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The binazy~§ystems of cqmbinazionsscf-the three
halogenSM-'ehlcrine, bzcmine, and i@aine»- have been previously
investigated and the existence of the fallnwing binary cempeunds
‘was revealed: iodine manaehlerlde, ioﬂine«triehlarzde, and
ioﬁin6<bromide. The ‘existence of the two lodine chlorides was
esﬁablished'bayan& doubt; that of iodine bromide shown to be
‘ highly pfa§a§1a; ané fhat‘er a fﬁﬁrﬁh ébmp9:gw, ‘bromine
ehlerz&e, ‘beecame e@ntraversial.

Prior to the present work, there has been no investi-
A gation of the ternary system. The‘importageaaaf Suahﬁan,in-‘
'vestigatiea,lies in the faet that it would reveal the regions
af exigtence af’binary campaunds, as well as the existence of
any teraary compounds. While stu&y of the isothermal salu-
bxlity-earvas of the thrae halagans under cansiéaration would
give such infemmagiaa,-themsraiﬁﬁ-ramaiaa the passibility of

speetroscopie diseovery of f:ufjér*hinaryzemmpeunds and even
0f’ﬁernary*eempaﬁa§éw The eariier invastigaﬁians'referred to
_abeve were earried enx fram th& paint of view of thermal
analysis, and had baen ther&ughly staﬁieﬁ by the time of
Karsten, who in 1907 was ahle»to claim- "there is now almﬂst

entire elarity on the relatienships between the pairs I-C1,

I-Br, and Br-Cl.% Further.éevelapment of lntgrhalcgen
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investigation waite& laxgely'nntil the speetrascﬂpie researches
of Barratt anﬁ Staia and others, beginning in 1929.
The'twa.avaaaes'ef explaratien;@hﬁ%~§a;nﬁaﬁygutvare
thermal analysis and - apee%resco;ie analysiga Rsséﬁrah was
' ¢arrieﬁ out by the wri%er-aleng the line of thermal analysis
through & study of the iaeehez:maiz ;-so&uhiliﬂéy eurves.
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BasTe THoRY
(a) State of Equilggrium |

All states and changes of equilibrium ean b& ae~
seriéa& qualitatively by the use of aibhst Phase Rule and
Le ehatalier*S'Théééém,~ hase two gra&t enﬁneiatians‘were
but the elimax in a series of chemical attainments. |
Earlier workers such as Berthollet were perfectly eognizant ‘
af-an‘e%ﬁilibriﬁm.being-ﬁat up 1n:many'§aa§§iens, bafend.ﬁﬁi&§1'
@Q&nﬁ.na‘ﬁhange ocourred. Not until &nlé&azg‘agﬁ.waagag
stated thelr Law of Mass Action did it become pessible to
gggar%ain.the,eenﬁi@iaﬂs-fax~hama&enﬁus systems. Since this
was hggga»an,malaauiar theories, it could net, however,
‘aggly tevgyﬁﬁﬁmsnéf‘nﬁhmawn'mazaﬁulargrazmatiansm A‘téw
years later, Gibbs? introduced his Phase Rule which overceme
+his difficulty, and by which all ceses of egquilibrium,
ineluding heterageneaus equilibria, were surveyed and

'grmapeé.

(b) Phase Rale

Basically adopting the laws of thermodynamies, Gibbs

assigned to a system three independent variables - temperature,
pressure, and the concentration of the components of the system.
ﬂe then's€ataﬁ, in a theorem now famous as the Phasevxule,'the» |
eenditians @f squilibrium 10 be & relationship between what he
ealled kﬁe ﬁhaﬁas and the components of the system.
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Phasea are takem to Imean any hemageneous, physically
distinct and meehanieally separabla/portlens of a heter@geneeus
system, Liquids miscible in~all prapartious fonm & single
phase, Two liquid layers would therefore be two nhases‘ A
mzxture of gases, sinece eomple&ely miseible in all greparﬁisns,
would be a single phase. Isomarpheus erystals would give one
igphase, but twa diffarant typas ef crystals such as rhombohedral

aad hexaganal woul& be two phases. The amounts of the phase,
lar phases, present 4o not afreat the equilibrium in.any way.
The s@mpanents of a systam are defined as the
' smallast number of inﬁepen&ently variable constituents by
means of which the composition of eaeh ‘phase partiﬁipatzng in
the atate of equilibrlum can ‘be” expressed in the form of a
chemical @quatian,
Eaah system was to have its conditions for equilibe
| rium defaneﬁ in terms of the three variables. (tamperature,
pressure and aanﬁentratieﬁ}. Since Gibhs:was dealing with

equilibrium from a thermodyna

nical pcint of view, he. alsa
dealt with the thenmeﬁynamie eriﬁeria of eqailibrinm by means
of tharmgdynamie pmﬁentials - 8 tezm used te inalcate a ecertain
characterisﬁie ef each eampenent. These plazed in equatien
form fixed the-values of as many variables in the system as -
there were equations¢ Any variables left thus un&erinea were

ealled degrees cf freeéem of the system. Findlay ﬁefinas

the numher of degrees of freeﬁam of a system as ‘the number




,eﬁ_variahle factors, teméerature, pressnre; and concentration
of the components, whiah.must be arhitrarily fixed in order
that ths condltion of the system may be perfeetly defineéa
Glbbs* ﬁeduetlen of the Phase Rule 1s not at all
simple, and many alternative methods are now found. &nyigocd
text on thermodynamiecs will have some method suggested, AlL,
nowever, give the Phase Rﬁ%e;in‘the-farmz
| F=C-P+2 |
where F = number of degrees of freedom
G = number of eomponents
'P,égnnmber of gﬁasésw’ .
Gertain,éimplifiaatiens.are often used in the appli-

cations of this rules The vapor phase is often neglected when

construeting the freezing-point diagram for substances of

'cemparatively 10w>v61atili%y; Additionally, constant pressure

is assumed as one of the conditions of equilibrium when the

wnrk is earr;eé out in the open laboratory.

Changes in equllibrium due to & change in the ex-
ternal-aanditicﬁs of temperaturse, pressure or.eanaentratian

could not be deduced from the Phase Rule, however. The use of

the theerem of Le Chatelier in this regard enhanced greatly
the applicability of the Fhase Rule. Molinari’ stated the
theorem as foliows:

"By every change of one of the factors ﬁhich regulate

& chemical-physieal system in equilibrium, there are produced,

5.
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by the transformetion in the system, aﬁtiens'wﬁieh~329'GppGQEQ .
to the meéifying faeter‘“ | .
Even with the use of this princaple and the Pﬁase ;

Rule, there is no allowance for the so-called passive resis-

- tanees of friction, eapillarity, force of gravity, ete. W{%& .
the additional limitation in mind thet the'ﬁhasa_rals aypliés“‘
only to conditions of true eguilibrium {shown when thé saﬁa
aénﬁitians of equilibrium prevail when approached from both
sides), it must still be remembered that the Phase Rule has
extraordinery breadth of application.

{c) Types of Systems

Since this researeh is primarily concerned thh

the graphieal expressian of the phas@ raule iﬂ terms cf two

types of systema, %hase may be eensidere& brlefly.

(il

Binagy systems, or systems of Bwa 3amponants, whan
they eX&&t,iﬂ one phase would eenstxtute_a.t@rvariant systen,
i.8v, eﬁe with three degrees of freedom ar‘where pressure,

temperature and aaneentratx&n must all be taken iﬂto considera~

tien. When open systems are &ansiﬁerad, 1.9., systems under

atmospherlc pressure, the pressure is eongtant, and the system
becames bivariant which would allew for the existence of two
phases. Such systems afe usually répresentéd én & plane seec-
tion, with temperatﬁre\as abéeissa, ang éeﬁoen%ration as
ordinates. .

The'graphieal\exprassion ig known as a temperatnre?
concentration curve, or a t~x diagram.
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- for the binary aystems on the side of the triangle.

’“BinaryVSystems'are usually classified imworder to
give a better means of discussion of the equilibria eoncerned.
The order in whiah-?indlayé'treats binary éystams'is}an‘
excellent classification in itself.

In conmsidering his section dealimg with solild solu-
tions it might be preferable to use a classification made

classical by Raazehoam7'ia 1899 when he reviewed the different

types of solid solution, Solid solubion was the name given

by van 't Hoff to a homogeneous c¢rystalline mixture of the

two components. ?wa'substaaees'aalublg in each other are said

to be "isomorphous®, and the mixture is usually called an
isomorphous solid solution.

{ii) Ternary Systems. ’Tern&ry systems, or systems of

three aampanents, imply through aspplication of the-Phase Rule

that five phases are neeessary for invariance. As the number

of phases &eersases, the variability of the aystem 1nereases
fram one to four.

Representatlon of bernary systems graphically pre-

sants same difficulty. Most methads use a selid figure with

the tamperature as ap axis. The &evalapmﬁnt of methods was

Tollowed by Fin&layé and while several of those he mentions

are still used, probably the most common i$ the triangulgr

2

diagram éevelope& by'Bgezaboe‘? It eonsists of an equi~

lateral trlangle with 1ines ruled parallel to each side. The

sldes are divi&eﬁ 1nte 100 parts, anﬂ the same scale is used

" The
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eanerdinates affa>yaintrternary'in aempasitioﬁ are then
measured parallel to the sides. |

' There*are.many types of ternary system, bt none
will be discussed here since the diagram obtailned in this
researehvwgs angisetﬁsrmalfdiagram, an&Athus.simplﬁ ir cone

ceptions

(a) lsothermal Curves

~ The so;nhilizﬁ'relationships.at cqns%éﬂt temperature,
or the isothermal selubility'carﬁes as zhey'arevknawn,‘are
means af‘illﬁstyating thé ¢hange in solubility of one com=
pénént by the edditien of anoﬁher'eem@ohﬁﬁt. In three-com-
ponent systems they immediately give new light on the conditions

of formation and stable existence of biﬁary compounds in the

presence of the three components, as well as on tha existenee

of any ﬁern&ry aampaan&s.

