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Tracer 1nvﬂstigationn-er Isotopie Reactions. 7y

——

A Study of a Method for the Separation of Beron Isotopes.
M, GREEN

The phase exchange'praeaass :
3015(1) + 'BOl;(8) 3013(1) + VBC14(g)
has been examined in a high efficiency packed fractionating
columm., The relative volatility of the isotopic boron chlorides
has been found to be 0,9987(in favour of 19@5; A novel method

has been developed for assaying the 105 goncentration in 3613- ‘g

This method is based upon the large capture cross’éeotlenéor'103

]

for thermal neutrens as compared with any other nuclide likely to
be present. The technique consistéd in measuring the neutron
tranemission through an absorption cell, alternately empty‘and
filled with B@ls gase Standard nuclear physical apparatus and

a BF3’tiliBﬂ‘pweportian&1 counter were used for measuring the
neutron intensity.

| The value of the equilibrium constant obtained experimentally
differs in sense and magnitude from that predicted by Urey from
infra-red spectral data(1.01L at the boiling point)s This dis-
crepancy has been discussed in the light of a more general theory
of the vapour pressure differences of isotopic liguid mixtures,

| and it has been shown that reasonable agreement is obtained. be-

%

tween theory aﬂ@'ﬁxperimegﬁf

if"allowance is made for the ex&sméncm |

the London dispersion forces), the magnitudes of which are isotope-
dependent, ;
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INTRODUCTION,

In recent~years isotopic tracers for nearly all the
chemical elements have become available. in the easé af‘the
lighter elemente there is often a choice between radioaetive
tracers and enriched stable isetopes. A striking exception
i the element boron; the radioactive boron iaetépesAhéve
half lives which are much too gshort to be of any use in chemi—
cal studies (e.g. 1§B, 0.022 sec.), and only milligram quanti-

‘ tiee'of‘atab1e isetopes’ére avallable, at a considerable price, 
jfrém‘an‘eleetrehagnetié separat ion plant,

| Béth}nuclear and'cheﬁieal applicat ions of'muehJig%g?egg,

exist for sepafgted igotopes .of boron. 105 3¢ 6£"éa

'applieationJin»neutron physics where use can be ﬁaaﬁﬁeyg;

slow neutron induced reaction: -

' : 10 S |
S B e T N
| ~ for which the nuclear cross section is very large (”V3é@® x?’

’10-24"‘2). Also it could be ef great use in the inveetigation

of the chemical reactions of, for example the boron hydr fdes.
It was therefore considered worth while to investigéﬁe'fhevbéé-
sible methode of separation of boren 1eotepes with‘a view;tq
the productien of usable quantlties of enriched material.

It will appear from the discussion in Chapter II that the

most promising method for the sepafatien of boron’isetopesj‘en_



a laboratory scale, was by fract bnal distillation of*bofonf'~5

tr ichl xide, and this provided an additional reason for ca7vo"ﬂ

ginvestigation. Natural boeron contains a comparatively :
high proportion of the less gbundant isotope (81 675,}13 18. 4%
1!!),‘and ag a result both isotopes are amenable to spectrosco—‘
pile invsstigation;_ This hasomade it possible to evaluate the

| .,thsrmodynamic functﬂons of- both isotopes in the condensed phase

and 1in the gas phagé, from spectral data; boron trichloride

ig in fact almost the only substance for which such experimen-‘f

'tal data'are available for "both isotopes. Use may~belma eﬁoﬁji:g
the. Teller-Fedlich rule to evaluate the data for the rare

tope in other less favourable cases ,although the exact

dity of this rule when applied to the condensed phase is

-

to some doubt. = The boron tr ichloride system, therefor‘

provided an interesting experimental check of the basisf

ealculazion eg~vgpour~pressure differences from melegg&a:?,
frequency data. |

| Some encouragemsnt'in this aﬁproach can be drawnifromo

observatifons of natural variations in the atomic welght of

boron. - Briscoe and Robincon and the ir co-workers (1) used

the density of boren trichloride, prepared from boron-minerals
obtained from differem geological deposits, as a measure of
11
1ZB/mB rat io, They found differences in the density

. corresponoing to as much asg 33% in the isotopic ratio.k Thﬁa B

work has recently been extended.by Thode and_his collaborag




3.
(2), who arrived at eimilar conclusione ags a result of the mass
spectrometric assay of boron trifluoride. A

The differences in the values obtained for the 113/1.]
ratio, particul arly when boron trifluor ide has been used as
the mater ial for 1nvestigatieh nas led a rumber of workers7t§f ~
suggest that fractionat ion of the isotopes might result from
differing treatments in the pur ificat ion of var ious samples,
While this euggestion lacks exper imental proof, the eviqence
of Briscoe's and.Thcde's work remaine unchallenged, since -

purification was carried to the same extent on each sample,




s
. R

11,

P@SSlﬁLE METH@DS OF IS@TOPE SEPARATION APPLICABEE TO“B

A number ofﬂtechniqueS-have been.develepéd fer\the_partiéle
or eomplete‘eeparatien of isotopes' biit may of them wiil» in |
any given cace, preve unworkable for ene reason or another.

,The practicability of a method var les ‘widely with the nature
of the element involved the scale of the propeeed separatien
and the~facilities available. The methods which lend: them-
gelves to the boron case are discussed below.

- 1. Th Thermal Diffusion,

The principle of thermal diffusion discovered inaependently ;
by Ghapman and Enskog, together with the multiplieative effeet
of the thermal syrhon system,K introduced by Clusius and~Dieke¥;
has produced one of the simplest and most reliable separgtioﬁ 
methode. Liquid systems can be employed, but the difficulties -
are very much greater than in ihe gas pheee, henee a gase@us
compound of beron is required., This compound sheuid.be'ef,ae‘
low a molecular weight as possible and preferably have only
mono- isotopic elements associated with it, 80 that any isotope
effect dependﬁ orily on the boron. Boron triflueride seem3~‘
te~be the obvious choice, and this has recently been investigaé 
ted by'%atson, Bucannan and Elder (3) who measured the,sepe:a—
tien produced in 7 meters of‘Clusius-Diekel’type (hot wire)

column. The estimated value of & , deduced from the over-all




geparat ion, v}as 1_5.6 le" 4, which -\cerresp’onded to only @.@6

of the eeparation coefficient calculated from an "elastic |
spheres" model. It wae concluded that o was 8o small as to
,make the method rather unattractive. In additien; it 'aye‘ems{'
unl ikely that larger values of K will be found for ether
volatile boron compounde; it would not seem unreaeonable@ te
suppose that boron trifluor ige has "harder" molecules than

~the other possgible velatile cempounds (e.ge BCls, Me SB ,etc;).

This methed was not therefore coneidered furt.her. .

2. Eléctror "“»“"HBtic Be arat ion

Virtually isotopically pure yields of boron in microgram
quantities, have been obtained by Yates (4) using a cerefully
collimated electromagnet ic separator and a low voj.tage are in
a mixture of helium a.xid B]i‘:‘5 a8 a source of boron ions, Mil-
lig:ram/quantit ies of sepa.rated boren isetepes are ava,ilable

from a large eleetremagnet jc separator at Harwel\l (8), but
this still falls short of the quant ities needed for chemiéall :
wark, ‘and the construction of any largér plant would b‘e‘a‘
major eng ineer ing project.

3e Diffus ion Sej arat ion,

The Hertz pump technique ceuld conce ivably be applied te
the boron case, The advantage of such a method is tha'\b the
properties of gases at low pressures are predictable with a

high degree of certainty. The pract ical daifficulties a“’f such



\

a method are, however, considerable,- since it weuid.bex@bées?e“

sary to have porous barriers and pumps resistant te‘the jbi§§iLewjg
compound selected. Furthermore, since the werking preséure~
for such a process is very low, the yilelds of material waﬁld
tend to be rather small and it is felt that to 1ncreaae the

rate of production would invelve a large ecale engineering

'projeet.

pounde, and indicated smaller but d@finitewairserences in the

chemical propertiee of isetopiec compoundé'of‘ether~element§;
of low atemic weight. Thus in the case of boron ,.1's‘ev£e‘pe's“,;‘ g
it appeared that the only feaeible line of approach left
would.be to utilise the slight deviations frcm.unity of the
, equilibrium constants of isotopicvexchangeareappione of~bpren,'?
betweenftwe compounds or between two phases, v'r beth lﬁféy”
and his collaberators (8) have made extensive use of this type,
of exchange reactien and have obtalned useful results 1n the S
'case of several of the 1ighter elembnts. &A<typieal»eXample{f3 
of the kiﬁd of reactién}ﬁost favoured is‘the ammonia?dmm6ﬁimm 

ion exchange:

1 18 s |
4NH5 + ot = 1_5NHk + Tyt




,;.?;_.

Nearly.g11'9uéh»§x¢hange reactions have one point in
common, that 1€, that the element whose separétion»isigééiréd
s aééociated with different nﬁmbefs of atoms of anothéfiélé-_:
ment in the two phases (usually a gae and a 1iquid) | hg
only analageous reaction for beron weuld ‘appear to be.

10__. - 11 .- ~ 11 10__-

4

Whilst ‘this reaction might well give a substantial aepa—

ration, the extremely corrogive nature of the flueb rate don
would invelve an exper imental procedure fraught‘with aiffi-
culties,, |

Urey (8) has conesidered reactions of the type:-

10 11py = 11 1054 B
BXy + 1BY, == Max, + OBy,

where X and Y are two different halogens, or the same-néiégen«'

in molecules in different phases. Reliable'vibrationéifépee-

of such reactien, are available, owing mainly to the-congide—i"

rable interest shown by spectroéopists in meleculee‘ﬁithFiiéﬁéf"
trigonal symmetry. Table I, " taken from Urey's paper - but |
gimplified by retaining only those figures for 25° C., is;shQWnﬂy
below and gives the predicted values of the equilibrium con-

stante for various boron halide exéhange‘reacti@ha.

tral date, nec es eary for calculaxing the equilibrium constant31 



DRI 1,
e 1L .
pr.(g) . lBolg(e) lBClg(1)  T'BBra(1)

1085 ,(g) 1%c1,(e) 1@5015(1) 1@33r5(1)

Bc1s(e) 0 - 1 1.015 1.010
19801,4(e)

1B014(1) - | - 1 . 1,023
10pc14(1) |
£

RSSO

1pBr,(1)
l%m:gi) T .

\ ' 03
! These equilibrium constante are obtained by the usual

procedure of calculat ing the ratie’Ofﬂthe vibratienal partitien
functions. It is implicit in these caléulatiene that the total
partition fﬁnction may be represented by the'p:oduct of the vie
brational, rotatienal,jeleetronic and configurationél partitign
funetions and that these are. separable. The additional simé
plif&ing assumptieﬁs5made,are: that anharmonic ity can be neg-
fiected; that the rotéti@nal“levels are “claaﬂcally" bcéﬁpied,

and thus unable to contr ibute to the separation;ﬂand that



\ , .
.configunatienal contributions cancel (certainly this Will/be;,

true in the gas phase) The validity of this laet'eSEQMFtieﬁ ‘
will be discuseed in Chapter VIII,

The figures quoted in Table I were obtained»by}fﬁeefting'f
the obeerved’vibrational frequenc fes into the,following?exérée-e

glon:= '
: n

¥
3

< - hcw,

he

2} 3

QQ:]T: w’~ .

- Wy - hCWz

e
e ""'"T l—~¢ TaT

Where Q 1e the partition function; (W is the molecular fre@uenQy"
in em”™l, n ie the degenerancy of the particular fundamental

vibration considered, end the prdd&ct extend5~OVer ali:fundé"

mental vibrational modes. The a@plicatlon of this treatment
to other eyeteme (NH3 - NH4, 80y - - HS0% ; Coée-;H005 , ete.)
has attained a remarkable measure of suécees, a8 can be seen
from Table XIV of Urey'etpaper (8). o

It can be eeen from Table I that the equilibrium cenetants
are all ef a workable magnitude. With one exception however
it woula be difficult to conceive of any mecharism whereby these 
exc hange react*one could be converted from a eingle to a mul-';.
tistage process, In other words, ne column_packing‘ie yet
~known which"would_rapidly and efficiently catalyse the atteiﬁ- v

[

ment ¢f equilibr jum,



The one exception to this case is the,Bc;a(l)b- B@lz(é)_',
syétem which,deeg.not involve a chemical equiliirium,‘butﬂ,
merely a phase exchange process such as«férms the basis for
all distillat ions. In principle Urey's method of ealculééi

tion for such a process should be just as applicable te‘thia‘

system as to any other (provided that the partition funct ions

have been calculated correctiy). The value ef‘o(quOted
appeared sufficiéntly 1l arge to justify an experimental test
of the prediétion. - Sueh an undertaking ﬁés CQn91dered't6
gerve two purposes; if K should be as large as predicted,
a usefui method of obtaining 1B would be available; in
‘é;ther event useful data on the validity of the assumptions
implicate; in the calculations should be obtained. It is
~remar‘ka‘ble that,'because of the deplerable lack of experi-
mental data fof the rarer isotope in the majority of Easeé;
‘ béron trichloride should be the only substaﬁce from wh ich
at %he,present t ime an unémbiguous result could be expgctéd.
Table II lists the isotopic systems for which the
Vapour rressure rat ios afg éXperimentally knowns in each

case the lighter i1sotope is the mafe‘§olat11er



11,

TABLE II,

Ratio of
System vapour pressures at Reference
the boiling point

14y Aby 1.0081 | (9)
1 15 U

1 : 1.00246 » 10

41‘11-13/ NH, (10)

NH 3/ND3 1.116 .o (1)

1661, 80mH,, . 1.0046 (12)

Hp0/Dg0 - | 1.051 : (13)

Ho/Do | 2.975 (14)

- No vibrational frequency data for the rare isotope 1in. the

1iquid phase is available for 15w, 1%wm,, l4wp,, 18'@H2$.15§3§ o
In the case of liquid DPg0, which has been available in a.“vig:-’
 tually isotepically pure state for somé time, the situat ién

is so greatly c’iomplicat‘gd by the existence of‘ some form of
hydrogen bond_ui‘né,, a8 to make the calculation of the,‘p;artitién
funct on ratio hardly possible. Furthermore most of the data

on liquid 1light and he'avy waters_ have been obtalned at tempe-



12,

ratures well below the boiling point. No unambiguous
test of czleulat lons of vapour pressure ratios is thus
avallable so far, and adds considerable interest to the

boron trichloride investigation,




. The relative volatility of the 1lpci, /1‘13(:13 system s

almoet certainly very near to unity, Thus the branch ef dis-‘

tillatlion theory and practice which is particularly relevant
to the present proje@t is that concerned utﬁfpackéd colﬁmﬁajcf~
‘high over-all separating efficiency. -

" 1. Cohen's Théory of Isotope Separation in Packed Columns,

Cohen- (15) hae given a general treatment ef the behaviour

of . isotopic b inary mﬁxtures in packed dietillation celumns. .
His conclusione have been of very great use in the choice;of‘
‘the optimum operating.eond@tdons and the most fawou;able./
| célumn dimensiéns. The withdrawal of enriehed.maiefiél'ﬁfbmf
the column has been shown to have a very marked effect upon f
fractlenation. Cohen has treated this preblem as part ef hie
more general study of packed fractionating columns.

