fi:u• and selenium do not.. The 

va:po:r presm1re mea surements do not exclude compound. f'orm.a­

ti.o:n ( even a st.able com:poU!ld) wr.dle the fact tha t selenium 

gi ves u.:p a l.l its iodine at 150° does not J'.:l.t a ll disprove 

the existence of a c1.issoeiated compound .. 

Be c1-:mann and Faust ( 4 ) measu.red the SJ)e cif i c 

volun.'!e of selenium iod.ine mixtures and found that they 

could be ealculated on the ba sis cf an ~dditive relation­

s hip, f'rom the speci:fic volur.nes of selenium .smd iodtne. that 

is: 
-ir = 1.r "iY + 11:r -i.r 
• ( mlx ) • • -1 I • I ... ~ Se v Se 

where the Vs refer to the specific volumes and the Ns a.re 

the a tomic percentages. For Te -I mixtures they :f'onnd 

deviations u:p to L.596 from a.dctitivity, a compo1.md being 

f'crn1ed in this ease.. This evidence makes a selenium iodide 

seem improb~ble, bttt does not necessarily disprove the 

existence of one . 

None o:f the work quoted definitely disproves ·the 

formation of a dissociated compound betvireen :selenium and 

iodine. The p1.1rpose of' the present 'Nork has been to :find 

evidence for the existence o:f' a dissociated compound and to 

determine such facts about it as time permits. 



4 .• 

PURIFICATION OF MATERIALS 

The selenium was p-u.i"'ified according to the method 

already outlined under the discussion of' the selenium allo­

tro:pes. 

Iodine vra. s purified by su.blima tion from an int·i­

ma·te m1.xture of a bout four parts of iodine to one :part of' 

potassium iodide. This product was then resublimed vdt hout 

the addition of :potas.siu..rn iodide. 

The carbon bisulfi<1e vvas shaken with merCUl'"y- and 

allowed to stand over the metal for several days. It was 

then dried with Ca.ca~,- fil'he red and. distilled using a two 
G 

foot column .. -

A good e;rad.e of earbon tetrachloride was dried 

vdth K2co3 a 11d CaC12., then distilled without further :purifi­

cation. This was also the case with chloroform. 

Ethylene bromide was f'ractio:nated from a student 

preparation by careful distilla t ion. The distilla te was 

then pl a ced in a r efriger a tor and f'rozen. On removing from 

the refi>igerator, the bottle was inverted and the solid :per­

mitted to melt about one third.. This liquid was rejected 

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

ABSORPTION SPECTRUM STUDIES 

F. Olivari(l) observed that a colo~ change 

occu.."t"red when seleni1JJD. wag shaJten with solution.s of iodine 

in carbon 'bisulfide., but said that he be lieved. this eolor 

to be the same as tha t resulting when white light :passes 
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FIGURE 2 

Absorption spectra ahow1ng evidence 

of compound formation betvreen selenium and 

iodin • The s:ve etra ma.r1ted S are of' the 

source photogr'a.phe throug'h. bo h .ells filled 

111th pure c rbon bisulfide . Those marked A 

a.re with the carbon bisttlfide solutions or 

selenium and of iodine in separa. te cells~ 

while the Sl)&ctra marked. B are with the two 

solutions mixed. 
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FIGURE 3 

I , 
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' 

l3 

Ucro:photometer records o:t absorption s-peetra A and B 

with six second exposures . The ne'I region of bso:r.9tion on 

ixing the tvro solutions is clearl:r shovm at the right of the 

reoords . 
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in succession thru f'irst a solution o•:f selenium in carbon 

bisu..;I.fide, t.hen thru a solution of iodine in that solvent. 

Visual comparisons made by the author did not seem to a gree 

with this conclusion. Beckmann and Grontha.1 ( 
7

) a lso comment 

on this color change. They state tba.t no color change is 

observed when the so aalled metallic selenium is shaken 

with a solution of iodine in carbon bisul:fide in the cold, 

but that on heating. a color change did a1):pear which they 

att1 .. ibute t4 a conversion of the he:mgonal s e lenium to the 
,.,, . 

amorphous or soluble form .. This is wr ong on t ,t.To counts. 

The hexagona l selenium will dissolv·e (as shown lat,er) in 

solutions of iodine in a n.y s·olvent in the cold and hea ting 

will not change the stable hexagona l selenium to the amor­

phous :fonn, but rather the change goes in the opposite 

direction. (See preceding di scutsion on selenium a llotropes 

in t his 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 o:f iodine in tha t solvent , 

absorption spectra were photographed. The experimental set­

up is shmm in Figure 1. The procedure was a s follows: 

The source vm.s :photographed first, the light :passing 

th:ru. both cells :filled with pure ca rbon bisulfide . In the 

:photog:-ra:ph, Figure 2, these spectra are marked 11S". Next , 

Cell if. l tva s f:llled with a solution conta ining o. 885 g . of 

iodine per 1000 g .• cs2 and Cell f/:2 ~ms :filled with a s olu-
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tion containing o •. 195 g. of' selenium per 1000 g. cs2 . The 

spectra photographed with this arrangement are marked "A". 

