The most widaly used experimental method for
gtudying the forces between prirs of molecules is the
ﬁaterainatiaﬁ of the second coumpreseibility virial
coefficient, B, defined by:
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Por non-polar gases at tewmperatures well removed
frow the normal boiling point, it ie relatively easy %o
pesgure values of B with adequate acouracy for asseseing
the werite of various model intermolecular potential
energy functions, However, at tenperatures little above
the norwal boiling point, eepecially for the more polar

gasen, adsorption effects can prove troublesomne.

The density balance methed ean, in principle, give
velues of the second compreesibility virial coefficient
free frou adegorption errors. In practice, there remain
other drawbacks to such an approach, particularly the
notorious inetability of the density balance zero point,
and the need for the molecular weight of the gas to be
very precisely krown, or at leaet cornstant within very
guall limiteé. Phe recent extensive development of
vacuue micro- and ultramicro~balancee suggests that the

difficulty of instability should now be superable. A



gimple theoretioal conelderation of the treatment of
date frow such a balance shows that adsorption effects
which are not compensated in the balance design may be
corrscted for, te a firet order, and second virial
coeflficients obtained which are accurate to about

3

+5 om’mole ',

Agcordingly, an elestromugnetically operated density
balance has been designed and built, incorporating the
beat features of balances reported in the literature.

A number of unforeseen problene were encountered when
setting up the balance and these were eatiesfactorily
overccome, with the single exception of a pressuré
dependent effect, at least partly ariesing frou the
contraction of the buoyaney bulb. Calibration to correct
for this effect had to be made in gitu, and this has
reduced the potential accuracy by a factor of about two.
The final valuves of the gecond coupressibility virial
coefficient are believed to be accurste to about i 10 or

15 a&3mole"1.

Heasurenments were made for flucroform, ¢hlerce-
difluoromethane, chlorotrifivoromethane, dichlorocdifluoro-
methane, 1,1-difluorcethylens and éimathyl ethur at
temperatures of 259, 40° ana 55%, Agreeuent with other
_ reported measureuente ie gererally well within the a@mbinaé

eatinated errore, Yalues of the second dieleectrioc



virial coefficient, B , defined by:

atEe - TIeE SRy el

have beer measured by A.¥.¥.Barnes (D.Phil. Thesie,

Oxford,1968) for these gases, and he has interpreted
hie results in conjunction with those obtained here in
terme of the applicability of the various proposed
1nterae1§nmlar potential functione. The Stockuayer
yﬁtsﬁtiai, which ies based on spherlecal wolecules with a
mutual potential functior of lLennard-Jones form, with
point dipoles at their centres, eén,'with the addition

of polarisability terms, reproduce the observed valuee

of both dielectric snd coupressibility virial coefficients

for the gases with slightly polar and nearly sephericsal
wolecules, i.e. chlorotrifiuvoromethane and dichloro-
difluoromethane. Por the other guees, 1t is necessary
to ineclude both & shupe dependence factor for the
repuleive forces and displacement of the point dipole
froz the origin appropriate for deseribing the non~polar
ferces in order 4o obituin consilsterncy between the two

neaaﬁd viriul coefficients.

Feagurementa of B were aleo made for bronmomethane
and chloroethane at 25° and 40°C and for trivethylamine
at 25°%, Veing the values so obtained, which are in
reasonable agreewent with other reported meacuremente,

and values of (B « AB) reported by D.J.Turner (D.Phil,



Thesis, Oxford, 1966), the second dielectric viriasl
coefficients for these gasee may be obtained. Their
magnitude is very much more reslietic than those obtained

originally by furner, using lese asccurate values for B,

A aétailea conglideration of the likely scurces of
error in the apparatue ae set up leade to suggestions for
varicug ipprovewents whioch could be made fairly readily,
“and which would be expected to reduce the error in the
gecond compreeribllity virisl coefficiente obtaired to
+ 107 2 cﬁgmele“‘. Bome considerztions ie also given
to the directione in which the apparatue might most
uas?ukiy be developed. These include (1) the evaluation
‘of virial coefficiente at low teuperatures, (2) the
maanﬁrawént ¢f intersecticn virisl coefficients in two
component mixtures of gases which may be admorbed to a
large extent, (3) the use of a density balance for precise
and posaibly avtomatie preesure measuremente, irn place of
the meroury manometer which the author and aluost all

other workers in this field have hitherto used.
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CHAFTER i
IKTRODUCTICH

the understanding of the nature of the forces
bvetween molecules in their normal energy state ls of
fundazental importance to many areas of chemistry. The
later chaptere describe an experimental investigation of
one particular technique which may be used %o study these

forces, but it is worthwhile considering briefly here

gome of the presently available knowledge. Gualitatively,

the typea of force that exist are well established, and
there ie aleo a large amount of quantitative 1nforw&tion.?

There are three main typees:

% At separstions of molecules which are small compared
with wolecular dimensions the dominaiing force ie
repulaive. Thie arises ae & result of
interpenetration of the electron cleude of the
molecules, the pronotions necessary in electronice
energy levels ae a result of the Paull exclusion
principle producing a high energy barrier to such

2,3 49546
overlapping. Theoretically”?” and experimentally

these forces have been shown to fall off rulatively
steeply and exponentially with inereselirg aép&ratioﬁ.
and for the interaction of helium mtoms, theory and
experiment are in clone agreement. For reasone

which are partly historical and partly computational,



2.

en inverse power dependence on molecular geparaticen,

o798 and

often R“13. hae bheen fraqmently.usad.’
seems to be an adequate approximation in many cnees.
Gther 1ﬁverae powers are also used.* 1% por simple
waleaﬁléa the repulgive force is spherically

uymmetéical. Refinements to the representation of

this force have included a dependence on molecular

'ahapa11 and the dispiacement of the origin from the

molecular centre in various ways12’13 and

12,744,115 in

combination of both effects, sn attempt

tc obtain better agreeuent with experimental data.

At large separationes ¢f the moleculevs the nett force
is attractive and may arise frow three distinet types
of intersction. siplecules which do not have
permanent electric smomente, are attracted because of
the go called dispersion forces, ike origin of
these is non-claseicsl, but they may be visualised
ag arieing from the asttraction e¢f instantanecus
dipolea arnd higher electric momente which occur in
the in phase cecillutione of the electron clouds

of the molecules. The leading term of this force

varies ae the inverse sovénth power of molecular

5393T3%10ﬂ316'1? and reeults froz the interaction

of insfantaneoue dipoles. Inveree higher power
dependences arise from instantaneous dipole-

quadrupole (R?), quadrupole~gusdrupole (=), ete.




U(R)

Figure (I1)  Typical form of the intermolecular
potential energy function



3,

interactiona. For simple molecules dispereion
forces are spherically sysmetrical. Improvesents
to the representation of these forces have included
the displacement of their origin frow the molecular
ssntre’ 15 pus they are ueually accounted for by
taking only the leading term in 2~7, They have

also been approximated by other functional forms. o o0

¥olecules wiﬁh p?raaneat electric mouents have
attractive forces arieing directly from the
interaction of these nmovents and alec those arising
from the polarisstion of one wmolescule by the
peruanent momente of the other. These forces have
dependeneeg on geparation of B*éidipele-dipole),
H’S(dtpoiarquadrupole), 3'7(dipole~inﬂuead dipole), etc
They aleo depend on the relative orientatien of the
weolecules. They have usually been represented by a
peint dipeole at the centre cof the dispersion
forces?1'23 but polarisation and guadrupols moments

have been inaluﬂeﬂ11

and the asyuretry of the charge
distribution hae been described more comprshensively
and adequately by dieplacing the dipole froam the

centre of the moleeule.za'25

The total efrect of all these forcee produces

a potential energy curve of the form shown in

Pigure (1.1). Of the many different attempte that have




been nmade to represent this curve analytieally, none hae

26 Buccess in thies context is

entirely succeeded.
judged by the ability to describe or to predict

guantitatively varicus observable guantities.

The description of the macroscopic properties of
natter in-turﬁe of the forocee between wmolecules is &
problem of statistical mechanics, In the cage of dilute
gases, whsré interaction is important only for small
nunbers of solecules, and for erystalline solids, where
the regularity of the lattice aide computation, the

relationshipe are generally well ﬁefinmd.’

Por liquide
and dense gasaé whieh have sove degree of short range
order but long renge disorder, ithe eituation is less
satisfuotory., It has been usual until quite receatly
to assume that the energy of a grouvp of wolsculee wase
aaaqkately degeribed by the sum of energies of
intersction of all the poseible paire (the assumption of
pairwise sdditivity). Thie is now known not to be

'axactly true,27’28 but all the corrections which must
be made for non-additivity have not been definitely
eatabliahed.29'5° Indeed, until pair interasctions can
be adequately deecribed there iz no satisfactory way of
agsesging whether many-body effects have been correctly

allowed for.

Becauvse of this problem it has seemed more

appropriste ﬁo concentrate on those properties which



result frow iﬁterantiana between pairs of molecules
only, which means effectively restricting attention to

gertain gas phase properties.

The most widely studied of these ie undoubtedly
the hécﬁnd compressibility virial coefficlent, B,
defined by equation (I.1).

' W o
g = =B w19 22 3151 SN - s
Y L'

BT fld 0

Varieué trana#&rf coefficiente, that for viscosity in
purticular, the zero preseure iinit of the Joule-Thomson
caafficien%; the seccnd refraativity31 132 and second
dislectric tizial aoafflcienta33 =35 gre amongst other
properties that hsve been messured in order to obtain
information about the intermolecular energy of paire of
molecules. 'Iﬁ addition s number of more direct metnods
of study have been used, notably wolecular beam
investigations. Because of the difficulties associated
with the extraction of useful information from the valuee
of bulk propertiecs, the more direct methode are likely

to find increassing use in the future.

in order to obtain values of the intermolecular
potential energy from bulk properties, it ie neceassary,
with only a few exceptions, to assume a functional form
for the potential energy, and to incorporate a few
(veually twe or three) adjustable parametere. The

expression for the property is then obtained in terums of



thoiclﬁar&mdters ky §h3:ﬁﬁthbﬂ8"Of atatiatie#l

wma&a#ias; bx'tigting thie expression to the
experimental data, values for the parameters are obtained.
Thie indirect method is necessary because the inter-
molecular a#g&ratian_ia not u single valued funetion

of the intermolecular energy, except in the repulsive
régicn.:mn that a ddrect inversicn ie mathematically

Gl TR
impossible.”

It ie only where the macroscopic
properties are largely determined by the repuleive regi@n’
that ie at high temparatuies. that & direct inversion ie
poaaihle.j?'aa_ Hecause of the neceseity of assuuption
of a model, the amcaﬁt ¢f information which may be
cbtaired from measurenente of one prozerty ie limited to
values of the adjustable parametere. However the true
potential function will be able tc deseribe one property
over ite complete tenperature ra&ga, and aleo different -
properties over their tesperature ranges, with the sane
values of these paraveters, for the sinmplest molecules,
the rare gases, measurements are available over a wide
tenperature range for a nuuber of different properties,
and souwe detailed molecular bear experiments have also
been made, Nevertheless, no potential has been reported
which can recencile the second virial ccefficlent data

and the bean scattering reeulte with the coefficient of
viscopity at high temperatures. lo entirely satiefactory

explanation hee been nade for this diaerapaney.eé



 Por polar gases, reliable experimental information
1n-vé§y much more eparse, and less effort haes been
_éxpended on the theory of such syeteme, partly ae a
result eof naﬁ'baing able to explain satisfactorily the
behaviour of the simpler systems. IHowever, useful
inIormatien qay be gleaned from the study of these gases,
This i# so because there are observable effecte which
are abviouaiy too large to be explaired away by the
known inadequacy of the repregentation of the
aﬁharicaliy symmetrical, non-pclar forces. This is
particularly so for the second dielectrie virial
apafficient.‘ﬁ,ga'gg which ie defivied by equation (1.2).

P = Vo = 4+ i N %—Z+ (1.2)

Eooy! vm

Thie coefficient iz more sensitive to both the precise

charge distridution in the molecule and the everall
shape of the molecule than is the second compreseibility
virial coefficient, but the experimental difficultiecs in
making the measurements, and the coneeguent large

_ it
experimental errora.3¥’+1

have been a major factor
lisiting their use. This increased sensitivity to
ghape and charge dietribution cen best be seen froum the
statistical mechanicsl expressions for the two

aoefficienta.1'“1 equations (1.3) and (1.4).

B - 55 J{1- axbl-vapm]ds, 2R

where 012 ies the potential energy of & pair of molecules
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| and ,ﬁh;u fzvm, the integratior eing over all peeitions

of molecule 2.

8- 3G [{ger- 2l o Confidi

where (. ie the dipole soment of the pair of molscules

at the instant of eelliaieu.andthis the ﬁmrmaﬁaat dipole
moment of an isclated molecule. The expresaion for B
contains the additional factor {th?a%Msj ir the
integral, en¢ this introduces thm.inereaead dependence on

molecular shape and charge distribution.

in this resesrch group the simultanecus measurement
of gue coumpressibility and dielectric virisl coefficients
af pressures up to about two atmoapherea and ofer a
fairly reetricted temperature range, and interpretation
of this data, has been made for some yeare for both

41,43

pure gases and two-component wmixtures. The results

43 #hile this

have not alwaye been self-consistent.
might be the result of inadequate wodels, the
experimental errore irn both sets of weasurements have
dimirished the rellability of conclusicne in this
resrect, or Qt leagt reduced the assount of information

that could be obtained frouw the resulte.

Aececordingly the investigation of these properties
has proceaded by replacing the original dielectric
virial coefficient apparstus with a more sensitive

bridge method, which when used in conjunetion with a




PR L :; ._ L S e '"ki
”ﬁnrn@%%'txpa-qft&x?ﬁua&on"ﬁstha&VGQes.ﬂet reguire
compreseibility virial coefficients for evaluation of

the dielectric virial coefficient from the data.>®*
it_tﬁa-aam& time, an investigation of poseible means of

b 1ﬁ@woviﬁg_ﬁhé weaaureﬂént of the compreseibility virial
ca&ffi#iqﬁﬁ-w&e undertaken, ac thﬁt the results of the
two aapanétaly deteruined virisl coefficlientes could be
geébiﬁeﬁ_fé give more definite informetion about the

?é&&tiva performance of trial potential functions.

?he principal difficulty in the density deteruninations
-hag.baan attributed to the fact that the gases baiﬁ&
atudied freguently have relatively high boiling pointe
gand so, being at a pressure nearer the saturated
vapour praaanre; they are much more strongly adsorbed
en to the walle of any containing vessel than, for
exaw;le; the permanent guascw. ihe problems thig poses
arise mainly fros the diffinulty in asscessing how uany
molecuise are actually in the gas phuse 2t any
particular time during the meaauremanta.“s'aé Little
aaeurate experimental work on such gases is reported in
the literature, and the methode whien have beer used are

net without objectione.
Taree types of approach have been mades

An attenpt to eliminate significant adsorption
effecta in the deaign of the apparatue; the

density balance method ie such an approach.



W
Surface maméntg'bzitha two haluﬁca arme are
equalised o that the mbments'bf adsorbed gas are
qupal and ﬁpyﬁ&ita. and thus cencel, Qﬁis ie leég
aaéily thiaved in practice because of the differing
éatio of réal to geometric area for different

‘specimene of fused quartz.g7

The fact that, for
various ressons which are coneidered in Chapter III,
fuged quartz is the preferred material of
conatruction far\density balances, and working
quartz very frequently produces sowe amount of
'*bloonm’ (quartz volatiliesed irn the fléme and then
condenzed onte cooler nearby psrte) of a finely
divided and hence highly adsorptive nature, further
coﬁplieataa the problem of egualising real surfuce
moments, Density balancee have further
dizadvantagen, the main one being the difficulty of
achleving & stable balance point, thie probably

iBas . 48«50
arising from the slow ageing of quarts,

1f messurewents are made in vessels of differing
surfoce to volume ratiocg, the value of the second
virial coefficient corrected for adeorption should
be obtained by an extrapclaticn te zero surface-to-~

51 #nis wethod is applicable to most

volune ratio.
wethods for measuring virial cdefficienta, but the
prohle@ mentioned élready of differing ratios of real
to geometric surface areas for different apecimens,

at least for glesme veseels, makes such an approach




: .ef'aaﬁbtfﬁl %ﬂlua. in addition, the functional
forn of the extrapolation required is not
ﬁ@nesaarily linear, so the procedure ie further

complicated.