Cohen equated the transfer in and. out of a unit 1ength of

packed column to obtain the material'balance‘equati@ns:-

M N
H Lo
w. Tati

and

ndm. 4193 _géX
® T st

for the ligquid and vapour phases, reépectively. In these N

is the melg fraction of the less volatiie*chmpdnent in the
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,1.4.,

lﬁquid, H is the total liQUid hold-up per unit length, L 1is t@e
| liéuid reflux rate, while n, h and 1 are the corresponding'quan-
tities in the vapour, The length of the column is 2 while 2!
18 the distance from the top of the column to the element unded
‘considerafion. The rate of change of the amount of less vola-

tile compenent in the 1iquid phase in unit 1ength of column,

Hgg, can be regarded as the result of two confliet ing processes;
a conﬁ;ibution from the flow of mater ial down through thevcolumh

AN
I3t and the transfer H%; of mater ial from the gae phase, A

gimilar mases balance mugt hold for the vapour.
. Ueing the above equations in conjunction with equatien:
B (1 - dthﬂtrﬂ) | (1)
he obtains the expreesion:

1- , ‘ (2)

l- PRl Y-\-aé

Equgtion (1) is o; the same form as §{N] /8t for a bimolecu-
lar reversiblebreactioh. k is a constant depending on the per-
meability of ﬁhe liquid-gga interface, A is the ratie of the
partial pressures, [ﬁ]and [n] are concentrationa (mo1es/1itre)
of the less volatile component in liquﬁd and vapour respect ively,
andﬁ@] and{ﬁ) are concentrat ionse of the more veiaxile eomponents.

r(0)/r(Z) ie the fractionation, p ie the fraction of the

“total £1ow &rawn'off, e2°"is“£he fractionation preduced at

column equilibrium with no take-off, and @ = p/(l-a),
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Fig. I and I11 show the plot of fract ionation against

product ion for two different values of e2%; from which it can
be seen that even a very small production reduces the fractio-
nation very markedly. _

Equation (2) ie of particular value in thie pfeéent work
since 1t .enable both the relative volatility (&) of the mix-
ture and the 'platage' of the column to be determined. The
equilibr ium fract ionation with no prdduction (e29) is clearly
equivalent ﬁoaﬁ)for a column of & equivalent plates; a
further set of data, with non-zero p and © (i.e, at a known
rate of production), enables equation (2) to bé solved simul-
taneously for X and ) .

A convenient value for the reflux ratio in the secend dis-
tillation, ie one which reduce the fractionation By about‘one
half,

Another gspect of distillat ion considered'by Cohen is the
time required for a given column to approach the steady state,
at total reflux, This is impértant in column deelign because
it 1ie Qesirable to aveid exceasiveiy long equilibrat ion pe-
riode,‘when isotopes or other very close-boiling mixtures are
be lng eseparated. |

Cohen descr ibes the rate of approach to equilibrium by
means of a second order:partial gifferential equation,‘wﬁﬁﬁh
haé been derived from the differential equétiom;c&ted above.

The second order .equation 1g then solved by meansﬂg¥ 1£s
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Laplace Transform. An expressicn fcr r(e)/e , the fractio-

nat ion at time t, is obtained in the ferm shown by the skeletcn |
] equat jon:= |
r{o) a €2 - cqe” Iet t - Coe™ Ipalt }‘ , - (3)
“For systems where 1/aPL/H and h+H > H(X-1) the term
- -Gii%&? h?.l t 1g the 1argeét and slcwest to vanish, and the time
of comiﬁg to ue;’quilibrmm is, therefore, ‘c_leter.minedybycp‘.. : ’
A numer ical exémple has been iverked out, using the data
relating to the coiumn used in the examination of the BCly
system, and the value of X predic;,ed by Urey. The ‘rate 'cf
approach tc equilibr ium is shown in Figure II
The pert inent information which accrues from Lohen's
work 1s:- Fractionation is a very sens 1tive function of the
production, - T'hc time required to reach‘ the steady state
ihcreases with X, the hold-up, and the numbef cf‘thecrctidal
plates. Hence the platage of the column sheuid be.a ccmprom;ae '
betweeni.‘the’ enr ichment desired and the 1ength Qgg,ﬁ?ime forwhich
it would be practicable to wailt i”ﬁ"ief‘o:ce equﬁ‘ibr iﬁm wés ach"iervfcd."
Also the holg-up shoulad be as smallas possible and therefore
S a small HE.E.T.P, »i,s,most deslirable,

2, Packing Efficiency,

Gauze ring packing, invented by \Dixon' has recently be"eeme'l

availlable commercially. . The character ist ics of this packing

have been examined in considerable detail (16), and appear to
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be most sultable for high efficieney, low hold-up columns,
Having once chosen a suitable packing maﬁerial (Dixoen
gauie'rings) it was cenéidered desirable to have somé:eathmate
of itswefficiéncy in the particulsasr design of column to be ueed.
Unfortunately no test mixtures are available of sufficiently
low relative volatility, to enable the platage of columns of
more than about!BO theoretical plates to be meésured. |
It was decided, therefore, to determine the efficiency
of the packing in a smalier column of identical bore and with
a boil-up rate similar to thaf used in theclarger celumn, thus
providing a rough value of the platage to be expected from its
larger column. | .
The asecumption that the H.E.T.P, obtained from the smaller
column ie applicable to the larger column, is open to conside-
rable deoubt, Thus a number of poinps of departuré between the
two systems is apparent. Reed and Fenske (17) have shown,
as a result of the examinatien of»the hydrodynamiés of liquig-
vapour flew in packed columns, tha@ the hold-up in the packing
depends upon the physical properties of the liquid, and possibly
also thoese of the vapour. In particular it is thought that
the viscosity and surface tensien of the liquid may infiuehce
the hold=up. The physical properties of the test mixture,
methyl cyclohéxane/n-heptane, differ from those of beron tri-

Achleride, in a number of important ways, e.g. latent heat ‘of
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vapour izat ien and beiling point. The viscosity of boren tri-

- chlor ide has not been reported in the literature,

Ward (18) has stated that the H.E.T.P. increased with
increasing distance from the bottom of the column, This
effect~is rrobably due to the pressure drop through the
packing as well as to imperfect heat inaulatién.

3, Column Desipn, |

The deeign of'the fract ionating section involves two
main sete of #ariables. The first is the diameter and length
of thé column and the second is the type and degree of heat
insulatien.

The length of the column will depend upon a coempromise
between $wo factors; the platage desired, and the time of

equilibriat bn of a column of that number of theoret ical
Plates. - A column equivalent to 200 plates wae required,
and it was estimated that the equilibrium time for such a
column would be about 10 days, if « were equal to 1.014.
The H.E.T.P. obtained from a test column containing gauze ring
packirg wae used to determine the height equivalent to appro-
ximately 200 theoretical plates,

The diameter of the column is fixed at the lower 1imit 5
by that value at which flooding will just not take place under the

boil-up rate to be used. For gauze ring packing this value is
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approximately 4". The effect of increasing the column bore has

no such clearly defined limit, Ward (18) poinfis out that since
the héldrup and the capac ity of the column increase in roughly
the same ratie with increasing diamgtér, the total éffect is to
produce a elight loss in fractlonation. Dixon (16) has mea-
sured the relation between H.E,T.P. agd column bore between &"
and 14" and his conclusions are in general agreement with
Ward's. The decrease in efficiency, however, is not rapid
with increasing column diameter. |

If a column is not insulated to operate approximately
adiabatically at all times, the variation in heat gailned or
lost ﬁhrough the column wall will change the H.E,T,P, appre=-
ciably. This results from variation in the amount 6f 1li-
quid hold-up which in turn varies the vapour velocity, (19),
(20), (=21). Internal reflux resulting from excessive heat -
loer may under some coendit ions bring about a slight inéreaeér
in fraétionating effie lensy, bUt such results are probably
fortuitous to a large extent, and as yet no explanat ion has
been given for this phenomenen. Superheat ing may combletely,
degtroy eeparation no matter how effective the column may be
a8 a coentacting apparatus.
4, _Still-pot Design,

Dixen (16) hae demonstrated that the efficiency of the

column is a moderately sensitive functibn of the vapour ve-

loc ity., Hence the necesegity for adequate control of the
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boilégb;rate. This can only be acﬁieved if the ctillépcﬁcic‘v
- very well chermally insulated. |

Various dcv*ees are used ﬁc meagure vabchrizaticn rate
at the top or bettom of the column but these are usually ef o
enly rough accuracy.l However, with very good insulatien it
is practicable to measure vapourizaticn rate by heat input

The ratio of sti11-pot charge to column hola-up will
cepend upcn euch factors as; the concentratlcn of - the cem-
ponents; the relative volatility; and whether the column
ie to-be used to produce relatively substantial quantities
of enr lched matcrial,_or merely sufficient material to deter-
minelthe’%&actionatien attained. Williame(zz) has euggeeted.';
that a ratie of 10:1 might be an: acceptable value for general_‘
analytical practice, and Fay (23) has suggested 2@:1 for thls~k
rat io, | However, in view of the nearness to unity of the rcla?
tive volatility of the isotopic boron chlorides, a valﬁe'ofw2 i
or 3:1 1leg probably pefmissable.

S5, Pre-flooding,

Packing made from wire or gauze hold a f£ilm of reflux by
surface tension and it is well-known that a flOcdingvt:eatmcht?'
increases thcir %réctionating efficiency,,é fact,first recorted;'
by Nickels (24).¢1 This treatment remves. all entrapped airlffcm>"
the packing 1nterstices and causes the reflux to spread unifermly

over the packing surface. According to Dixcn (16) the 1mpcr-'
tanee of this pre-fleoding has not, in the past, been properly o

j




aPPreéiated. He stresses the importance of'pré—flggding”¢5@>“‘
packing at the same rate at which ﬁhe actual diqtillatién~ié ’;
to be performed; and upholds this argument with véry'cenviEQ -

cing experimental evidence.,

6. Vapour Velocity. :
 Dixen (lé)‘has investigated the effect of ﬁhe vapour ﬁelg-f
clty upon the efficiency and hoidsup of gauze rahg,péckéngu/ ‘ 
He reports that the eff iciency of the packing is appréximaiely;
propert bnal to the reei@n06al of the vapour velodity 6vef a\V
‘wide range. © This range has a lower limit at ©.1 ft/sec., at
which point there ig a marked loss in efficzency due to an |
insuffig1ency of reflux liguid te seal all the aperturesf-’
A similar decrease in efficiency occurs at veleeities aboVéV;
1.0° ft/sec. .when uneeal ing of the apertures begins. \
DPixon has also found that hold-up 1ncreases linearly winh

the vapour velocity from 0.1 ft/sec. to l 0 ft/sec.
2, Taoke-of f Sectlmn,

The . effect of the production rate upon fractionatien has
alreaQy been coensidered, although there remains the queetien
ef-the best method te‘employ in controlling»the take-off rate,
Cf the two general metheds available,vliquid partitién and‘
Vap@ur partition the first has been discarded as being teo

aifficult te adapt te very large reflux raties._
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virtually zero reflux; separated by a long 1nteréélnd£»téﬁ§i:
reflux. Sucﬁ’a~methed is thought teo haVe thé adVantage ef
alloﬁingnsufficient time for equilibrium to be re-estéblishéa
between the small dietufbances providéd telthe'system-by

removal of material, ’ \ ' /
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FRACTIONATING APPARATUS,

3

The mater ials used to construct the apparaﬁpses‘whiéh
,are‘desqribed.below were limited to thosefchemiqally stahlé
‘te'ﬁoron,trichleride and traces of hydrochleric aeid;" Pyrex '
glaeé was used, throughout unless otherwise stated. ‘The‘fe?Onx
trichloride fractionating assembly was constructed o as,te‘ 
withstand pérmanept eVaeuati@n. |

1. Packing Efficiency.,

The need fer testing the efficieney of the column packing

has.been_mentioned (III, p.ase), and the apparatus used for this
purpose 1§’shown in Diagram I, |

The inner tube of the vacuum jacketed column wae 50 cﬁs;
long and 21 mm, b@re,' In or der to_compensatg;fer radyatieﬁv
losses through the vacuum jacket (boiling foint of testvmii-
ture n/1®G°GQ) a heat ing mantle was placedxround the celﬁﬁn;
~ The maptle wasg Built up as shown in the diagram. The ziné]féii‘:
served to ensure even distribution of heat from the heatiﬁg

element, vhich consisted of Nichrome resistance tape wound in a :

.
spifal of $ inch piteh., A variable reeiétapce was used. to
control the jacket temperature which was,kepf at épprGXimaxely
101°¢,

ThérDixen packing used in'th;s work had been made from

1/16" x 7/16" pileces of 160 mesh stainless ®teel éauze, wound
B -

£
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thgvfor\'m of a epiral 1/16" x 1/16", T;he:pa,,ckgiz;:g wag degreased .
by successive ether.vi’_waehes and dried in an oven aé 11@9@’.7“
When the appax_jatﬁe was @ssembled warm dry a:k_~was drawn threugh
it in erder to remove any' water vapour present, The ga.uwze‘
ring packing' was then placed in the column. v

It was nqt fo@nd necesgsary to grease any ‘of the grﬁ'ouné‘;
glass connections in the apparatus, ,

A 200 ml. charge of a 20/80 mixture (V) of n—hepjt.'ane/:.‘ ‘
mkethyic.yclehe:cane wae put in the st‘yilfl-pot. The'be il*ef |
{rmers ion heater was of the resistance wire type,, heat input |
‘being controlled by means of & "Variac" transformer, B

The immersion heater was switched on w ith the flooding
valve (IV, p.30) turned to the flooding poeitien, ,Aftver"
pre-floecding, the bo‘il-’;up rate was adjusted slightly so that
condensation occurred at point A.