Finally these two solutions were emptie.d out,,. m.ix-ed and 

both cells refilled with the resulting solution. These 

s:peotra. are designated n:sn. Examination of the spectra 

shows a definite increase in absorption especially in the 

violet, whieh region is absorbed practically completely by 

the mixed solutions., This lends very strong evidenoij in 

:favor of a compound between the elements in solution., 

Great care vms taken to see that the iodine wa s :free of 

other halogens since they are known to react with selenium. 

Micro:photometer records were made of the spectra 

under A. and B with the six second exposures. The reoords 

show more elea.rly the additional region of absorption. 

These are shown in Figure 3. 

m EQUf.L!BRIUM BET\fEEN IODINE Al!P._ SELENIU1l ~!{ ~QWIO_! 

In order to get some idea as to the stability o:f, 

or degree of dissociation of the compound, and in order to 

determine its formula, some experiments were carried out a t 

25°. The main purpose here was the determination of the 

r-elat l. on betwee11 the coneentra. tions of t he dissolved sele­

nium and the iodine. 

First it was determined (tualitatively that hexagon­

al (insoluble) selenium did actually dissolve in dilute 

solutions of iodi ne in such solvents as carbon tetrachloride, 

carbon bisulfide , chloroform and ethylene bromide. It was 

f'ound that if the re sulting mixture was filtered thru a 
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fine sintered glass f ilter, a good test for selenium could 

be obtained in the filtra te... V-ihen the pure solvents them­

selves are shaken with hexagonal selenium. or allowed to 

st"l.nd for very long periods, the :filtrate shows no t--e-st for 

selenium. The selenium test we.s made in eaeh case by shaking 

the filtre,te with aqu.eo11s sulf'ur dioxide solution. 

The experimenta l :procedure used in the quantita­

tive experiments was as :follow·s : 

Weighed quantities of pure iodine and solvent were 

pl aced in glass stoppered 'bottles. These were rot-a. ted over­

night or longer in the t hermostat a t 25° ,.. The solutions 

were then a llowed tc settl e in the bath for t en minutes or 

longer, afte·r whi ch the samples were removed by slowly forc­

i11g -the solution t hra. a small sintered glass filter by means 

of water f'.ree air saturated with the solvent. T-he sample 

was colleeted in a weighed, gl as s stoppered f'lask, t he size 

of' sample being determined by weighing . 

In most of tho experiments a gravimetric method of 

selenium analysis was used,. The weighed sample was t r ans­

ferr ed to a separatory f'un.nel and the flask ·was rinsed out 

with a bout 100 -cc .. of 3N NaOR solution. which was then :poured 

into the funnel. The sample was shaken with the base solution 

:for several minutes , then the t wo l ayers were se:par-ated$ By 

this process , the selenium and iod.ine a re transferred .. to the 

aqueous l ayer , the selenium being conYert:ea. ma.inly t o selenite, 

but pa1~tia.lly to selenate. The qqueous layer is :filtered thru 
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sintered glass e,nd sa:turated with sulfur dioxide.. An e qual 

volume of concentrated HCl is then added and more sulfur 

dioxide bubbled into the solution. This preeipita.tes the 

selenite. The selenate is :finally precipitated by the addi­

tion of hy~zine hydro.chl oride af'ter the sulfur dioxide has 

been boiled off. In order to conv-ert the eol.loidal selenium 

to a :form in which it wi.11 be retained by the f'il.ter. the 

solution must be heated several hours. It i s then collected 

in a sintered glass crucible. washed with water , then with 

a lcohol and :finally dried at 105°. 

In some o:f the later experiments a quicker and. 

more reliable volume-bric method was developed, The details 

of the method will be published later. It will suffice here 

to say that in 6N HCl, selenium in acy lower valence state 

is converted quantitatively by iodate to selenite,. the iodate 

going to !Cl as usual. An e Q.,..uilibriu.m mixture of selenium 

and iodine ean be analyzed by titration with standard thio­

sulfate to get the total iodinet then with standard iodate 

to get the sum of iodine plus selenium. The selenium is found 

by difference . In the thiosu.1fate titration., the selenium 

:precipitates , but this causes no trouble in the starch end 

:point., sin.ee the selenium is wet by the organic solvent and 

does not enter the ~ gueous phase . 