B ﬁeaau;éﬁpnf of the adeorption isotherm of the gas
_baihé;iﬁﬁeetig&tad should enable & suviteble
eorrection fﬁr adsorption to be agplied.46'52*55
| The adeorption isotherm determination has not
| always been made in the vegsels used for the virial

coefficient determination, @c that the preblem of
the determination of real surface area wmay again

~introduce uncertainties inte the correction which

i

sust be applied. Vith metal vessels, the greater

ense 0f obtaining reproducible metal surfuaces

reduces the importance of this congiderstion.

It wuet be eumphasieed that for many gases, wherse

adeorption effects are rélatively gmall, such procedures

can be perfectly valid, because vncertazinties in the
adeorption correction will be higher order effects.
Agcurate repults have been obtained in thisg way, for
exagple, for the inert gases at low_tﬁapﬁr&tﬁ135»56’57
In addition, messurements wade by wmethods which
theoratically.shnuld ghow errors from adeorption may

not in fﬁet.da B0, Thus Lacbert and ce-werkersﬁﬁ found
no difference in values of the second virial coefficient

obtained for ethanol, methanol, nrcetone and benzene




3
from a Boyle'e Law apparatus, whether or not it wae
filled uit&.giaan Qoal. Un the other hand, Hamann
and ?éa;sagg cbaafteﬂ effects, which they attributed
ta'séaarptian; during measurewments o¢n mothyl broside

and methyl &hi@:ide in a cozpreseibility apparatus.

It ie clear that for gases which may be strongly
-adgnrhe&..there ¢annot be any certainty that any of the
apﬁtoaches outlined above will be patiasfactory in
pr&aiics. 7hat ig really required is o method where
#ﬂaerption.aftects are measursd on the same surfaces
ag those used during the virial coefficient ﬁatarmiﬁatipn.
hFurtharmore. the meazurementz of adeorption and of the
wirial coefficient should bes dene in the absence of
mercury confining surfaces because strongly adsorbed
guees may adsorb on and possibly dissolve in the

mercury, which will introduce errors.

4 conelderation of these requiremente showed that
thay‘might be met by using a density talance op@raiiag
on the linve of tha_eleatramﬁgn@tic'balaaces which have'_
been da@cribaﬁ ir the literature for measurements of
sorption and magnetic sueceptibiliity. In view of the
infreguent use of a density balance for virial
coefficient determination, and mome of the unsatisfactory
results which have been obisined wiih density balances,

such & etatement requires some further justification,

Firetly, the recent extensive development of



:igaun§~ﬁiarpﬁklanewk {see for exumple refervnce 60)
i#ﬁigatﬁa thét 8 density balance with a uore stable
aake gnznx-iﬁﬁn tmat of previously desoribed balances
might he eaé§§yua%aﬁ #ith a reagoneble éerﬁﬁgaﬁy ef
&ﬂ&q&&§€.ﬁﬁ?#ﬁfﬁﬁﬂﬁiu secondly, sunh balances, because
Lthey azs\&aéﬁ-ia a veewus or contrelled atuecsphere,
'uxﬁaliy'iméarsur&ta an eieetrnmmgnqﬁie method of weight
 ﬁ¢§§ar&ﬁea%. if & denaity bmlaﬂﬁa‘marﬁ equipped with
sueh & seane for sltering the balancing density, a
ol more sluple procedure for obtsining resdicgs at &
variety &f balaneiag densities would be availegble, Sueh
. & denaivy bnlaaus ehould also be very much wore
reproducible than the ordinary eenaity baluance hamauaé
the density msasurements may be related to a difference
ié surrenta oo that balance etubiliity over one hour oF 20
oniy i reguired (the period for a density nenaurexent),
an’ the stabllity required over the run pericd iz Rhat of
the current-density relatiosship, which is defined by the

geonetry of the systen alone.

Howewer, by faor the wmwost inmportant advantage shich
ghould acoruve from the use of » suitetle electro-
wagnetically operated density balasce is that the
prodlens posed by admsorpticn carn be miniciced and

repidusl eflects can then be corrected far. The only

’sufraaas on wi:ieh adsorpticn matters froo the point of




v;éptﬁijtha determinstion of virial coefficients are
tﬁéaanéf the ﬁoving parts of the balance. Thus a
conétakt'aurfaeélanly is invelved. This meane that the
r&uul%s'aﬁﬁ.nct'cémplieated by the effects of adsorption
as they are in the conventional metheds which require
changes of volune. The procedures used either produce
naw_éuxiﬁéﬂa‘or result in adsorbed filme being covered
by'-mer;eurf. In gidition to this the area moments of the
t?e'afwa gan be egualised tc within S or 10%““ gc that
adsorption effects can be considerably redueced, It is
ghown later.(ahmptar I1) that the effect of non-ideality
ané the major eéfects of uncompensated adsorption in the
data from a suiteble density balance should be separable,
g0 that it should then be porsible te measure both the
extent of gae imperfection, that is, the magnitude of
the sacond'virial coefficient, and the extent of
adsorption nh the balancs. ?he adeorption is effectively
meaauréé en exactly the eane gaterial which is used for
the denaity detersinations, and at the sawe time, und so
there is much more certainty in the correction to bLe
applied and ther:fore in the velue of the second virial
coefficient obtained. In pructice, ihe correction ia
not obtained as a directiy obeervable experimental
quantity, but is accounted for in avaluating the aecqn&
viriel coefficient by the normml procedure of taking the

ratic of slope to intercept of a suitable plot. in




view of all thss, the writer feels it scnething of an
anti-climax_thkt for none of the gasee studied was an
afféat actually observed which couvld be definitely

useigned to adeorption,



Figure (1)  The forces on an asymmetrical balance beam



CHAPTER

In gemeral, s density balance does not have a

Iaymmetnioal'heam 8o the sigpie balance theoryﬁ1'52 nuat

‘be alightlj modified. The foreces acting on the beam are

repiaaeata&'in #igure (11.1) B is the primary fuleruwm,
4 and C, the secondary fulcrume,of the beam ABC., AC is
24 unite long, B ie a unite above the line paesing
thraﬂgh A and O, and ﬁhe centre of gravity of_the beam
_11@3 8 unite below B, and ie displaced x units from the

line drawn through &, perpendicular to 4iC. is the

fy
wase of the beam and ﬁ? ie the mass required acting
downwards at A to countnrﬁ&l&ﬁé& exaotly the mase §1
goeting downwards at C., The addition of a swmall wass,u,

caumes the beaw to turn through tihe small angle, ¢ .

ITaking giockwise poments abnﬁt B at equilibrium,'
‘and ignoring the swall torsional moment which may srise,
1f the prisary fuleruu ie a fibre, wire or ribboﬁ,

(;*-.»31 + w)(e.cosd - aging) = :‘saz(»e.c:osé’ + apind)

+ ﬁh(xgoa¥+ ssine) (11,

Trom equation (II.1):

(B, - 8.)0 ~ L.x ¢ wst
tand = 1 2 b

. b B
(mz + K, 4 ®) s + M8

1)

2)



Clogkwisge momente about B at balance (m=0, ©=0) gives:
Mol = ML+ Mox : ' : (11.3)
and gubstituting eguation {11.3) inte equation (I1.2)

gives:

tang = i £ ' (11.4)
(EE - ﬁ1 + mla + Wy 8

® ie gmall relative to M +¥,, ee'm1+ﬁ2crﬁ1¢32+ Gy

and eguation (1194) becones:

tang = Al .. (11.5)
. (ﬁ1 + Mg}a + e
and so, ;
B (B, + B, )a + K 8 :
B 2 b tandP (11.6)
2z , :
Differentiation of equation (11.6) gives the
gepsitivity defined ae %%2.
%% ® -l %_ 2 gec” g (11.7)

since 4 is suall, secd = 1 and equation (11.7) becouest

v (i, + K )a + N, » :
%%-P = 2 (11.8)

It is convenient aleso to define a gensibility which
is the nminiwum wmase change that car actually be observed
and mesgured reproducibly, end go depends on the method

of measuring .

Bquation (1I.8) showe that in order to obtain the




ideal of a ?éry-sen@itiva balance with sensitivity

independent of load, a should be gero, mh and 8 szall

and L large. Por Eh %0 be aﬁall_and ﬂ,lsrgé. the
balance bean in made 28 thin ass is conelsternt with a
rigid etructure. @ is made small by various technigues

deecribed in Chapter 111,

Por a balance cperated under constant losd

conditione, Ez and E1 are conetant, and the weight

changes are mensured by applying an equal and opposite
_waight or force change on the gsame eide of the bean,

The expression for the seneitivity renmaine un&ltereﬁ, 80
it car be eeen that s doee not require to be zero for a
eenglitivity independent of nessured weight change. a
must nevertheless be small for a very seneitive balaaea--

Vigial b(hf.fiblbh& PHOM
ABCE DATA

et s

There are & number of different wave in which
sscond virial coefficients way be measursd with deneity
balances, depending largely on the type of balance used,
There are essentially three different forme of the
density balance, of varying complexity, snd these nay be
labelled ae typee i, B and C: .

ke The gimple balance, balancing at one
predetermined dencity.

8., The balance whieh has provisgion for the
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addition of ridere of some sort, to enable the
balance to operate at more thar one different,

but etill predetermined, dencities.

C. The balance which can be brought tc balance in
gagee of any dersity, by means of an slectro-
magpe tic contrel or by an edaptation of the

ordinary semi-miero chemical balsnce.

For tnie type of balance there is only one method

for obtaining second virial coefficiante.54 Thig ia

| baged on the fuct that at egual dencities of different

gases the balance will be defleeted by equal amounts.

Thie ie etrictly true only when the moments due to
adporbed géa or the two arme of the balance are
adeguately agaalieéd, if no change of zero occours
between bslaﬁae in the first and in the second gas,
and 1f_tha=aifrerance in velume of the flotation buld
due to the difference of pressures is 1naigmifieant.
#hen these conditions are med:

ﬂ1 ":43 where 4 is gas density, {I1.9)

subscript 1 1a for gae 1 and
subaoript 2 for gas 2.

and éa. from the virisl expansion of density in terme

of powere of ihe pressure:

LT Hops |
123 = s in the usual (11.10)
AL, + 3191 BT, + szg notation ' '

OUn re-arranging, equation (II.11) ie obtained,



- 5w6.zx10309,em Hg.uole™

=

B, = x P *ﬂfl p {1X.1%)
1 1 1 2

Thus molecular weighte, or at lesst ratios, must
be assumed to obtain values of 32 and, in practice,
thies is the major disadvantage of the ﬁatﬁea. The
reason for this ie more obvious if order of magnitude
error calculations are nade.
Prou egquation {11.11)3

' [k Sp iast,

B, R : ﬁ? %m h W

Ryl By 91 Py | %y “1”

Taking @ 1a4¢ i uGG, g1ﬂ500m He, p2~37cm Hg, T u£2=500 K

-1 -1 -3

degree ', 5y1u5§2ﬂ2x1ﬁ ew Hg,

ST185?220001D{:] 5815’1(:@5&&13“1. Si‘*1mng>ﬁgl1=
5B, = 200 emmole”
v -
of which abovt 190 en’ mole ? ig due to the error in

E‘; and ﬁ‘?t .
1f 5%, = $H, = 0,01, 5B, = 30 en’mole” ! ,

and if S¥1 tSﬁg

To obtain all the gpses with iepurity levele

« 0,001, Sh= 10 ox’mole~'.

sufficiently low that their molecular weighte are kncwmn
to + 0.001 would not only be tedious, but probably
would require fmeilities for bakeout between gases to

avoid contamination frow the wore strongly adsorbed ones,
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Por a balance of thie type, it is poseible to
eircumvent the difficulty arising from uncertainties in

molecular weight.g?

An arrangewent which ie essentially
the same, and for which the dats may be trested in the
same way, is that of two or more similar balences pre-

&1 In

adjusted xar_different balancing densities.
theory ﬁhe.mathad can also be ueed for a gingle balance
with the balancing density altered, by fusion on or off
of guartz, for each point. Fractically, there sre

objectione to thie method (see Chapter I111).
7, may be assumed tc be equal to T, {(e=all
corrections may be applied if thie ile not gtrictly true),

and then equation (I1.11) can be rearranged to give:

P Py ¥ B
i 3 ._l£@1_% o (11.12)
P, BT | M, ' B,

Prom equation (11.12) it can be seen that the slope,d,
and the intercept,I, of a plot of 91f92 against p,
will be given by:

W

ET.8 = {Ei-131 - ﬁzj| {11.13}
i, ;
M

B
and therefore, fhon egquations (Il.13)and (Il.14):
B, = IB, - A73 ' (11.15)

Thue by asctually messuring the ratic of molecular

weighte of the gae of unknown virial coefficient and a
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standard gae, the reguirement of knowledge of molecular
welght ie reduced to a requirement that the molecular
weight be constant, although the constancy necessary is
atill a stringent limitation. If the molsoular weight
errors are not to be significant, the constancy in |
ﬁa/ﬁ1 must be less than the mespurement error in p,/pﬁ.
if pgﬁpzuﬁﬁ om Hg, snd p,= pzuo.eez em Hg,
5(p,/9,)=6x107°,  If thie equals 5(¥,/H ), and ¥ =k,=60,
the changes in £1 and ﬁg that can be toleratad_are about
+ 0,002 in either, Assuming that this can be achieved,
the error in Bg is given by eguation (I1.16).

SBz = 151@1 - 3151 + HSST + ALY (11.16)
If preegesures are measured over the range 10 to 50 om Hg,
£1=-1900&3@ala"1, #=6.2%10°0c .00 Hg.mnle“’dagrae"‘,
7=300%K, S=3x10""em Hg'1(32s5003m3m010-1), I=1,57=0,02°¢,

Sa1a1am3mole’1, s5=10""em Hg™', SI=5x10"", then

SB. mof 4+ 005 ¢ 0.08 % 18

2
~' 20 e mola” "

This error wouléd be larger than that sctually
obtained frou a plot of four er five pointe, which wight
be expected to lead to a probable error of about half

this, i.e. 10 em3

male"‘, in the value of BE obtained.
The iuprovement over the type A balsnce ie significant,
and in addition, a value of the uzoleculaur weight of the
second gas wonich can be obtained if thet of the standard

gas 18 inown, gives eome guide to the worth of the
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resulte.

?ni a balance of this type a further method is
availahie. Zffectively thie uses the current reading
{for an electromagnetiec balance) or the weight-readtng
(for a chemical balance) in place of the standard gas
ugsed above for the calibration of the balance. If the
weight added to the bulb side to bring the balance to
nuil ig w, and the effective voluﬁe of the bdbulb is ?;,
then after Di Zio et al.éj'wa can write:

& e % =w§a in the usual notation. (11.17)
e Sim !

Substituting this into the virial expaneion in terms of
inverse powers of the molar volume, and taking terms

t0 the second:

e (II.18)

Thue a plot of p/m versue v has slope, ﬁm‘ and intercept,

I given by equations (11.19) and (11.20).
gm 3 278 4
(ﬁVti'

RD. .
= - _ (11.20)

(11.19)

B m?I—-;E | : (II.?‘J

Alternatively, and analogously, if the pressure

virial sgeries is used inetead o6& the deneity series:

SO SR S
« "y, T At /. (11.28)
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and B P L AR

Por a balance weighing electromagnetically, if
iis the weight proportiocnal current, then m = kf ,
where k'iaha constant, and the expreeseiona corresponding

to equations (11.18) and (11.22) are:

- e e | '
R . A%k  ATk’8 32 3 (11.24)
: . K i .
0wy, (av)
% - %3& . fﬁk p 1 _ (11,25)
§ WV, WV,

and the expressions for B are:

o L iREE RTS8,
B = Huuie (11.26) @nb U = ————- (11.27)
(11) ¥ lp

Since an electromagnetic balance has been usged in
- this work the errors in the current form of the equation

will be conaidsreé. Prow equation (11.27):

e - RTS
SB m wsB 4 weBs? 4 R (11.28)
. . . Y |
I’i’-‘ 1p (I?)