Take=off from'the top of the column was effected by rota=
ting the cup-like device to the peaition shown 1in Diagram I,
Samples of liguid could be drawn off frem the st ill-pét.‘by:
meang of the arrangement ehown. |

The composition of still-pet and c'erlumn samples, removed
at about the same time were determined by means of their

‘refractive indices. RN




Results;:

| ‘Time of removal of samples (measured from end of
pre-flooding) , ’ = 34 hours,
Averaged ngo, still-pot = 1.4195

Averaged rgo; column = 1.3946,

These values were interpreted by means of the equstion

quoted by Buck (26):-

N e log Xy (1=x) /x, (1=%)
log R

B

where N is the number of thgorétical plates; R has the value

- of 1,0726; x5, i# the mole fraction of n-heptane in the still-

head; Xn is the mole fraction of n-heptane in the still-pot.

If xpn is greater than x; they are interchanged in the abe&e

fofmula. The values of xpn and x, were interpolated from a -

table of refractive index v.mole fraction of n-heptane, given ,

in the same paper. N = 54, and therefore the H.E.T.P, = 0.89 em,
The boil=up rate was measuréﬂ‘hy mean® of the device

shown. The tap C was closed and the time required te fill the

1m, gréduated tﬁbe, B, wae measured. The average of 3 -

values gave 6.6 sec./mJ, Thus the boil-up raté was 546 ml./hr.,

correeponding to a vapour velocity of approximately 0,35 ft.y ‘

It will be seen from Table III that thé’conditiohs in the
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two columns aﬁe cloeely @arallel thereby giving some Justifi-

cation for assuming that the H.E.T-P. obtained for the smaller:

column would be applicable to the 1argér colunmn.

TABLE III,

¢

18" Column.

60" Coelumn,

Column diameter

Temperature of column

Surface tensien of char

Apprex}mate vapoeur vélocity*

21 mm,
0.35 ft/sec.
100%.

18

386 Jjoules/gm.

21 mm,

. 0.23 ft/s&é;‘

12.8°¢,

8.

160 jeules/gm.|

(@ 20°¢,
[atent heat of vapourizat ion
of charge
H.E.T.P.
A

0.80 cn,
1.071

0,68 cm.

1.0013 .

2. Column Design,

‘Diagram'2 shows the celumn, condensers and take-off valve

of the assembly used for the fractionation of beron trichloriade.

The column consisted essemnt ially of three concentriec glass'

tubes,

The 21 mm. bore inner tube was packed for 160 cms. of

its length with gauze rings which were packed into this tube
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a little at a time, to ensure a uniform censity of material.
The packing was held up by means of the glase ;mesh”, B,

It was also found'necegsary to place a number of glase_beads
on the top of the pécking to prevent the gauze rings ffoﬁ
being displaced by boiling liquid duriﬁg the pre-<fleooding pro-
cess, The function of the water jacket, which was held at
about 10°C., wae to compensate for ahy residual heat leakage
acroeg the vacuum jackey. |

A serious problem arose in connection with the construc-
tion of the column. This was the stress produced between |
the two innermost ﬁubes as-a result of their being at diffe-
rent temperatures, The absoclute value of the cohtraction .
- of the lnnermoest tube when there was a temperature difference
of 90°C, was 1-2 mm, This difficulty was overcome by inser-
ting a metal bdlows in the posit ion shown on Diagram 2. The
cholce of metal beilows, rather than the more usual glass type,
was dictated by the need for a robust, easily fabricated unit,
A detalled drawing of the bellows assembly is shown in Diagram
e -

The assembly cons isted of two main séctions; the belléws;
and the pressure compensating device, The bellows section is
best described in the order in which it was assembied. The
phoephor bronze bellows, containing about 20 convelutiens,

were goft soldered to the brass sockets B, B!, A slotted
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"Pufnol® spacer - T was placed on the B 34 cone*G. The

eellQWa—With sockefs,lwere then ﬁlaced;over the cone C.  The
cont inuétion of tube D, i.e. E. was'thér;pila_qed in presi‘tioﬁ -
and welded on at point F (eshown in biagrém?2) The bellews
were contracted slightly and each pair of cone and secket
waxed together in turn. This unit was vacuum t ight as
well as being flexible. | Y
Severance of the waxed connections'eecasionally‘eccufred
due to the pre ssure exerted on the beliows when underavacuwm‘
This was overcome by means of the pressure compeﬁsating
deviee ghown; which conglisted mainly ef twe discs held apart
by 5‘ﬁ0mpréesion gprings, The spring contraetion versue
applied pressure was measuréd for each spring. In thia wayf
it was possible; by means of nute N, to cause each spring te
exert‘the same force on the bellows. The tetal ferce be=- j 

N

tween the two sets of discs was equivalent to approximateiy

1 atmesphere pressure, for a cross section measured_at_§§“5?!

The impertance of a well 1nsu1ated still-pot and adequate
control of the beil-up rate has been mentioned (III, P.19).
Thus thermal’insulation of the stillepot wag prcvided by meane
of-vaeuﬁm jacket ing, and heeting by‘ah electrie'imﬁeréipn '

heater, The flooding valve and boiler arebshown infbiagram 4,
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To fabr icate the vacuum jaeketed,stilldpot the outer
flask wae cracked in half ‘along ite equator and the two pleces
plécgd around the inner flask and then sgaled~toge£her. ‘ Tne
funet ion of the trap containing outgassed activated charcoél,

. was to remove any gases desorbed after the vacuum jacket had -
been sealed off,

A Nichroeme resistance heater was used té heat the boiler
chargé. Suéh a hegter has the advantage of easy computatioh
of energy 1npu£ and freedom from bumping, The electrical
connect ions to the heater were made via vacuumwtight tungsten-
ianlass‘eeale. The resistance wire was wound on a rectén—
gular mica formef and was placed flat on the b&ttom of the

" boiler, thereby ensuring that the heater remained covered with

boron trichloride when the column was being flooded.

/]
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The»ciﬁcuit diegram for the heater is ehowp in Plagram
5, Since the mains voltage was subject to coheiderablekflnee
tuatione, it became necessary to use a ca;bon—pile/stabiiizef,
in tﬁe heater circuit, A sliding reeistgece*wee~ueed to
control the veltage acrese the heater, The cennectien be—'“
tween the: maine and the heater was made from the neutral line
thus reducing the riekvef damage to the heater in case ef
short circuiting. The function of the bottom half of the
circuit ehown, was to bring an auxiliaryapewepreﬁpply 1n£o‘
operation in the evene of an interfuptien of the mains supply.

& Pre-fleoding_Yalve.

It ha# been found (27) that if the connecting tube
between the still-pet and the column 1is 3" diameter floediﬁg"
~of the packing will occur automgtically. Since this is unde:
ei:able,~it is apparent that there is a need,fer.eome form of -
vaive befween the boller and the column, -in order to utilise
the increased efficiency*ebtained with "pre-floodeg" paekimg;e‘
see (II¥ p.20) . A magnetically operated 'butterfly" valve
has been used for contrelling the effective diameter of the -
tube between the boller and the column. However, Dixon (28)i_
to;whom this valve is ascribed, points out that such a mecha-
niem is subject to occasienal eeizufe, This is a ‘severe die- .
‘advantage when a readily hydrolyzatﬂe eubstance like boren
tr}chleride ‘1s being used.
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The type.of valve shown in Ei&éfamV4;gave:§reﬁble-fiée' |
service for a leng period., The lower half of the valve hou~-
sing, A, incorporated a B24 socket with the side arm, B, lea~
ding frem it, A partly ground away B24 cone was suspended
in the socket; leav ing about % mm.'cleérance all'r@und.‘ The
cone could be rotated so that, undgr normal condit ions, thdﬂ
ground away ©ide faced the side arm, as shown., For floodingji
éonditions the valve was rotated threﬁgh 180° so that a com-
plete surface facead the side arm, thus inhibiting liquid
return., The complete suceesé of the valve actiloen depeﬁded
upon the format ion of a liquid seal between the cone and
secket,

The turning mechanism was made gas tight by g;indihg th§
thickened part of the glass rod, R, into the cengtriétion, S,
‘and placing merecury above the ground joint so produced. - The
ground surfacee were held together by meéns of the sﬁring, T,
ths force exerted 6n the grinding being s8lightly in excees of
that due‘to the étmospheric pressure when the boiler was evaé
cuated. The largeWadjuetable,nut, V, was threaded over the
brass sleeve, W, which was waxed onte the glass rod, R. The

_ tension cdue to the epring‘COﬂld.be_altered by turning V,

., Qendenger.Aesembl
The complete condenser arrangement is shown in Diagrém 2.

Very nearly all the ascending vapour was 1iquified by the Spirél‘
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condenser, The subsidiary vapour tfép,served the dual purpose
ef.ﬁrapping any unﬁbndeneed v&peur; and aéting’as a safety de-
vice in case of failure of the'syStem for circulatiﬁg'ceolant.
The cooiihg coiljof the spiral condenser was arranged
to make the gas pathto the top of the condenser ae long as
poseiﬁie. Theﬁmal ineulation was provided by means of a
vacuum -jacket, The 0091ant temperature was approximately
~-20°C. under operating conditions.
- The safety trap,was effective}y‘in serie® with the epiral
condenser bfkvirtue of theuliQuid seél in the S-bend (coloured
in red). Asbestos cloth and cotton wool were used to lag the
trap. The coolant was. a mixture of acetone and solid carbon
diexidé,vtemperature--78°e. The trap required recgﬁrging with}
carbon'dioxide about once every 5 hours. ‘ |

‘6o Circulating,and Refrigerat ion Syatem..

The cireulating and refrigeration system for providing
coolant to the spiral condenser is shown in Diagram é. Ceoliﬁg'
was provided by means of a 4 horse power refrigeration unit,

The coolant was cycled'from»the tank, which acted as é cold
reservoir, through fhe condenser.. |

The eff iciency of the refrigeration system naturally
falls of eharply with decreasing temperature. This previded
g conse iderable difficulty, since it was advisable'to operate

near the minirmum refrigération temperature, and yet the heat
extractable in this region was very small.
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Thus if thé‘temperature was to be kept at’-20°05;ionly
about 20 watte could be taken up, which megnf'that ﬁery 1i£t1e,
heat éo@ld be\allowed ﬁo leak into the eiréulating system,

Also that the pump itself should introduce as little ‘heating
as posseible, 4

The cdpling coil of the refrigerafion unit was immersed
in a thermally insulated tank. The tank, which consisted of
a 12 gallon tinplate box, was lagged all round with cork board
to a depth of & inches, and,finallyvencaséd in a ciesely fitting
metal box. A water-proof sealing compound waé'used‘to st ick
the cork together, thereby preventing watér from condénsing,.
between the layers of cork. Thie tank was filled with tri-
chlofethylene (chosen because of itd nonhydroécopicnand'nen-
inflammable nature), and contained also a copper coil through
~ which could be circulated the alcohol used a$ the medium for
traneferr ing heat from the condenser to the cold tank. A
vacuum*jackéted fiask'was interposed, in the alcehol‘eiréular
ting system in order to provide a reservoir of alcéhol?ﬁhich
would mllify the effect of contract ion of slight loss of coo=
lant. ' | ‘ |

After a number of unsatisfaétery attempts, using gear pﬁmps;
gBylphen bellows pumps, centrifugal pumps and piston pumps, é
pump was finally produced whiéh met the;requiremente~adeqﬁaiely.