For representing the 1sethermal relatians in a
ternary system, several methods can be employed.

these are discussed by Fiaﬁia.,ﬁ

Thrae-ef
one of which is-ﬁhe'triaﬁéu&

lar diagram‘mantioneé‘abeve._ This uﬁdauhtedly is the most

~useful sinece, as 1n the case of this research, the mutual

relationships ervall‘three eom@enenas:are:&ealt wiﬁh.iﬁfan
-€gual manner.,

When the states of equllibria between liqni& and
s0lid phases are plotted on the isetharmal diagram curves wiil

- result depieting the salubility of the soli& compenents or
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.golid compounds formed by any of the components. In all cases

the "“tie-line” whiah,3eins thg two points representing the
composition of the solid phase and the ligquid phase will indi-
cate, in the direetion liquid to solid, what solid component

or compound is satuxaﬁing the liquid.  The praazical,impéssié,
bility gf éampla&e.aeyaratian of the solid phase from the
mpther li@uﬁr will mean, of éeurﬁe, that ﬁhe tie-line would
havé,tafbe extrapolated in order to give the actual composition

of the solid phase:

(e) Methods af’Déﬁarminigg,ﬁhe.Egpilibrium curve

| For datermining the equilibrium eurve of binary or
ternary systema, many meﬁheds way be employad. These may be
liste@ as thermal analysls, Xeray analyais, micreseepic anaiy—
sis, eleetriﬁal cca@uctivity, magnatie susaept;bility.

electrode potential, heat of mixture, iﬂtensity~9f refleetion

.~9f_ligh%;vatamie.he&tafaf eam@@nanﬁa'anﬁ eﬂmﬁaﬁﬁdﬁ, specifie.
"vélumefefﬂeampansnﬁs:and aampauﬁdgs “Qnly the first’'three

allow of eny completeness of informationm. In the case of de~

tarminatipnraf isé%henmal.suﬁwea;'hawaver, it is necessary to
use:éﬁéahalytieal_me;ha&*which after the Separatian.afvtha
phases obtained at equilibrium under the conditions of
temperature chosen, will give the composition of the liquid’
and sélié pﬁaseé. The liguid phase determinations will theﬁ
give the gurve ef”liquid sal&bili#y, and the solid P53$$”é§h

tagginaﬁians will indicate solid compounds or components, or

9.




A0s

any ease of s@lié solubility.

Tﬁe matheﬁ by‘whieh a &eserminatloﬂ of the eampcs;-
fion of the solid phase in & system of three campenents, is

due Lo Sehreinemakersll eriginally, althaugh developed further
'by Bancroftla Sinee it is of impertance to a consideration of

'the results of this raseareh, it will be exPlained briefly here.
Consider that we are dealing with the agueous sulutian
of two salts (hﬁﬁ¢e~a,three~eemyonen% system) which can give
rise t6 a double salt {equivalent of compound fermation)c
Representing the salubility relatlions in a sysbem of triangular
co-ordinates, we wauia'oht&in an-zsathexm-aéabvtﬁig‘ 1),

S e
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In the above dlagram the two components, & and B, -

can Torm a~é@§%1¢ gals of eémyesiti@n De ‘The point a repre-
sents the solubility of the salt 4, b the solubility of the
salt E, and d and ¢ represent solutions which are in egul-

libriuvm with pure & and douyble salt, and pure B and double

sazt respaetively.

Consider, then, that the double salt is in equilibriam
with the solution at ﬁha.dﬁfinitg.tamgarﬁtur@ chogen, and that
the @amybsiticn of the solution is represented by the ﬁaiat'e.

The gréétar'ﬁarﬁ of the sclution iz now separated Lrom the éaiiﬁ
phese, and the latver, together with the adhering mother liquor,
is soalymed. The composition (umnits 6f congentration as shown)

would be represented by & ﬁaiﬂt;f‘én the lins el where I Te=

T

presents the composition of the double salt, This 1s tiue since
the 30@@0$itiﬁﬁ agf tﬁe whole nags. ﬁnst iie betwesn the e&m@esiw
tien of thﬁzﬁﬁlﬁﬁiﬂn'&ﬁdaﬁh&ﬁ‘af the double salt, no matier what il
may be the relative ﬁmﬂﬂﬂ£$ Qf'®h$ solid phase and ﬁﬁetwaﬁkéfl'
Cliguor. Similariy the analyszﬁ of a solution af*ﬁifferan& Gom~
pe&iﬁi@m 1ﬁ eqguillibrius with the same double salt, and alse @h&
mixtur@ of solid phase and solution, would give two other gaints _

such as g and h, and the ling jaiaing them waulﬁ also pass
threagh e The m&tﬁaﬁ of finﬁing the vomposition of an Hﬁkﬁﬁﬁﬁ
éeu@l& salt {or eampaun&} songists, therefore, in finding the
poesition of two lines sueh as-e? and gh. The yﬁint of inter-

section of tﬂ@&g 1ines, %heﬁ, giva@ the eamgesiﬁitﬁ of tﬁa




double sélﬁ (séli&_phase)- If the solid phase is.a pure com-

ponent (anhydrous), the lines will all pass through a corner

of the triangle; if it is an anhydrous double salt as.given

above; the lines will interseet at a point on the side AB of

the triangle; if it is a hydrated component, they will inter-

sect at a point on the side Aéﬁéa or B-Hgy0, of the triangle;

and if it is a hydrated double salt {a ternary cemp@und) the

point of intersection will lie w;thin the triangle.

I% should also be n@te& that, working with open sys-

tams, and ﬂeglg$ting the vapour phase means that for isathermal

determinations there is only one degree of freedom. This uni-

. k4
variant system would then allow of four phases {s0lid and

1liquid}. Any more would cause an inveriant point.
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?RE?I@ES IKVESTIGA?ISH
(a} Tha Systam lodine-Chiorine

Por over a c¢enbury it has been definitely known,th&h 

at-léastftwuiarystallineggabstékées were formed from the two
elements iodine and chlorine. The first c&myleté'iavestigae :

tion of the system ieﬁine-ahloriaa, however, waited wnbil

| after Raazabaam'a famous work nn the equilibrium of two bodies
combined in & system, when, using this method of inysstigatiaa;“ ﬁ*?
S%a:benﬁek&rlaﬁi*lmaée hig glassieai researches on iaﬁiﬂévaﬁi

ehlorine. Stortenbeker aetfénly~&eterminaa many of the exset
’prapertiea of the twm ﬁampennﬂs previously kunown, but he 1&enti~
fied them withaut guestion as the trichloride and menaehlerida
of;iaaina@ and aven-madsue@mplate invastiga%i@n of the two

‘allotropic forms of the monochloride whiech were previously e
‘unknown. These latter he ‘termed IClex and 1616, and showed '»‘
that IClxXwas the stable form with the higher melting peint.
While Bis investigation stated the conditlons of .existence of -

thase eampeun&a, he was also able to ¢laim that no other e@m~

pounds af iodine and chlorine existed as had heen claimed hy

earlier 1uvgstigaters 1argely on theorsetical grounds. '
| , This first @larifiaation on tha relatioﬁships @f f 4
_the halagens with‘ane another, has neeﬁe& ‘iittle amplifiaatien

insight into the stabllity of IG}. in

| %

liquid an&3gaaaan$,sﬁaﬁsfwasigzvaa.by-Karsten,5 and Walden -
gave more detalled data on the states of stable existence of




the m@ﬁaehiaride. Beyond theae p@iﬁts the esssntialkwark of

| Sterwﬁhekar skill st&mla alazaa.

It is, then, worth noting that the solid substaﬁeea

‘ wit;h whieh to be sonecerned in any iscthermel in’mstigaﬁm

| wmzld be ioﬁine {m.p. = 113. 5‘}, iodine monochloride {Ickx.
Bep. = 27 2°, 1034. m.p. = 13.9°)38 i@dina trichloride {(m.p.
= 101°)%5 ‘ ? and chlorime (m.p. =-101.6%)2°

A

(b} The System Bmmin%Gh}.oxim

‘maa exigtence of a ahlwiée af bromine has been leng
meoted, and beglaning with the work of Balard?l and Loewig?®
‘ wha- first 'a};&imaé m e
teken place. Bornemenn’’ sttempted to determine its formala
a:n_,é -eiaime& it to be . 3-.‘&@&3@.. His work w&s repeated by
- Lebesu! 24 who found ‘ahe substame t@r be only & s&mple mixture
both in the liguid and eryatalliaa state, by & dstermi

eribe it, eensi&arahls aammvarsy has

, wtion
of & WeD. GUEVEs Hmvewr, its axisteme, amng with what, was
thangm. ta be the tfrish},m*iée, wes elaimed by *mm\ma ami
‘Dupuis?? follawmg their work with the Teaction of Lquid
ehlarine on hrcmine. } _

More reliable "’E,hﬁmal investigations were then com-

menced, and careful enalysical determinatioms of the melbing

end freezimg point curves of mixtures of chlorine and bromine
from 100% ehlorime to 100% bromine were made by K&rsmﬁ?’fﬁ |
His work bore out the claims of Lebeau and he completely

refuted the inadequate claims of Thomas end Dupuis.  In
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aé@iﬁi@n to the-mtp; and T.p. curves Karsten made several iso-

thermal;determinatieﬂs of liquid and solid phases in»équilib+

rium which agreed closely with his thermally debermined points.