Data for the e quilibrium in ethylene bromide are 

given in Table I and for 08,rbon tet:raehloride in Table II. 
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TA13LE I 

Selenium - Iodine Equilibrium in Ethylene Bromide 

( 1.) 
Moles of I 2 per 1000 g. c2H4Br2 

0.0445 
, 0.0756 

0.102 
0.169 
0.308 
o. 397 
0 . 452 

( 2) . 
Gram-a.toms of Se per 

1000 g. C2H4 :Br2 

0 •. 00200 
0 . 00328 
0.00452 
0.00777 
0.,0152 
0.0209 
0 .0252 

TABLE II· 

(1) 
Ratio '"/ c2) 

22.3 
22 .• 9 
22 •. 6 
21 . 7 
20.2 
19.0 
17.9 

Selenium. Iodine Equilibrium. in Ca?bontetrachloride 

(1) 
Moles of I ~ per 
1000 g . CC14 

0.04236 
0 . 05622 
0.01620 

(2) 
Gram-a.toms of Se per 

1000 g . CC14 

0.001064 
0.001401 
0.001910 

Ratio (l)/ 
(2 ) 

39. 81 
40.13 
39.90 
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10. 

These results are plotted in Figures 4 and 5 resr:>ectively. 

The curve f'or ethylene bromide shows a departure from a 

straight line. while that for carbon tet:raehJ.oride is 

remarkably straight. Over the same concentration range. 

however , no departure in the case of ethylene bromide is 

evident . 

The following reaetions a.re considered as 

:possibilities. keeping in mind the known halogen compounds 

of the sixth group elements: 

(1) Se (solid) + I2 = SeI2 
(2) Se .( solid) + 21 -= 

2 
SeI4 

(3) 2Se- {solid) + I2 -= Se2I 2 

Using an excess of solid hexagonal selenium_, the 

corresponding mass•action constants are: 

K2 -

K -
3 -

( SeI
2

) 

(I2) 

( SeI4 ) 

<½)! . ., 

( se2I 2 ) 

(I2) 

Neglecting a ctivity ef"i'ects for the time being we 

sea that reaeti on,s ( 1) and ( 3 ) re quire a linear dependence 

of the dissolved selenium on the iodine eoneentration w'hile 



11. 

in r eaetion ( 2) this yields a quadratic dependenee, 

Se (dissolved ) 

Obviously,,. reaction (2) ean :play no more than a very 

small part in the carbon tetrachloride equilibrium. It 

proba bly does play a part in the ethylene bromide solutions. 

however. This shows up even more if we consider activity 

ef:fects ... G. Herraro ( 9 ) found that the distribution coeffi ­

cient for iodine between ethylene bromide and water increased 

as the iodine coneentr-a.tion increased. The variation in the 

coefficient wa.s from 650 t -o 696 as the iodine concentration 

in the aq:u,eous phase varied from 0. 03 to 0. 183 g .. per 11 ter. 

If the usual a ssumption is made rega,rding the activity co­

efficient in the aqueous phase , namely that it is unity , 

t his means ..that the activity coeffieient of the iodine in 

ethylene bromide decreases with an increase in concentration . 

If the activity eoeffieient actually falls of:f with increas­

ing iodine concentration, react ion (2) must be called upon to 

explain the increa se in slope . 

The effect of selenium on the solubility of iodine 

in the two solvents was also determined... The apparent 

solubility of iodi ne in ethylene b.romide is the same (within 

a very small experimental error) whether or not selen.ium is 

present . In the case of carbor.t tetra.chloride,. however., the 

solubility of iodine is measurably increased when selenium 

is ::;>resent . The quantity o:f t r•is increase. together with the 
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quantity of selenium in solution., enables one to write a 

formula for the compound .. In so doing it is assumed that 

the small concentration of the selenium iodide :present does 

not in itself affect the solubility of iodine in the solvent . 

This assu .. mption seems reasoll.9.ble since the ooneentration o:f 

the compound is only one-fortieth or one-eightieth tha,t of 

the iodine . 

The experimental :procedure here was the same as 

already described. The solubilities o:r iodine in the sol­

vents were also determined and found to be in good agree­

ment with values given by Iiildebrand(lO ). The data are 

given in Table III . The s,olubili ty of hexagonal selenium 

in the solvents is immea surably sma.11.. The increa se in the 

solubili"ty of' todine in ea rbon tet:rachloi .. ide due to selenium 

is 0 . 215 g . or 0 . 00170 gram-atoms per 1000 g. of 0014• 

The increase in solubility of selenium due to iodine is 

0. 1535 grams or 0-.001.95 gram-atoms peJ? 1000 g,. cc14• This 

indicates 1 . 15 gram-at.oms o:f selenium per gram-a.tom of 

iodine and that the compounct predominating is se2I 2 sinc-e 

the linea r dependence o:f. the se.ler..d.um concentration on that 

f'or iodine re quires two atoms of iodine in the molecule . 