It was of the eccentr ic vane type, driven by an electric motor.
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threuéh,a leng thermélly insulatedﬂéhaft\‘and'provided<&n~ddé?
qﬁate flow raté& (2—500 ml /min.) without permitting excesaive
heat influx; v The detalls of censtruction will ‘be evident frem: 
Diagram 7. T

AN

&w Alarm System.x

The device shown in Diagram 8 was connected to. the eutlet
Arom the safety trap, and functjaned' amxan alarmrSYStem,infthqf,
lgvent of failure of the cireulatiﬁg system, The alarm coﬁéis-if
ted of & Venturi-type flowmeter with electrical contacts in ome
limb so arranged that a small flow of gas along the outlet tube ‘
wag sufficient to cause the mercury thread to rise frem A to B :
thereby cempleting the alarm bell circuit. The effectrve,%
length of the capillary tube waS'made.adJueﬁable by‘meané of a
closely fitting tungsten wire, which could be mo#ed along the
tube. |

) fd“‘"“-llser
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8. Feedback Pumpj

» Thé neéd'fof»a eentrolled; predetermined rate of repoval
of mater lal from the top of fhe column has been mentioned , see
(111, p;zl).‘ Gontinﬁous removal of boron tricpleride from the
top of the column woulquuickly exhaust the<still-p6t charge.
To obviate this difficulty the mater ial taken off at the top
of the célumn was fed back into thé still-pot, thuse eonsérViné
the charge of boron trichloride. The pump‘which carried out
thie'operating is shown in Diagram 9, .

| The two sintered dlscs which were permeable to gas but not
to mercury; were arranged to funct ion as non-return valves. ’
The pumping action was provided by mercury from the reservéir;,
R, which wae>evacuated and opened to the 'atmosphere in turn.
Thué when mercury wag w ithdrawn from the Chamber,_A, its place
wag taken by gas from the tep of the éelumn,‘and not from the
boiler, since the mercury at 8 prevented this. On releasing
the vacuum in R, the mercury filled the chamber, and expressed
the boroen trichloridé into the still-pot, vThe arrangement
containing the three-way tap, T, was provided és a means for
removing mereury frem the pointe X and ¥ in the eventuality'ef'
mercury leaking through either of,theus}nteréd discs.

The reservoir, R, was placed approximately 15 inches above

the chamber, and ite mercury charge protected from lose by means



tahe-qﬂﬂ
vabve —>

vacuumg —
system.

K—— condenser

v— cofumn

F
|

T - atmosphere

vacuum

—— — > system



(56.

of the ball valve;'V. The process of alternately evacuating

| and openiﬁg.the reaérvoif to atmosphere was accomplished by
opening and cl@sing,a‘valve‘connected to an éir leak in the
suction line. A synchronous motor was used to drive a cam-
operated make and break, which in turn actuated the golenold
operated valve for known time in£ervals.

To prevent boron trichloride condensing in the pump, the.
whole assembly wag immersed in a water bath kept at ~ %%,
The vblume of gas pumped per cycleAwas measured using air, the
-value obtained from four cycles of operation was. 42 ml., i;e.
10.5 ml/l} mins. for a double action cam, and 21 ml./1% mine.

for & quadruple action cam,

leroperatiep.of Gélumn.

The procedure employed in carrying out a.distillatigh,
from charging the boiler to remeving mater ial from the tép of
the column, is des@ribed below, with the aid of a block diagram,

The fractionating assembly (Diagram 10) was evaeuated,
in order to remove any water vapour présent inrthe gsystenm,
Boron trichloride contained in vessel D, was allowed to distil
into the system, by qﬁ?ning the sintered disec-type valve, E,
When the boiler had been charged with liqgid returned by the
condeneger, tap F was qpened, valve E closed and the small
electrié heaters at pointe A, B‘and-c switched on. These

heaters served to prevent condensatien in the various side
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arms, ﬁhen the roem temperature fell below the boiling point
of boron trithoride.

The distillation was commenced with the boliler heater
adjusted to give the desired boil-up rate, and the flooding
valve turned to the fleood position, When the column packing
had become completely submerged in boiling 1iquid, the valve
wgf turned to s position which allowed thevsiow return ef
BCly to the boiler, When all exceés liguid had been drained
of f, and normal distillation cemmenced; the feedback puﬁp was
switched on, if it was required for the particular distilla- (
tion concerned. | | |

Dur ing the distillation it was necessary to keep a con-
tinual_check on the following: voltage across the still-pot
heater; 1level of alcohol in the reservoir for the c irculating
system; and the amount 'of solid carbon dioxide in the safety
trap. |

The removal of samplee from the top of the co}umn was
accomplished by opening the'sintered disé-type valve, G, (shown
in detail in Diagram 2), and drawing off about 80 mls, of gas.
This wasg repeated at Intervals, long enough to allow the
column to re-equilibr iate itself, and as often as necessary

to obtain sufficient product.
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)
PREPARAT ION_AND PURIRICAT ION _OF BORON_ TRICHIOR 118,

A rnumber of methods for the preparation of boron trichlo-
ride ére available; but nearly all of these suffer from the
disadvantage of giving a product which is contaminated with
impuritieé which are difficult to remove.

1. Shafran's Method of Preparation.

Shafran (29) has pointed out that the chlorination of

boron carbide, according to the equation:

8Clg+B £ 290°C, pe1, + co1y
should give ondy the products indicated. It was therefore
consldered worth while to édept this method of preparation.
The apparatus used is chown in Diagram'li. Chlor ine

coﬁméined In a cylinger was‘bubbled'thréﬁgh a sulphuric acia
ary ing bottle, and then passed through a bed of boron carbide
~at ﬂwgéegc;, éulphuric acld spray having previously been re-
moved in the U-tube containing glase wool. The react on pro-
ducte were collected in a trap immeraed.in a cold bath (temp.
app?ox. - 4£°C,), any escaping chlorine or BCl3 being taken up
in the soda lime tower,

The chlorine e¢ylinder was protected from sulphuric acid

by means of an empty Dreschel bottle arranged as shown.. The
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ground glass connections of these bottles were secured with
black wax. A number of conrect ione were made using rubber
tubing, these were found satisfactorily to withstand chemical.
attack, and could be made gas tight by binding them with wire.
The product receiver was connected to the outlet from the"‘
furnace tube by means of a ground glass joint, lubricated

with Silicone grease, and held together By strong elastiec
bands, V

Control of the chlorine flow-rate was effected by a
needle va{ve attached to the cylinder, and a rough measure
of this rate obtained by counting the bubbles per unit time
passing up the sulphuric acid bottle. Cére'was taken, iﬁ
packing the reaction vescel, not to bleck the gas inlet tube;
thue 1t wae necessary to blow gently through the inlet tube
during the packing and again just prior tevpaséing chlorine
through. A lute was provided in the chlorine flow line to
prevent a bulld-up of pressure in case of blockage. -

The reaction vesesel was conatructeﬁ from silica tubing,
and the arrangement of the inlet and outlet tubes facilitated
by mezns of a glass adapter, which just fitted over the outside
of the tube. The glaes sleeve was waXed in position, and the
wax prevented from softening by means of a water cooled metél
coil wrabped\around it,

Zhe Electrie furnace used was of the resistance wire type

wound on a 14" diameter iron pipe, and insulated with alumina
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cement.h The 1agging was,provided‘by méans‘ef magngeia’
compoeiton.bricks, ﬁhevwhole furnace aseembly being contaiﬁed |
in an 18" éube asbeétos\board box. Rapldly raising the furnace'
to 900° or 1000°C. caused it to burn out, a slow inerease in ‘the
| applied voltage being necessary instead, and eveﬁ‘with thi&*preyx
eaut ien the winding would not withgtand belng raised to sﬁéh‘,
temperatures on mere'than a few eccasiohs. It ie Believea,
that this 1is not an infrequent failing with this type of fur-
nace,

Boron carbide is a very hard abrasive, and thissmay,aecéuntf
£or the fact that it was heavily contamisated with iron. It
was therefore necessary to purify the carbide by successive
digestions with 50% nitrie aeid, until ‘the extract was no longer
deeply coloured. The grade of B4C finally used was 1@@ meeh
and wae found to be quite Satiefactery.

In most instances a flow rate of about é@ mls;/min. of
chlor ine was used and the product of the reaction was a celeur?
iess llquid, although on several oce sgions chlorine also con-

taminated the product.

2, Pnrifieahien;

‘The crude boren trichloride probably contained the follo-
wing impurities:~ CCl,, from the carbon; 81614, from the silicay

reactien tube; HC1l and exides of boron by hydrolysis of BCls,
‘

the hydrolysis products ef SiCly; @@Glg; and Clg,

/
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(i) Chemical lethods of Purification,

A}preliminary chemical treatmeﬁ# was attempted. The pfeduct
Jwas s haken with mercury to remove the chlorine, buﬁ this proved
rather ineffective ewing mainly to the coating of mercuric chlorilde
which formed and»prevented further chemical réaction. Tin‘amal;v |
gam was tr ied with similar results. Metallig calc ium was added
te remove HCl,.aﬁd this proved to be quite successful, ﬁo,fﬁr-

ther chemica% procesees were attempted.

(1i) Fract ional Distillation.

'Those batches of product'contaminated with chlorine were
purified in an apparatus of the type shown in Diagram 12, This
dist illation assembly contained no mereury, and glass Fenske
'helicesﬁ‘were ueed as the column packing, The condense£ was4
cooled by means of an acetone-solid carbon dioxide miituré; and
lagged with cotton wool and asbestos cloth. Take-pff wés‘byx
means of liquid partition, through a mechanically cbntrolled
ground glase needle valve,

The boil-up rate was about 200 mls/hr,, and the reflux
rat io about 15 to 1. Distillate between 12° and i5°c, was
collected and taken to be boron trichloride.

The dietillétion was effective in remeving Clg; also the
bulk of the SiCly and CCl,, and all the involatile impurities

remalined in the still-pot. ' ’ . )

(111) Vacuum Distillation,

A‘high vacuum system, of the type first introduced by A.
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Stock (30), wae used for handling volatile compounds.,. The
section of the apparatus shown schematically in Diagram 13,
was used for the purification of chlorine-free boron trichlo-
r ide. The impure BClz was distilled into the vacuum system
from a vessel sealed on at A, Trap to trap distillation wase
garried out ighthe usual manner((&@), the temperature of trap
B being -78°C,; trap C -107°C.; and trap D being at liquid ni-
trogen temperature, i.,e, -19800. The vapour pressure of the
mater ial from trap C was measured in section E,

3. Purity of Product,

An estimate of the purity of the product was made from
vapour precsure measurements at several’temperatures. The
accuracy of thérmanometer.readings were to about ::% m,.,, andé
the temperature to better than 0.1°, near 0°C.

An analysis of the silica content of a sample of boeron
triehloride, which was known to be elightly impure, vapour préé-
sure 481 mm, at 0°C. (pure BCls, 477 mm. at 0°C.), was carried
out as follows:- |

A known quantity of ECls”centained in a buld was condensed
into a small trap containing distilled water., The trap was
allowed to warm up to about 1°C. when the chlor ide reacted
with the w%terwforming hydrochloric acid, BpOz and Si05.
| The contermts of the trap were carefully washed into a

silica crucible and evaporated to dryness. A mixture of methyl
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aleohol ( 2~vels.)‘and concentrated sulphuric acid (1 vel.) was
then addéd ang gentle heating applied. Boron was removed ag
mg&hyl bérate. This process was continued until the vépeur of
ﬁethyl alcohol gave no green colour on:ignition, showing that
no boron remained. The contents of the crucible werfe then |
taken to dryness, and the crucible heated to a brighf reé. This
removed all the carbon, resulting frem charred methyl alecohel, K
leaving enly silica behind. The crucible was allowed to cool
in a desfrecator and its increase in welght determined, |
Results:

Vol. of bulb = 563 mls,

Pressure of BCl, in buld a 278 mm,

.*. Wt. of boron in buld a @.09619 gms,

Wt. of crucible empty = 47,7967 gms,

Wt. of cruc ible 5109 | 47,7999 gns,

u. . Wt. Of 8192 - 000052 gmB.

%5105 by wt, = 2.2 X 28 _, 3o
962

% Si by wt. a 3.2 X 28 . 1,559
60 ‘

% 81 by atoms = 1.5% 15810-8 = 0.6%

4. Properties of Boron Trichloride,
It has been found that boron trichloride will attack Apiegen

wax and greases, and dissolves slowly in Silicone greas€s. Also
the vacuum apparatuss became coated on the inside with a thin

film of B,0g which was presumably due to reaction with absorbed

-



water.

Iron, tungsten, and Nichrome were not attacked by boron
trichloride,‘and this was prqbably’due_te the self dehydrat ing

properties of such a readily Bydrolysable liquid.