He then\eoncluded that in the solid stete bromine and ehlorine

formed a continuous series of mixed erystals. He also de- 4 i

TR s
SatmniS

termined the complete bolling~point eurves and on that basis

eléimpa‘it unlikely that compounds would exist in vaper foﬁm.'
This can be substantiated by theoretieal @ansideratiang~@f
Reazebeam27 whieh, with the later hélp of the phase rule,

indicated the influence which the existence of partly dissocia-

héé compounds in liquid and'vapbr-state has on the vapor pressure
érvbailingvpoint ecurve. The work of Karsten on freezing-point
ﬂe&érmihatia&s:was»dﬁplieazed by E&tler,ané;mmintoshzg who
mérely;restate&'the ¢laim against the existence of Br€l because

of the form of the freezing-point eurve.

While the work by thermal analysis seems to indicate
that no a@mpeunﬁ»existg,‘Lﬁxa9'has introduced a new note in
_ his claim to have obtained BrCl by slow distillation and frac-

tiénal<eendensatﬁen of & mixture of equal pa:%s"af'el and Br.

The compound thusw@bﬁained-(at-»90°} shows & higher vapor.

pressure than that of Br, and on analysis showed a Cl:Br

ratio of 1l:l.

Optical anelysis for the most part temds to support

the existence of a compound BrCl, Beglnning with the data

given by Barratt and Stein’® who obtained & new absorptien
band which they credited to Brél, mnch,aaafirmataryié#ideﬂee
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wasugatheie&. An exeellent outline of the lnvestlgatlens pur«
sued is given by R.J. Meyer in “Gmelln!s Bandbuehﬂal Later
work along the same lime has mare»definiﬁely.establisha& the
dissocistion constant of BrCl as being very lew (0.1l at 28‘)32’33
andlcénstant»over a wide temperature range. |
Prganie reaetiana have also tended to verify the

existence of BrCl. The most outstanding example is lnvregard
to action on aliphatic dlaze eqmpaun§s1.whiah, aeearding to
Taylor and’?ors¢ey§4 indicated ak@ut/Se-melecalar per cent of
the BrCl derivative~an& 10 molscular per eént each of the Cl
and Br derivatives, ' |

- Probably the ¢losest appreach to its isolation was
thg\preparatian of its hydrate BrCl.4H0 {&nmar-ﬁllah55),fal~
though its mélting point has been gi?enras*~6&°é6 If this
latter figure is.ap@reximatelyvearrﬁet &@aié obvious that aﬂ&er;
the conditions of this research (determinations at 30°) there
is not likely to bs any aempaunﬁ of bramine and chlorine dis~
tinguishable thermally.

(¢) Ihe System Iodine-Bromine

| 'Balaré*ss7 histerie work om bromine gave the first
inﬂieation of there being compounds of iodine and bromine.
His ebserVations gave indieation of two compounds, and were

confirmed by C. Lawag38

who assume@ that the liquid rich in
bromine was IBry and the one poor in bromine was IBr.

Lagermarck39 prepared crystals from a mixture of the two:




i?’f

elQMenh$'by'$quivalen$ weights. Thisvsjnthesis was repeated
by'Bornemaaﬂig who: also analySed‘thefprdduct and féund it ap-
proximateé the monobromide.

In 1905 the whole system iodine-bromine was classi-

cally investigated by Meerum~Terwogt4l

who showed that the
liguidus and solidus freezing-point curves of mixtures of
iodine amd bromine nearly eoincide when the ratio of eqﬁi?&—*k
lent weighzs.iﬁvlzﬁr = 111ls The aonglusigns,reaehed-fram ,
his work could only be taken to the point of elaiming a con-
| tinuous serles of lsomorphous mized erystals extending ffa@
pure lodine to a mixture eorresponding to iodine bromidé, as
well as the strong likelihood of the existence of iodine
‘bromide in solid and liquié state, with 1t becoming almost
entirely disseciated in the vapour state. Certain verifica-
tion of these claims was made therm@dynamiaally by Rueffg and |
also much later byfﬁruyﬁ.ané,ﬁelﬁermaﬂ‘ The latter al&imeé43:
~ that the compound IBr existed on the-basié of the occurrence
of the two mmdm@msih.the P-T-~concentration diagram for systems '
Wiﬁh»cantinuﬂms,serias afimixéd erystals. \Qertain work has
been carried on aisb on the equilibriud in the vaper state for
the formation of iodine bromide frem_its-elemants§4*45‘46 A
‘fartherﬁster in the verification of iodine braﬁide as a |
"shemieal;compangd was made by Wright*! who found that an eqai-
mpléaular saiuﬁien of icdime in bre@iﬂa lowered the vapour

pressure of bromine ss if its chemical compesition was IBr. |




Elaétraéhemiaal stnﬁiesfhave»also shown its presence in solu-
tionfg "In summary, it is clear that & great deal. of the difé'
ficulty in-establishing IBr as a ébmyound has been beeausé of
its endcthermie ﬁﬂs&able»natuie, and ité»great dissociation |
even at 30%, , |
o While the existence of a compound éf iodine and

~ bromine with high bromine e@ﬁten%~wés first mentioned by
Balard®? and L8wig?Y it was Bornemann5} who claimed that Ist
did net-axiét, and that the p%eviaus elaim'was'base& merely |
on & selntien'of‘lﬁr in Brg. Further_evidénee against the
exlstence of such a compound was alsc given by Reaéé52 on the
b&sis that no palyhalidé”gréup conbained the‘lﬁma'group‘er a
dibromine iodide group; and also by Plotnikow and Rakohjan55
because of the formation of the gésitive’ié&ide ion in a solu~
tion of IBr in bromine. Furthar proof was given by the faet
that the absorption spectrs obtained for a solution of IBr in
Bry a&rreSPQndiag'tc»IBra'is'eXa@tly the same as the sum of

the spectra of IBr and Brg;54 Coatrary evidence has been en=-

tered lately as Forbes and Faall§5 elaim strong electrometrie
evidence fér the presence of 1Br, or its complex iom Iﬁré‘

in Seiution‘Wh€T8~[é€]-ﬂ 3[;].

It was thus generally concluded that for the purposes
of this researeh the only Gﬁmpaundflikely ta'appearfin eennee*v
‘tion with lsothermal determinations at 30° would be IBr (with
a melting point of 41°C as given by Terwag&ﬁéxf'and'thaﬁ'this

would Torm a continuous series of mixed erystals ﬁith iodine.




{4} ?he Ea;yhalqgga Cempaanﬁﬁ
\ Slaee there are so Tew eambxnatzaﬁs of the halegens
with e&eh other it is interesting to ﬁete-that the ions of the
’ haiagens.seem partieularly aetive in forming coumpounds with
_the'halegéusz These give riée te such eompounds existing in
_salatian as the Kilg ela&meé by Jak@wki 57 as well as many
complex anlons with ?arzauﬁw&@mbinatieﬁs-0@‘%wa, or even three,
'&f tha*halﬂgen$¢ | ’ | o
Whi&a m&eﬁ of the emphasis en palyhalidaa saams ta be-,
in tha fiela ef aqueaus solntions& ‘there has also been some
gonsiderable iavestigatien-@m sali& solutions of ma%ailia P@lyﬁ“
haiiéés. ﬁawhera, hewwver, has there been aﬂy'sign,af & eon~f<‘
v.ai&eration of the ‘three eliements, lodine, hrsﬁiae, and ahlarina,
forming & terﬁary compound {or a hal@gen.palyhaliée ag this '
field of literature would name it).
~ The elesast appreaah to aﬁy regaw& for a ternary sys-
ten is contained in the study by.fietnikaw,aﬁé Bﬁkatjaaﬁ& of
the system Brazél;. While their whole concern was with the o
electrical conductivity of bromine salutiens of . io&ine and of
i@éine triehlerxﬁe, they, of necessity, made éetermiaatiens @f
the seiubilities of both Ie and. ICls in bremina. ‘
Bisaussien of this in csmgarlsan with the results ef
thi$ raseareh will be dstailed later.
| Since the ealy known eempaaﬂés oceurring within the
three binary sysﬁema discussed above which exisﬁ as solids at

ordinary temperatures are lodine bromide, i@&inesmaﬁﬁahleridgf“'
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and.iaéinevtrighlari&e, it was decided that first isothermasl
.aaterminatians of the ternary system;shauid he:aarried out at
such teﬁpératnxesg This would bring iodine into tﬁﬁ pigtnre
alse, and hence in order to further simplify the first iso-
tharmélzéiagxam ﬁha;ﬁemgarature,af 30°C was chosen. 'Thia point
was above the m.p. of the iodine monochlorides and hence further

ﬂ'reﬁuaed\the~nﬁmbar of solid ghasas er-salié phase-a@nstituants
it weul& ‘be possible to obtaln,
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APPARATUS AND ANALYSIS

(a) Purity of Materiels |
” The iodine used was of U.S5.P. XI1 grade {resublimed
erystals). -
Bromine used was Mallinekrodt Bromine, éanfsrﬁing'ﬁa
N.F. V s;eeifi¢a$1ans.
Chlerine was obtained as a commercial grade in small
eylinders from C.I.L. It was then washed with distilled water
(two wash bottles), and bubbled through saturated CuSg, selution
he remévﬁ any-traaasfaf-hyéregan chloride as recommended by
F‘.Stalba§? Thévgas-waav&hen.drieﬁ‘by passage through eené
centrated sulphurie aeid.