The high va lue (1.15) obta ined above mu.st be due 

to a decrea se in solubility of iodine in the solvent brought 

about by the compound, an effect which is to be e:x:peeted. 

Sin,,_e the a bove result W!.3, S brought about by t aking the .small 

difference between t wo relatively large •rmmbers, a very small 

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

Solubilitie·s - ( Grams of Solute per 1000 g . pure Solvent 
at 25oc.) 

Io(line 
in 

C2H4Br2 

115. 0 
114. 8 
114. 9 Ave . 

Iod.ine 
in 

CC1
4 

19.12 
19 . 13 
19 .. 125 Ave . 

Iodine 
in 

c2:a:4 :Br SatYd-. 
,,1 tn si1en1um 

114. 7 
115. 0 
114. 9 

Iodine 
in 

OCl 4 Sat ' d., with 
Selenium 

19. 34 
19 . 34 
19. 340 

Selenium 
i n 

-~II4B1'2_ S~t • d . 
with Iodine 

l.'984 
1 .. 993 
1 . 989 

Selenium 
in 

ccn . s a t 'd. 
witff Iodine 

0.154 
o . 153 
0. 1535 
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:presence of the compound would cause a relatively l arge 

error in the difference of the two solubilities . By 

coincidence , the compound seems to increase the activity of 

I
2 

in the ethylene bromide to the :point where its apparent 

solubility is unchanged .. J3y apparent solubility here is 

meant the total iodine in solution per 1000 g,., solvent . 

Greater deviation might be expected in the ease of ethylene 

bromide sil'lce the concentration of iodine is about five 

times and o:f the compound about ten times as great as in 

carbon tetrachloride . 

The formation of SeI4 also seems somewha t probable . 

It has already been pointed out that this would a ccount for 

the increase in slope found in Figure II. Going ba ck to t he 

measurements on the molecular weight of selenium in iodine 

as the solvent (See page l) it is recalled that va lues rang­

ing f rom those corresponding to se1_
033 

to those corre spond­

ing to se1 •88 i:.•1ere obtained, the lower values being obtained 

in the more dilute solutions and a t the lower tempe1.,a, ture . 

These mea.surements can also be explained on the assumption 

o:f a mixture of SeI4 and se2I 2 in solution. At low selenium 

eoncentrations , relatively more Se14 would be expected, 

bringing about a lower apparent molecular weight for selenium. 

The lower molecular weights for selenium a t the lovter tempera­

ture eannot be explained by means of a dissociation of the 

type Sen -::: nse. since an increase in temperature would. 

f'avor dissociation. This behavior can, however, be represented 

in terms o-.f Se2I2 and Se I 4, if we say that increased t em:pem ­

ture shifts the eg_uili bria in such a wa y a s to increase the 



r a tio o-f se2I 2 to SeI4 . 

In carbon tetrachloride,. the equilibrium constant 

has the value: 

(Se2I2 ) 
- ,...,.._ 0.0127 .. 

{I2 ) 

In the ethylene bromide solutions., the d0.ta 

:follow closely the empirical e quation: 

This leads to the following equilibrium constants 

in this solvent: 

K 9 ,.., 

_t8~JlT2) 

(I2 ) 
0 .020a 

0.04O9 • 
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Evidence quoted in the literature whioh su.:pp-osedly 

disproves eompound :rorma.t:ton between iedine and selenium in 

n-0 case prohibits the possibiJ.it:y of a highly di.ssoeiate·d 

e-ompound,. 

Absorption spe-etra, were :photo.graphed which give 

strong evidence favoring a selen-tum-iodine eom:pound in 

solution. 

QUantitative meaS'I.U"emeuts on the equilibrium 

between selenium and iod.ine in ethylene bromide and carbon 

tetrachloride indicate a compound of formula Se2I2., and 

:possibly SeI4 also. 



(l) 

(2} 

( 3 ) 

(4) 

(5) 

( 6) 

(7) 

(8) 

(9) 

(10) 
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AN ATTFli!PT TO REPRODUCE THE ALLISON MAGNETO-OPTIC EFFECT 

INTRODUCTION 

The Mag.neto--o:ptic M:ethod of .. A..nalysis has been de­

seri bed by Allison 1n numerous articles si.noe it.s discovery 

in the yea.1" 192?. The methocl if valid.., ivonld. :prove o:f grea.t 

:i.11terest to ehemists and physicists :from both e:x:perimen"tal 

and theoretical stand.points. The effect commands much inter­

esj; 1 . .'irst, because of' the very small concentrat·ions (10-12 

forma l) at which it is elaimed to ~e observed and second, 

because of the lack o:f any theoretical explanation f'or it . 