I1f pressures are measured ir the range 10 to 50 cm Hg,

with an sccuracy of 0.002¢wm Hg, currents with an

acouracy of 0.001%, 1260, 520,003, then 51 =0.01,

ﬁspnix?O”a and the other valuee are those qaed above,
SB = 9 + 0,006 =+ 0,02

3&013*1

= 10 on
Unce sgain with a series of five points, a

probable error of ébont half this, that is, about
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« B eﬁﬁmﬁla"1. weulé be expected, The improvement over

the ::1/p2 plot arises fram-the fact that the error from
the 538 term, the largest contributor, ies about halved
becauee the current measurements may be made
éigniricantly more accurately than the presssure
ma&suremanﬁs,.and errore arise from only one set of

prevsure resdings rather than two sets.

80 fur, the discuvassion of errore hae inciuded onlf
those arising rrné pressure, tesperature and moleculsar
w&ight. There sre, however, other sources of error
for den=ity balence meusgurements, so thsse and the
methode of &oeounting for thes will now be considered.
The epsuing discusgion is concerned especially with
¢ type balances, because these are wore suitable for
accurate virial coefficient work, but it is also

appxopriata for B type balances.

Given a balance of adequate gensitivity and zero
point st&bility, it ie nscessary to krnow also the
effects of adsorption, bulb volume variation and
non-linearity of the current-foree relationship

for the interasction of the magznet with the solenold.

The forces which sect on the balance beam at null
in a gae of density, 4, and pressure, p, are shown
in Pigure (11.2)(a) and the wmoments these exert about
the pivot are shown in Figure (11.2)(b), where

&, by ¢, €, are constants. i is the total vase of



V(p[d '

(a)

A
(b) . \lxa\/

aM + bV(p)d - cAqp + efi)

|

(c) | | I \"A/

aM  ef(i,)

Figure (I.2) The forces on an electromagnetically ;compensated
density balance at null
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the moving parts and acte tarough their centre of
gravity. A ie the total surface area of thé moving
parts, and q(p) ie the mase of gae adsorbed per unit
of area on the balance and so ie a function of
pressure. The force Aq(p) acts through the centre

of area of the moving parts. ¥{p) ie the total volume
of the moving parte of the balance, and is a function
of pressure. The upthrust V(p)d acte through the
centre of volume of the balance., £(i) is the force
exerted on the msgnet by the field of the sclencld,

and eo is & function of the golenoid current,i.
At null, therefore, we can write: :
ali + bV(p)d - cig(p) - ef(i) = O (11.29)

The moment al will sleo include any constant
forces soting on the magnet as a result of, for exauple,

the earth'e field, nearby magnetic material, ete.

In a vacuum, 4 and p are both zero and i = 13’

so the momente are as shown in Pigure (11.2)(e), and:

ali - ef(1 ) =0 | (11.30)
Gombining equations (I1.29) and (11.30) gives:
bV(p)d - eag(p) - ef(1) - f(ia)] . 0 (11.31)

Porms wmust now be chosen for V(p), ql{p) and £(1i).
The theoretical expression for the dependence of the
volume of a vniformily thin epherical §h311 on pressure
is V(p) = L hp, where V is the volume in a vacuum

and h ie a constant (eee Appendix 11). This

T R S N T
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expreseion is used for V(p). fhe adsorption isotheru,
defined above ae mass adeorbed per unit srea equals q(p),
ie taken as q(p) = 1lp, where 1 is a constant, for
convenience. In equation (11.31) ¢ ie effectively the
horizontal displacement of the centre of area frou the
balance pivot. It ie made euwall in the balance deegign,
g0 the error introduced by this approximation should be
of second or higher order only. £(1) ie theoretically
direoctly proportional to current. To acecount for
poasible inasccuracies, for exawple, in the winding of
the eoclencid, polarisation by the sclenoid field, the
form f(i) = wm{1+ni)1 18 used. n iz & ocnstant which is
expected to be very ewmall, and since 10 is slszo suzall
(1) - f(io} can be equated to m(1+ni')i’', where

i'' = 1 - io'

ineerting these expreceions into equation (11.31)
and rearranging givea:

4 = rp + o(1 + ni')i' + etpi’ (11.32)

adsorption nonlinearity bulb contraction

where r, n and t are swuall gompound constante depending
on the balance dimensione and the constants introduced
in the paragraph above. @ is the approxiuate
proportionality constant between d and 1'. When thie
expregssion ie coubined with the virial equation in the
presesure fors, equation (11.33) ie cobtgined if second

and higher order terme (crose products of suall numbers)
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are ignored.
- GERTR - ¥ S iﬁ%ﬂL + il P . {11.33)
1' J-R7p Heaidy HwRDr

Bquation (I11.3%) ie an expanded form of egquation (11.25)
For a plot of p/i' versus p, '

, RT
————— a - - P & q
B = : E‘Jp n tlpj (11.34)

The effect of ndsorption is cancelled out as a
result of taking the ratic of slope to intercept. 1t
fung are done on two gases of different wmolsculsr
welghte, and hence different interceptes, for which
values of the second virial coefficient are known, the
conatants for the nonlinearity of the current force
relationship and for the contracticon of the bulb can dbe
eveluated. Further rung may be made on other gaseg 10
provida a check on this. A® an additional check,
thege constanta should haeve approximately the sane

values at different temperatures.

It ie worth mentioning that although the pressure
and current (dernsity) dependent effectes abuve have bean
labelled bulb contraction and nonlinearity effects, any
emall effect with a dependence on pressure or on
current will be incorporated in the relevant constant,

The eignificance of this will eserge later. (Chapter V)
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A type balance operates st one predetermined density.
B type balance operstes at move than one, bubt still Ws#wm density.
¢ type balance has conbimuous mgaaf&mitymxugwm

| BALANCE BALANCE USED FOR STUDYING ANYTHING FLSE OF INTH
: *®
-+ Made two balances; A for 1ight
. - i ) ] x two e or
Stesle and Crent 1909 64 Xnife edge  Fused quartz - 43}2..7 g; Apparatus developmend loads, B for heaviex.
Whytlaw-Gray and Ramsay 1910 65 Knlfe edge Fuged quarkz - 2x10 Radiosctive dipintegration of radium
ok ™5 : :
Mytlaw-Grey and Remsay 1912 66 Knife edge  Fused gmarts - 2x10 Abomic welght of radium.
Aston 1913 67 Knife edge  Fused quarts A 1078 Separation of neon isotopes First density balence proper.
Taylor 1917 68 Ouevts fibve Fused quarbs A 1070 Density and atonle weicht of Te.
a0 . . A ber of balances deseribed.
Stock and Ritter 1926,1928 69 Pin in cup Tused quarts A,C 2x10 B s mili-.?um W Fi:xr.?;:: elegtmgnetia density balance
: (4
Rodebush end Michalele 1929 70 Pir in cup  Fused quarbz A 167 Vapour density of NI,CL at elevated temps (300°C)

: _ e ; £ ion of
Whytlew-Gray, Cawood and Patberson 1931 49 (uavtz fibre Fused quarts B 410 htomie weight of Xe. mmtﬁbf PREPAA
Lehrer anl Kuss 1933 71 Knife edge  Fused quarts ¢ 7x10” Apparatus development Bclenwlon of Bteck's jdena,
Woodhead and Vhytlaw-Gray 1933 72 (uartz fibre Fused quartsz B 321@”3 Atomie welght of C from limiting density of CQ.

Cawood and Patterson 1937 &1 ‘mexbts fibre Fused quaris B 4:‘;1@"9 Atonde welghts of C; By T
Simons 1930 73 .
Roberts, Imelens and Briscoe 1939 T4 Guaxbe fibre Fused quartz A Tx‘ﬂfe Vapour density of deteramines.
casm, Magsie and Whytlaw-Gray 1949 54 Guarts fibre Fased quaris B m&"& Holecular welsht and B for n-propanc.
m ot e Y g Vg 12! Plninouwp  Pused quarts C 100 Vepour phase assoclation of carboxylic scids.
Cansado, Massie and Whytlaw-Gray 1951 71 Guartz fibre Fused quarbz B 23.1@“3 liolecular weight and B for C H Used movesble ball bearing in
¢entre of bean to alter
linearity of IV isothemm balaneing denaity.
Lambert and Phillips 1951 48  usrts fibre Fused guarts b ?ﬁ*g Holecular welcht snd B for %;2 and 01{4 Introduection of sensitivity
; ad justment by hanglag wei?hta on
; additional hooked fibwe, .
Simons, Sheiver and Nitter 1953 18 - Hickel,gold plated ¢ 10"'7 Apparatue development Automabic mulling version of
an earlier balance.
Reeves and Whytlaw-Cray 1955 45 Guewts fibre Fused querbs B 2x10™° Monle weicht of Xe.
Sottomley, femmingbon and 1958 79 (uarts fibre Fused quarts B 2x10™8 B fer Ol
fhytlaw-Oray ' :
junlop, Murphy and Bedford 1958 80 - Fused quarts ¢ 1077 B for n-Cely,
«5 ;
Buckingham and Rasb 1961 34 Pinin oup  Fused guarts A w™ B for some polexr vapours Used defleckion of bess A8
: meagure of density.
Lawley and Sutbon 1963 43 ¥nife edge  Fused quartz B 4::10“7 B for 2 component mixbures.
PiZio, Abbott, Zibelle and Van Ness 1966 83 Enife edge Aluminium alley c 1ﬁ~5 ‘firii-ﬁ aaegﬁuimﬁ of nﬁcsﬁ‘f 45 apparatusg Used Ainsworth semi-microbalance
lurner 1966 41  Guodky fibre Fused quorts A 4x10°7 B for verious pases and mixbtures Umed two A type balances to obitain
ey effect wi a B type balance,
baing 1967 61 vetAl xibbon Alwainium alley ¢ 2x10™7 Dengity balance used for pressurve messuvements. |
Fisinger 1967 82 Tinia W waa gg&l beam, C 5x107 Conpressibility of oxygen - apparatus develoyment. %mrzgw 2t prossures up o
fleat and countexr
balance, 2ll gold
ploted,
his work 1969 ety fibre Guarts ¢ 3107 B for some polex gases
E 3
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A dencity balance is essentially 8 micro- or an
ultranmicro-balance used to measure the buoyant upthrust
on a 'flotation' volume imuersed in a gas. The principle

wae firet uveed, in reverse, by Steele and Grantéa

in 1509,
who used the upthrust on a buldb to counterbalance the
downward force due to the object being weighed. The
pressure of the gas providing the upthruat wes messured,
and with knowledge of ite compreseibility and the volume
of the bulb, this gave a value of the upward force eguel
te the unknown downward one. Their balance, constructed
from fused silies, had & knife edge pivot and the bulb

and sample pan were hung on a guartz fibre fused to the

beam. 1t wae mounted im a vacuum tight case.

3ipnce then & number of dencity balances have been
described in the literature, with a variety of different

designe and uses. These are susmarised in Table (IIl.1).

It ie of interest to coupare density bslance deaign
with that of the so called 'vacuum' micro- and ultramicro-
balance - a balance designed to messure very small weight
changes due to adsorption, ahaoéptien of a physical or
chemical neture, chesical and theruo-chemical changes
and interaction with a strong magnetic field (umagnetiec
susceptibility wmensuremente) at pressures in the range

several cm Hg to high vacua, OSuch balances have
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genaitivities similar to that rehuiked for a density
halgnce, and may messure welght changes of a similar
order; they are therefore very relevaent to a
consideratior of density balance deasign. The design of
vacuum ultramicro- and wiecro-balances has been extensively
and authoritatively reviewed by Hhﬂdiﬂﬁj and Gulbransanﬁa
in 1953 and by Behrndt - in 1957, and subsequent
develo:mente are very adequately covered in the eix
volumes of Vacuum ¥icrobalance Techniques for 1960 %o
196750. The theory and applications of vacuum micro-
balence techniques have alego been reviewed in 196%.52
Conmequently, no attempt will be made here to provide a
comrlete coverage, but any relevant parallels and
contraete with density balance design practice will be
pointed out.

The design of chemical micro- and seximicro-balances
ie alsoc relevant, sepecially eince a seuivicro-balance has
beer: ueed, with very little modification, as a density
balanea;63 i comprehensive review of the theory, deeign
and perforsance of cheuical balances available in
B6

America was published recently = and includee information

about almost all balences available in this country.

UATBRIAL OF CORSTRUCTION

Fused silica (quarts, fused querts) hae usually been
used for the construction of density balances, and this ie

explained by the following desirable propertiee of quariz:
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Ite major disadvantuges seew to be that it is a poor

It has low density.
It has & high strength to weight ratic.

It hae a low coefficient of tnarmal.éxpanaian. s

It is readily asvailable, pure and homnogeneous,
ag rode, plates, tubes, ete.

It is chemically inert tc almost all gases.
Chemrical cleanipg of guartz iz easy.

quartz does not occclude gampes.

Por many gases adgorption on quartz is not
ﬂignificant.s?'ae

Strong, thin, flexible quartz fibres can be
drawnag and fused directly without the use of

cermenta.

The elastic properties are nearly perfect;

25

there is little flow or creep, and so torgues in

fibres can be small and reproducible.

conductor of'electrieity and 80 electrostatic charges can

build up and interfere with the balance, snd also that it
ages elowly so that the gradual relief of etraine set up
during the manufacture of the balance may cause the zero

point to wander erratically.

oven has

fane to ersure temperature uniforwity, and the

vibration from these can dawage a delicate balance.

COf the four metal deneity balancee describved,

fisinger’

8°? was for use up to pressures of %5 kg/sq om

The ordinary glase annealing
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{about 37 atmospherg), so that a hollow gla#s bulb

could not be used. As will he geen later, one object

in sensity balsnce deeign is= to have equal adsorption

on either arm, 20 that if & metal 'float' is uvsed the reast
 of the balance should be wade frow or plated with the

gsare petal, and so the whole balance wae sude fron metal.

Of the other three metal balances, one seens to have been

& prototype only,7B 63

another, an ordinary seunimicro-
balance in & epecial metal chamber, wae said by the
authore not to have given reproducible results with
cheunically more reanctive gamsee, and the otherﬂ‘ wae uged
fer pressure measuremente using a comsmercially avallable

wmetal vacuum micro-balance.

Vacuum slcero~balances have often been made from
quarts but Bura1?1 and invar 2 have also been uged, The
pregent eituvation ig that a ccmmarai&l.balance nade from
sluninivm alloy eatisfics the requirements of asost users
ef vacuuw wmicro-balances, 80 thege will probably be used

increasingly.

There ie, however, s further consideration to 53
taken into account in the case of balances used for
sorption studies, magnetic susceptibility measureuvents
and theruograviwetric analyeis. ir such investigations,
the problems which arise because of temperature gradlents
along the beam way be miﬁimiaed by having a beam with
both low thermal expansion and high therusl conﬁuctiviqy?B

e R e e S N e SRS T S R L N
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Taking both effects intc consideration, there ie little
to choose between guartz and Dural. it wust also be
borne in mind that adeorption on the belance ie iikely
to be of greater importance in the case cf a deneity
balance which is generally used at higher preassures, Thie
ie wore readily minimised if one material only is used
in the eonatructioa,63 an aim that ie more readily uet
with a fused silica construction than by using metals.

fhis is even more ®o in the case of an slectromagnetically

operated balance.