(b} Materials for Analysis

The silver nitrate used was U.S.P. standavd reagent. -
1£~was.palverizaﬁ\in~aﬁ agate mortar, and dried over concentra-

fc acld for e week. Stendard /10 solution wes
made bylaissezxing,aa ex&a§1y weighe&.amaunt of the géwdaxaa
éxy.saiﬁﬁin-@istilleé.water, kept at room té&paraﬁarg {16.9888
grams per litre}.

For stén&araizatian-puryaseﬁ the KI, KBr snd KCl-
useéwware,al},af'ﬂasqu~s$anéarﬁ,g£&@agy |

The baaiumvnigrate~te be used in the analysis for pre-
ventsing:aay of the bromide or chloride belng earried down with
the ie&i&e was of the stendard reagent grade.- _

QGertain analyses were made with barium nitrate made

from the aatien af nitric acid on barium aarbanatﬁ aad




reerystallized from distilled water. No observable differences

were found in the latter case.

(e} General Apparatus

Since isothermal determinations to give aceurate data
on any system require a very close ﬁempex?atura control, it ssé:_s_t
a@eéssgry’to‘aseertain and melntain the temperature within
 ¢lose limits during the attainment of equilibrium by any ternary
~ system. The tgwgeigture selected Tor this research was 30°C
_for the feassv outlined earlier, |
A eyiix;ﬁ-rioal glass vessel containing water was used
_ és the thermestat. A& 1;63} layer of kemsaﬁa was pzlaeed on .t:h:,é_ |

water to reduge eveporation and surfege cooling. The water was

 stirred by means of a small motor-driven metal stirrer whiech
was. mamtainad at a slow rete. o | -
, &ﬁfﬁeigﬁ;tﬁly good temperature contrel was obtained hy
. intermittent heating with atmospheric cooling. The heating =~
system was a 50-watt .aleﬁ&’srw&i element. contained in a copper
coil immersed in ‘the bath. The heabing current was aeziﬁrbi,led.
by méans: of & solenold-operabed merceid switeh which was-

actuated by a mereu:x.‘y thermoregulators, This method enabled a

tamyerature -ﬁan“&fﬁi better than e Q‘ﬁi“ﬂ‘to be maintained.

' The actual temperature was m&asureﬁ with & thermemeter
graduated to 0.01°C, and ealibrated éi'zzéatlfy ageinst a stanaaré .
gai‘refmtsién thermometer. With this arrangement and applying

the correction, the temperature remained at 29.80 & G.05°C. |
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thranghau& the peried of the researche.

' The eanzainar first used to hold the halagan syszam
was a glass cylinder of 450 ml. aapaeity, with an: innar éiamater
of 1 1/4 inches, and an outside tapered ground glsss %op (see

Figs. 2 and 3)+ This was la%sf=§ﬁp§lem@n€a&'With a nﬁ§ba: @fv |
| small ey&inﬁri331 glass bettles~af apﬁr@ximaaély 2§QT§¢ §&pé6ity
'with large gr@un&—glass steypered,m@uths. .

With these containers a system counld then be ma&e up
af:volﬁma and weight (100 to 250 grams}vsnfficient-t@'alxaw of
ge@é separation cf phaaes and praper sampling, and alsa maka
for ease of etfieiant stzrring.within the contaliner,

The glass containers were clamped wiﬁhiﬁ.the bath and
snzmmuntea by a glass eenﬁensar filleé with sola water. A lengﬁ

glass stirring rod was inserﬁe& in the aandenser and connected

- %o a small variable speed makor.
wTha glass eantainer was part af an allﬁglass unit
»aﬂﬁé&rua&e@ especially f@r effieient separaaien of sollds and
liﬁui&s {Fig. 3)., The glass contalner was ritted by a gronna-‘vl
-glass eap with & 3/16" auxlet, and a.3/16“~r1ng—se&l prejeﬁtiag  

insi&e ah@ut 6 inches whare it was flared aut to contain &

}eireular pie&e of sintered glass about 1/2 inech in~élamzter aaé;, 
3/16" thiek. The outside eenneati&n of the ring seal was
sealed similariy to snother a&p and glass eentainsr af similar
ﬁaysreﬁ graunﬁ~glass design. The other 3/16“ autlet fram this
»seaenﬁ aap eeul& be atta&heﬁ to a vaeuum pumy. Thus, by
agplying vacuam.the llquid phase cauld be led éy"sugtien frﬁm |
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vessel A through the sintered gless and connected tubing into
vessel B from where a sample could then be taken. The solid
phase remaining in vessel & could ha<suéke&'quihe érf in a
very short time. A satisfactory source of vacuum was found to

be & small glass water pump.

{d) Gemeral Procedure

{1} Eakingmnp“Syézegs,_-The first system was made by
dlssolving iodine in bfamiﬁe ét a composition whiéh,‘acﬁe:ding
to ?ﬁrwegxéa would give a solid esnd liquid phase, i.e. slightly
meéa ieéins=in'weight pér cent thaﬁ is salgblé-in bromine at
30%. 1In making further systems dry ehleriﬁe‘was Buﬁbled
through & glass tuhe—ﬁrawn to a jat int@ ‘the previaus syst&w
until length of time and rata ef bubbling gave an indication
of percentage added. Better results were obtained by weighing
ehe-eoﬁﬁﬁiner before and aftér éd&itian of ehlarina, gven |
Nthongh.this diﬁ not allow fox nha eansiéerahle loss of braﬁine,'
beeause af its high vapour pressure. .Ia.a&éitiﬂn'ba.the:ghlarine,
some lodime was a&de&. ‘ |

The system waé thus a&gusﬁea untxl saliﬁ phase was
ebtained, As the-ﬁiagram began %o take shape, better 3udgmant
Gould be used, and calculated ingredients enabled e suitable
#eméesi@iénft@ be obtained more easily. The system waa«then"
heated until all salid émsselve& (im warm water 40° to 5@“},
and was finally placed in tha 30 bath ta attain aquilibrlum,-,

The glass stirrer was inserted and put into motion far at




least 12 hours.
In order to abtain the aystems on the bizzary Ig-0ly
axis, iodine trienlariée was made according to the method of

Booth and lﬂerl’iﬁél Finely powdered iodine was added slowly

to a flask containing liquid chlorine condensed from a ¢ylinder

- by means of solid €Oz in acetonme as a cooling liquid. The floc-
Qitleﬁtwange; iCia was freed from exeess chlorine by evaporation

at room temperature, and kept in e dry glass-stoppered flask.

 The trichloride thus synthesized was used in order to obtain
t;e:mary systens of composition above 10% in ehl@rme and iadlne.
A1 weric was earried out within & fume eupboard under
strong draft. The purifying train for the chlorine was -emﬁ.&mea
in the fume chamber. ‘}.‘ha ‘bromine wes measured by volume, and
the ied;iﬂe by welghing on a rough balance. |
(2] Separating Phases andﬁam ling, After a system

(150 to 250 grams in weight} hed remained in the 30° bath for

at least 24 hours, the stirrer and cmn&aa&er were removed, and
the sintered glass end of the .sfémrat;&-an apparatus (Fig. 2)
iﬁse’xﬁe&t The glass ‘tube outlet from the receiving vessel B - |
was -aﬁt&éhaé +0 the vacuwm, snd the liquid phase gsucked through.

By preesing the flat sintered glass surface down tightly on tﬁé.

solid remaining in the glass conteiner, as much mother liguor

as possible was sucked out. Care was taken to leave the vaeuum

on for only a very short period of time. Separation took pi&ﬁé‘

usua}.ly within 30 to 60 seconds, and in eanaequ&me ﬁhe vaper

loss was keyt to a minimm.
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| . The glass vessel eantaining the liquid phase was
 .imms&iately plaeaﬁ in a beaker containing water at 5@“&. A
.samglagwgs teken from it by means of a.gmgll_p;pgﬁgﬁ.atkagﬁeé
by ;ubber'tﬁhing»ta:ths-vacuﬁm pam§‘__&baﬂz S-ag@;af 11§ﬂi&
VWar&-ﬁrawn.intQitherpipeﬁte An&.then_abeﬁt 2 1/2 cc. were al~
lowed to run into a tared ground-glass stoppered welghing
bottle. | |

The solid phase was sempled immediately after the -
separetion was.¢emplete§ A long plece of gless red flattened
into a spoon at one end'suffieaéfta’remava some of the solid
from the bottom of the original container. From 5 %o L@,graﬁél
| wera placed in a tared weighing botﬁlei'whiﬁﬁ was thersupon
- Bightly steoppered with & ground-glass LOp.
The ramaining.liquid and solid were placed agaiu in
- the QQntainer and were used in many cages as a basis for anather
 gystenm of different overall @ampasitioﬁ. _
{3} Preparation of Semple for Analysis. The sauples

of %hgssaliﬁ and liguld were weighed and thﬁnfindiﬂiﬁéal%y
 “drowned" in_gans&in:saéalsaxuﬁianm This was accomplished by

‘inyerting the welghing bottle and placing its mouth beneath

the surface of 500 ce¢. of 10% sodium hydroxide solution sontained -

in a large glass»funnél. Th$~fannei waavatﬁpﬁsreﬁvby means»éf
& piece of glass extending from above the top of the funn@l

down into the neck where a tight seal was made with a short

plece of rubber tubing. The neck of the funnel exten&ed down

into a l-litre volumetric flask. When the sample had baen
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”"_reiease& into the caustic soda salutien; thé glass rod stopper
’was removed and the whole contents of the funnel then Tan 1nte
~the volumetrie flask. The glass rod stapper, weighing bottle
- and top, and thé inside of the fumnel were then-garsfully
washed down with distilled water. The flask was removed from
beneath the funnel and the contents made up te'éxa@tly,enﬁk
litre with distilled water at room temperature.