As a means of' analysis~ it is claimed that not 

only can an element or radical be detected in solution in 

very minute qu.anti ties,. but also that the various isotopes 

of the positive constituents ·· show ·u:p separately• enabling 

one to det-emi.ne the number of isotopes possessed. by a 

metal.lie element. No means has been found for detecting 

isotopes of the negative elements or radicals by this meth­

od. 

T-.,.m outstanding facts aroused the author is inter­

est in the subject . 

( 1} In 1927 Aston { 1 ) , usi.ng a newly built mass 

speotrogra:ph found a weight for the hydrogen nucleus which 

was in good agreement with the chemical atomic "'Ieight. This 

lead him to believe that hydrogen was therefore a :pu1~e ele­

ment with a·toms oi' only one mass. This oalculation v."8,s made 

on the a ssumption that oxygen was also 11 :puren , which later 

proved to be in er:ror. 
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(2) 

In October, 1930, .Allison and l{urphy(2) in dis­

cussing isotopes" and believing that hydrogen a.toms we.re all 

-of' one mass .made the statement: nEya.rochloric. nitric and 

sulfuric a ci.ds e,9,, cb. produee t wo minima, for whieh we are un­

able ta aeeount .n ( It shon.ld. be noted that ea.ch isotope 

supposedly produces a minim-um .• ) In other words. t hey wex-e 

at a 1-oss to expla,in the appear anee of an extre, minimum in 

the ease of hydro.gen. This would lead one to believe., in 

the light o_f th.a l a ter d:tseovery of' E:2 in 19:::12 by Urey~ 

Brj~ckwedde and Jfu_rphy( 3 ) that. the Jmgneto-optic Method. is 

z.eally all right. 

(2} w .. ].( .. Iatimer and H. A . YoungC 4 ) reported that 

tlie,y not only cheeked. various of .Allison ts results but that 

when HC-1 was dissolved in solutions conta i:ning heavy water 

they were able to dete:et still a third. isotope of hyclrogen. 
. . q 

The isotope Ir- was l a ter discovr:-red. by Lozier. Smith and 

Bleakney< 5 ) by me.ans of the mass spe ctr0gra.:ph. Sinoe- I.a timer 

has the reputation of being a good. se-:ienti:f'ie VHl-rker_,. Ms 

rep.ort caused many people t -o accept the :Mae:,"llceto-optie Meth-

od •of .Analysis a.s va lid ... 

In Yiew o.:f the above :facts. it was considered 

worth while to set u.p 'the ap:pa:ratus so that the method mi ght 

be given ~. further eh.eek and. S'O toot data might be obtained 

whi ch would be of hel p in establishilig some theoretica.,l basis 

for the e:f:'1'e.et. F1---ofes.sor w. V,., Houston of this Institute 

v,re,s :tnteresrted in the l t:i ·tter s.s-p-e ct of the :problem. 
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All apparatus used was as nearly identical to that 

described 'by Allison as was :praetical at the t .ime .. The 

optiea..1 sot-u.:p was mounted on a:n optical bene-h so that 

,exaet alignme·nt \ms :f'aeilita.te,d. A rectifyil'lg' tube was used~• 

bu:t due to the lack o:f a filament transformer~. an auto­

transformer was employed., whieh introd.ueed a grou..'.!1.d in the 

eiroui t at this point.. Otherwise the electrical ei.re1.1.i t 

was una,ltered. The trolley ·wire was considerably larger 

(tfol2 hard-ctraw.a copper wire) than the #18 used by ~11son. 

This wire was also used in win.ding the heliees into whieh 

the cells fit . A mthe?· la.rge Nicol prism was used as a 

pola:t"izer while the a.na.1,yzer and cil."'Cle was borrowed. f-.eom 

the l abo:r-a. tory polai"imeter,.. The momble tr~lley was o:pe?aNted 

by means of a drum mounted in front o:f the observer . 

The apparatus was first set up in ·the sec.h}l'l.d sub­

basement o:f the .Astl'.·o-physies Toiboratocy • but t his i>roved. 

l a ter to he too damJh- so the e q_ui:pment was moved to an old 

barra,cks on the ea.mpus. This was quite dry in summer .. 

The zero point of thee seaJ.e was l0ca·ted as directed 

'by .Allison_., thee minimv.m in this eai.:H''}$ with carbon bisul:fide 

in both. eel.ls bei:t11g quite sharp. When the- se oond cell was 

.filled with a dil·ate aqne.m1s solTrtion o~ RCl 11 Sn.012 , KCl. etc ., 

a rather broad min.imum eouJ.d be located., ou·!; the sharp 



minima. which have been attributed to the various isotopes 

of the positive ions, could not be observed .. 