TYPLE _OF BAlK PIVOT

The following types have been used for denalty

balances:

1, Knife edge Thie was used in Steele and Grant's

e e —

original instzumant64 and in some later oaae?3'6§'67'71

It ie difficult to grind a suitable knife edge in fused
eilica, and the knife edge ls eaeily chipped subsequently
if not handled with great cara.ﬁg Sapphire or agate
¥nife edges car be cemented to the bean to circumvent
thisg, but-thare is a further more important dieadvantage.
In a very sensitive balance, the knife edge has a

tendency to vwalk',*? 1.e. alter ite position on the plate
or shallow groove where it reste, and so extreme care when
ueing the balance and good insulation from vibration and
jolting 1is essential for good results. The long term

stability will inevitably be poor because of the
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susceptibility to shock. A chemical balance, éhian has

a lower absoclute sensitivity may be used with a larger

bulb te give the neceasgary ratio of sensitivity te'range,ss
but this type of instrument does not perform well in a

gss line. The variety of materiale used in its
construction complicates the problem of adequately

equalising the wmomente of adsorbed gas on the twe arums,

2. Pin and ecup Plame drawn tungeten points in

quartz eups.69’75’7& tungeten pointe in eaprhire ?'aﬁg

and quarte pointas in quarta aupaﬁq have all been used for
deneity balances. The laet of these was shown t¢ be less
gatisfactory than & knife edge ptvot;qs Sapphire
(gramophone) needles in quartz cups have been used in a
less senszitive adsorpticn halanee,94 and electropolisghed
tungeten points in psrabolic quartz cups were used to very
good effect in & sorption balance95 with ultramicrogran
geneibility and very swall long term zero drift. The
balance wae, however, susceptible to shock, though not %o
vibration. One of the commercially available micro-
balances (3artoriﬁaga} uses & pivot of this type. Thue
it seeneg that suech & pivot can be very satisfacfory. but
elege attention to the detailed ehape of the pin and cup

is necessary.

3, Pibre, wire or ribbon The type of pivot used woet
frequently in density balances is a gquartz fibre fused to
the gquartz beam. In other micro-balances, a ribbon

clamped to & metal baang? & tungeten wire cemented with

R R I——
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fused silver chloride to a quarts bea&gﬁ'&né a guarts
fibre fused to a quarta beamaﬂ’gg have all been used,
lost commercially avasilable balances use this type of
pivot: Cahn (metal rihhon).ioq ﬁ.I.I.B.(uira)1°1,
0.1.(w1r9)102. Certling (quartz fibre)‘o3.

Por a denaity balance there seeme to be little %o
choose between the ugse of a well made pin in cup pivot
and the use of a ribbon, fibre or wire, although the
precision of control needed for the prefile of the cup,
and the equipment necessary for electropolishing the
tungeten pointe, makes this type of plvoet lese easily
fabricated. #ith a quartz balance beam, a quartz fibre
ie as easily used az a metal ribbon or wire, and has the
further sdvantage of needing no ceuent. However, by uveing
- wifa cemented in a groove cut to a Jig controlled
de9ﬁh,9ﬁ or a pin/oup fused on in a ;13,95 it ie poseible
to construct a balance with predetermined gensitivity.
This can not be achieved using & drawn fibre with any
certainty, 80 that where this ig uzed, eome means muet be
provided for subsequent adjusiment of the gensitivity (eee
later).

ALTERATION OF BALANCING DENSITY

4 density balance is of very restricted uee if 1% can
be uged at only one density (see Chapter II). ¥any
metiods have been employed in order to make measurements
or comparisons of density over a range of values, or in

the esse of vacuum micro-balances, to measgure over a



range ai weight changee.

The siwmplest method is to use the deflection of the
balance as a measure of the deneity of the gas surrounding
the bulb,aa or of the weight of the aawple.so Thie is a
linear relationship over a restricted range (see above),
but the limits are not wide, 2o that the ratlio of range
to gensitivity ie snmall.

An slternstive method ie to fuse piecee of gquarts
on or off the (quartz) beam or, more comnveniently, to add
or remove riders on the bulb or load eide of the beaa.as'ug
 Thie provides a range of values but can be tedioue in
operation because the balance case wust be opened between
each set of readingsa. The limitations impoesed by this
pethod can be tolerated with a density balance used only
for ccuparisons of density, but are unacceptable in the
case of vacuum micro-balances, or in the case of deneity
balances used in the direct measurement of denelty, where
the weight change to be measured is not necesearily known

prior t¢ the experiment.

There are, woreover, cbjections to the addition or
resoval of quartz by fusing because such a process
inevitably sete up strains in the balance, and the slow
eaaing of these straine is reputedly a factor in the
gero drift of the balance (see above). Furthermors,
any intense heating of guartz is liable to cause 'bloon’

(silics volatilised in the flame and condensed on cooler
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parts of the balance), the finely divided nature of which
can lead to problems frow nob.compensated adsorption.
Bven opening the case %o add or remove ridere would be
vetter avoided becauvse in so doing the balance is alwost
inevitably aubjscted o sowme ehocks. This alters the

zerc point, and so calibration is necessary each time this

is done.

Accordingly, methode have been evolved for changing

the balancing density or load from outside the caee, Une

metrod used o piece of soft iron in the centre of a hollow
beam, which could be wmoved along the beam by a magnet
ocutgide the casa,'ea #nd annthar77 has employed a ball
bearing which could also be poved in thie way ineside the
beam, which had depressions %0 locate the ball bearing.
Keither of these could give reproducible belancing pointe

and sc calibration was necessary ={ter each move.

4 more successful approach wae that of Di Zio et 31.63
who uaed a eceimicro chemical balance enclosed in a
gpecial chamber. leak tight glands in the easing enabled
the balunce and weighte $o be operated by the norizal
1inkages, =0 that the upthrust on the bulb could be
measured convinuously, with the limitation being that of

the normal resolution of the balance.

flectrowagnetic methede have been widely uesed for
vecuun micro-balances, with very many different designs.

ﬁasﬂﬁi-magnetﬁg. aagnet—uoil75'76'9§, aoil—magnetgﬁ'97’189“
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ucil-cailgu gnd induced uagnctﬁecilgg interactione have
all been used (the firet word referring to the wovable
member attached to the beam and the latter to the member
outside the cmee) in density or vacuum micro-balances,

- and moet of these have been used in a veriety of
gconfigurations. Those whioh are potentially of woet use

for high acouracy work are:

1.A long permanent magnet is gcaled inpide the
bear and centred relstive to 1%, A large
electromagnet directly benesth this providees a
controlled field by a meagured current. The current
ig directly proportional to the moment exerted on
the beam, and hence to balancing denuity;75’76 The
prineipal disadventage to thie wmethod ies that to
exert & given moment on the beau, @ muech larger
current is needed than with either of the next two

gethode,.

7.4 long persanent magnet ig incorporated with a
hangdéwn fibre, or hung below the load (bulb or
sanple panj. The magnet hange in a solenoid of small
ddameter mounted on the outeide of the hangdown linb,
Phie arrangement was ueed in the sengitive adsorpticn

balance of Czanderns and Honig.gﬁ

3.4 moving coil meter type of arrangement may be used

with a coil, attuched to the centre of the bean,
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which moves in the uniform field of e suitably
ghaped permanent magnet. Current is fed to the eoil
along the two metal pivotlng wiroa‘or ribbone. This
method ig used in all the commercial electromagnetic

eiorc-balances, 281 100-102

Of these three, the last two are more promising
for @ balsnce with a large ratic of range to eensitivity,
where it ig necesaary to have relatively very constant
currents, which aim is achieved wore readily with small
currents. #or & density bualance, the megnet in
golenoid errangesent has the advantage over the moving
coil design thﬁt the parte in contact with the gas (the
magnet) can be encaged in the eame material as that from
which the balance is maﬂé very wmuch more readily. The
major disadvantages of the magnet in solenoid arrangeument
are the markedly greater sensitivity to etray magnetic
fields, and, depending on deaign detalls, possibly

aleo to level changes.

ATTACHNENT CF FLOTATION VOLUME

Denaity balances have usually been used with gases
at pressures of only up to one atmesphere and, since the
load on the pivet is to be winimized, the fiotation volume
in those deascribed in the literature slmest invariably
is & huliow, thin-walled glass bulb. The exception i
%hé aluminium float used by Tiaiugargz for preesureg up

to 37 atmospheres,
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The contraction of a thin walléﬁ bulb with
incressing external pressure can give rise to errors in

two distinct way371=

1.%ith a bulb fused directly on to the beam, the
centre of mass of the bulb will sove relative %o
the pivot, thue altering its weight wmoment and hence
the balancing density.

?. The upthruast on the bulb will change because of its
volowe change, and sgain this will slter the
balmneing density, though in the oppoeite sense to 1,

Lenrer and Kuaa71 applied theoretical correcticns

for both errors, but as 1. is markedly 1&2@3:4?

and may

be circumvented by hanging the bulb on a thin fibre, as

s depign principle, this should be done, i1f, as is
1ikely, the bulb wall is of an uneven thicknese such a
theoretical correction will be inadeguate. The effect of
2. ear be wmeasured experimentally with an electro-

magnetically operated denszity balance, and the appropriate

ecorrection applied (see Chapter 11).

Piret order correction for adeorpticn is achieved
by equulising the apparent surface areae on the two arue
of the balance beam using an area counterbalance, which
may conveniently serve o¢ & maseg counterbalance also. It

wag found uith one balanse&? that even with such
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compensation adaarﬁzien cauged si@éificant‘errora, and
this was traced tc the different ratio;or real to apparent
gsurfnce of a blown quarts hulb.;anﬁ.a gquartz cover slip.

A trial and error adjustuent for this wae appliled by

uging the haiaaaa to determine thé molecular weight of
sulphur ﬂiﬁ;ida. Sulphur dioxide is heavier than the
other gases for which the balance was to be used and is
adsorbed to a larger extent than many other gasﬁq.&?

Thus, any inequalities in area would give rise to a large
effect. The area counterbalance wae altered in size until

a good result wae obtained, when it wase found that the ratic

of apparent arese (bulb to plate) was 413.

An alternative technique which has been employed le
to flame the bulb &nd area counterpoise and 80
approxzimately equalipe the ratio of real to apparent

Greigd. #8

-ﬁit& an all metel balance, the egualieing of real %o
apparent surface ratice should be more eaally sonieved, by
plating #ith a suitable metal; gold hes been used by
Tiaingarﬁg and is used in the models of the Cshn‘oo

balances deepigned for work in high vaocua.

YETHODS LSBD POR OBTAIRING RECGUIRED SENSITIVITY

The problews has been approcched in two ways:'
1.A balance of largely unknown sensitivity ie made

and is then adjusted by one of several technigquee,

2.8y the use of an appropriate design, jigs can be
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used to conetruct a balance of predetermined
genaitivity. Phis method has been used with soue
adsorption balanaea.gs*gﬁ
The adjustment af_the gensitivity of a guartas
balance wae originally sccomplished by removing or adding
emall pieces of guarts to a peg on top of the beam and 80
lowering or raieing the centre of gravity ef the beam.
The cperation is tedioue, and because of the slow ageing
of quart, a few weeks may be required after esch adjustment
vefore the balance atiaine a stable gero and the effect of
the adjuetment can be ueasured axaetly.105 Purthernore,
such operaticns are liable %o produce 'bloom', the

objections ¢ which are outlined above.

Lavbert and Ehillipa“a have introduced s wmuch more
gsatisfactory method, The beam is provided with an
additional, hooked fibre, drawn fros a point appreclably
above (or bglow) the axis of the beam., 4 preliminary '
gsensitisation ie carried out as above, ths balance is
aged by baking at EGQGC for'savéral hours and then lef$

for some wesks before use. Pinal adjustments to the

gonzitivity are then made by adding quartz weights to
the hooked fibre,

iy USS OF A DERSITY BALANCE

The wain problem is that of zero point instability.
This can arise for a balance with a knife edge or a pin in

cup pivot from jarring or level changes which alter the
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relative positions of the balance beaun and fraue, In
the case of & quarts fibre pivot, mechanical shock and
vibratior can apparently cause gZero changes alsoc, and
this hae been attributed to the setting up or easing of
gtrains in the balanae.#ﬁ It ie therefore important to
minimise any vibration by suitable mounting of the balance,
and to use the balance with the utwost care to avoid
jarring of any kind. in this connecticrn the electro-
magnetically compensated balance hae the advantage that
the beawm can be very gently moved by fine adjustument of
the ecntrol ourrent. Purthsraore, since g vacuum
resding car be taken before and after each density

measurement, the number of readings at risk if the

balance should be accidentally jarred is one at moet,

Apart frou sudden changes, the zero may drift for e
variety of reasons. The elow eseing of straine eet up
during the manufacture of the balance lg one such cavee.
Phie can be largely eliminated by the ageing treatment
which wae introduced by ﬁhytlawﬁﬂrayag and whieh has
been outlined ébnve. The slow condensation of mercury
vapour on the balance beam has been reported to occur

106 and this also

even when gold mercury traps are ueed,
can give rise te zero drifs. The author hae experienced
no sueh effeet when tin foil mercury trape were used.
Condensetion of vacuusm grease on the balance has slso been
suggested ae a poesible source of zero drift.105 This

geens unlikely to occur with modern, low vapour pressure



u2
S?G&BGG; but in any case it can be eliminated by the use
of '0' ring sealed joints and greaseless vacuum stopcocks.
Ir all these cases the electromagnetically operated
balance has the advantage that the zere peint ies required
to be stable over much shorter periods, viz. the time
required fai one density reading (about one hour) rather

than the time required for four or five readings.

The other iwmportant poseible source of trouble is
from the inadequaecy of gimple corrective procedures for
adeorption of the gae on to the balance beam and bulb,.
Alteration of balaunce zero was obsarved by Stuckeg
who, using a balance with no area counterpoise, noted
that weizht wae gzained on the bulb eide, and lost slowly
by prolonged evacuation. When the apparent area mouments
were equalised no such effect was obaerved, within the
limitations imposed by the relatively low sensitivity
of his balance. Cawood and PatteraanQT equalised real
surface soments by the trial and error method described
above. This procedure was necessary because of the
unliksly and inconsistent values of the wolecular weighte
they obtained for ethylene, carbon dioxide and nitroue
oxide, gasee which would noi normally be expected to be
sdsorbed to a significant extent. biore recently, in
this research group, density balance measurezente have
given a cecond virial coefficient for fluﬁroform34

gubsequently shown to be in error by 100 cmsmole'1 in
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200 aaamcla"1,?5 and have implied a positive second

virial coefficient for hroa@mathane.“’

{ther
messurerente for bromomethane, chloroethane and
trimethylaéina have given virial coefficients aeneiﬁerably
more'negativa than thoee reported by other workere and

alsc those reported nere. '

These observations have all
heen attributed to errors arising frow adsorption on the

balanca.

Phe author has, however, observed no errors which
indicated that eignificant adeorption was occurring
during the course of the work described in the later
chaptera, Purthermore, measurements of adsorption on a
quarts micro~-balance of similar design tc that of
balunces used for density determination showed that for a
gas as resdily liguefled as propane, even if no area
counterpoize were used, the error introduced inte the
determined second virial coefficient would be of the
order of 5 %0 10 cmjmale”T at 250*.§a Polar vapours
would be expected to be adsorbed to a somewhat greater
extent and so the errore im the virial coefficient would

aleo be larger but probably by no more than an order of

sagnitude.

It sceme likely that the error in the second virial
coefficient for fluoroform and the implication of a
positive virial coefficient for bromocumethane quoted

above might be sccounted for, in part at least, by errors
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in the molecular waighﬁe witich had to be assumed
because o simple single-deneity balance wae used (see
Chapter II). The other measurements for bromomethane,
chloroethane and trimethylamine were made using two
balances cperating at different densities. Both
balances had the flotation bulb fused directly %o the

beam and it seems probable that the errores were introduced

by contraction of the bulb, az cutlined above.
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The apparatus has been built to measure virial

_'éﬁéfficients by the method outlined im Chapter I1i. fThe

'3requiremaﬁta may be summarilsed:

1. A manoweter capable of measuring pressures up to

50em Hg with an aecurﬁcy of about +0.C01cm Hg.