2



. IETERMINATION QF THE RELATIVE;ISOTOPE RATIO .F BOR@N‘

A number of peesiblg methods for the determination of the
1¥B/10B rat io are available. The techniques considered are
discuéeed below._ | |
le Densitx'Method,

Of the various density techniques available; the gradient
tube methoed, thei(falling @¢rop method, and the flotation method,
only the last mentioned is feasible in the boron trichleride
case. DBriscoe an& his collaberators have used the flotat ion
method to determine the density of BC1

3
natural variation of the isotopic ratieo of boron, ° Thils method

in their work on the

involved the preparation of two sets of floats with deneities
slightly above and slightly below the density of the 1iquid at
the proposed temperature of measurement. |

" The densitiee of fluids in which these fioats were buoyant
were determined as a function of temperature over a small
range. From observation of the flotation temperature in the
‘3015 samples, densitieg and thue isotopic rat los were ceduced.
| The discovery of deuter ium and the subsequent need for an
accurate method of assaying the H/D rat io, gave rise to further
refinements in the flotation technique; A small scale flota-
tion method ( for 10 ce of liquid) has been described by Briscoe
and his co-workers { 31) in which it was possible,té measure den-

sity differences to < 2 x 107 g/c.c. These workers used
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gllicg floats énd founo that the rate of rise or fall of théx
float was'linearly related to thé‘difference betweeﬁfthé ffop,\m
tat ion temperature (float stationary) andathertempefapﬁfe'of |
the sample being measured. | | n

| 'It should be noted that this method relies for~i£sjab59;i
1utekaocuracy on the molecular volumes of the isotopie éubsﬁanf_
ces be ing ldentical, unlese separated materiél»éf known'éompo; ‘
sition is availabie to check the actual relationship oetwoen{
density and isotopic composition. The most serious objecttﬁn,
however, to this technique for uee 1in measur ing the llB/'IQZB

ratio, 1is the comparatively large error introduced by a small

amount of impurity. The difference in density be'l'.weenpu““e“%‘*f

115c1, and 108C1, is about 1%, ( dygo BClz, 1.434).
Thuse approximately 0, 147 of CCly (dog, 1.598) present would
appear ae a 10% change in the 11B/IQB ratio., . Small quantities
of 53614 (dgg, 1.493) and HCL would have a similar effect on
the value obtalined for the isotopic’ratio. The same amount of?1ﬁ
impur ity would enly appear as a 0.2% change in the ratio, as
measured by the néutron absorbtiOn method discussed below.k |

2.~Ghemica1 Method,

A number of workerse have det@rminea the atomic weight of~
boron by means of the BClz; 3 Ag method. That is, by hydro?

lysing the BCla, adding silver nitrate and weighing
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the AgCl prodﬁced. Here again, a small amount of impur ity
will manifest itself as a large: difference in the isotopic
rat lo. ThieVmethod was used by Brisceoe and his schoolg but
later discarded in fa#our.of the flotation method described

above,

gh_ygps‘Specyremetric Méthgg;:

Dur ing this work it became posesible to have a masgs spéc?
troﬁetrie assay made of the boron triéhloridémprepared fo?.this
work, The vapour pressure of the sgmple sent fer‘anglysie.
correspthed toe that given for BClz by Stock and Priess (52).

The resulte obtalned on an enriched samplé of boren tricﬁleride7.'

are given in Table IV,

§

TABLE IV

N = ""“""‘
Mase ‘ Ratio | . 1Ions

81 5. 36 1p35c1, |
80 - 10p35¢1,
% 4, 44 - 11p35¢1,
% 10p35¢3 .,

11 5,36 llg

10 | ~ 10p

('Natural' 11B/10B ratio = 4.3)

N
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A grea: number cf peaks due apparently to the formation

- of stannic ehloride in the epectremeter were alao found.

This stannic chleride presumably arises ag a result . @f the‘f
react ion of hydrechloric acid and chlorine (formed by the
decempoeition éf BCla) with the tin;in the solder usedtin-t@gf

conétructi@n of the spectrometer, Tin has ten stab1e iéétf;ffi"

and if account is taken of the assoclation of theseviiﬁh‘¢ifﬁei

rent érrangementa'df\thé chlor ine isoteﬁes, andwdf thé‘peséiblé‘
Yexistence'éf multiﬁl&-charged ions, a very wide'range éf-ma§é § ;:
numbers can be accounted for. The: diecrepancy between the -
(35561) ratio on the one hand, and those for B*‘and

(B55012fk en the other could poesibly be aeeeunted for>by

the presence of(1205y 3015)5™ 1one, which would coincide
with«(1@B35CIf- at mass 4. In any éase the-%hole spectrum

is S0 complex thafllittle useful quantitative work séémed
possible with it. Osberghaus (35) has recently'inveetigated-'
the use of BClz in a mass spectrometer, and arrived at a
similar conclus ion, ‘

Since boron triflueride is a suitable materiallfér ﬁaséfu
spectrometric wérk, the conversien of B€13 to BF3 was%cénai;
deféd. Thie reaction can be carried out using silver fluo-
ride at 200°C. as the fluer inating agent. The disadvantages
of such a process are. . that partial eniiChment of oﬁe of.

the isotepes might occur if the react ion were net carried te



.49,

compietimn; ‘Uréy predicts a v@lue of approximately'li@éffgr;thg ~
equil ibr ium constant of this exghangé reaétipn. It ié¢likelyv:
that some SiF4 would be introduced as an impurity; this is a
sﬁbstamceﬂwhich is known to be difficult to remeve from BFj3, -and
the <§1Fy peak would overlap that for BF 3., with the ebvi@ns
reSultiné;unqertainties. i

4 Neutron Absorption Method,

105 3¢ charaqterisedvby a capture cross-sect ion ferthefﬁal
neutroﬁe cbnaiderably greater ﬁhan any other nuclide likely té
be p#esent, and this has been made the basie of a methodkfer
cqmparing the %@B/cqntents of‘gamﬁleszef béren‘campeunds.&
Table V showe the‘magnitude of the capture crossﬁsectian,fér
substances likely to be encountered; it,willlbe seen that the
neutron absérption effect will dependtessenﬁially on the 1®B

concent;atien and that such a method will be cemparatively in-

sensitive to the presence of impurities.

TABLE V.,
' Nuclide | % (barns) for thermal neutrons

10g 3835
g ] 0.06

Ci 32.7.

Sy 0.25
o c 0.005
¢} 0.002

H 00'31




—

BF,
a:;:;" AT,

coffeck;

efec trode

!d’ jachet

DIR. 134

r f__ Proportiona?
counter

4; 93,03 jach. et

paraffin

HPeock

2

Soga%?css ' a?rggrption
e
neul:v;on ('50“33?"9)
sources

DIRA. 14




50,

Apart fr an this obviocus ngantage, it may be netéé that this
technique.emplé&p essentially  atandard'heﬁc1éar physical‘appa-l
ratus, and that samples, after measurement, can be Fecovered
unchanged., This method has yielded quite satisfactory ;eéulté‘
Thé_sgmple whose’maesrspeetrumhié quoted inliablé I? gave results
by this technique in eZcellent agreement ferfmmyﬁﬁé@ﬁ%ﬁﬁﬁiéami@7

k% bbtained from mass ratios corrosponding to 81/80 and 11/10peaks, .

(1) é&gprpt}oggeellVand Cpunter Argan"ement
The most. convenilent arfangement for the‘mEaguremeﬁt of

slow néutron absorption made;ﬂ§§@9f a BFS filledineutron ceunter
surrounced by a jacket which éan be evacuatéd and filled'altef? -k
natively w%fh a natural or an ehriched sample of boron trichle-"
ride. Initially the apparatus ehoWn.in‘Diagram 134was used,

in which the neutron counter was a non-multiplying ieniaatiénf
chamber filled with beron trifluoridetgas. Unfortunately

this chamber did not give a satisfactory counting characteris=
tie‘curve, resumably on account of its rather poor ratio of

linear &ilmensione to range. of the oA particles from the rgactien;

1%+ 1ln e + L1
which ie the mechanigm of detection of slew neutrons used.
T As a fesult, the neutron detection efficiency was somewhat
m_dependentvén ratﬁer difficultly contrellable factofs sﬁch %ﬁ

fhe’exact mains supply voitage for ‘the associated electronic .

equipment, and relable results were very difficult to obtain,
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A far more Satisfactery alternativgxsehgmé is shown in-
Diagram 14, A;BFé - filled proport ional éounter*FWas uged,
and waﬁ found to give a substantial ?plateau‘ region on ite’
characteristic curve, Fig.IV, which must result in effective
freedom from variationvof‘sensitiv}ty with small changes in .
eperating»conditions. In fact, excellénfly conslstent results‘f4
were obtained with this set-up. The counter‘availab1e7ﬁaér‘”H“
rather long (10" active volume) and the most effective absorp-
’tion path lengthr H velume ratio was thought to be obtalned . ’
with a roughly hemispheral chamber (~125 cc) fitted into the l
tap of the paraffrn block in wlﬁch a neutron gource o
(1g Ra + 16g Be) was also plaeed, see Diagram 14, Direct
access of neutrons to Ehe'ceunter wiﬁheut_paqsing first through
the abserptien chamber was prevented by encasing the counter ‘
tube in a cylinder packed with suffic lent BoG3 to atténuaté
the heutrOns incident upén‘it, by a facter of at least 200,
In order pe‘maintain,a censtant geometrical relationship,
the neutren‘seurée, absorptieﬁ'cell, and counter were rigid;y
‘fixed relative to one another, and to the paraffin block.

The counter tube was filled with BF5 to a Pressure;ef
16 em, of mercury. | |
*. . We are grateful to the Atomip Energy'ResearchEstgblishmenﬁ'

'Harwell, for the lean of this counter tube.
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(11) Associated Electronic Equipment,

This is shown schematically in Diagram 15.

a) E,H,T, Supply: this is derived from an electronically

gtabllised power,unit which‘delivers d;c. at 2200 v., the sta-
b;liﬁy being better than O.l%‘under normal condit lons, The
exact voltage needed for opefation of the preportiopal‘counter
was obtained from a potent iometer connected acrose the supply;.
residuél-ﬁ@(xlripple on the output was less than 0,01 v, _
This wase redﬁeed st111 further by an additional filter circuit
(O.l/ufciwith 100K#a series resistance) placed near to the
actual counter tube. Considerable care had to be exercised
in the tréatment of insulating surfacesto eliminate spurioue‘
pulses.arising from local insulat ion failuresf polyetyrene was
used wherever possible,

b) A@Qlifier, Pulses from the proport ional counter ((whoée
anode wae at the high potential ) were fed thfough‘a well
insulated R - C circuit (1 usec, time constant) to a wide-
bane pre-amplifier‘giving a gain of 100 times,

The output from this pre-amplifier wase further émplified

. by an a=c coupled linear amplifier capable.of an additienal
gain of 16,000, Adequate output puiee ampl itude was obtalned
With & eain of 1.5 x 105, Controls were available to adjust
the overall,gain,rthe time constants of response of the ampli-j

fier! and the pelar ity of the output. The complete amplifier
| consisted essent ially of three 'ring-of—threé' circuite, with

b3
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negat ive feedback over eéeh ring. Power was‘provided by an
electronicallj gstabilised supply which was run from the maine
throughva cérbon-pile voltage regulator for additional stabi-
lity. '

¢) Recording Unit. Pulges from the proportional counter,

after amplification, were fed into a pulse amplitude discrimi-
nator, which could be get to different late between genuine
events, and spurious cireuit {noise', and thence to a scale-
of-100 circuit drfgﬁng a mechanical counting meter.

d) Oscillescope, The amplifier‘output was also displayéd on
a cathode ray osc illoscope, which gave a most useful visual.
check on the performance of the apparatus, and provided a sa-
tisfactory criterion for reject ion of results which were,
for example, invalidated by microphonic 1nterference;

(111) g;ocednrelﬂggd for Determining Iéotegie Ratio,

For a measurement of the fractionatienﬂproduced by the

column two samples were required; one cdrawn from the still-pot,
and the other from the top of the column, both being taken after
the column was substantially in equilibrium, If the column

was running with 'feedbéck', the stlll-pot sample was withdraﬁn
last, after the fecycling‘pump had been steppred, to ehsure that

the sample was not contaminated by enriched mater ial 5eing returned
to the boiler, The two samples were pur ified following the

treatment outlined on page42, and a very careful check of their

14
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vapour préssureémadé. Not until the vapour preesures cerrespended

to that of pure BClg at'-78°ﬁm; Q°C. and 10°C., were the samples
cons idered fit fbr analyeis, _ i
) The pure spec imens were.aLstilled into the bulbs'E and N

in the vacuum system shown schemat ically in Diagrém 16, The
procedure employed in determining the relative 1GB}centent of
3013 samples, fellews - _ " E

a) The samples were kept frozen in the bulbs E. and N, with the
'vaivee © and P closed, and the entire system evacuated. The
transmiseion of neutrons through the emp?y absorption cell was
measured for hdf-an-hour. » ' ;

b) The valve O wag opened and the BCLy allowed to velatilize
£11ling the absorption cell and they}estAef the system. The
pressure of‘gas was roughly adjusted to that required; valve
0 was clesed and the pressure then adjusted aceurately to the
desired valtie by means of the pipette, G. The temperature was
noted and a. half-hour e.@t,;n;tg taken. | | | |

¢) 'The BCly was eendénsed back into E, the valve clesed; and
the same ﬁrocedure a8 (b) carried out with the other épecimen.