Careful use of this‘teehniQns enabled an.aeeurataly
welighed sample. ta be treated with eaustic soda smlution with
no loss whatseever by vapour or otherwise. With one or twe
ssmples ef high bromine and chlorine eenﬁent, it was faand»very
difrieulﬁ, however, té carry out the "drowning" without a
Jslighﬁ vapor lLoss. | . |

~ According to- Melleré’g the best evidence points to the
formation of the hypﬁhalmtﬁg‘&l&ﬁg‘wiﬁh.swall amounts of the :
. free alémeﬁt-remaiﬁing in solution when the al&menéa-are braﬁghk
 v1nt0 gontbact with dilute and/or cool salutions of eausﬁie soﬁa
‘“@r pataghw Hawaver, hot and/or—eaneentrated solutions of Bhe
hyéraxiﬁﬁs pra&ueg~therhalaﬁﬁs_?e:yvqaiekly@ There is a;sa
some indieation of halide fermaﬁigﬁ; While there seems t§ ﬁe
no dirggﬁ,eviaangevrggaraiﬂg the effect of caustlic soda saiuxian
on the three halogens §egether, it was assumea #ha@ ﬁhay’mig@t‘,
be present in any or all of the states mentioned. E@du&ti@n'ta
the halides was then necessary for analysis.

The caustic soda solution of the halegens was gare- .

fully mxxed in the litre flask, and a 100 ml. aliquat was thea




removed by means of a small volumetric flask ealibratea at
ﬁhe:lﬁﬁ ml. mark to give 99.98 ml. The small flask ﬁasfam@—
tied inte a 250 ce. beaker anﬁ rinsed three times with distilled

water. About 3 grams of powdered zinc metal were added and the
solution was boiled gently for 20 minubtes. It was then made
slightly aeid to litmus with giaaial acetic acid, and boiled
for another Zofminutes.' The zine was filtered off and @arefully
) Washeé into the same besker ag the filtrate. The filtrate was
made up to 600 cc. with distilled water and the semple was then.
'reaéy for analysis,, A | ) A h
The abeve reauetian proved to be entirely satisfac-,

63.,64,65 recommended as

tery, and waa adaptea fr@m.methoés
suceessful, Slight adaptations were necessary because of the
barium niﬁrateuandfar»silver pitrate required in the analytieal

procedure.

I’ | .(e).Methad of ﬁn&lysis |

| The method used for this an&lysiS'was pataﬁtiametrio,v‘;
and hed not previously been developed to the extent where all
three halegeas eaﬁlé be simultaneously estimated. Thesegseﬁesf
of the method is ziven by Stock and Stahle 65 and outlined by
them’f@r volumetric determination of chlorine and iodine ia o
neutrel solution of potassium chloride and potassium ioéiﬁa,r-'
The method depends esseatially on the rate&efvchang&'in the |
differeﬁée-of potential between the solution and a sultable '

eleetroﬁe. 'T&e reaction is*fellawéé valumetrically, and éﬂring'

a titratian the eoncentrations of the 1ens taking part 1n the




: ?gaetien are altered at a compara&iveiy-enarmaus~raté in the
-neighbourhood of the endpoint of the reaction. Thus if the
~titration 1s plotted against the measurement of the potential,
& eurve ls obtaelned which has a point of inflexion at the
endpoint.

_ Since the above method of analysis was recommended for
_titration of chloride and fodide by silver nitrate, it was felt
- that there would be sovnd theoretieal basis for -ineluding
bromides. The change in.amf.,asing~silker.eleeﬁrb@as, would
depend upon the concentration of Ag' ions in solution. Since
the salu@ility produects of silver~ioﬁiée,lbrami&erané shloride
are fespeett#sly lﬁ’léf.la"lﬁ, and lﬁ‘l&; it follows that the
hal;aas will be pregipitated in this oxder, the endpoint of
esch preecipitation being inﬁiaa@eﬁ»by a meximum in the emf.
With rapid titration it is necessary to prevent some of the |
ehiaride~and bram&devframvbeing carried down with the silvarii
iodide. This was done by adding barium nitrate whieh was aéw
sorbed hy the iodide in place of the other haliﬁes. | |

The apparatus require& included g eenylete arrangemsnt
for measurement of emf., A Leeds and ﬁerthrup student»tyye ’
getentlameter'with & galvanameter‘of egqual sensitivity were
set in a eireuit as shown in Figure 4. A stauﬁard:eell,was ;
included for calibration purposes. The silver electreée,uaed_
is illustrated in ?igure,ﬁi*‘ -

The reference electrade B was a silver w1re Qb mm.

in diameter, inserted in the 1rmmu diameter bore er a 12 em.v
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‘léﬁgiﬁ}af glass eapillary tubing A whose wall thickness was
about 3 mm. in such a manner that the lower end of the wire
remained about 20 mm. above the bottom of the capillary tube.
The other end of the wire was bent around the tube as shown
and waé“helé in place by a short well-fitting piece of rubber
presau¥e5suhing which was cloged at the top by & shartvlengﬁhsv
of glaés rod, The indicator eleetrode D‘was.alseaof»aiﬁ e
-éiameﬁér siiver-wi&@,and was wound several times around the
19wér>enﬁ of A; and fastened by a rubber han& Ex ‘ |

1This;a&eetr@&e@*&~m9ter~ériven glass stirrer, and a
5ﬁﬁm1¢*bure$§a;were;mnnﬁﬁaa~se~%ha& the beaker conbaining the
selution te be titrated could be brought uwp under them. The
iiﬁ?e*ﬁaaker with the 600 ce. of solution was put into position
and 30 grams of pulverized barium nitrete added and dissolved
with’é%ifiiﬁgéi‘?he'aleeﬁr@iefwas thén inmersed in %ha.salutihn;
’ﬁhﬁféﬂ@éﬁ'%he'liqﬁid enbered the ‘¢apillary and was drawn up'v
around the lower end of the reference electrode. Since it was.
é&sénﬁial that the eampasitiun‘of~ﬁhis liquiQAin.the-e&pillary»-

remain unehangeé during the titration, care was taken to n;1n~;
| tain the helght of the' eoluwmn of liguid in A as initlally
ahtained.

There»is no difference in potential before the~additian
of silver'nitrata {K}l@)’ The first addition was usually made
in,la ce. portions, and the-amri compensated by means'mf the
petenti@méterggjxﬁ‘was semetim£§ pessible to make a~steaﬁy’eau§j

tinuous g&&iﬁi&ﬁ, with~a-aanstaa$~poteati@&azer adjﬁstment.naﬁil
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appreaehing the endpoint. The silver nitrate solution was then
‘adéed ﬁr@ywiaa, the velume reeerﬁed, ana the emf. alsa noted.
| ,lThe ehaaga‘in emf. per ml. of silver nitrate added was then eal—-
' cu1ateé‘: The velums recorded for the greatest change per mle
"was &gkan as-the,andpﬁint.v Ear-aach titration there thus resul~
‘ted three endpoint determinations. Calculations were then made
fram»ﬂhé_ﬁeiuma of 0N siiver’nitrate for an equivalent emount
-ef~@gig§ﬁ 6? chlarina,‘bremine’ané iedine. - |
N lt was found negessary to stop bthe stirrer before
e&ch raading on the potentiometer was teken, and thus give time
far th@‘preg;pitatgatavsﬁtalg“ The electrode was washed with
distilled water and dried with filter paper after sach deter-
mmgﬁign;;,v The reference electrode m removed every few
&etermiﬁatiana and éieaneﬁ aarefully't@'fﬁmave a coabing 6f'ﬁhé
_haiiﬁas which seemed to be formed on its comtact surface. '
Besults obtained justifieﬁ iss nse f@r all three

halidea siaca an enﬂgaint was easily obsarvable in all aases. -
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EXPERIMENTAL RESULTS.