Various methods o:f observation iYere employed... The 

room was kept in complete darkness during ohse1""Vation and 

the trolley :position co1.ud not be sceen... .In ·the earlier 

work~ a study o:f Allison's scale readings was p-u.r:posely 

avoided so that observations wo.u.ld :not be in:f'lu.eneed in this 

way. In order to reduce eye fatigue$ a method wa.s sometimes 

employed which consisted of alternately looking into the 

eyepiece :for e, few seconds , then away 'for about the same 

length of time. Small changes in the trolley setting were 

usi.w.lly made du..,.-ing every t hird or fourth rest period. 

• llfa;ny hours of observation with various solutions 

in the second cell at concentrations run,."l'ij,ng f'rom 0.1 to 

10-10 formal were made. The w~ter used in making up these 

solutions was redistilled f'rom alkaline perm-anga1mte in an 

all glass still. Changes were made from time to time in the 

variables of the eleot.rie eirou5.t su.ch as the eapa.city of 

the condenser ,. length of s l)ark gap. primary voltage._ etc . 

A sodium vapor Lab-arc was 'tried as a light source with 

even less success, in spite of it being steadier tW'l....n the 

spark. This might 'be expected* sinee the Ve:rdat Constants 

beoome smaller at Jonge:r wavelengths. with eorrespondingl7 

SI00,1.ler ~otations of the plane of 1'>'ola1"'ization.. The s:parlc 

rema ined in the circuit in this case of' course , its light 

being shielded. 
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The minima consist 0:t' a decrease, of about 3 to 5~ 

in the intensity of a very weak light source 1,-vhieh i s 

su.bjeet t ,o fllekea:• since it comes f'rom a spark~ and su1),jeet 

f'U.rthe:r to change~ in line voltage wliich may am.oun:t '.r;o 

several percent .. 

In the latter part of the v1orlt a ne1v idea was 

inoorpor-ated in th~ a p:pa:r-a tu:s with the purpose in mind o~ 

getting a split fiel•d of vision,. one- half of v.r:l:1! ch would 

u..,-qdergo minima while the otheT half would prod,uce sim:ul tan.e­

ons maxima .. If the two halves of the field are matched to 

start , then at the scale setting of one of Allison 1·s 

minima, they should go out o'f match, one st!le getting weaker,, 

while the other side govrn stronger. Flieke1 .. ing of the 

lj_ght source should s,ffect both halves a like. g iving n o 

rela tive change i n intensi.ty. 

In orde1~ to bring a b-01.1t the s.bove eona.it~.ons ,: a 

ri.110.rtz dise was mr-tde up , one half' of w'hich was c~.1t from a. 

le:f't hand.eel a·ryetal 0 wJ1ile the -0the,r half was cut f'!>om a 

right h.2.:.t:1.d.ed one. The two halves were oement:ed. together a.s 
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This dise 'Was g.roux1d to such a thickness that the 

plane o:f' polarization of light o:f' 4481 from the magnesium 

spark experienaed a resultant rotat i on of about 2° in ea.eh 

half or a. separation o:f about 4° in the planes of' polariza­

ti on in the two halves of the :field. 

Sinc-e the minima are supposedly produced by 

differen·tial :rotations o:f the plane of polarized monochro­

matic light obs&J:"'Ved ·bhro a !Uool p~ism, if the above 

described disc is :placed somewhere in the light :path between 

-the t wo l\fieol prisms-. then ·the ef'feet desireJ. should be 

produced.. On t1~ying it out., t his :proved to be the ctltse 

:for th-e 'broad mini1na already de·seri bed.. yet no sharp minima 

eould be located .. 

As a ftnal res-ort,, and not until then , a study was 

made of· Allison t- s reported scale res.dings. which we1"e then 

usE~d in looking for mlnima. Again no sharp minima dr1e to 

the isotopes were to be fenmd. 

DISC'USS!ON 

Un:fortu.na.tely, the f a.ilu.re to obtain sharp 

minima of the typ~ <tescribed by ..,Ulison does not necessarily 

disprove t-he validity o:f the me·t'hod. one thing, however, 

a1\pears to be certain, namely., that the method. even though 

it may work in s0:me eases., is extremely tedious in its 

operation and subjec-t t-0 m1:i.known disturbances which eau:se it 

to be inoperative.. At the present writing, ·the validity of 

the met hod is s't:1.11 1.msettle:Hl. N\une:rous pap.ers on both sides 
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have appeared.,. none of' which o:f'f'er any unquestionable proo:f 

one way or the other. 
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IV. 