This represented one cycle of operation,

It will bqashewn in the following section that the legarithr
mle reduct ion in apparent neutron intensity (logI 19) is proper-

tional to the aggregate nuclear croes-gection of the sample in
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the abeorp§ien cell; and, with appropriate allowance made for
the (comparatively emall) contr ibution from 113613 this provides
a meésure of the 10B concentration in the eémple. - Due allowance

is, of course,imade for slight changes in temperature and pressure

from one measurement to another,
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vVII,
RESULTS,
1, Rgproducibilitx Count ing Measurements,

As a check on the reliability ef the method for estimating -
10g concentrat iens, a series of 60 3minute measurements was
made with the absorptien cell alternately empty and'full’of

3"
intens ity and alsoc a set of 30 counting raties repreSQIting,

natural BCl thue making a set of 30 estimates of the neutron

in effect, 30 estimates of the boron concentration in the
absorptien celi. These resulte have been subjected ta'sﬁa-
tistical anaiysis. \

The mean counting rate recorded with cell e%acuated was
10343 pér 3 minute interval. One would thus expect to‘fiﬁd,
on the assumption that the only errore were the random sampliﬁg"
errors assoc iated with the disintegratlon process that the
standard dev1ation would be 10543v=,101;?. In fact, the v
observed root mean gquare deviati@%'ie 115.5, which is net
significantly'greater; This has ﬁéen checked by the appli-
—catientef'the )(?test; for the 30 "cells", having therefore
29 degrees of freedom, )(?18 B.7. Fr@m the tablecof 7(_
~given by Fiéher (34), one obtalns P = 0,10 for 29 degrees” of
freedom and )(%:iﬁg.l. There is thus no criteriop for re-

Jjeeting an hypothesis g8 td the absence of other random errors,
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This result is impertant, since it justifies a considerable

relaxation 6f the counting routine; render ing it unnecessary
to takg_readings at éuch frequent intervals, The routine

'~ eventually used involvédg@g@-minute counte in a rotatien

with, (a) cell evacuated, (b) cell filled with 'natural’

BC1, and, (c) cell filled/v”vith 'enriched" BClz. This cpicle
of measureﬁents was repeated until sufficient siatistical
accuracy was obtained. »

The )(%test-was also applied to the logarithmic reduetien
in counting rate obgerved with the 320 measurements made ﬁith
the cell filled with BCls. (These measurements were made
ét a8 nearly as peseible constant temper ature and pressure,’
and the results corrected to étandard values of 17°C. and
635 mm. respectively),

In this case the mean value of the logarithmic'redueﬁien
was 0,0691, with r.m,s. deviation 0,0130, compared to gﬂcaléu-
lated value of 0,014, 7(f fenrthis gset of,méasureménts was -
evaluated and found to be 25.5,, corfesponding to a value of |
0.60 for P; 1i.e. there  is, statistically, a 60% probability
thaf a value greater than this would have been found. The
validity of the techniques for counting and for f£illing the
abéorption cell therefore seem well establishéd.

It may be added that the day-to-day stability of the

apparatue is not involved at all, since the cycle of counting
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operations was always arranged te;iﬁclude cerreependingQSémpieé'
‘ffom top and‘bettem of the column; the ratio of 1@3 contents
(whieh‘is needed to evaluate oK) sheuld therefore be indgpen,
: dent cf any leng-term variations 1n calibratlon.

- 2. Relations ip Between Neutron Abserptien and 1@B Concent

! In the ideal casge, with a parallel beam of neutren and
good geometry, one would expect an exponential reductien ef

neutron Iintensity with increasing "nuclear density" ef-the

abserbingfmaterial. The exper imental set—up actually use

by no means achieved pe¥fect ien of geometricallhrrengemeg
but, by the use ef a roughly hemispherical‘abeorbiﬁgeeﬁém%Ex;
nearly equal path lengthe in all direct ions ebuld;beeeiﬁéei'
ted. ' | | ' ‘
In'Figum”V; is plotted the logarithmic reduction’in7neﬁ3f;'

tron intensity as a function of pressure of natural BCly in
the absorbing cell and it will be seen that the assumptieh'
v of expenentlal abeorption is in fact Justifled. It ia

clear that an equal effect would.be progduced by any”abserbei

of equivalent aggregate nuclear cress—sectibn, andfthat;‘te’

the extent that the neutron cross sections of other nuclei

are negligible cempared te that feor 1’) the legarithmic
reauctlon will be proportional to the 10B content of eamples

~

measured at constant temperature and pressure,

-

In fact, this simplification is hardly justified, as will
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ve cleaerrem/Table V.  The neutron absorption croes section
of C1 is not neégligible, and the effective cross section for

' BCL% of~x atomfpercent;leB will be

(3835100 1—0_.@5(1-100) 4 3 x '32,7) barns, :
We can th erefore write

o1

1
or

100 K flo
X =z 3835(p qI -.98

the 1B contribut ion héving been neglected; The proportighéé;
11ty constant K can be evaluated ueing'thé data for‘natur31 
?3013 (108 = 18.4%). |
In this expression Io’and 1 are the measured neutron
inte s it ies with the absorpt ion cell respectively empty’and»
fuli and p;is;the'presaure bf,BClg‘iﬁ mm, Hg.; a vaiue_of\
k5,65 x 1&%'(barns X mm, pressure) has beem %%%éﬁﬁ§m for K m
in our particulaf\arrangement.
For use in Cohen's equat ion, relating fraetionafionnﬁfo
préductibn isotope ratios rather than single. ieotope per-
centages are needed: |

r{ @ No/(1=N,
r\z) Ny /(l-XN,
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and account muet be taken of the change in 11y resulting frem the
IQB change in the fractioenat bn. This would'be a mere forma-;
1ity werie the natural 10 percentage not so large.. It R"i““ f;v
the ratio of 1@3 content at the top and bottom of the celumn |

w—

£ = r@_R 1-0184 \0186
r{ Z 1-G. 184 ) 1-G. 184 R

assuming that the still-pot charge has eeeentially the natural

boron ratio.*

3 Resulte of Distillation

The experlmental data from which A is calculated censist
“of ratios ef boron—l@ contents of samples taken from top and
“boettom of the column' when running (a) under total reflux i’
and~(b) with a predetermined rate of take-off. Nine cyeles"
of half-hour neutron counts were made on each?pair,ef_éaﬁﬁies; s
quoted efrers are exper imental etandard deviéti@ne,randrarefiﬁ‘ 
éoed agréemén@vwiﬁh values calculated‘assuming.a’Peiéseﬁigﬁ ;'"f “

distr ibut ien. The results are summar ised in Table VI.*

v gmaiyl deviat fone from this aseumpt lon will not iiiti‘dd\icf*é' e

appreciable errors.



qo 30 f13emosd SUT
oo _oereto® - ol o i
. au/Tu ovg - 668° o 926°0 . GO8°G 9929 wwm .96g  BIU 03
Iu/TH 03y Svgm o 84870 . . 098%L . - TEETA . TWE 909 BT O
q - mHQSMm a1dwes ‘
, ovpmn Jesuspuoy 3od TIT 39
mp@h A \ UOF Y 3ou00 9381 JUTIUNOO U quameanavow Jup Tdwes
uotqonpoxg .maa, uor 30NpOI % uBSW - 30 2ansgaxd  Jo oﬁﬂa <=
‘ | *T30-3%E3 UITR SUnE (GO
g0 F of..o - \a 3o, ueap Pajudiep
00- FIE4°0 808°'%. - $G6'G cmmoggg s YT . X
450« ¥ 9234 °0 | »T6'v 92’9  ‘mm 0py  9IU &
- _ om; : mﬁw&mw wﬁmamm
P oT3Bx Josuspuoy 30d TTT9S , : ) : ;
st a ¢ UOTHBEFUSOUCHD 93eI SUTIUNOD U] jusmoangeow JufTdures
.wm“ 90T uoT 3onpax % ﬂwwﬁ Jo aJnsssagd IO SUWRL

| TRATIS I Te75%7 150hn mﬂﬂmwww

TR ETavi




~ 4,Calculation oﬁﬁi;an¢;Column Platage,

Since A is clearly very near to unity, and p the fractien
of the total flow drawn off is emall, Cohen's équati@ﬁfrelating?‘{‘
fractionation to product lon (equat on (2) p.14) can be re-

wr itten:

P 6! = 1
. " g'-ﬂ(g' -1)
(@' = = @, the substitution being necessary to make ”ehen's
nomenclature conform to Urey's (8).)
Substitution of 4 and ¢ into this equat ion givee by

success ive approximation, a value ef G where

] —t
e =,1-m

Knowing p, X may then be deduced. Furthermore under
total reflux, o ‘ _ -

ﬂo = (d)n
where n 1s the mumber of equival ent theogetical plates in the

-

-column, and this quantity can, therefore also be deduced.

TABLE VI1I,

Eleuation.of o

|Bun} P .| £ | o' X | Mean
No. |ml/nx x169 | N | o

1 | 420 ] 6.47[/0.8545+0.009| 5.440.6| 0,9988x0,0001 b
' : ‘ R : ' 0.9987+0,0001
2 | 840 ¥ 12.94] ©.899+0.013' 9.241.5{ 0.9986%0,0002] - :
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Substituting this value into the relationship
 Hem &7 | o |
.we obtain n g 242 plates, with a standard deviation which is

rather high, + 20 plates, on account of the small value of

(.l-,- “‘) .
5.Errors in Results, ,
By partial differentiatlon, values of Qg,,and,—z% an
’ «J .
0

be obtained from which one ¢an deduce~jz and fz— ‘Using
the numer ical values of these quantities, in the general

formula for the propagat ion of errores, we obtain:-

2, = (5_3'_;() (38 o)+

where the o's are the standard devigtieﬁs'for thefquantifiesl*

indicated by subscripts. In practice, with.our_iﬁsults;,vtpd‘
tually the whole uncertainty in @ is attributable to the error
in g; all other uncertainties (such as those in the boil-up

rate e st imat ion, rafe of take-off, etc.) appear to be\negligie
ble, Errore quoted in Table]ViI have been computed‘from th&q“
formula, using the values of the various quantiﬁéé listed in{ 

Table VIII, ‘
TABLE VIII

Error Calculation,

Run det | e o o oy
az - ; 330 ’{ ] #o ‘ ©
1 | 65.9 6.05 0.009 o 6.60
: o 0.014 _ oo
2 115.¢ 5.85 0,013 S 1.50 0.0002




A, nggpipalQAggécts,

The degree of err ichment of boren isotopes needed for~any‘

;particular applicat fon will ebvieusly depend quite strongly en,V‘”“'

the nature of the applicatien. For many nuclear purposes
material of perhaps 90% 10p. content ‘would be needed, and this
could elearly not.be achieved with a reaction‘héving~an éq@iﬁf
1ibrium constant of_@.9987.

For tracer applications, the coneéntrétion ngededfdgpéngsw fi
on the degree of dilution to be expected, and on the prééiﬁi@n
of the”methed‘ef,assay; Mass spectrometrie methpde'forséeme
elements (notably C andi@&uhave,beéhqpresséd to a very high
degree of pre&ision bntsin the boron case it ;ppéars'that an
accuracy of f% in the isotope ratio is about as much as one

could expect to gphieve without excessive labour.‘ In addi-

tion there is also inherent the possibility of slight fractie- L

nat ion eceurring during the conversion of the_reactien;produetsv
into BFS or some otﬁer/compound éuitable for mabs spectrgmetrick
work. 'Tha neutron absgorption technique adopted infthié~ﬁéﬁk,u

'has preved eapable of ‘a pfecision of ébout l%en‘abﬁndapce~k’\ 8
rat log, and with some elaboration this aléq could prqbabl&?be )
improved by a factor of two or so (e.g;'byleager céunt%ggiﬂg?fe;{’f

;('
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by ;ncrgasiﬁg ﬁhevthickness of the absorption cell). It
seems likely, in fact, that one has-to face an error of %
in the analytical data ‘however obtained.

The degree of ailutien of the tracer is more difficult
to gpecify; biolegical ‘exper imente, f@r example, frequenply o
result, of neceseity, in a very large dilution factor. F6r  
the sake of illustration, however, one might=considerﬁan
exchange reaction in which equal quantities of 'labelled’~an§3'
'unlabelled' material were used. At equilibrium,this'willf
result in av5®%‘reduCtion in the enrichment, and if one7wants

to obgerve theArate of approach to equilibrv}ium,‘ meé,surem‘e‘«;;’t*s?‘ |

 will have to be made when the reaction is, say, only;f7¢§ﬁﬁléﬁ¢y»_‘
This will then give an S;feld dilution of the'trécer matef;al;‘
and, toAachieve a 5% accuracy on the estimate‘of'the degrée ef 
complet ion of the reaction 'labelled’ material eriginally
enriched to about 367 108 would be needed,

For the BCl, distillation, an O of 0.9987 has been measured;
to produce material of 36% 198 would require a column of about

620 theoretical plates, and this would certainly need to be

subdivided to br ing thé equilibr ium time to a feaéoﬁgbig,yaiﬁgiyn
It thus appears that the method is not impossible, pr'ov;iici;e‘f’é.f’ ‘
comparatively small enridhments can be utilised, élthougﬁ"eie@f{‘
to produce materiai‘as deséribed above’weuld require/a'cbiﬁmné¢ y 
of three times as many plates as that used in‘the;preéehtfin#gﬁ- ‘



%;;ghebretgga} Implications,

The ealéulation of theequilibrium constants feor iﬁotopic
exchahge‘reactiens by the methods of statistical mechanies,haé‘
yiélded resulte which are, in general, in remarkably good |
agreement with experimentally determined values, The méthed'
used in making suehvcalculationé has already been'eutlined  |
(11 p.8 ), and it will be renwmbéfed that the equilibrium con-
~8tants are deduced from the partition functions f§; the var ious
compenen@e of the systems, v : )

It is the normal practice, when déaling with‘aygiemsfinvdl-ym

ving condensed phases, to apply'an ideal gas partitien fuhatien

to all of the components. This is necessitated by the absence
of an adequate general theory of the liquid state, and Ju&i@fied. 
by the assumpt bn that deviat ions from ideal gas behavieuf;'

which must be guite considerable in a condensed;phaﬁe, will»b@Q
the‘ﬁame for both isotopes involved, and will therefefe,bcanCel
when the raties of the relevant partitien functions are consi-
dered. It is the aim of this discussion to question this

assumpt ion, and teo indicate a possible line of attack on the
problem, 7 .
| Such calculations require data on the vibrati@nal fre@ﬁéh{ \
cles of each of the components invelved, in their,apprepriate
phases, For the more aﬁundapt isotepég these values are o

usually available frem thelr infra-red or Raman spectra, but
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‘the data for 'rare'isqt@peé have mostly to be obtained with the
help of the Téller;Redlich product rule (35). This rule

impl les the invariance of molecular force constants under
isotopic substitutién, an& appears to hold rigorousely in the
gaseous rhase, with the possiblerexception of some hydrogen/
deuter lum sﬁbstﬁutjans. There is reason,, however, to ques-

t ion the exact validity of thie rule when applied to condensed
phases. It is well known that a shift in the molecular fre-
Quency occurs on going from the gaseous phase to the liquid

or solidiphaee (56), and there is evidenée also that the
magnitudea of such shifts‘on isotopie substitution wfll net
necesesarily be those predicted frdm the Product Rule.