24 & denaity'balanqq able to compare densities up %o
4x10"’5 gm.om‘3 tc within one part in 5x1@5 of the
higher densities with a limiting accurscy of

+4%10™% gu.en™> at the lower end of the range.

3, Control of the tesperature of the gag in the

brlence cage toO aEOut 10.0106.

In addition to’theae conditions, in order to

extend the range of gases which can be gtudied to

include those which interfere with the surfsce properties
of wercury or actualiy react with meroury, a separator

~with a gensitivity of 0.000%cwm g ie required.

The apparatus is shown schemutically in the bleck
diagram, Pigure (IV.1).

THE WANOMBTIR ASSEMBLY

The manometer nesembly ieg similar to that of

Lambert and Phillipa&a and iz described in detail
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107 1t consists basicelly of @ thin-walled,

elsewhere.

glase U-tube and daliﬁrated gla@w agcale enclozed in &
casing with glase front and back through which
therncetatted water is pacsed, 4 umicroscope with an
eyepiece graticule or whiech one divieion equals 0.001em Hg
is mounted on the cage, and proviaiah ig made for it to be
moved in thres mutually perpendicular directions, for |
focuesing on the meniseci and scale graduvationa. lThe.
scalse and uenisei are illuminated by & normal, diffuse
light frow behind, soveable ahrew&s are used to improve
the clarity of meniscus images. The level of mercarg

in the manometer can be altered without allowing ﬁxyganl

to come intoc contact with the mercury.

After the manometer had been set up vertically, using
a plusb line 2nd sensitive spirit level, the tubes were
waehed by drawing up inte thgm warﬁ chrogic acid,
distilled water, and 507 nitric acid, in succession, and
then thoroughly rineed several times with distilled wmater.
The tubes were then evacuated te dry thes, and triple-

distilled mercury aduitted via the mercury handling systeu,

The performance of the manometer hag been marred by
the pocurrence of a zero error, arieing from a slight lean
of the asseuwbly from the vertical, three different vsluee
of which have applied at different timee during the
experimenta, viz. gero, -0.007 em Hg, ~0.010 cm Hg. The
change in $ilt ie probably due to the lack of rigldity of



the bench and bolted-up stund on which the manoweter
reste. This bolted-up etend has now besen replaced Ey a
welded one. The correction is fairly resdily verified
by checking witn a spirit level $he inclination of one

of the wmicroscope carriage surfaces to the horizontal.

Preseures can be measured witﬁ a reeolution of
40,0002 on Hg by estimation of each weniscue position te
0.1 eyepiece graticule divieion. The measured pressure
is then corrected for glase scale i&gerrectiona;107

o8 the temperature of the glase

"eapillary depression,
gcale and mercury, and for any zerc error %o give a value
of pressure in nm-ﬁg at 0°C and under local gravity.

If the nonlinearity ie defined as irregular deviations
from a strictly linear relationship between obgerved and
true pressures, the combined linearity and reproducibility
of the pressure reading with these corrections as a
function of true preesure ig about £0.002 e¢m Hg, pinviée&_
that the meniscus heighte differ by less %hén about 3&%.
which means in practice that the mercury must be run up
the tubes prior to meking a reading. The most likely
liviting faetor in the llnearity iz the calibration of the
glass scale, and in the reproducibility it is errors due

- to refraction and the relatively large corrections for
capillary depression arising frowm tﬁe vee of 11.5 um

dianeter tubes, These were used beczuse of their ready

availability. The nonlinearity errore are probably



Length of beanm ' - 15am
Lismeter of heam O.1cu

Liameter of fracework rod O.2cm

#eight of bulb in air C.b8gm
Diameter of bulb 3em
Yolume of buld 1a@m§

feight of magnet in sheath 1.2gm
Length of wmagnet Sem
Diapeter of magnet C.20m

Period of swing of balance 17sec

Zable (IV.1)




the larger by a conelderable margin. {See Chapter VII °

for detailed sccount of error assessment.)

THE DENSITY BALANCE ASSEIBLY

The balance follows the design ofg?amhert and
Phillipe,*® with the essential modification of the
provision of an electromagnetic method for bringing the'
beam to null in gaa&alef differing densities, The
magnet in sclenoid arrangement was the method adopted,(Dee
Chapter I11) At the time the decision wﬁe taken, no
commercial balances ﬁsing the moving coil principle

were on the British market. The technical probleas

of the latter arrangéwent wmade it unacceptable.

The many alterations to the original balance and
case which have been found necessary or desirable during
the course of setting up the apparatus are deecribed in
detail in this section, together with the reascne for

their incorporaticn,

The balance proper is shown in Pigure (IV.2) and in ite
case in Figure (IV.3), and Pable (IV.1) givee the

- prinecipal dimensions. The magnet and bulb are hung on
fhs gsame are of the balance and the other hangdown fibre
now helds only a counterbalance weight, inetead of the
original arrangement of magnet on one arwm and bulb on

the oppoeite aru. Thie wmeane that the balance is

—
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operated under s constant, although increased, load

and eliminates the troublescuwe alteration in sensitivity
arising from the fact that the nangdown and main (pivoting)
fivres could not easily be made colinesr within the
required limits (the main fibres to be no more than
+0.0035 em from the line joining the peinte from which the
hangdown fibres are drawn}. The magnet is actually hung
about 6 cr below the bulb, for reasgsons mentioned later,

A specisl stirruy wes used to prevent any change in the
relative position of the magnet and zolenoid which would
occur with buldb contraction were the magnet hung direcctly
on the bulb, All the hooke on the stirrup, extension
fibre and wsegnet shedih are V-shaped to prevent rotation
of the magnet wnich wae esuspected of caueing sero point

ghangee in the balaence during some of the early

geasuronents. Qz:

The counterweizht is a mercury filled guartz buld
rather than a solid quarts weight, in order to reduce ite |
volume and thue reduce changes due to buoyancy in the
total load on the beam, which wight cause second order

effects on tha'eanatunay of sensitivity.

The period of swing of the balance as 1t was used
waa about 17 seconds, and the resolution wae 3;?0‘8gm.
which with a bulb of volume 14 em’ is eguivalent to a
regolution of density of zx1ﬂ"ggm.sm"3. The repeatability

of the balance, ard hence its precision, when used ae a



e

null instrument can depend not oﬁ1y qﬁ the balance iteelf
but on the stability of the resiatance acrose which the
potential drop associasted with the sclencid current is
measured, and on the accuracy and stability of the
potenticneter, The most important factor has probably been
the zerc pocint stablility of the balance. Under the
conditions used the balance hae 8 repeatability of :
about 3:10’7gm over the lower half eof the range, rising to
6x10'7gm at the top of the range (see Chapter V1I),

The balance case The original glaes balance case wae
found ta.he uneuitable in two important respecte:

(a) Despite the fact that previous workere in this
research group had had no difficulties with the
build-up of electrostatic eharas?a'“1’43 trouble wag
experienced froz thie aouroé during early tests on the
balance, One possible reason for this was the small
separation of the bulb and case and also of the magnet
sheath and sclencid limb which was finally adopted.

The regult of thie would be to wmake even a

relatively small amount of charge significant.

(b) Hemsurement of the gas teuperature was difficult, \o
. because the temperature control of the air thermostatr
was not as good as anticipated, largely because cf

insdequate mixing arieing frowm our inabllity to
ebtain a sufficiently vibrationless fan. This
weant that the temperature in the balance case had

to be wessured with & resolution of 0.01% and an
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Figure (IL.3)  Cross section of the balance inits case
(approximately half scale)
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accuracy of 0.1°C, by a short tims.raagunze method.
bost such methcde have teuperature sensing elenentes
which alec have a eignificant pressure dependent
response; although a theruistor was used it had a
marked dependence on the pressure of gae in the
balunce case up tc about 10cw Hg and g significant
‘one over the whole range of pressures used (10 to
50 om Hg), Thie ie & thermal oconductivity effect,
and a0, as expected, there was alsc a difference

from gas to gas.

To circumvent both these difficulties, it was
decided to use a metal balance case with a Jéokat through
which therwmostatted water could be pumped, Pigure (IV.3).
ion-magnetic stainless steel wae selected as the material
for conatruction of the case, so that measgurements could
be made on most gases and go there would be no interference
with the wmagnetic compensation. About 1 em thick,

12.6 cm diaweter plate glase diece wers readily available €
80 théae were uped for the end windows, They were
sealed with Viton 4 '0' ringe and retained by a clauping
ring bolted by esix stude to the end flange. o
facilitate tue consiruction, the end windows were not
water-jacketted, Sinee the air thermostat is retained,

this does not alfect temperature control of the balanece

which ie normally better than +0,005%C short term, and

+0,02°C long term, at 25°C and about two or three times
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these values at 40° and 50°0.

A thermouweter well is provided to enable the
temparature of the case to be weassured with a Beckman
thermometer, and a thermietor wae aleo uesed inslde the
case in the earlier experimente, to measure ahangee in gaé
temperature and so ensure that the gas had come to therual
equilibrium. ?hia wae to enable meaeurewnents to be made
ag soon as poesible ufter introduction of the gas, a

point which might have been of importance if the zZero of
the balance had been-markadly gubject to drift with time.

The thermistor reeistance was meacured veing a
Pye Wheatetone bridge, connection through the cuse being
via two of four ceramic lead-throughs provided (the octher
two are spare). The thermistor has a resistance of
2,000 ohns ggﬂ 2 temperature coefficlient of —3.1%/°G at
2&“@. An aktcrn&l Pye Scalamp galvanometer was used.
The resistance ocould be measured with four figure

resclution, sc that tempersture changes of about 0.002%

were observable at 25°S.

The balance is mounted inside the case ¢n two
atainless steel supports, to which the frame of the

balance ie clemped by a crossbar which le screwed down.

The microszcope which is used for viewing the balance

is mounted on one of the end plate clampe on %" diameter

brase rods, The umicroscope has an eyeplece scale and
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variable magnification. The alwoet normal angle
that the mioroscope makes with the end plate has a fine
a&:uatmsﬁt over a emall range. Thie enables a fiduclary
pointer on the balance frame to be set on a suitable
graduation of the eyeplece scale by tilting the microscope.
The position of the beam pointer when the beam is at the
top stop is used to check that no change occurs in the
sagnification of the microscope. The beam ies brought te
balance by nulling on a suitable gradustion between the
frame pointer and balance pointer at top stop. The
mieroscope le normally used with a magnification of about
X100, @#c that nulling of the balance can be achieved to
+0.001 com. '

The water jacket of the balance caee ig supplied by a
centrifugal pump with thermostatted water from a 25 11tr§
tank lagged with expanded polystyrene. 4 500 watt blade
heater ie supplied from a Variac transformer, the output
of which 1s switched by a Gallenkaup electronic relay. gx
4 0° to 50°C Klectro-methods mercury contact thermometer
ie the sensing element and temperatures in the range of

25° to 55%C can be used with the present sarrangewent,

The balance case iep connected to the gae and vacuum
lines by a standard B14 taper joint sealed with black wax,
A baffle plate ia fitted inside the case over this opening
to prevent jete of gas etriking the balance, and so to

winiwise the risk of accidental dauage.
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Before setting up the balance and cnaing. they
were thoroughly washed uaing # wars solution of Quadrilene
detergent in 50% aquecus methanol, and then rinsed
repeatedly with distilled water and dried by evacuating
the camse in which the balance waa'glaeeﬁ teuporarily.
ifter this, care wae taken to handle the balance and cuse
ag little as poseible, and in any case this was usually done

with thoroughly degressed tools.

The balance case ie wounted on a stand nmade from a
%" Pural plate hase, with lead weighting and four
levelling screws, Pfwo uprights, slotted and ecrewed to -
the base, hold the balance caee by the end flanges with
four ecrews. The stand rests on a X" thick marble slad
which is screwed to the Handy-ﬁngie frame of the air
thermostat. The marble originally rested on a %" thick
sheet of polyether foam which was intended to danp out
vibration., However, it gave rize to non-reproducible
changes of veouum null current, presusmably becauae of ég
changes of level of the balance, and so it was reumoved,
Inis greatly reduced the zero point changes and actually
geemed to improve the insulation frow vibration, perhape
by increasing the wass being vibrated. The air
therwogstat is an expunded polyetyrene box built on &
Handy Angle frame, wounted on & %" thick Dural base
32" x 24", which is fitted with three levelling screws.

An Electro~methods regulator is mounted next to the
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balance case. Alr is blown across a heating element

hﬁ a fan blade powered by a motor outside the tharmestatj
the motor is mounted on the wall of the room to minimise
transmission of vibration to the balance. The heating
element has two separate manganin wirdings on a ¥yvex

rod frave, one of resistance 50 chwe, one of relstance

30 ohua, The former 1s supplied with 12 volt a.c.

when the thermostat is operating at 40% and 55°C

and switched off for operaticn at 25%:; the latter is
supplied by & Variame transforwmer, with a relay operated sy
the regulator ewitching the transformer gecondary. The
Variasc is adjusted at each teuperature to give equal

on and off tismes,. it wae found essential to remove the
regulator adjusting magnet when ueing the balance because
of interference with the balance wagnet. for the sgue =
reason, the relay was mounted a long way from the halanca.ﬁ%
The air thormostat is operated at approximately the saue
tcmpeéature a8 the balance case water jacket (fc.as°c).
There was no signifiaaat change in balancing density

#with a temperature difference one hundred times larger
(5°¢). The air thermostat is clamped with four G clamps,
which allow for level adjustuwent while malntainiﬁg a

rigid fixing, to a table loaded with three sandbags to
improve ite stability and ingensitivity to vibration.

The table ie separate frouw the bench and fraumework used

for wounting the rest of the apparatus.
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The solencid hae 300 turns of 28 5WG ensmelled copper wire
wound on a 0.01 cm thick aluminium former of diawmeter

0,08 oma., The aluminiuwm stock from which the forwmer was
nade wae selected for ite low ferro—magnetism.:

It has & resistance of 1.6 chwre. The windinge are
encaged in polystyrene to czinimiee wovement. The
solencid is an interference fit orn the glass lixb in

which the nagnet hange and is further fixed in position
with black wax,

The diameter of the solenoid was reduced frow the
original 1.2 em to minimiee the change in sensitivity
with deflection experienced with the original solenoid.
The field at a point on the axie of a e¢ircular eclencid

1069

ie 3ﬂn1(°¢s¢%~aoa4§), where 1 is the current, n the

number of turne per unit length and 2¢§ and 29, the
angles subtended at the point by the two ende of the
sclenoid, {cea¢§—cae@1} will change with displecoment
along the axis but,over any particular range, this change
will be reduced by wmaking the ratlo of length to_radiua
of the solenoid larger. The location of the megnet
relative tc the eclencid also affects the constancy of
force on the uagnet at a given current with displaceuent.
-

The selection process used was waving the metal

near a N.i.ll. magnet and the piece which had least
effect war that used,



The range over which the force changee least is
approximately symwmetrical about the position of maximum
force, a relationship which is very conveniently used when
setting the selenoid position. This pnaitioﬁ oceurs

with the magnet roughly halfway into the solenocid.

(See &ppandi# I).

It wee originally intended to mount the sclenold
directly on the main case with a Viton 4 'Q' ring eeal,
but because parte of the case were not entirely non-
magnetic this arrangement gave rise to a sensitivity
warkedly dependent on the deflection of the hbalance, with
the balance actually top heavy at one end of the aswing.
The balance wap also very eensitive to the movewent of
magnetic or magnetisable waterial sowe distance from the
balance: in particular the null current (or alternatively
and equivalently the balance position} depended on whether i
8 11ft 30 feet away was up or down. This effect probably
arose because of a larger abselute change in the strength
of the earth's field in the viecinity of magnetisable
matefial, but could aleo have been an effect in change
of level of the balanrce. A tewporary arrangecsent with
magnet and solenoid woved about 6 oum lower showed that
in this position the effect due to the 1ift was not
obeervable. Accordingly, a 6 om long water-jacketted
brass extension tube was made which sealed with Viton

A '0' ringe between the case and the sclenoid. The
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brass stock was selected in the sawe way as the sluminium

used for the solemoid former. This extension could be
gold plated ineide if the balance were to be used for gnees

which react with braea.