-(a} Aﬁalytieal &ceuraqz

The method of analyszs useé for accurate ﬁeﬁerminatiens

“of the ¢0neen£ra£&aﬁ of chlorine, bromine and leodine in mixtures

of the three was tested for accurasey in its determination of a
i:i. mixture of low ehlorine content. The results obtained aieAshewn
| in Table I below, The first three of these determinations-
| were made on standard E/la solutions to ﬁhi@h 30 grams of
£V7 bariam_nitrata-werEiaﬁ&ed, tha*whala mede up ta‘éﬁ@*ﬁﬂﬁjwith
B éiaﬁil&eé.water, and then aenslysed, -
! ' A further ﬂhﬁék.wa$ made on analybical technigue by‘
Ai,aevaral reanalyses ef the salu@ie&s made from the ssllé and
‘liqnié phase»sam§les¢ ?y@iaal results are given belaw in
Table II. = | |
T&E£E I

;N A~ R~ ‘4—»‘

Petentiametrie Eeterminatieus af Ealide seiuﬁians

Qasults are gi?en for No.l in e, af 0.@2§N ﬂgﬁ@a

No.2 in c¢e. of 0.0125N AgNOg
No«3 in ﬁﬁa of Q.18 AgNog

Galeulaﬁaﬁ _ Found

19.98  19.99 50,05
39.96 £0.05 012
24,97 24.9% | -a. 94

- 20.02 19493 +®-5
25,03 24.99 -0, 2
19.98 20.18 +1.0

2.00 2.20 +10
2,00 | 2.28 +14

®Results for No.3 are the average of two determimations with a
~mean deviatien frem thewmean of less than a.ﬁi in each case.
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. IABLE I

zygieal Repeat ﬁna%z;is @n‘Same Selaﬁieﬂ

A'._u;ﬁﬁiﬁﬁ,?f_?13£§ﬁignﬂiﬂv¢§*u§f,N71@ 3fmﬁ£f' 
| | Iodide ~ gromide Chloride

Ae . 1. | . 23.45 5z,a3 55,10
Be 1. | . 27.58 &8 46 L 74.26
2. 27.65 68.59 4,22

Hote: A and B are the solid and 1iquid phages resgeatively
' of System 2 (sea Tabla ¥ far caleulated weight per
o eents);

{b} Gheek aa T@tal B&l@gﬁﬂ eﬁntent af “ystsms

| , ' The me%h@d of prepariag the sample for analysis in» |
valveé é weighizg of the sample {hath liguid &nd sellé\phasa}
befare analysis. Singe the analysis gave a éetezminaﬁzen of
all threa halagaas present, it was thus pasgible tﬁ~get a ehaek
'en.ths tetal for the éeterminationt The comparative. res&its
ehtaiﬁeé are giveﬁ iﬁ Tabls III, and are shown in saah detail

-beeause af ﬁheir p@ssible'va&us in any fur&her'werk sarried

out. o ‘the analytic mﬁthaﬁ used here.
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TABLE 111

A -

Tetal We@ght of Halagens in Syshems

All values in grams

aﬂd - ' ’ - Weighing Actual
Phase Ieﬁins, Bromina/, Chlorine Tetal, Tatal ,__Welght

=L O 0952: 0. 6883 - o 18&5 o, 1808, ,3103.44

. 1-8 0+ 3656 0.2805 - .. Q.6461L  0.6654 . 97.10
2-L  T0.3501 = 0.3268  0.0206 046975 - 0.6775 = 100.95

| 2-3 042976 0,2289 .Gl@? 0.5372 0.5299 101.38

- 3=L  0:3521  0.31%0 0.0222; 0.6933 0.6751 102.70
3-8, 0.488e  0.3711  0.0219  0.88i0  o0.8612 = 102.30
41  D.2949  0.2552  0.0224  0.5725 . 0.5539  1l03.36
4-8 0:6257 - 0.4643  0.0233 1.1133 1.0932  101.84

S«L  0.3830  0.2245  0.0390 0.6465° 0.6285  102.86
5«8 0.4177 0.2414 0.0234 0. 6825 0.6751 101.09 |
6-L  0.4866  0.2233  0.0528 0. 7627 0.7437 102.55

6-8 .@.7&28 0. 3376 0.0459 1.0 é} - 1.0725 101,29 :

7-L. 0.4586  ©.1845  0.0507 0. 693& 0.6802 102,00 .
-8 0. 3915‘-‘ 0.1690 = 0.6295  0.58398  0.5776 - lo2.11

- 8-E  ©.6152 0.1694 0.0722  0.8568 ©0.8488 100.94
8-5 0 -4117 - 041371 0.0424 0.6512 - 0.6347  102.60

9-L = 0.5491 G.1204 . 0.0531 0.7226  0.7110 101.63

9-3 0.6395 0.132% 0.0871 0.8593  ©.8456 101,62
10-1, 0.6545 0.0951  0.0922 . 0.8418 0.8322  101.15
_1@-5 . 0.7028 - 0,1044 0.0603  0.8675 0.8628 100.54.

11-L  0.7265  0.0686 0.0993  0.8944 e,&9ag 100.42
11-8 - ©0.3622  0.0288 - 0.0232  0.4142  0.4058  102.07
12-L - 0.9333  0.0504  0.1397  1.1234  1.12i5  100.17
12«5  1.1290 0.0480  0.0B31 . 1.2601  1.2528  100.58-

13-L 0.7452 0.1346  0.8798 0.8966  100.37
13-8  ©0.5679 0.0415 0+6112  0.5973 102.33
14-~L 0.4572 0.1726 0.6298 0.6275  100.37
14~SJ '@.553? 0.2967 O 8554 0.8693 ?8 40

15*3: ,_.Q,¢416, ’9181. 0.2422 'Q ?@19‘ @i?@éa' 99 31
16-L  0.2952  0.0545  0.1073  0.4568 ~ 0.4467  102.26
16-8  0.4482  0.0466  0.2482  0.7430  0.7399  100.42

NN




By % of
Tend R S Weighing Actual
FPhese . Iodine 'Bxaminﬁ- Chlorine - Total = Total ‘%eight*
17 0.4113  0.0994  0.1534  0.6641 "a.ééﬁe  99.86

178 - 0.1394 0.0183 0.,0932  0,2509  0.2392 104,89
18~L ' 0.4146 0.1127 ©0.1624 G.6897 0.6827 101.03
18- 0+3379 0. a489‘ 042164  0.6032  0.5943 1@1_5@

19-L 0.3505  0.1289 0.1427 0.6221 0.6070 102.49
19-8 0.4167 @ 6922 0.2514 e. 543 9.75@2 1@3.3@
20-8 ~a.4a18 *1566 02713 933297 9.8437 : 98 34

21-L 0.2192 a 2661  0.1371 0+6230 046360 97.96
21-8 0.2439 a,aégs | G.1872 6.4984 0.4913 101.45
221, -0.2227 ' 6.15?8’ 0.988¢ - 1.0219 96,77
22-8  0.2105 0.1913 0.181¢  p.5828 . o. 5754 '1@1.@9

{a) Attainment of Equilibrium}in_sj}ﬁg*

, in order to fulfil the theoretxaal requirements that

equilibrium was abtaineé in the systems analys@d, th@y all To-
. mained in tﬁa eanataat %emper&ture bath fsr ab laast 24 heurs,
That equilibrium was thus ebﬁaineé was praven by appraaehing
'-equilibrium from heth sides anﬁ asaertaining thevsam@@sisiea af
“the liquié and salié phaaas present in eaeh eass‘p & single sys~

tenm was<ehasan and div&deé inﬁa two partsu The first part was

heated unbil it h&é baaeme anzirely 1iquid and was then pl&aa&
-~in the eanstant temperature bath~ ?helaeeené yart was aoaled
ﬂuntiz it wes largely solid phase, and it wes then. similarly ‘
put inte the 30° h&th. The solid and liguid ghasea of eaah.wera

tanalysed, with the results appaaring 1n T&blﬁ v belaw¢




TABLE iv

«-a-ua—-t—u.un

| ﬁttaiﬁment af Eqaillhrium in Sysﬁem

s

‘ ‘391i§ §hé5§;'ﬁf,,f_ quui& Fhase

systsm.&' | A
(1 day) 68.02 26.32 5.66  67.52 25.04 T.44

{3 days} 66.98 26.31  6.71L 66.78  24.93 8.30

System B , _ \ ‘ N
{1 day} 69;@2' 25.45 - 5.52 67.76 25.26 F-03

',E@teg Systems A and B were of identical everall compo~
T aitiom initially. System A wes brought te
equilibrium from all liquid side, and B from all
solid side. In each tase the final state of
equilibrium gave only a reletively small amount
of sollﬁ phase in fa large amount of liqaiﬁ,,

{a) Isothermel Diagrem | |

| The most impertant rasults of this'resaareh,are~given
in Table ¥, anﬂ,aanais$ af‘th@'aem@agih;ansiagwe;ght per gent
of variau§ Sys%ams’mhérevtha“quui& andréélid'phéseé‘weravia
equilibriam, Thege result& are.alsa Fl@%ﬁeﬂ graphi@ally |
(Eigure 6} amﬁ rorm the isothermel diagrem for the ternary

,system at 29 8°. o | -
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Composition of -  Composition of
Lieuid Phase o S@il& ?hase

| (wezght per eent} | : (Weight per cent

. - A ————  Nature of
I, B, oL T Brs  Ol. Solid Phase

e : : . =Br mixed
l.- 51.45 48:85 & . 56.59 . 43.41 - orystals.
2. 50.24 46.85 = 2. 91 55.34 42,66 2,00 same
3. 50.T9 46.0% 3.20 55.40 42,12 2448 L
4. 51.852 44.56 5 92 - 56.20 41.71 2.09- w
5. 59. 24 - 34.73 6.03 61,20  35.37 3«43 b

6. - 63.80 29.27 6193 64,70 3107 4.23 "
7. 66 1l 26.59  7.30  66i35 28.65  5.00 @
ﬂaQ 7l~86‘. 19&7? 3.45“ V72§4§ 21.06' 6v§lv b
9o TheA2  15.44  10.14 76,00 16.65 .35 . 0w
o 17.716 11.29 10.95‘ 81,00 12.04 6.95 "

11. 8i.23 ?;6? 1l. 10 87.45 6. 99' 5.61  n

12. - 83.07 4,49 12,44  89.59 3. .6,6e w

L}Q 84.?2 g ) 15~23 93 23 6 ?9 : _1@'
14. 72460 = . 2T.40 65,30 - 34,68 IGls
15. 69-91 404 26,05 62.92 2,53 24.50 ‘same