If the fundamental vibrations are simple harmonic in na-
ture, then we ecan regard the frequency shift on passing frem
the (unperturbed) géseous molecule to the same molecule in a
ligquid or selid environment as equivalent to the algebraie
addition‘efvé@ép@neﬁfdﬁéfﬁthe force constants between the
moleculeste each of the ordinary intra-mclecular force con-
stants. If the Teller-Redlich rule is net strictly obeyed
in the condensed phase then the additional restoring force
can be regarded as being depehdent upon the iaqtépic nature
bfAthe molecule. Thie implies a difference in the 'configué‘
ratioﬁal' energ@y of the molecules, Such differences can be

e%aluated'in term of the frequency changes which occur for the
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ﬁtwp_typeé ef‘ﬁqiecules‘on¢candensatien, énd‘will lead tozdif-
ferences betW¢en,the cohfiguratidnal‘?artition‘functions*§ﬁ°the
.isotopic specieé;‘

The inﬁeracﬁjﬂn energy between a mélecule‘énd thefsurrggn- i[§

ding liquid will depend upon a number of factors.g ‘F9r~gpﬁ4

polar melecules the most imperﬁant'ef‘these'wiilyugggllygw;'““”[

'dispersian-ferces', discﬁssed by Lgndon .( yﬁ; whieh haye
been considered to be independent 6£ tﬁe iéoﬁépié‘épﬁ@eéiﬁiéﬁ 

of the sﬁbstance, since only 'thical' trans it ien momente are E
nqrmally ineluded;‘ The small contributiensftélthe'intéﬁgQQ ? :

t ion énérgy afieing‘fr@m the dipole moments of infré—fed ﬁfans¢ “
itiona; werernét considered in London's driginai\paper. | These
arefof little.hmportagce in assessing the tgtal'%hteractiQn,.i
energy, but we ‘are now’ihterested in small diffefegeés in |

energy which would be suffiecient to inflqucé iéétqpic,équi-
libria. It:is eagy to see, in a qual itat ive way,ithat”tnégg
.“infrapred dispersion forces" will in general be differentifor.”;
iéotopie molecules, and it will be shown, for the boron tris

chlor ide case, that the dlfiferences are of the Qerréctyorder

VQ; magnitude. | | |

1. Evélpati@p ef thg Gonfiguratibnal,Partitign_Funétioan@miqg,‘»1‘

First of all we shall coensider a pair of isotopic one=-
dimensional harmenic escillators,‘and aegsume true harmonicitys“
for the ground state vibrations. For molecules ih the;gasfphase

JEAR

. /s



which vl corréppond %o unperturbed osc illators, we shall |
naTE Pakiné the zero-point energy.as %hwf |

f= 4%2/111@@2 - 4“2mv2'w62;§3
and | °

«5@' 2. m*;h/m'wv

where il 1e the reeﬁ%ring forece conetant (assumed the ‘same for

both specieg); w w' are the unperturbed vibrat ion frequencies 
m, m' the reduced masses; - and Xg, X§ the amplitudes of vibra-f
t fon. The primed quantitlies refer to the oscillator after
isotopic substitut lon,

In a condensed phaae we can regard, to a flret order ef
approximation, the perturbatione as resulting in the replqeement'
~of £ by a new force constant £+§& , we have then: |

LS = 4rPme £+8 1 g apRmian2;
‘and | |

x2 = *ﬁﬁh/mcu 3 X' = Jah/m'at

where thew’s are thefrequencies‘of‘the perturbed esciilaﬁe&g,
and the §s represent the algebraic increase in the net reéteriﬁg
force constant fesuiting from forees between the oscillatqré ih,
the condensed phase, These may, but need not neceeearily;lbeik
the same for the two speciee. ‘

It will be apparent that any interactien energy calculated
from the change in molecular frequenc ies on cendensamianawillr~~

- have ne absolute 8 ignificance, it is not unreaSQnable,
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however; to regard the isotoplc difference between these

qugntities as representing thérdifferences in interactien‘aﬁ

the respec@i#e isﬁtopig moleculesftith their‘envirenmente.

If we consider the os;illator at its extreme displacement, ﬁ@gj

energy of the interact ion will be féxz,’but to oebtain thﬁ.cbm: ‘

parative difference in poftential enefgy it will be nedéssaryf,j
first teo sub#ra@t the change in zeroapoint-energy”éf vibratidn -

| which basvaccompanied cendensation. 4Thefdiffereh¢£ éf'éqné‘
figurational energiee of the extreme displaeementé,kwill:

" therefere bé given by: ‘

AVpox = (3632 - 36'x'2) = ($nw- 3ag) + (3ne - }not)

¥

“ o ol w2 '2.012
SB[ R B gy e

< 8 [(w- wo) - (@-a)
On the'average, h@weQer, the interaction between Sinusoidalyqéq]
eillatoers, being sinz-dgpendentn~will be only half- the quantity;~ 
and so‘the effective difference in configuratiénal eneréy bétﬁééh,;
the two isotople substarces and their env irorments will bé:‘
AV b (- w) - (w'=0})]

e th [(w, W) - v‘izr;@é-w;ﬂ ; (1)
The extens ion of the érguments'from a one d}mensional-aScillétap‘;
to a polyatomic mélecule with more than one vibrationalfmédé w&I¥

ionly require a summat ion eﬁer all the modes of vibratién,~
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counting n-fold degenerate modes n times; ag is usual; 'We
then have: , , ‘ |

AV = 2 2 (A0 -Aw,) | (2)
wherevtheﬁﬁ{’s refer to the isotopic freéuency ghifte for the
gaseoué and condensed phases respectively. Alternatively, we
can write ﬁhe ratio of the configuratiocnal part ition functions

(38.) 2

%-’i,- exp‘{% 21‘ FAuG -Au) il | o - (3) |
where u = $¥ and the summation extends over all the wibrations
of the molecules. ”

Bigeleisen and Goeppert Mayer (39) have given an expres-

;;)sion for the vibrat ional contribution to ﬁifferences in free
energy of formation of isotopié molecules from their atoms,

which is valid for almost all isotepic exchange reactiens, in

the form:
ALL§§h 2\}%* - HA;]~ﬁ&y§ 'LQ

the term appearing after the summation sign, (§-+~u:T -~%9,
‘denoted G(u ) has been tabulated by them and considerably 1ligh-
tens the tésk of making auc@ calculations; 5/5' 1s the ratile
bf the symmetry numbers_of the two species. If this 18 com=
b ined with equation (2) gbofe, we ehall obtain an expressren

for the difference between the total free energy of format ion
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of thée isotopic molecules from the free atome, given as:i--

AR OFh | - Z c(ulbuys #3Bu-Dug) y+ o0 %' (5)
This expreseion‘should give a more réliable éetimate of 1@4{
where the data are aVailable, then one ﬁhich ignores the ‘
conf igurational centributien ent irely.

The ratio of the symmetry numbers, no matter what’its
value, will not lead to isotopic errilhment since it merely
rmepresents the re}ative ﬁrobabilit?%% of forming symmetri§a1
and unsymmetrical‘gglegul%s.' _¥We..can, therefore, ignerefA'
the last term in équatieh,(%). |

o Implicit in the foregoing-equaﬁiena’is thg~assumptionf
that the rotatidnal partition functione will have r'éach»ea
clasgical values, and will therefore contributefneﬁhigg
to the caleulated equilibrinmAconstant. »This aasuﬁption
is juetified where the temperature is rélatively high

(p:obably room temperature or higher); and when ca:es other

than those of hydrogen exchange are cone idered.
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2. Applicat:@n to Isotepic Exchange Reactions.‘

It is evident that for those systems which can be regarded

ag approximating in behaviour te ideal gases, the configurational

term, %ﬁﬂﬁﬁ-ﬁuo)i' in equatien (5), will vaniéh.v Thue if 4 ne
of the molecules taking part is sub;ect to intermclecular inter-
‘act ons, up. and u will be ‘identical for both isotapes and for \
all vibrat ione. No correction will therefore be required for
ggses at moderate pregsurea.»

Strictly, the configurational term should be‘includéd
when exchanée between substances in the gas phase and ions im -
solut ion are cenéidered.' Two difficulties ariée in thie
connéctien: firetly, that the 'unpérturbed” frequenciesraré
pufe%y hypethetical énd cannot be meaeufed.v This difficultyv
can be overcome gince only the difference between the unper=-
turbed frequencies of the isotopic molecules is'needed, and~£his'
will be very nearly equal to the ffequengy shift predicted'by
the Product Rule. The difference calculated in this manner
will be in error oﬁly to the same (fractional) extent as the 1
fract ional difference between uy and ﬁ, and this ié always |
small, The second difficulty is the purely experiméntal one
that for nearly all isotopic exchanges of interest tﬁe less .
abundant isotope is go rare that its vibrational epectrum has ﬂy

not been observed, ,The frequenc ies of the "rare" isotope have,



in fact, been @aleﬁlated from the Product Rule, énd.clegniy,,

if these values are used, the configurational term will
necessarily vanish. It might well be.thought extraordinary
that such good agreement has been obtained between éxperiménta1 
and‘predieted eéuilibrium constants for theaé reactiogs; Sinée‘
ne allowance?has been made, specifically, for 1nteractiene iﬁ~“
the l?quid‘phase.. de reasons may eentribute'to‘thie staté 

of affairs: a), the interactions which arise from isotope-
depende nt faetorsvmay well;be sWampedfby~thg&&en—dipélé.intér—‘?
actions with the éo;vent,‘soithat, in fact, these iene,d@foﬁey',
the Tellef%ﬁédlich rule ewen iﬁ the condensed phasg;;and; b)
when G(u) 18 equal to 0,25 (i.e. u = 3.6) equat ion (5}*reducés
to the same form as is implied by the use of the calculated
frequenc ieg for the leSE#Ebundaht isotbpe.' U ow 5;6 corres- V
pends to a frquency of about 800 e 1 aﬁ rbom‘temperature; énd,
sihce'the relevant}frequenciés in the ioens cehsidered are méstly
of this order of magnitude, no great error will have been intro-
duced by the use of calculated frequencies. Actually, it is
possiblé that, if experimental values had been availalble, t;ef
agreement between calculated énd exper imental valueé‘weuld,nqﬁi
‘have been ag good as was the case. Now that quite large »j
'qu&nﬁities of emr iched stable isotopes are available, it would"

be extremely interesting to check this point experimentally;
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for example, by a determination of the vibratienal frequencies
of the 19€05"= ion in solut bn.

3o pplication to the Calculation of Vapour Pressure Rati@s of

Isotog}c Subetances.

The configurational effect will show up most strongly in -
the calculat oon of the differencee in vapour pressure to be
expected betweén isotopic substances. Equation (5) can now
be rewr itten: | o |
lnot = - %[H(u)iﬁug - Aul))] { . -, (8)
where Aug and Auj are the isotopic shifte in u in the gas and
liqﬁid state respectively. For emall separatiOné; sueh(aé;are
genérally obtained in practice, this equatlon gives l-d.dlrectly
O(being the relativekvolatility of the isotopic specliles, 'fhef <

factor H(u) is analogoue to the G(u) factor tabulated by Bige-’z”:
"leieen and Goeppe;t Mayer (39 ), differing only by an added
constant of 0.25. The plot of H(u) against u is shown in

Figure VI, and it will be noted that a vibratisn for u = 3.6 -
contributee nothing to the fractionation, s ince H(u) is then
zero.. For a given value of «Tug wdul) the fractionat ion will

be 6f oppeeite sign, depending on whethe w is greater or less

than 3,6

4. Quant itative Test of Theory.
As mentloned before, there is a pauc ity of spectral data

for the "rare" isotopes. Urey (8), in faét; quetes ne such
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'data for the ien/gas exchanges which he evaluatee

444444

fore it is ampessible to make any assessment ef this theery

fer euch syeteme.

It has already been indicated (II p.10) that of alleﬁhé“ﬁQ§§ f’

sible subsﬁaﬂeee,

trial;gf'the_abeve’theery;

beren trichloride given'by Anderson, Laeeettre andeéetilﬁe)fanégf;j

‘beron trichloride is the moet'promiei@gﬂferia7

quete'd: in Table VI.

the ratlos ef the vapour pressures to be expected at varieus

The molecular frequency data for

‘at the boiling point,

his results the value 1 014.

and~thefe+'

Urey @ ) hae calculated from theee data

one can interpela;eyﬁmmgg‘“

TABLE X
© 10Bo1,(1) | | (471.5)* 989 263
Hpeiz(1) | a1 461 946 253
16BC1 4( &) 1 ( 4:3.3)f 996 | | 243
rl'lchig(.g) ] m 452 1958 243

'f calculated frem the Teller-Redlich rule.

’ﬁ These vibratiene are doubly degenerate.

*
* °

p’can be regarded to be the same as<l7fer the fundamentals

J where the effect of anharmonicity will be negligible.,

i
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7.