THE CRYSTAL STRUO'?URE OF POTASSIUM 
............. . . ••.• .-·· .... ........... ·_ .• 

CHLORO.S.MATE .ANll :PO?..!S$.lUM BROMOSM'.ATI ----·-- • • -



assium chlorosmate and potusinm bromoamate 
ith potassium chlorostannate and ammonium 
her long list of substances of the type R2MX6 gi 

.,......,.,,.,...ystallize in octahedra belonging to the cubic syste 
$8 probably being isomorphous. Since the crystals 
mate were. found to belong to the cubic system, arid s· 

~~:i:~ IE~ ,brQmoi!lmate had already been shown by Sachs1) to 
J',~lliiiiilNllliiiltt,, it was believed quite probable that these two salts 

~~i11lilll'l1111onium chloroplatinate8) (potassium chlorostannate')) 
been the purpose qf the present study to confirm this 

y a careful detiermiitation of the halogen parameter in 
• an accurate value for the octahedral electron-pair bold 
drivalent osmium. The crystals used were octahedra 

.5 mm. en an edge with some cu faoes 9-eveloped. F 
i rystals the Hthor is indebted to Dr. Wm. R. ell and Mr. 

a.umbach of the University of California at Los 4,ngeles, who 
m. in a recent stud.J of osmium. 

Oscillation photographs were prepared by refleeting M. oK. 
from a (i l} :lace. Laue photographs "9l'e ppared using 
~ - l<>n, beam being in some cases no ~ ( H l) a 

ma.Jcin« ,a small angle with the notmal (U l A pow 
w-,. ~p ed of K20sBr, using M • rMiation. 

scillation photograph are :recorded in tab 
d111/n = 5.6t 7 ± 0.0i A. Two La 
exed and .no value of d calculated 
e short "8ve length limit, when 
sed. 

, ., e llographie• I, 468. 
a.chs, z. • ) i65. 
ye 921) 2292. 
ic-k 
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Table I. Oscillation data for (Hi) of K,psOl._. 
Plane Line Sin (J 

Ii •• 
(Hi) 
(222) 
(333) 
(444) 

« ~608 
5.6f.2 
5.6l4-

Frf)ro a roughly measured t@,lue of the tleMity, 3.50, the unit .cell was 
found to contain four "m*ules". 

The Laue photographs ormal to (Ui) show a three-fold axis-and 
three planes of symmetry, mdicating a point gro eym~try of T d, 

() or, O,.. A face-centered lattice is indi by theltlaetva:tiop of only 
od,d indi~ for all first order reflectio he twUN~ t1~ pJtotographs. 
'fhe space groups consistent with these ationa ~ ~ ~:, 0 3, 04, 
of, o:, o: and oi: Ref~ti:>ns observ ~'Plf~~z.&B (797) at 
nl =- 0.33 eliminate T~, 0: and o:. oi • • inated Y~ 'J)ure second 
order reflection from planes such as ( at nA = 0. 70. The obser-
vatio,i of reflection from (200) on the osc· n photograph eliminates' 0'. 
This ijaves only Tl, 0 8 !ind 0: to be • ·dered, all without special 
criteri~. 

nt. 
ur molecules ~ the unit cell requ' placing of 8 K, 4 0 

24 0 3 and o: fu?JUEh the same possi s in this caae, con • 
of o two non-equivalent atraimements, of whieh. are also o 
able :from T~. One of these affl\i88men eliminated by observatitn 
on the Laue photograJ hs of many first o reflections which are more 
inteme than others coming from planes arger spacings. The elimi-
nate rmngement yields the same struc factdr (4 /0,) for all fi 
orde eetions. Thia ·observation also es to eliminate other n 
equiva1ent i,.n:angeinents based on ~- T maining ~rrangement, t 
for the a ·um chloroplatinGte struQlire, obtainable from 0 1, 

and T: is: 
BK in 8 ~ Face-centered a 
40s inf t Face-centered a 
24Cl in a, Face-centere 

ment &rting in ± (¼, ¼,, ¾J; 
ment starting in (0, 0, 0); 
ngement starting in ± (u, 0, O; 

0, u, 0; 0, O, u). 

The ab rangement with u = 0.243 ± 0.002 gives complete 
treatment was 

lculated inten-
qualitative, those reflections to • 
given, quantitiitive agr 
sities. 