16 64,63 11.89 23.48  60.32 6.27 33.41
: g - 6l.94 . 14.96 23,10 55,58 7.89 37.16  #

i 18, 60.11  16.34 23.55  56.03  8.11 35.86
19. "§$w55 22.93 54445 12,22 33.33

20, 3&.98'. f:a;,. 22.22  48.43 18.87 32.70 n
21, 35.18  42.71 22.11  48.93 13.50 37.57
22. ,32,535 1052 15.96 .--36.13; 52,82 31.@5 "

-

K]
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DISCUSSION OF RESULTS

The results tabulated'fer'the method of anslysis
used {Taﬁle I) indicate that when the three constituents are}

present in approximately mol»eqnivalént amounts, an aceguragy

well within 1% is obtainable. However, with small amounts of
chlorine the per cent error is comsiderably increased for this
particular determination. ,

| It must be noted that the effeect of any errvor im ti-

tration values could be considerably reduced in the case of

bromine and mych more S0 in the case of chlorine when such
v&lués are caleuleted on the waightvbasisg Since the analytie
Zpreeeéure is ﬂﬂﬁ@ﬁbﬁﬁdly:MQSh agourate for the lodine deter-
mination {the sharpest and greatest ehange of potential at the
endpoint), and since in all the systems analysed the percentage

by weight of iodine was never less thaﬁ 30%y it is quite eviilv

dent that the method of analysis chosen, while 6pen to some

error im the technique and procedure involved, was well s&iﬁeﬁ
to the aecuragy‘requiremenbs of this researech. This iz in

view of the fact that considerable analytieal error is needed
“to alter noticeably the position of any phéﬁe-WHQSG composition -

is,plottéd en.the.iséthermal disgram.

The comparative results given in Table III indicate

7/ in general thaﬁ'the analytical procedure followed tends to give

unifarm praperty~@f all three halide determinations, sinee

"J

% slightly high results. It sSeems probable that this error is a
i

i

i

there is ne noticesble change in the error for solutions of
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low ¢hlorine or of low bromine content. If the error is thus
,sprea& over the’three halide values, its overall efféet as far
| as changing the composition of the phase is eoncerned is
negligivble., There is, it is true, a noticeabls tenéeney for
the analytically determined value to be 1awer'iﬁ cases of #ery
high bronine o:‘shlerine content, but this is entirely due to.
the diffieculty bf»getting such a weighed halogen mixture into
solntion”withoug‘lGSs through the very high vapour pressure;
On the basis of the reproducible titration resﬁlts
(Table II) it can be considered that sueh generally high re-
sults as seem to be indiéated above would be due to the redﬁe?‘
tion treatment given the»hal@gené in bringing them to the
Ahalide form. Since the values obtained, however, were suf~
ficiently gooed for the purposes of this research, the above
data and commenbary are inserted here only bessuse of their
possible fukure nﬁefulness.ia?&evelﬂyiﬁg the analytical method
to where it can be employed with greater aacuraey‘ |
Equillhrium determinations have shown {Tahls I?)
that within the-analytieal limits previcusly discussed, com-
plete soli&-liquid equilibrlum of this ternary system is
?ebtained thhin 24 hours.
' The snalytical results of varieus golid end liquid
phases have given a elear picture of the ternery system. The
ksya@ems snalysed fall into two groups. The Tirst group, com-
prisiﬁg‘lﬁ differeﬁt.syﬁtams,vcan be seen from Figure 6 to

SUANAASL R BIIATE

 THE UMIVERSITY OF M
= LIBRARY
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give an exaelleﬁt pieﬁare of the area}éf existence ef-the:series
. of solid solutions {"mixed eryétals“} formed by IBr end solid
Izs The s0lubllity eurve of such solid solutions in chlorine,
wiiieh this\firat eurve acbually ig,; shows no break whatsoever.
Thisg is ebsolutely clear evidence tﬁat from solutions of com~
position within and adjacent to that ares there is existent in
the solig staﬁa;gg other compound. The fact that tﬁé solld
phase separating out from such bernary systsmé is 2 seriasvbf-
mixed erystals of IBr and»lg bears out, of course, the work of

67 with the iodine-bromine system o which previous re-

Terwogt
ference bas been made, In comparing the results'bbbaiaeé in a

- system of I, and Brg cnly,‘aaieful interpelation from his data
gives for 30°C a liquid phase of 0.39 atomic per cent lodine and
‘& solid phase of 0.43 atomic per cent iodine. lﬁ terms of weight
per cent this means values for the liquid phease af‘59.4%.iedine,
and 54,57 iodine for the solld phase.

These are in falr agreement with the values obtained
in this research of 51.45% lodine for the liguid phase and
56.59% iodine for the golld yhasemxegpeaially in view of the
faet that Terwogt was working on a %ima~tem§eratare bagis:éné
not the more aseurate isothermal equilibrium aaharminatiensg’»}
Another comparison worthy of notatiom is to the work of Plotmikov

and Rak@tganée
as 45% at 25° and 59.5% at 40.6°C. A linear interpolation of
these to 29.8°C gives & value of 49§8%.i@dine, whieh is again

in general agreement. :

who obtained the solubilities of iadinevia,brgming




At the Ig'clg eﬁﬁ af the eurva, it 1a found that the
 8@1&&111ty of iadiae'in liquid ehlorine at 29.8°G is 84,72%
iodine. fThe e&rly work ef Storzenbaker59 gives a velue of 8? 89,
iodine as the composition of the liquid phese in equilibrium
with solid lodine. Here again the isothermal determination
gives a muﬁh nore acenrate zﬁea of the true eamyositien of suah
an. equillbrium.phasa.
_While it is tTue that the tie-lines from liquid to

solid phases‘in this group nyﬁyétamsveiearly indicate the .
éeries of solid solutions framglsr to io&ine; the results ob-
.t&insﬁ are p@aslbly suffi@ient t0 venture an explanation for
' the solid phase analysis g;ving,a camgosxt;en.so far from tha o
~,I-IBr'line. While a goed deal of- the reason for this is,-ef |
ceurse, th@ ineamyleta saparatlen af ‘the liquié phase frem,the
. soliﬁ phase, the appearance of the solid yh&se an& the meth@&

. of separatlen waulﬁ 1eave a pesslbla explan&tien resting on ,”*
g‘bha crystallzn@ isomorphism of Ig, IBr ané Clga By ‘this is
‘meaﬁt that it ig guite eoneeivable, and exyerimentai raaul&s.'
/strgng%han.she,fae$ to a very limited extent, that ehlﬁrine ;
might itself form a series of s@&iéqsalnﬁigns with I and IBr-‘»
(i é, €1 may dissolve in Ig aﬁd IBr up te about 4'5%); This
would tend to give a seli&us line running from IBr to the 1 Sl
 axis and somewhat closer to the I-Br axis than the points re—ﬂf
Qresentigg the composition Qf thevsslld phases of the sySuemg

examined.




IsornErRmMAL CURVE
for THE SySTEM
Iz - sz ~Cl.

plotm.

¢ = 298°C

Compositions in /
welphl percent. o
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|
b

k& IC £3

| for the exlstence of IBrs as a solld compound at 29.8°C,

| value 27-40% obtained in thia»researano An interasting com~

determined the selubility of ICls in liquid Bry at 25°¢ as

'fe@mpesit&ens is attributable in some meagure te the very high

- possibility of a solid solution of the three halogens may

44,

PPN
Foder

on this side of the diagram there is alsc no evidence

On.paﬁsing'to the second group of systems examined,
the nine results obtained give the area of existenece of the
compound IClg in eantaet‘with the three halogens. Due to the
d@irficulties of obtaining a system of high bromine and chlerina‘v

eontent, no points beyond the line joimning ICl; to Bry were

ebtained. However, the remainder of the surve was projecited.

a8 shown by the dotbed line, based on the rather doubtful

figure of 99.6% iodine given by‘Startenbekarjg for equilibrium
‘with ¢hlorine, The other figure given by Stortenbeker for

tha compasitien of the liquid iodine and ehlorine mixture in

"Nc‘»

.

equxlibrlum With 1C1s-12.26:07 iodineg agreeing well with the

parison can again be made with Pletnikov and Bakatian?l=whaz_f'

———

?G. %fiblg. This is given vaii&ity by‘tha distance from the
I-ﬁl axis of the solubility ecurve for ICis at 29.8%.

The ratherfsﬁattere& pesitien of the solid gkase

vapor pressure of bthe solid mixtures and hence the great

diffieulty in a good separstion and analysis. Hewever, the

again be ralsed, ané ean also be givenvfurther'erséemcs on

€rﬂ0mbic).
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It may Be~£imaiiy concluded, then, that at 29.8°C
'there»daes n@t’exist in the solid state: IBrg, eemgbﬁndg of
~ iodine and bromine other than IBr, compounds of iodine and
ehlorine other than IClgy or‘any‘eem@@nnﬂs:af}iaéiae; bromine,
and chlorine: A eareful seareh of the chemieal literabure has
alsc revealed no evidence to the contrary.

Since these are the results obtained, it is worth
aating certain physical properties whieh may indicate a funda~-
mentel reason for such a conclugsion..