$ith the extension fitted, however, the magnet was
then situated some 12 om below ite point of suepension with
the result that small changes in level of the balance case
eéuaed relatively large displacements of the magnet
relative to the solenoid and balance case. This caused
changes in the balance null current at constant density,
due to the non-constant magnetic environment. Aligning
the mugnet as centrally ae possible by eye 1n.the.eolensid
made the level sensitivity ineignificant.

For the range of densities to De covered
{0 %o #110"3gm.cmf3) with the magnet and solenoid used,
the range of current reguired ie 0 to 40 milliamp. The Qg;
current wae originally supplied by three 7% agp-hour
lesd-acid accumulatore connected in parallel. When
thermostatted, these provided an adequately stable current
over periocds of up to half an hour, but showed drifting
over longer perlods. loreover, they required up 0 six

or seven houra o settle down at the higher currents %0 8

gufficiently stable value for measursments to be made,

It wae decided to eliminute the settling down period
and for greater convenience during measurenents to replace

the sccumulatore with a Solartron model 431413 ptabiliged
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d.c. power eupply. Because the current supplied by

this unit can resdily haladjustea very finely, and there

is a negligible settling down time after adjuetment,

thie also offered the very conesiderable advantage of using
the balance ae 8 null instrument. ¥hereas, with the
original arrangement for which the current could not be
easily altered, it would have been necessary to make five

or s8ix separate readings of current and pressure in the
vicinity of the required balancing pressure, in order to

make & plot of preseure versus balance deflecticn and so

to obtain s value equivalent to the null current, one

or two messurements now suffice. Apart from saving time,
this also means that the period over which zero drift can
take place ie drastically reduced. Furtherwore, the-
balance itself can be operated at intrineically lower
geneitivity becauvse, in the author's experience, it ie _ ‘5;
poseible to null by a factor of at least ten nore -

gensitively than it iz poesitle to read displacement.

The d.c. output of the power supply is O to 40 volts
at up to 0,5 amps, the unit can be used in either constant
current or constdnt voltage mode, and a preliminary
investigation showed that the latter guve lese noise and
a more stable output, The voltage ocutput ean be
adjueted in eteps of 0.1 volts with an additional

centinucus setting over any 10 volt interval of the range.

In faect, the resolution of this continuous control was not
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© much lees than 0.1 volt.

The performance cf the power supply hae been
extrenely satisfactory. After & couple of weeks of
gsettling down after the instrument was first connected up,
ghort term current control wae better than 0.0001% and
long term drift wae less than 0.001% per day. The
current settled to a steudy value a few minutes after

altering the output voltage setting; thie time wae

probably a reflection of the external circuit - i.e. the

control box and solenoid, 4Any noise at frequency greater
than about 1 c.p.2. in the output voltage was not
observable, nor did it matter, becasuse the period of the
balsnce was about 17 seconds and of the potentiometer
galvanometer 2 seconde; noiee of £ra§ueney legs than

1 Cope. wae evidently lese than 1 wicro velt pesk %o

peak, because it was not detected.

The solenoid is supplied via a contrel box the
circuit of wnich is shown in Figure (IV.4). Thie enables
a continuous coverage in the range 0.5 to 40 velte
(0.5 to 40 williamp). If & continuvous coverage isa
required in the range O to 0.5 volt, e.g. in early
mmaauram&nﬁa of the balance zero point, u three decsde
resiatance box (0 to 1,110 ohm) and a 10 Kehm reelstance

may be plugged in in series with the sclenoid.

‘Currente are measured ag the potential drop acrose

the %0 ohm rsaistaﬁéa in gerleg with the solenoid., This
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Figure(lV.5) Calibration of micromanometer
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is & 0.1% fivlin wire wound resistor. A Pye (catalogue

puzber 7568) vernier potentiometer ies used und ueasureg
0 to 1.5 volte in eteps of 10 micro-veolt. A Tineley
type 45004 mirror galvanometer ie used with a Tinsley
type 43094 series resistance and the path length of the
light sdjusted sc that 10 micro-volt ie equivalent to a

deflection of 5 mm on the gcale, Thus readings are
resdily wade to +1 wicro-volt (which is equivelent to
2x10"9gﬁ.cm”3, or 0.0001%cm Hg of nitrogen, or 5%10" ga).

HE SEFAdsaTCR

Thet used was a differential micromunometer made by
Hilger-vatt, with & beryllium copper diaphragn and a
capacitautive sensor on either eide to weasure deflection.
It hee a range of about +0.1ecm Hg to -U.1lcm Hg and & umeter
gonle with about 0.004cm Hg per divieion. deadings were
interpolated to 0.1 of a division (0.0004em Hg) with a
probable accuracy of better than 0,001cn Hg. The
éapsrator was oalibrated against the manoneter, resdings
being taken for pressure differences in both eensee and for
these applied to the manometer in both senses. The
relationship between neter deflectiocn and pressure wes

found to be linemr within better than +0.C00bcm Hg over

the whole range of the separator, Figure (IV.5).

The makers recopuend a maximum ovarlcad of about
1em Hg but aceidental overloads of up te 10¢m Hg have

occurred without change in the calibration and with a 2zero



..ihift"of lees than 0.0020m Hg.

The instrument hac the disadvantage that it is made
from a number of materials which might be attacked by
gaeee, but it was used simply to prevent the 'stickier!
gases getting into the manometer and =0 %o avoid the
poesibility of contamination of the mercury and/or the

wanoueter tube walla.

Cxygen free nitrogen was supplied from a 2 litre
globe to the menometer side of the separator which ie
alse cennected to a further 2 litre globe insuluted with
- expanded polyetyrene. his has two purpeoses:

(a) It minimiges thﬂ effects of temperature changes
of unlegged parte of the connecting line on the
pressure of nitrogen in the separator and the

manometer.,

() it alloﬁa small changes in tha pressure of

nitrogen to be made wore readily.

A Budenberg stainless steel, differential Bourdon
tube pressure gauge was used tc equalise the pressures
of nitrogen and of the gas in the balance case roughly,
before the gaees were admitted by needle valves to the
micromanoneter. The Budenberg gauge has a range of
about SOcm Hg and divisions at Som Hg intervale. It

waa'possihle to egqualise the presesures on either side to

about +0.%cm Hg.

Provision was made for equalieing preseure on the

P4
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‘two eidee of the micromanometer with & ®* Zdwarde-Saundere
Speedivalve. fThis was done after each point, and the

gere of the separator noted. It was necessary to do this
bacsuse tha.éapazator has 2 eignificant teuperature
coefficient and klse because when there iz a difference in
dielectric constant between the gas in the balance csse and
nitrogen, this introduces a zero shift. This results from
the faect that the meter daflaetiap depende on the relative
capacitances between the diaphragn and a fixed plate on
either side, An atienpt to calihbrate the zerc shify

as a function of dielectric constant difference was
unsuccesful, bYecamuee it waes not a conetant effect fronw

day to dey. However, provided that the zero was noted

for sach pressure reading, the calibration of smeter
deflection in terme of presgure was constant during the

entire period in which the separator was in use.

PHE GAS AKD VACUUMK LINES

These are shown in the line drawing, Figure (IV.6) g“\
Pyrex tubing is used except for connections between the
micromanometer and Budenberg gauge where %" copper tubing
is used for convenience, 4mu Springham greazselese
etopecocke are used throughout with 2 few exceptions:
greased tape sre used on sowe of the gas stornge flasks;
needles valves (Edwards model (OG1D) are used for :
adzisaion of gae to the microwmanometer, and a " Hdwarde-

vaundere Sgeedivalve is used to short ascross the microe-
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(a) j (b)
Cross section, approximately full scale

Figure (IV.7)  (a) Unmodified and (b) modified glass body
for 10mm Springham greaseless stopcock
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manoweter; a 10ma Springhaz greaseless pteopcock with a
modified glass body, Figure (IV.7) is used on the balance

- ¢aee vacuum line,

Tin feil trape are used to prevent mercury vapour
entering the balance case, cordensing on the balance, and
8¢ causing mero point eh&ases.‘eﬁ and also te prevent
it resaching the separator and amalganmating with the

‘beryllium copper diaphragu.

Bough manometers indicate the pressure in the
nitrogen reservoir and the gae line and Pirani gauge
heeds in the vacuum line and over the balance case are used

for measuring the vacuun.

Pumping_ie by mercury diffusion pump bucked by a
rotary oil pump. Two 1Bum dismeter vacuum lines are
uged, one for the gés 1in§, and a direct one for é;:
evauuazing the balance case, so avoiding the necessity
of pumping through a number of 4mwm greaseless stopcocks.
To improve the speed of evacuation of the balance case a
10mm Springhanes gresseless ztopcock wue used but with the
glaaé part wodified ae shown in Pigure (IV.7) to enable
larger dismeter tubes to be used and give a more straight-

through path.

The gae line alse includes a volume adjuster,
originally intended for use in obtaining the equivalent

of a null current when accumulators were to be uveed for
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the &@19#61& power supply. It ie not now needed for
this purpose but is conveniently used t¢ coupensate
for the pressure drop caused by adsorption of the 'stickier'
gaseg and tu bring the separator back on scale. it ie
essentially @ mercury piston operaiing in a tube of
2¢m diameter. The preseure over the meroury in the
flask at the bottom of the tube is inereaged or desreased
aa.neaaaaary vaing & hand vellows or filter puap
respectively, ac that on opening the tap at the bace

of the tube mercury flows in or out.



Thie chapter describes the method in which the
required reuadinge were made, and their interpretation to

obtain virigl coefficients.

it waé found during early tests on the b&lance. that
magnetic or masgnetisable materials moved near the balance
cage frequently interfered with the bélanca magnet. it
was therefore of eome importsance to ensure that this d4id
rot occur during a runy the precautions taken included
resoval of the balance operatér'a watch, pen and key ring,

and care to avoid awy such materiales in clothing.

In doing & run on & gae, the aim is teo obtain a
series of values of preeauré.nnuil current and temperature
for the gae under equilibrium conditione, for a series of
~different preesurss, and 80 to make a plot of p/i’ Qi::
against p (Chapter I1). Por the 'sticky' gases an '
equilibrive pressure was not obtained after several houre
becauee the pressure fell continuously. Howsver, it was
found that if the average of the values of the null
current meaaured before snd after the pressure readinge
were uwed, the ratio p/i' wae sengibly independsnt of
time, This procedure was used satisefactorily with a
difference of null current as 1&1&8 ag a few hundred

-mic;a—vcita in one volt, between the two values of null



ourrent. All messurements were made in this way.

¥When a run wus to be made, the gas sanple was
eonnnetéd en the previous evening, usually at A,
FPigure (1V.6), by flexible stainless steel tubing with
standard B10 taper ends, sealed with aplezon L vacuum
grease. for browomecthane, chlorcethane and trimethyl-
awine, the sample was kept in a glase trap with a
Springhas greanseless estopeoek, ée 8 liguid under its own
vepour presgure et roowm teumperature, and was esealed on
at B, Pigure (IV.6). The mercury wae run out of the
manoweter and volume udjuster, and the whole sppsratue

evacuated overnight, with the balance at null.

The run wae conmenced by making readings ef-ic

(the vacuum null, or sero, current), usually three times

at ten winute intervale, or until it had settled to a ik
stable value (25 wicro-volt) for two sueceeéivs readi&ga.gi;\
The mercury was run elowly into the senometer until 1%
half-filled both liube, The balance wae then carefully
swung %0 the top stop with the least poessible Jjarring, by
using the control box fine current control, and the power

supply output was then get to zero.

¥hen the separator wae in uee, the needle valves

. and Spesdivalve were cloged, and g@ﬁ was slowly introduced
to the bslance case to & suitable pressure by closing

and opening the appropriate tape. Cnly for the 'sticky’

gasee was the volume adjuster ueed, 20 for other guses,
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this wee shut off at pﬁé_nturt of the run. The tap
between the balance case and the gas line wes closed,
and then gae in the gae line was frozen back into the
sample container, veing liquid nitrcgen, and the gse line
was evacusted, This wae done to minimise contamination
of gressed tops on any other gas reeservoirs connected to
the gae line, ‘When the separator was in uze, nitrogen
wie next adzitted to the manoweter and the Budenberg gauge
to an_ approxisate null. Foth needle valves were then
ginmultaneconaly alowly-Oﬁanad go ag to admit gﬁa and
nitrogen to the separstor, while keeping the meter on scale.
When these were fully opened, any neceasary corrections to
the nitrogen pressure were made by slightly opening the
tap to the nifrcgen reservoir, or to the vacuum line, as

appropriate, In this way, the pressures were balanced
to within about 0.01 cm Hg.

The brlance wae now curefully brought from the top
stop by increasing the power auyply satting to about
1 volt less than the expecte& value and then slowly
inereseing by 0.1 volt etepes, while the balance wae being
watched all the time. ~ Yhen the pointer started to swing,
the control bex cosrse and fiﬁe eontrole -were uged to
obtain & null. It was found to be important not to allow d
the balance to ewing much below the null poeition used g&
(about 14 eyepiece divieion, which equals 0.075¢m, below
the togp stop) or étherwisa scoice time would be reguired

for the null current to settle to a statle value. Thie
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"-an interprutad as ariesing from the megnetisation,
fﬂl&ewad by slow demugnetisation, of msterial near the
ﬁagaat in ite lower poesitions. ihe potentiometer

' wae then roughly balanced, @0 ae to be ready to read the
ﬂurﬁeﬁt in the aolehoid! and the wanometer mercury next
Lren #ﬁ about O.5cm, in order to equalise the meniscus
heighte. The glage scale graduamtions nearest to and
above each menisoue wers identified and noted.  1If 1t
wus now neceseary to adjust the pressures to bring the
séyarater back on scale, and it uweuvally waes for the
*sticky' gases, this wasg done uaing the valwme.adjuatar,
and the balance case and geparator then closed off froas
the velume asdjuster with tap %, #Figure (IV.6). This
mihiwiaas the pon-therwvogtatted volume. When the

pressure of the gas was adjusted, this waes done in such

& way ae to take account of the pressure drop likely teo
oceur before a ms;nuremant wae actually made; g0 that the
geparator would be used near ites Zero. The current would
then require altering te bring the balance back to null,
and the potentiometer wae reset correspondingly.  Thig
whole procedure took about 10 or 1% minutes, and the

gaé wae then left for a further 1% to 20 minutes, This
allowed the gas to reach thermal equilibrium, and the rate
¢f pregsure drop to decresse sufficiently for the

averaging prpuada&a described above to be valid,

About half an nour after the lagt vacuvuw null
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v rwa!ingjh§£brgftha gas was adwitted, a set of readinge
were hﬁﬁé in the order:

null current

temperature of the balance case
geparator pressure reading
temperature of the manometer
pogition of the upper meniscus
height of the upper wmeniscue
poeition of the lower meniscue
height of the lower meniscus
separator pressure reading

null current

tesperature of the balance case
tive

Before the eeparator was ineorporated, the pressure
rﬂa&iag of thie instrument was, of course, nct wade.

It took about 5 minutes te read and record these YRiues.

Prot time to tiwme various other readinge were
ineluded, for example, the resistance ol the thermistor
wae weasured in the early rune to ensure that the gae
had cowme to thermal equilibrium, the temperature of the
50ohm resietance acrosa which the potential drop wig
mesgured to zive the solenoid current, was seasured %o
asgese whether a correction arising frow its temperature

coefficient was necesgary.