2 
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ere J>repared b 
(Hli) only w 

eflection from (n n n) 

y1""" =Con 

The structure factor F -
Paµlin,g and She ure factor was intro 

y ~nsity ine for which a plane 
• g was obse ngly than a plane 

g. 
e visually--~• 

i) Pau-Ung and ijpce 

estricted by means 
rie~ of timed expo 
n. The exposure ti 

ly. Observations o 
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FIGURE l 

.'l-5 .50 

Plot sho 'ling the s uare root of the calcu.la. ted 

intensities for various orders of (111) as f'lmotions o:f the 

chlorine _para.meter . u . The arro s ahow the reg1ons eliminated 

by tho indieated oomp risons . 
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11tt1•1lilll(}tions of the para-
me•ter!~ lre shown · in figttre 2. iliMf 11 ese intensities, the 

i + co~' 28)* d ,r:: h b "' ....... :....1 "11.. • 1· • d fa 
2 

sin 
28 

an ·r n ave een onui;wu. .ute ~ e mullj\te 

•re ~ indicated by means of a~ws under the plot. 
Jt_alue u = 0.243 ± 0.002 appea~ to -be tlle. most reasonafie in 

keeJ> Ch tl>.e data. The corresponding value for ~ 08mium-chlorine 
js 2.36 ± 0.02 A. Subtractillg from this t}M normal eleQtron­
diul! for chlorine, 0.99 A 1), the value i.37 ± .02 A isi9btiiined 

ral electron-pair bond radius of quadi :valent osmium. 

~, 
(3ft) 
(440) 
(600) 
(226) 
(444) 

H7), (f.35) 
2!8), (660) 

(248) 

foun 
latinate structure. 'J'he si the 
ments on a otogra.ph prep 

0.i954 
0.2060 
0.228i 
0.2387 
0.2464 
0.2925 
0.32!4 

. ' 

.t8f. 

.683 
U08 
2.965 
2.867 
2.303 
t.978 
f..8i6 
l.723 
f..556-
i.486 
i.440 
i.2!3 
U04 

Using tJo = i0.30 ± 0.03 A, no value calculated for nl op two 
cempletely indexed Laue photographs was found to be less ~ the 
short wavelength limit of the X-rays. 

f.) Pauling, Linus, Proc. Nat. Acad. Sci. 18 (!932) 198,; 
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Calculated in ens1ties 

of selected I.Aue 

reflections o:r K20sCl6 

as f'unctions of the 

oblorine para.meter~ u. 

FIGURE 3 

Square root of ealcu1ated intensities for <mm) 

o:f K20sBr6 plotted as ftuictions of the bromine 

:paramet er• u. 
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(222) 
!O 

Jte para:rpet.er is thus limited to the regioi. between 0.2i3 an 
limitation is made by the obscvation thf!,t the Laue re 

.!.3) at A = 0.435 is more intense than that of (~;\1.3) at A ~~ 
q,!lculated intensity curves for these planes ate found in 

rameter is thus festricted td the region 0.22! to 0.2 
e of. u is madt y means of the quantitative relat 
bleJV 

Intensity relations for Lane reflections of K._ 
J. tl,.,,1 Exp<J!Jure Compari!!On Plane ). du, 

> 
> 
> 
> 

(739) .343 
{3.lJ.Jl) .358 

(950) .880 
(U.t3) -.385 
(7 .354 

.3 

(I95) >'6. 
(997) > 2(H.3.9). 

figure 5 IIDOf/ that u 
44 ± 0.OOi, thl;l osm1uai­
.Ot. A. Subtracting frolll 

or bromine, U. A1), the 
ivalent osmiu~ as found 

ponsler of th 
atus employed illtJ>tJlllart• 

68 



., 

150 

t 
I 
100 

50 

J J 13 

.20 .;31 . !JZ 23 .26 .!17 .!18 .29 .30 
------13·13>3J f1 

150 

0 

1-----~7.9.9 
50 

,23 /1, - .2Q 
___ (3._·3·11) an~-

(S99) and (J.3·13) 
(377} and (t!i9} 

(799) and (3·9·11) • 

FIGunE 5 

.FIGURE 4 
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Calculated intensities 

of some Iaue re~lec­

tions of K20sBr6 as 

functions of the bromine 

parameter•· u . 
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.. , .. ,,,_ . ., . .,,. JqlJJl.C. 
of~ oscllfittmii p,!u:d';qgtii:phs, potassium chf.-os-

ssium bromosmate haye ~ IP. ;-~ ~~~:!'1110-
nmm. platinate structure. The edge of the unit cu e was to 
be-9.729 ± 0.02 A for potassium chlorosmate and UtSO ± 0.03 1 for 
potassilllJi btomosJ)late. The halogen parameters were found to be 
0.2ti-~ """'u, and 0.24.A, OOi .respt.etively. Theae values give an 
osmium-chlorine separation of 2:36 ± 0.02 A and an osmium-bromine 
separation of 2.5i ± 0.0i A in the &lmplexes. Subtracting the normal 
electron-pair. bond radius for the halogen in each case, the octah-\dral 
electrt>n-pair bond radius for quadrivalent osmium is found to be 
:1..37 ± 0.02 .1 in K,psCl8 and i.37 ± 0.Oi A in K20sBr6• 
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