In previous consgideration of the ecmpounds of the
halogens with one another, Ephraim'> has stated that the central
position in the mmieaﬁle is aaaupied by the heavier, more electro-
positive or b&lkier halogen; and that sufficient contrast must
exist be@weaﬁithesa properties of the two halogens (in binary
aam@oaﬁés) or the compound will not be formed. It would ob-
viously follow that chlerine and fluerine could not set as the
‘gentral sbom, and bromine only wi%h fluorine. S8ince iodine
could be surrounrded with e number of atoms, it is necessary to
‘consid er the possibility of intermediate compounds with iodine
asfthé»e@ntralvatem. While IBr; has never been found to exiS%ﬂ
iﬁ the golid state, and indeed the IBrs group is not eonteinmed
in any known pﬁlyhaxageniﬁe-groupgg it is clear that compounds
intemmaéiate'ts IBry and ICl, might'@xist~';3uch eompounds
would be 'famnlaﬁa& as I€1lBr, and IClyBr, both having the ber~
vgieﬁt g@Sitive iledine a@o@. There are, then, two major con-

siderations to be examined:




1. Eleotronic Strueture

The bimary halogen campennéa that have been examined
t.ﬂermally ney be listed ag:  1Fg,; 1Cls, ICl, IBr, BrFs. The -
.eempeunés with iodine decrease in stablility, while the aomhina»
tian of lodine with three atoms of chlorine, for exsmple, can
still not be exz;lained very satisfaetorily by the electron

theory. Sugdan' ﬁ%

use of single linkages suggests such com~

pounds would be more stable when the two elements differ

markedly in their electron affinity. This is definitely in

line with ﬁheir known preperties, and also with determinations

of their electron effinity | givén by me.yér and H-.elmhzalzi?fs as

F = 95,3, OL = 86.5, Br = 81.5, and I = 74.2 Cal.). The as-

sumption can tﬁen be made that from the point of view of axis,—,,

tence in the solid state (i.e. thermally determinable) ICls

is the limiting compound {since Iclgsl', I€1Br, and IBrg have

been shown not exist at 29.8°C). Qnanﬁiﬁg&iveply théz'e sesms

to be some ground for this whezzf the univalent erystal redii of

ions are eaﬁs-idered\.( The aﬁpraxim&te values aaleulated by

Pauling7é are!: F=1,36, G}. = 1.81, Br ’,{ 3’-..»;;9“5-,. I = 2.16.

By arithmetical ~comparison it is then seen 'e;hat, c&@nsidering

the negative iens, the sum obtained for Brs > BrgCl >Br€213 763.3.
: Gne other Tactor whleh also lends some weight in this

direation invelves a eansiﬂemticm of the electrons in the

energy levels of the a-tems under ce-nsiéeratiom ‘ ‘Ehe- simplest

way of aenfigum‘tien is usually glven as F = 2.7, C1 = 2.8.7

Br = 2.-8%,_3;3@?55: I= .2(.,8-.1,8-.{3,.‘8.‘2‘, Since there is a ‘.relataiv’a;y‘ |
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‘i8?ﬁ§§§¥-?}E&?ﬁﬁfr§m_§hl9rine‘tc-brémine than between any other
pair, ﬁhiS'ﬁbﬁ1d~tené to suppart thefas&umyti@§ maﬁe abave. |
In any attempt at theoretical subgtantigtion of such intermedi-
ate ¢Qmpaunﬁs_a£‘the.halegeas-as mentioned above, a%ﬁentiﬁn
'.éhould bétdrawngia sone  of tha.yertinent information aboam-taé
palyha;iéas; Sug@anta77 stmﬂiegyen"higher‘hali@es\enablaQJE&m |

%o fashion rules by which he could seeount quite.simply;fér'all
B the higher haliéaS‘(slngl@%-linkagﬁs}, Whils.thavhalegeﬁs* |
| shﬂwyeonsiéerahle,tan&sa@y.tégraxm1palar.1inkage$ because enly
| enefalaatron nseﬁs.tﬁ\ﬁeytzaasﬁarreéy Sugdmn $ﬁill refuted |
R E&Egmuirfs78ﬂslaim;$hat-3&@ highax halides could be formulated
a8 p@&ar:&amysuﬂés,_,ﬁe di&.tgig~ou ﬁhe basls of thelr proper-
‘ties, aud then proeeeded to vindicate his singlet link on the
hagis,ﬁhat stability depends wmore on the nature of the atom
than on tha»natareref_khavliak,. It is also elaimed by»mgyar?9
t&ag Pﬁlyhalidesvarevf@rmsd;m@re;easily'aﬁﬁ ara~mﬂrers%able\_ |
- the greatar the atomie weight of the hai@gﬁaa'an& ths(aﬁamia o
volume of the cationg. - ' A_ |

- If it was at,gll possible feor a halogen to be the

cation; it would bs mmét likely'iaﬁineﬂi However, it can faasibly
be yastulateﬁ that the positlive metal eation as feund in the
’knewn pa;yhalidaﬁvwaulﬁ.net-ha replagaé«by the positive iodine
ion {with en atomic volume of 23,70 aceording te'Eiehér&s4i ﬁéf
glve a ternary halogen eem@aunﬁ in the solld state. An
interestiﬂg sidalight is prevideé by the elaim nade that tha

argumsnts fsr the exigtence of a pesitive I-ien in agueous
8@

sslntien are invalid.
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One further peint may be maae from the discussion by
 Pauling31 on the aleetrenegativiﬁies of the elements, whenee 1%

_ is shown why the bond between lodine and bromime is much weaker

_'than that heﬁwean jodine and ehlariﬂa? the ha&%'ef fermétieﬁ
'from the gaseeus elaments of gaseaus IBr is 1.7 kilaaaleries

) per m@le, whiah is mnﬁh lass hhan the 4.0 kilocalories per mele

| for ICl. It has also been stated by Paulingga that "The exis~’

tence of Il shows that the energy of the IC1 bond is endugh

to stabilize ﬁhis m91esala,'ev%ﬁfﬁhéﬁéh iﬂfinVal#es'a“groug'éf
»fi?aﬁg&SQt:an peirs sround the lodine atom. On the other hand

' we m£g§t~Well expest ﬁh&tv%he'smallef energy of the I4Br“§eaﬁ

would not be suffialant to sﬁabilize the mﬂl&eul$413ra, or Bhe

intexma&iate cempeuuﬁs Ialzﬂr, IﬁlBra. |

-2

2. M@lacalar Valuma

The fact that intermediate c@r@@uads of the tyya IBrela'
anéAIBrgcl were found nst to exis# in the solid state, and the
fact that the maximum valenoy of lodine in the fluoride is 5,
in th@xiée'},-ané,iﬁ3b:@miéa:1,,s@§m to hags=$9ms connection
in terms of ﬁhe.iaéi&e7aﬁﬁm.béingﬁuaahiﬁ to form such compounds,
1.6, the bromine atom might be<aaié”tqvhav§gﬁaxaﬁing all,%ha
available valeney of iodime.
| This has some ?&:ifieatian from the point of view of
*tamiefvbauma»if the ledine atom is considered to held the

eentral pesitieﬂ and to be gble to “hal&” eertaia nambars of

ether atoms ﬁapenﬁiag on their "bulk" or vslam"
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The atomic volumes for the elements concerned aia:
. 1 = 24.5 (-273°) (Sapper and Biltz)83
= 19.3 (-253°) (W. Hme,ss
C = 16.17 (-273°) (W, Herz)
Gn the basis of Kap@’sgé LaW’that for solid compounds,
the sum af the atomle valumes wf its aenstituants is appr@xi~
mately equal to the m@lecular vuluma of the aempeund, we have.
IBr = 43.8 |
161 = 40.7
Isls = 93,0
IC1Br = 76.1
IGlErg &= 79&3
} : IBI’& = 8214‘:
These flgures, eal@ula%eé for approximately absolute EOTO agree
well in a rel&tive_mannar with @hgse-galeulataﬁ f?vatKQ‘&$nS£f
_tles of the compound. For exemple:
IBr. 4 = 3.789 (I G T.}

&tomie vnl. :vf25‘}
Icl. ‘d = 3. 1094 (Gnya and B&uﬁ) 87 o |
atomic vol. =3 (25°)

d = -8 33 (~273 ) .

atouic val. = 41.&5.
Frem the above caleulations it is thus evident that
:;the assum@ﬁlen ef ICls as a 11miting poiat in the farmatien @t
'eampeunds weuld asaist in reasenably exglainiﬁg why the iﬁter-

ms&iate eemgonnds ware not fauna in a ﬁarnary sysﬁem of
liquiﬁ-selid equilibrium.'
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CONCLUSIONS

3

The ternary syﬁ%emf iaaine~bramine*ehlarina@‘ﬁﬁs'been
investigated isothermelly at 29.8°C and the dlagram for solid-
1iquid equilibrium obteined, | |

{1) ¥o ternary cam@@anés were f@und 0 exist iam the
solid state at 29.8°G. o |

{2 The area of existence of the compound Iﬁls has s
been determined f@r—all ternary systems of cempaaitien to the
‘laft of the Br-I0ly line, and has been cenjeeturad for r&m&iﬁ»'v'
llng aystems at 29¢8 Co |

{3) The ares af sxisﬁﬁnce af sali& selutians of IBr and
Ig has been datermin@ﬁ eompletely in the teraary sysﬁam at '
29.8%., , : ’ | , | .

’fé}-earﬁain'thearétieal epnsiderations h&ve been aa;7“1
wfvaneea in en attempt @o«explain the nenqaxistenae in the selid o

state of such ternary compounds as IBrCle and IBrgCl.
(5) A.methm& of eleetr@matric valume&ria analysla rar
”_ahleriue, hr@mins and iadxna has been,sueesssfully applied ta

;neutral selutians of the seaium salta‘

Aamémzﬁe;m

| o The &uther wishes ta express his sincere thanks aad
‘appreeiatian ta 12: 2% A,N. Gamphall for hia 0r1g1nal suggestisn in"
of the pr@blem, and for his most h@lyful adviee and nnfailing
’fkinéness in tha suyervision of the resaltanz investigatlen N

jan& reaearah.
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