A calculaticn made from equation (é) gives a value, taking
the same frequency data as Urey, of 1,003, and, in fact, the
value of the équii-ibr jum constant obtained (Chapter VII) was
Q.9987 . This, then, wouid appear to'provide a measure of
éupport for the ildea put forward here, although some uncertain-
"ty still existe in that the value of Wp for 10BClz in the 1i-
quid phase was obtalned by calculation. It ie poseible that
the actual shift here would be in eué_h a sense and of such a
magnitude as to exactly compensate the enrichment predicted -
from the shift in W3 (W4 1is completely, and 6‘-21 almest eemple,telky
inactive in this respect). This, however, would appear to be
unlikely, in view of the rece tly reported (41) frequenc ies far
BF 4 in the crystalline form, where w, ghows a shift of the: sa,me :
sign as and comparable magnitude to that shown by (z. In
fa,ct, if we assume that this also is ‘ﬁ‘h‘e':;;c!éii§s§;;;5¢i§or BCls, it will,
increase gt 111 further the fractionation predicted by the use .

~of vibrational part i{: ion funct lons enly, but will reduce to -
glightly below unity the vaiue prédieted-by thie theory. This
ar ises because uz liee slighly aﬁo ve the point at which the
sign of H(u) changes, whereas up lies slightly belew it. A
shiff: of the same sign in uy and uyz will therefore provide

contributions of opposite sign towards the total fract ionation.
A
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D Estimaticn ef the Interactncn Energy.

If the mechanism suggested befere - we can refer te it
as ihe operatibn of infra-red dispers ion ferees —{18 the true‘
cause of the ‘anomelous isetepe shift in the 11quid phase fit’
would be of interest to attempt to correlate these ferces w:th

the differemce in heat of vapeuriz%tiop needed to account>fe:

'the‘divergemce between Urey's calculated o and the experimental

a

value.,

It is interesting to note that BClz, 18 a mclec’ule“cif“the '

ty pe having quite strong intrinsic bond dipclee but cn acccunt

of its planar trigonal symmetry, no resultant electric dipole
mcment in itse equllibrium configuration.

Disterticn of the molecule resulting frem infrapred vi-
bratlcns will, however, deetroy this symmetry, and leave'a '
net dipole moment. An evaluation of the magnitude ofﬁthese:
memehts (for mcleeules’having'only the ir ze:c?pcint energy
of vibration in each mode) will enable us to estimate the
interaction energy. |

A rigorous calculatien of tﬁis type is scmewhat difficﬁlt
since there is little informaticn about the type of packing of
bcron tr:chleride molecules in the 1iquid and net much mcre

about the transitlon,memente. It will be seen from Tabl

-that isotope shifts eccur only for Wy andg W and that th@Ve«;

3

~other fundamentals are inactive in this respect. Thus the
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problem will be te evaluate the amplitudes of the escillating,y«‘

\ dipelee Which are assoc iated with the ground states ef /

-and /3.

(i),EEthg@ti@nknyTranSitien~Momen§s fremlspéétréigggﬁﬁi_ ﬁ
| E\Bright.Wilson and hie cellaborators (42)'have‘shbﬁn5f

2
how, frem the absolute 1ntensitiel of the chlef 1n§ra-red

abaorptlen bands, it is poseible teo calculate melecular
traneitign moments. This technigue has been used te obtain
)the valﬁe‘ef the traneitlon moments for V& uﬂing;the abeorp;
tion curve given by Scruby, Lacher and Park (43)- ~ unfertu—
‘ nately the only fundamental measured by these workers was‘d
| ;reerhe method consists briefly, in integrating over the
whole width of the band, the function |

n(io/T)dJ ) v
which gives ﬁhe integrated apparent absorptidhﬁ¥;’defiﬁédfby

Ez = PQL.BS’ | ln( TO/T) v | (,7)
(L £ cell length, -

P = pressure of absorbing gas).
; r‘The true value of B 1s, strictly, té be obtained by ex-
trapolation to zero preseure of the/g vs.’p\x L curre;' tHe"
limiting elepe defining the true abserptien'eeeffieienth;-

. This is theh related to the transitien moment by

’ 4g.- & e = ! /‘1’ 1 (8) y.



The abserptien spectrum reproduced by Scnuby, La; : ’
Park (43) enables one. to estimate this function. By graph-~'.,4
indl 1ntegrat1en Bz =z 639 x l@lQ cycles/bm.—atm.wwas eb- -
ftained cerrected to 1007 113013; this gives BS" N84 X 101@

‘ cycles/bm. atm.} Unfortunaﬁely the ‘data available ® net
permit the extrapoldtjon to zero pressure but the measurementr
was made at enly 1 mm, pressure and B is thus likely net te
be far aifferent from the true value of A. J ,5e,\i,se_dqub;y

degenerate, and,each mo de canwpe‘regarqed ae‘eentributrﬁg A

‘half of this amount. - Inserting this Valuefinte“eéaéijeﬁ;
';(8) we get

(/”3‘ | \/ug\ - 1.10 x 107 19 € ) u .-

It mast be apprec 1ated that thie is liable to be ¢

»siderably umderestimated if enly.becauserthe meaeure?
were made at very small total preesure, which'wouid‘almest~ f;*
'lcertalnly be insufficient adequately to broaden the reta-‘

‘tional fime etructure of the spectrum.
_6, Estimgtion,ef‘®scillatin dipole. Am‘litudee.

The ether traneition moments required cannot be esti-re

nated directly from gpectral data, ‘since the fundamental fre.} f;

quencies do ‘not fall within the range investigated.by Scrubyk‘,u

e e e D e e e ---—----—-———-—---—-—-a-'-—--‘-'-’--'.'.~-'\-ﬁ‘-ﬁ*“ﬁ~»;

*® /u 5 is ‘the mement asgoc iated with /3, the. mo de which

is degenerate with. //
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et al. They thave been evaluated, and that fer£/5 checked,
by calculating first the amplitude of distortion ef the
molecule undergeing the appropriate vibration, and then‘

'estimating the net dipele mement which this Weuld represent.

(1) Eetimate of the Intrinsic B-C1 Boﬁd Eigele.

‘ Pagling,(44) gives anvapprox1mate relatienship~between
his"electronegafivity" values and bond dipole, from which
one canfeefhmate a value of 1.0 D. for B-Cl.

(11)‘Determinatienwefgé@plitudes of Gscillation, ' D

From eonsideratien’of‘symmetry, and by making aséu@pti@is,;j'

about the nature of the interatomic force, it is poeeiBle to

determine tﬁefferm of the normal vibrat ions of a melecule‘ andf’

- the contributiens of the various symmetry co-erdinates te each.

Knowing the atomie ma sges, and the Zero point energies of vi-

vibrat ions (i e. the extent. of the excursiens of each of the‘”

f&e pessible to estimate the amplitude of the,p';

- atoms from:their equilibrium positions), This type of eal-“~““'"

culat iofy develeoped infeome deta il by Herzberg(45);isg admit-
tedly, a very c¢lassical picture of the proeeeé; altneugh, of
.eouree,_it'aéeepts and utilises the quantizatien of vibratie#"’

‘nal energy,\and, in pafticular assumes one half-quantum of ~:l>
zero-point energy ae the basis ef calculatlon of the greund |
etate amplitude. Its Justiflcatzon is that for atomic, a8
opposed te electronic processes, there is/very much less un;

certainty‘ef'pesition of the "oscillating“;particle;5witheutg‘l
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a knéyledge;ef.thg‘mdlecular wave-fuﬁctiens;for BG15 little
else‘ceuld,anyﬁayibe,attempted; v -

Ffﬁ‘i?g; ﬁbe‘eut-ef-élane osc illat ion, this ealdula%ion~ |
is'shhple, since @ﬁ%& one symmetry ce-ofdi@éte, 8o, is iﬁvclved;’
one can célculatex'in this way that the maXimum ampl itude of
8o in the zero point vibration is 1.45 x 16-20m, Th@éigi#eg.f'"
.a height for the pyramid ef 1.68 x lO'gcm. Assuming'ﬁﬁat7%h§':
vve:y slight lengthening of the B-Cl bonds has negligibléféfé |
fect on their dipele moment, the effective amplitude of the
oscillat ing moment will be | \ '

14§§3£§%@-l X 3= 0,288 D.

(B-C1 bond length = 1.75 )

A simllar calculatbn has been mad@,fér)ﬁk

~ two symmetry co-ordinates, Sz and S, cdﬁtribUté; fsgfmakgs
up more‘thén'2/5'ef‘the émplitude of vibréﬁien, and, inﬁéﬁy"
évent, 84 is noﬁ(influenced b&»ieetepie gubstitution; fbﬁiy
Sé need therefore be considered. The amilitu@e ef*83~ia
founa to be 0.5552 x 1071%cm, -

The calculation of resultant dipole moméﬁts from.

des in this case require some assumpt jon as te the variatibﬁ"ef
moment with bend lgngth and angle. In fact,'the rééultantsi

moment is comparat ively insensitive to the'asgumpt4¢ngmadeuj', 

on the B and Cl atoms, and to assume that these do not
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‘during th¢ oaci1latipn. In this way, a.valuefer/ﬂsg/aé -
0.103 D. is obtained. The agreement with the value calecu- .
lated frem,absorptien daﬁa (0.11¢ D) is probably fe;tuitous -
 but Justifieg gsome confidemce in the esesential soundness

of the‘method;

?l*Calcu;étion of interaqtﬁoh Energy.
By analegy with'Lendon's_tréatment ( see, fer'examplé reffh’
37) oﬁ”eptical" dispersden forces,vwe can wrilte |
Ve 62 L |
-whefe U is the isotope-dependent part @fbthe "infra-red"
dispersion energyjyékis the polarisability of a 3913 meleeule
" assumed due esgentially to the chlorine atoms (0(6W1.38kcc;/
‘mole of C1 (4)), Aty is the amplitude of the éScillating |
dipole momént, for theﬁ?th%mode ofigibration, pégleetingfthaqa
modes which‘ehQW”no;significant isotope ehift; ahd R is‘the
intermolecular distance, and the summat ien here extends e?er
ail the"neighbours",
For 113013, for whiéh the ca;culations in' the prévieus

sections have been made, we can then evaluate

U . 3%X1.38 x (0.2882+ 2 x 0.1032) x 1¢-36

" z 5 X 10 cal/molé
10°% x RS,px 4.2 x 10 ‘

10D .
1,63 x 10
= R6 cal/mole. - 86,

_ Here we have allowed for a conventional 10 nearest neighbours,

From this we need to estimate AU, the .difference between the
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interactign energies of 11B013 and 103@13 wi%n their re§§¢¢-
t ive environménts, which will arise ffcm‘the change*iu/a
on'iéotepic qubétitution. Reference to the equati@ﬁ'ef
motian.for the BCls molecule showe that the amplitude of
oecillat:en increases by'almoet exactly 2% on substituting
1OB for 113 and it is reasonable to assume‘an equal\perfJ
centage change iu/&. Since U contaius/ﬂ-aéﬁ%ﬁb/éecqnditt“.
power,‘we can éay

| AU » U0 . gll | g 0qmll’
15 x 103 '
| Borp | |
This,We:havé to equaﬁéut@ the Configuratiengi‘Eﬁérgji

cal /mole - RS

difference term previeus deduced (VIII,p.71), which willfbe
RT 1n(1.013) = 7.4 cal/mole, whence we obtain
 Regr= 287 R . RE

It réma;ﬁs te«discuss the feaﬁ@nableness,ef thiﬁ~value;ut
The'difficulty in thi§, @f céurse,kis to get a réliébletesfl
timate of the’effeetive (reciprocal sixth-péwér) distgggg
in:the liquid. 1Data.ar; available‘for Sélid,Bclé,
, and @né can assume that the 11Qﬁid ﬁésulﬁéélff

T

(»Bél*'l ier
and Riva (47))

structure gimilar to that for the crystal (- and it is, of

ceurse, only the lecal structure that mattérs,leﬁ acéeuﬁtf@;‘d

of the short-range nature of the dispersion forces). In

thie case the effective distance betwéenga-borcntatam”aﬁdfVw
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its néighbourigg'(uhbonded) chlorines is 3.80 R.
~ The very’appfoximate nature of this caIculgtionihardly
needs t¢ be stressed, but nevertheless the factkthat these
“two values are of the same“order of magnitude woulad seem tex
% juatify a certain measure‘of conf idence in the accuracy~ef‘the
assumptien on which it is based. | | |

i

One factor has been omitted, feor want of evidenge to sup-

.

port its inclusion: both BH5 and AlCl. show very étrong'ténpv'

3
denc ies towards dimerisation (in fact the“Bgﬁg molecule does
‘not show,any,peféeptible'splitting at room témperature),‘g}é
ving a bf idged 'struc,t’ure:‘ | | |

. H H _H

N ” N

e.g. B B
" g M H

‘It is not inconceivable that in liguid BCl,
of the‘mpledulée are assoc lated in some shmilaridimer, anq;

a smarl'preportian‘”
this would, of courée,’considerab%g reduce the effective

- intermolecular distance, on acdgﬁnt of the weight giﬁéﬁ to
small distances by the inverse-sixth-power dependence,

It seems clear that at least a semi-gquantitative agree-

ment between experiment and calculat ion has been,ésfablibhe&;'

" and that in the calculat ion of vapour preseure rétids;frmn}
gspectral data, care must be taken to assess the importance of
the differences in eonfiguratﬁonal energies between the two -

isctopes.: When the frequenc ies in the condensed phase obey
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thé Teller-Redlich rule exactly, one can infer the absence of
such interferem‘es'; for other cases, the procedure outlined
in this discussion is though to have general application..
It appears, at least, to provide an adequate explanatien of

the results in the only case for which reasonably full ex-

per imental data are available,
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