These readinge were repeated after 5 or 10 minutes
had elapsed, to obtain three saté of values, originally,
and two sete later. Repetiticu of the readinge was
originallx_intenéad to improve the precieion of the
readinge, but it became apparent that'tne reproducibility

of observation wae better than the accuracy. Thie

B4
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'ﬁh@§ £b£ n§¢m§1¢, bdeauaa of the different shapes of
the hﬁréuwy peniacue on éiffereht occasions end errore
: 1n.t§a aa1ihratinn of the glase ecale (see Chapter Vil
.far a further discussion). Two sets of readinge were
then usunlly made me & guard againet observational
and.raccrding arrore, They alec served to show how
well the averaging procedure was working, when the null

current and pressure were changing.

After the final repetition the balance was gently
woved to its top stop, using the control box fine control,
the tap to the separator was shut, and after épauing-and
closing appropriate taps, the gas waslfrcxen back into
the reservoir veing liquid nitrogen. The separator was
tiien short circuited and the zero point noted. After
tbie the balange cagee, separator, manometer and gae liné g

were evacuated,

A8 8oor ag %the Firanl gesuge came on scale, the
current wae get to the expected vacuus null value and the
apparatus wae left for about 29 or 30 minutee. The
vaguum null current wae then messured azs bofore, until
two veluee at ten minute intervale agreed. These were
veually the firet two values although for the 'stickier!
gaeee it téek longer for sdequate evacuation, in the
uajority of cases they were sensibly the same as the

original vecuum readings. In the few cuses where thise

wae not so, whichever value gave a better fit for the
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point on the p/i’ véruu& p plot wmas chosen for the
subseqlent ealoulstion. This wae done rather than taking
the areéagc of vgeuus~reéding$, becavse the observed Zero
drift of %ﬁe balance over puricds of weeke implied a
trivial change in one hour, and 80 a more likely
expiahatinn for a more than trivial change was s less
gentle than usual mavém&nt of the balance against ite
‘atope. 3u¢h an effect wae oocagionally observed when the
author had_hawn awrare of having 3&:?36 the beam elightly,

although it 414 not occur on every such occasion.

The procedurs of filling the balance case was then
rapeated at other pressureg until readingshad been
gbtained at five, or cccasionally six, different pressures.
The five pregsures were approximatsiy 10, 20, 30, 40 and
50cn Has tﬁm order im which the points were obtained wae
deliberstely varled from gas to éaa and was vesually one
of 30,50,20,40,10, 10,40,20,50,30,  20,40,50,10,30,
40,204 10,50,30, or similar orders selected so that any
systesatic change in molecular weight ofltha gas woyuld be

pbvicus,

At the end of & run, after the last vacuum null
current :eaaing; the mercury was run out of the manometer
‘and velume adjuster, and the wholeapparatus wae evscuated
overnight. Typically it took about 7 or 8 houre to

d0 one run,

‘Rune were made at temperatures of 25°, 40° and 55°C,
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on a variety of different égaeu, ﬁhan it was desired to
change the temperature at which the balance case wae
thermoetatted, it was coneidered advisable to slucken one
of the clamps holding the balance freme on to the uprighte
inside the gasing tc prevent it breaking as a result of
gome slight expansion of the latter. Thie was alwaye
done and the clazpe were fetightaned after the therwostats
had been altered and the balance csse left for a few

hours to reach eguilibrium. The case wus evacuated for

several daye before starting rune at a different

tesuperature,

4L COEFPICINNT PROE RAW DATA

The valueg of p/i' and p had firat to be obtained,
Cexraetiéas were applied to the mesmpured distsnce between
tre meniscus levele because of the glass scale imperfections
and because there are not exactly 100 eyeplece divisicna

107 The capillary depressions wmere then

108 4nd the

obteined from Cawood and Patterson'e data,
approyriate difference added to the pressure, The
average eeparator meter scale reading was oanvarﬁad to

¢u Hg from the calibration graph, Figure (IV.%) and this
wae added, together with the manowaier 28ro point srror,
in the appropriate sense. The final step wae to correct
for the temperature of the wanowmeter, converting the

resdinge to values for uercury at 0% and Yor the glass

gcale at 2000, the temperature at which it was callbrated.



Thie conversion is given by:
_ A
Po = b [0:999934 - 1.785x10™% , (%0)]

The v#cuna null current wae then subtracted from the
null current in the gas and the corrected pressure
divided by thie value. Pinally the ratio p/i' wae
aafreateﬁ for small differences of the balance case
tempurature st.eaeh point from the eseayed control

temperature using:

Mp/1') = (p/4').0%/%

The best straight line fit to the experimental
values was obtained using & weighted leamst squares
prograume on the laboratory computer (£1liot 903).
The weighting used was 1,2,3,4,5 for the 10,20,30,40,%0cmig
pointe respectively. This is strictly justifiabdble only
if the corrected glass scale linearity ies wmuch better
than the reproducibility of meniscus setting and
observation, 3ince the same optical ayetem that 1a ueed Q
for cbeserving the meniscus war aleo used for calibrating
the glase scale, $his is unlikely to be =0. It the
nonlinearity of the corrected glsse scale readinge is
the wmajor effeet, and ariges from randow errors in
calibration, the weighting ehould be {1 02, 3, ]85+
However, a trial fit with the two different weizhtinge
showed ingignificant differences in the value and
.standaxd deviation of both the slops mnd intercept, and

the former was used because it is more readily handled
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with the available prograwme.

- A& trial wae also made of the relative merits of the
p/i' versus p and p/i' versus 1' plots, and the
differences found in the valuee of ﬂTsp/Ip and
R?Sifliz(aeo Chapter 1l1) were always less than the
gtandard deviation in the virial coefficient calculated
from the stsndard deviation of the slopes. 1t was
concluded that one was as good as the other and the p

plot waes ueed in the calevlations.

The molecular weight of the gas wae obtained from the
intercept 8o obtained and the intercept for the sawme plot
for & gue of known molecular weight as E111f12, and the
value of %73/1 was cowputed, using the taﬁperature to

whioh all the balance readings were corrected.

From equation (I1.34) it is seen that RTS/I will be
equal to the second virial coefficient if the bulb Qz
econtraction ie negligivle, and the current ise directly
proportional to the force acting on the magnet. In
fact, preliminsry messurecente with‘carbon gioxide, carbon
tetrafluoride, eulphur hexafluoride and sulphur dioxide
ghowed that there was & correction of about 253m3m010"1.
_iuéapsndant of the gae being etudied, which hed to be
gubtracted frouw R?3/1 in order te obtain second virial

coefficients which agreed with literature values.

It was this observation that demonstrated the

necesaity of allowing for the bullk ccontraction. A
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theoretical caloulation of the value to be akpeetea

b 1

for thie correction gave a value of about Tow’mole”
(see Appendix II). Agreement to within an order of
magnitude wae considered a reasonable indicetion that the
tactor'réapenaibla for the corrsction had been correctly
identified. Purthermore, the experimental valuve ocbtained
would be expected to be numerically larger than the
theoretical walue for a uniformly thin epherical ghell

age was indeed found. A blown buld might very well have

a non-uniform thicknese, and the additicnal contracticn

of tiuln parts would be more than the scaller ceontraction

of the thicker parte relative tc a uniform shell,

During the firet series of uweasureuente at 25“&,

however, the value of the correction factor had clearly

changed rrom.ahout_z‘.%emjmele'1 to abvout aaemsmﬁla“i, a9

ehown by runs on standard gases at the beginning eand end

of the series, 4 close examinaticd of the plote showed
where this had probably occcurred, so that there was ne
difficulty in assigning the most probable value of the
correction for each run. dubsequent runs at 40° und 55°¢
gave values for the virial coefficiente which have
eonfirmaé the values obtained at 25°¢, Faith in the
reiiability of this correction factor wae nevertheless
shaken. It is not imposeible that the contraction of a
thin bulbd with_praeeu?e_aoald-hava more than one value

1f, for exauple, & thin part had behsved rather like a

eliek gauge. However it seemed rather a renote
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poesibility, szo other p@naibim gourcea of such an effect

were conpldered.

In the derivation of equation (1I.34), although the
contraction of the bulb was considered, the mathematice
would hold for any effect with such a pressure dependence.
The enly one of the many considercd which seemed at all
11kely:was that the poeition of the solenoid relative to
the wagnet might change elightly with presesure chunges
in the balance caese; the solencid ie mounted directly
on the balance case. This effect would be in addition to
the bulb contraction.. There are a number of wayse in which
guch a pressure degandancé gould change. In an atteupt to
‘prevent any further changes, before cosmencing the seriles
at 40°C all the joints between the glass solencid liumb
and the main part of the balance case were tightened and
have not been moved since. The correction factor has not
changed during a series of measurements since then, although
it does of course vary slightly from temperature to

teaperature. , (

The other pasaibilities of error coneidered in
equation (II.34) are'non—linaaritiea in the relationship
between the solemoild current and the force on the magnet,
and anbalaneéd adsorption. There has been no indication
of a significant effect from the forwer, and it 1e
congidered that devistione from linearity of the cﬁrrant/
force relationship are less than 0.001%. The latter

would glve rise to & firet order effect on the intercept



of iht'nft‘ plot, and hence on molecular weight, and a
gecond or higher order effect on the linearity of the
plot, depending on the extent of adesorption and the
pature of the sdeorption isotherm., folecular weights
differing from the theoretical valuee have been obtained.
in a few cases, but there hae been no indication of
curvature of the p/i' plot in excese of that which might
cecsgicnally arise coincidentally and within the lisite
el the sccuracy of the pressure and current measurementes.
Souwe of the cases of non-theoretical molecular weighte
can be definitely ascribed to the presence of iumpurities,
aud although in othere there ie no definite evidence

for thie, it eeems unlikely that unbalanced adsorption

was significant for any of the gases studied.

It has been shown (Chapter 11) that for the full
pot&ntiél of the wanometer and balance to be reslised, C
it muet be poseible to obtain esuccersive sanmples of the
gae under investigation with & cconstancy of molecular
weight of better than £0.004 from sawple to savple.

This requirement ie u fairly stringent one. 0.003molef

of an impurity of molecular weight 30 unite less {or more)
than that of the gae boing studied, causéa 2 woleculsr
welght 0.001 different frou thé theoretical value. To
gnsure that any eyetematic change in moleculuar welght due
t¢ handling the gas 1o detected, the readinge at different
pregsures muét net be made in ascending or deecending order.

Sueh & change will then be observable, as cen be eeen from
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The numbers immediately under the experimental points
show the order in which readings were made.

1

Figure (¥0) The p/i' versus p plot for fluoroform at 25°C
(Run B7), showing the effect of a gradual change
of the molecular weight.
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'_§h§ ﬁft‘.p1ct far flucroforw at 2563. Pigure (V .1).
2&1. &&0:9 one of the moet pronounced effects encountered.
The order in which the readings were made ip shown, and the
effect of a slight decrease in molecular weight is obviéua
from the graph. ¥or cowparison, the vertical lines
indicste the errors which would be associsted with the
valuee of n/igﬂfor errors in p of «0.001em iig.

There wag a further effect, arieihg from wmolecular
weight changea, obaervad'in the caée of bromomethane at
40°C,  In tuie case thue balance case wae filled from a
trap containing liquid bromowmethane by allowing the trap
to wara up tb the tenperature at which the vapour
presaure was the desired filling preseure. The procedure
wag used for experimentsl comvenlience. The second wvirial
coefficient obtained in this way was approximately the
eame ms that obtsined at 25°C, where the trap was aleo ‘
vused, but was kept a2t room tewperuture, and the amount of
gae which waa admitted to the balance cage wae controlled
by the tap on the trap. However, the molecular waight
obtained at 25°C was 94.52, wheress the theoretical I
weight ies 94.95, so a lower wolecular weight impurity
was present. The molecular weight obtained at 50° with
the different technique was $3.86, lvplying that the

impurity concentraticn had been increased.

" A mass spectographic investigation of the sauple
indicated that chlorouethane wag the impurity and 9o a

furtnar sample of browomethane wus prepared. Only by
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Iffnj§¥fing a large initial fraction of the sauple was it
petuihla to reduce th- chloromethane concentration to a
_eatisfactorily low level. Bulb to buld dietillation was
used and thie may have accounted for the difficulty in
'separating the chloromethane. It wqﬁld clearly have been
ugeful to.havé fractionally distilled the bromoumethans
but a suitible low temperature column wae not avallable
and an attempt with a column cooled by circulating
I;ethanol at ~5°0 {browomethane boile at 3,5%°C) was
unsuccesaful., It wag concluded that the derivation

of & lower molecular weight and a more negative second
viriasl coefficient than that expected were due to
proportionally increased concentrations of chlorousthane

in the lower pressure points.

Po eliminate the poseibility of this recurring, the
aasple eventudlly prepared was aduitted frow a 5 litre
flask in shich it wae all kept in the gas phase. The
virial aaéfficien& obtained in this way wae in much €£
better agreement with that expected from literature
values and the result at 25”0, and the wmolecular weight

wae 94.9%, only 0.02 less than the theorsticel value.
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This chapter includes detaile of preparstion of
the esmples, the experimentsal resulte and the values of
the second coupreseibility virial coefficient and
golecular weight obtained. The results are set out gas
by gas. The data recorded are the pressure, p,
gorrected to cm Hg at*%oc arl under loeal gravity, the
difference between the null current in the gae and the
'lvaoéun null current, i', the ratio (p/i') which includes
corrections for emall temperature vuristions of the
balance onné. and the averages of these values for
maaauxemenia made at approximately the same pressurs,
Pyt Aoyt and (g/i’}av resp»eti&aly. The run nunber
and temperature, b, the slope, 8, und intercept, I,
of the weighted least equares plot of (p/i')av againgt
Py, and their standard deviastions, DB and ﬁi reapectively
are aleo inocluded. Hune with prefix & were preliminary
mneasuresents with fewer points, and are not inciuded,

Aune with prefix B were the first series for the gases

- flueoroform, chlorodiflucromethane, chleorotriflucromethane,

dienlorodifluvoronethane, 1,1-difluorcethylene and dimethyl

ether at Eﬁg. 40% ana 55%. Theese rune woere done before
the separator wae incorporated, Hune C were thoee for

browomethane, chloroethane and trivethylauine, together

¢
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with one or two duplicate runs for the other gases.

ihiaa were done at temperatures of 25° and 40°C after

the separator was added.

Calibration of the pressure dependent correction was
made for esch seriee of rune at a particular temperature
ueing as standarde carbon dioxide, carbon tetrafluoride
and sulphur hnexafluoride. These guses are all readily
obtainable in a falrly pure state and have virial
coefficients known to within 1 or 2cw’mole” ' in the
tenperature range over which measurements were made. The
values used and the references are shown in Table (VI.1).
The results for the calibration rune are collected

at the end of the chapter,

00,| 122 108 97 | 110,111
or,| 88 17 61 |112-114
BB | 278 250 225 | 113-115

Pable (VI.1)
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Trimetihylamine 116
Ca tior

Carbon dioxide 117
Carbon tetrafluoride 124

Sulphur hexailuoride 126



2E (¥ = 70.02)

Hatheeon {987 pure) fluoroform wae collected in a
cold trap and & eycle of l;quefying. punping on the
liquid, and freesing down wae carried out until the
preasure vapouf at liquid nitrogén temperature, as
recorded on a Firari gauge, wae less than 4micrones.

It wae dietilled once rejecting small initial and large
final fractiona. The sample was collected in and
stored in & 5 litre glass flask closed with a greased
tap end provided with a eide liub for freezing down the

gaa in the flaak.

dun B7, t = gﬁ"(:
Fa

P Pay i RN ¢ e ¢ g L
29.8216 0.524%63 56.8721
20,8225 29.8225 0.524374 0.524371 56,8726 96.8730
29,8235 G.524377 46,8742
4%.73%7 0.875829 56 . THET
46,7327 49,7333 0.875315 0.875817 56.7845 56,7842
45,7315 0.575807 56.7834
2041642 0.354167 56.9342
20,1697 20.1655 0.354187 0.354183 56.9352 96,9352
20, 1665 0.354194 50.,8%6%
35,8617 0.701220 56,0462
30,8606 30,8610 0.701199 0.701205 56.846% 56,5463
59 . 3606 0.701197 56,8465
1Q¢e§§3 8-175¢3§ 56|§%1§ _
16,0556 10,0554 0, 176434 0.176435 56,9435 56,9920
10,0552 0. 176435 58.5910

o = *6000499' ﬁa e Q.0B019g I = 570035. Bi = 0,007

3

AP0/] = -16%cm mole". 3

Prow B1,82,B5, AB = ZTcaﬁmola*
From BZ. o= 20-90

B = ~190cm3mulg:l



w }f€§I#§rﬁfagx)

29,3827
49,5848
49,5529

20, 2945
20, 2042
39,6550
36,8581

10,2107
10,2101

o= ﬁﬁad

Pav.
29.3829
49,5839
20, 2944
39,8555

10, 2104

9 = «0,00415,

2T8/1 = —1365ﬁ3mble”1. Pros B18,819,B23,B24,829, 4B = 43
ezluole

Pe

i
0.492091
0. 492030

0.831493
0.83486

0.339695
0.339682

0.667031
D.66T528
0. 170708
0.170701

= 0,00016,

Ly
0.492086
0.831490
C.339é%9
Q.667H28

0.170708
l =

(p/1i%)

59.7121 |

£9.7138

59.6353
53.6359

557499
59.7511

50.6828

5G.8164
53.8172

59.843,

B = =179¢w’mole” | Frow B29, ¥ = 70.01

Sun B33, & = 5570

(p/1%) .y

59.7129
59.6356
59.7505
59,6837

59,6168

n, = 0,006

i

[

T 108 saado 3-003850 o aemmno §23-3997 éausr
§3:9102 49.9109 O-739238 0799206 $2-0A31 62,4452
gg:gg;: 20,0881 g:gg:}gﬁ D.321168 g;:gzgg 62,5482
05 1052 dosan0r Qeen a0 0.681038 gg:ﬁggg 62,5002
10s1259 10.1578 2102201 oL 162058 §2'20¢7 62.6026
5 = =0.00357, D_ = 0.00022, T = 62.629, D, = Lo

R73/1 = ~117cm3mala*1. From B31,832,839, 48 = 4Oam3mola'1

B = «1970n tole” )

Prom B39, i = 70,00
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ggg'gz, t = EEOG

P

35,4579
59,8588
20,3845
20.3831
49,9609
45,9609
1C.4665
10.4668
25,9062

5 = «0,00439, Dﬂ = 0,00008, I =

_ Pav
59.%5&&
2038386
49.§60?
10.%567

29,9072

1.

0.700996
0.700997

C.357908

0.35800

0.879477
0.879496
61683690
0.183704
0. % 25666
0.525622

. 398/1 w-aSou mole” .

B = -194cn’nole”

3

0.700997
0.357994
0,B79487
0.123697

0.525614

(p/1')

5642590
56,8602
5649419
56.9360

56,8070
56,8063

569791
56,9764

56,5004

57.030,

Prow C1,02,08, 48
frow C1, ¥ = 70,03

log

(8/1') 0y
ﬂﬁ.ﬁﬁgﬁ
56,9360
56 . 2067
56,9778

56, 5994

Di = 0.003

= S{an wole |
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(OMATHAKE (N = 86.48)

¥atheson (99.9% pure) chlorodiflvorouwethane
_isaiobllncted in & cold trap and the solid wue pumped
at liguid nitrogen tesperature for ¥ hour. it was
distilled once, rejecting a small final fraction, into

a % lisre flask.

Run B3, t = 25°

RET/I = -325@@3%Q18-19

B = -3529m3m9}af?

'ron 51;32g35|

p A Bel LAl (i )
10,2108 0.221483 46,0999
10,2107 10.210% 0.221485% 0.721482 46,1011 46,1009
10.2100 C.221067 46,1017
55,6795 0.565246 45,5590
36,6775 30,6778 0.869185 0.865177 4%.8601 45,8597
35,6759 0.865159 45,8597
19.7706 0.429689 - 46,0114
16,7697 19.7701 0.,429670 0.429677 46,0114 46,0116
18.7701 0.420672 46.0121
%0.1373 0.656140 45,9%12
30.1%66 30,1360 0.656099 0.6%6110 45,9330 45,9312
30.1340 ; 0.656092 45.9295
49.8463 1.089019 457717
49,8444 49,8437 1.086930 1.088G37 45,7737 45,7727
4G . B40% 1. 080863 45,7128

AB = 2Tem mole

1



(Chlorodifluoromethane)

Gun B20, t = 50°¢

(03

P Pav i Bty Anat) (el
20,2272 0.418678 48,3131
20,2271 20.2270 0.418691 0.41865%5 48,3160 42,3154
20,2268 0.418636 45,3170
50,5166 1.050195 _ 48,1022
50.5178 50,5175 1.050193 1.050181 48,1035 48,1027 .
50.5182 i 1.080159 48,1025
10.0738 0.208182 43,3893
1M.0727 10.0729 0.20818% 0,208182 46,3838 48,3851
10.0723 0.208182 45,3821
39,6200 D.822112 46,1650
36,6133 35.6154 G.822083 0.022092 48,1962 48,1856
32,6129 0.822082 48,1857
26.7591 29.8001 0.617524 0.617526 48,2551 48,2551
24,8001 0.617510 . 48,2570
8 = -0.00703, D, = 0.00008, I = 45,461, I, = 0.003

RT8/1 = —2&35m3m01a“1. AR = ﬂ@cmjmale“1

B = -323cm?m01g:1

Prow B18,B819,

Run B21, t = 40%

<

15.1333 C.313075 48,3370

15,1341 15.1336 0.317067 0.313068 48,3422 46,3404
34,8760 0.72528% 4, 2168

34.9767 34,9765 0,725284 0.725284 48,2187 48,2179
34,876% 0.72%280 413, 2184

25,2395 0.522652 i3, 2830

25,2596 25,2389 0.%22637 0.522641 48,2883 48,7863

244 2595 0.522636 48,2675

44 ,8596% $.932309 48, 1506

44,8941 44,8947 0.932271 0.932277 48,1502 45,1504

44 ,89%8 0.932250 48,1503

5 = =0.00656, Qa = 0.,00008, I = 48,446, ﬁi = (3,003
§P4/1 = -264cw mole” .  Prom B23, 324, AB = 49cw’w ol
B = -5155m3ma;&f1 Prowm B29, ¥



(Chlerediflucrouethane)

Run B38, t = 55°C

P
9.T458
§. 7498

40,0813
40,0%39%
20,0608
20,0549
S0, 4508
50 o 4472
30,0025
30.0029

Pav
5o T4YH
G0.0403
20.9599
50 o 4491

30,0027

5 = =0,00624,

i!

1.061201
1.0C1162

0.593873

@ Lol 0-09005’

Yav

0.192506 .
0.152501 0+192504

0.793508 o
C.TG%482 ©°
0.396602
0,596602

793495

0.396602

1.001182

0.593878

I =

(9/11) (5/4%),

50,6457
50. 6444

50,4593
50,4588

50,5791
50, 5747

50,3890
50i39$ﬁ

50.5189
9&-5203

50.706,

§15/1 = -252ca’wole” . Prow ¥51,332,839,

B = -29208 mole” "

Hun G5§

t = 25%

298999
2%.89%0

4845056 4o 5084

48,5031

15,8645
19,8649

39.8303
34,5298
10,2420
10. 2430

29,8995

19.8647
29.8301

10

3 = "‘0 .09758,

&28/1 = -309cw’ mole”
i= -5600m3wa;e"

0.650629
0.650614

1.058772

Ua431500 7°

0.868073 » acunes
o 86&0;}9 O 863066

. 0.222171
<2825 0 202186

Bs = 0.00008,

1—

0.650622

1-05%7&9

4314599

0.222179

1=

?!QQ 51, M =

Prowm B39, X = 86.46

45,9554
4549551

4%.5116
‘450 8108

46,0371
46,0766

45,8836
b5 o HEBT

46,0994
46 . 1008

46,196,

46 .4

50.64%0
50,4591
50,5769
50,3829

50.5196

B = 00002

i

oy

48 = a@eﬁzmela"1

45,9553

4%,8112
46,0370
45,8837
464 1001

D

1 = 0’.605

1. grom €1,02,08, AB = Slem mole”



Hlathéson (99¢ pure) ehlorotrifluorome thane

wee purified and collected in the same way ae fluoroform.

Kun B&, t = 25%

P Pav i My AR
22.0101 0.577146 36,1361 |
22,0091 22.0080 0.577118 0.577122 38,1362 38,1357
22.0077 0577101 38,1349
50.1167 1.317764 35,0316
50,1161 50.1161 1.317738 1.317743 33.0319 38,0317
50,1154 1.317728 31,0517
40,7367 0, 806629 %8, 1071
30.7383% 30.7387 0.506629 0.506630 35.1071 35.1076
30,7395 | 0.8066%52 35, 1085
10,1222 00265185 38,1703 .. .
10,1227 10:1225 g oggyns 0+265165 3574955 3941713
40,3550 1.059520 18,0772
40,3589 40,3549 1.050815 1.059815 38,0774 38.0773

40,3548 1.059813 38.0773

S = -0000358' Ds = 0.00011, I = 33-31'}, Bi = 0.004 €

_ e
RP3/1 = ~176c8 wole™!, Prom B11, AB = 48cn’mole” !

B = wazgemsmole'1 Prow B2, i = 104,47
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~ (Chlorotrifiuoromethane)

 Run B27, % = 40°¢

o Ve ._1' v (/1) (/10

909961 9.9%62 3:239479 002“9478 40.0731

- 9.9963 249477 40,0736 20-0734
aoe0a2y 40,0893 1-00781% 1.001615 33-3 30 39.9893
20,0832 54 0535 0:300835 o so0e34 19-0%41 4o.0ua1
ggjéggé 50. 2588 };igglgi 1.255114 32:3%?5 55,0528

50,0982 50 ooqq 0752271

. 4C ., 0147

g = '0.002993 DG = 0;06005| 1l = 40-1959 Di - 0'002

A18/1 = -1#5em3mola'1. Prom B15,B819,823,824,829, AR = 43
em’mole’

B = -18&cm3ﬁg;p'1 Prow B29, ¥ = 104,46

Run B34, t = $5°%C
20.4182

x 0 487062 41.9160 |
20,4183 20-4183 " anong 0+487086 ;475159 41.9160

4549301 “9’9296\1‘g93627 1.193628 41,8302 <

41.8302
B e 29.9795 0715718 0715725 $1.8823 51,8067

41.8879

40,0080 e 00355604 41,8654

40,0076 “0+0078 o” 555667 0955666, 41 soas

~ 10.2185 .. . 243637 eene 819420 |
10,2185 1042185 57543637 0.243637 4 g42¢ 41-9523

$ = «0.00282, BB = 0,00007, I = Q1.%73, Dy = ¢.003

405/T = =138ca’wole™'. Prom B31,532,539, AB = 40om mold

B = -176cu’mole”' Prom B39, ¥ = 104.45




foj

Batheson (99% pure) dichlorodifluoromethane wae

purified and stored in the eaue way as fluoroform,

Run B9, ¢ = 25%

P Pav R Lav
35,5613 Cigie 4 S9N Y
20.561% 30.5612 1.21021% 1.710215
35,5609 £ 1.21020%
10.5492 ' 0.320816
10.5496 10.5493 0.320821 0.320846
50. 2460 1.541032
50,2477 50.2474 1.5410%6 1.541034
50, 2486 1.541054
20.0182 0.60976%
20,0187 20,0186 0.60476% 0.609764
20,0189 0.609763

048 of 3
50_00as 200888 2-312308 5. 917209
12,4805 . 0.379506 . zoae
12,4802 124804 5304506 C-379506

B = «0,0072%, Ba = 0.,00010, I =

2#73/1 = ~40%cw

= ~4—’_m3mo

3

-1

(p/1')

32.6891
32.6895
32,6894
128824
32.8831
32,8809
32.6054
32,6064
52.6071

30,3204
52,8203
12.8%06
5 2 . 7‘.}07
32,7608
32,8862
32.0654

32}9?"4,

§7% Sk

32.6893
32.8820
32.6063
32.83%01

32.7608

32,8858

Di = G.QGQ :

mole”'. From B11, A3 = 48em wole” !



(o3
:I_Hfﬁiéhlaraéifluorowethann)

. Bun B26, % = 40°C
: P

BT 10 (p/10) (p/e),

30,0220
50,0225
45,8225
48,8252
16,5918
14,5919
%9.9922
39-%91&

549090

30,0223

46,6229
19,5919
36,9918

%.9091

0.872507
0.872505

1.424065
1.424054
0.568211
0.568207

1. 164465
1.164472
0.286760

0.872506

1.424060
0.56820%
1.164469

0.286762

§ = -0.00656, D, = 0.00004, I =

RTS T = ~370cw’

B = -413cu’mole”

gole” ',

Prom

Run B36, t = 55°C

16,1013
10. 1015
39,9617
39.496192
20,0579
20,0%86
4G ,BLO2
45,8379
299511
25.9507

10. 1014

39.5618
20,0383
44,8591

29.9509

5 o= -Q.OQGO%,

g

0.279385
Q4279339
1. 110675
1.110663
0.555119
0.55511%

1.387633
1. 387615

0.851014
0.831012

B9, U=

34.4027
34,4033

34, 530

34,4729
34,4733

34,3404

Wy

3434608

54,5414
3‘{; ® 5""‘22

34,602,

121.07

0. 279537
1. 110669
0.555117
1.387624

0.831013
I =

36,1571
35.9819
35 .9824
36.0082
36.0994

35.9192
35,9185
56,0439
36.04306
36.222,

.RT%/I = -}aianﬁﬁala". Prom B%1,B832,B39,

3

B = -381ou’mole”!  Frou B39, K = 121,03

54,4030

Bhe 2827

34,4731

3443406

54,5418

D, = 0,001

i

Prom B18,B19, 823,824,829,

36,1572
35,9822
36,0988
55,9189
36,0438

Dy

AB = 43

e’ mole!

<

= 90902

AB = &Goms wole™ !



Matheson (99% pure) 1,1-diflucroethylene wae

purified and ctored in the mawe way ne fluoroform.

G "00{‘?{}5“5 3

Py

tun_B6 b= 2%

P ?av
10,1708 ! 0.163%49
10.1707 10.1707 0.163342
10. 1707 _ G, 163341
43,9646 0. 605049
49,5641 49,9643 0.805027
49,9643 " 0.805030

29,3780 0.472350
29,3782 29,3781 0.472354
2943761 0472349
{3, 2697 G.648208
40,2656 40,2691 0.6459201
40,2691 0.6471194
20,1342 0.323550
20.1327 20.13%2 0.323%538
20,1327 0.323543
11.893%8 0.150951
11.8923% 11.8928 O.19004R

R1S/1 = ~1630u nele™ .

8= -1ﬁecm3molq"

1

v
0. 163344
0.120505%
0.477351
0. 640201
0.323544

0.130945

= (}60001?’ I =

Prom B1,82,85,

From B2, § =

(p/1') (p/1')

02,2642
62.2663
6242667

62,0640
62,0691

62,1954
62.195%3
62,1957
62,1247
H2.12356
62,1251
62,2290
62,2267

62,2257
62,2066

62,2803
62,2783

6242657
62,0647
62.1958
621245
62.2271
62,2818

AR = 2Tom’

4,04

= 0.996

o5

pole”



P
103409
1043410
39.9228
39.922%
20,6521
20,6911
£80.1581
5041576

30,0593

8 = =0,00454,

Fav
10, 2410
39.9226
20,6816

ﬁﬂ.?ﬁ??

30,0592

t --4@33 :

' lfg:fi;f;ﬁifinoiuatnylene)

1!
0. 155178
0.198176

0.611796
Q.611789

0.516700
C.316698
0.769313
0.T69%511
0460380
0.460376

Dﬂ = £ .0000“? 9

RS/ = ~135en mole .

8= -1?4am3mola“1

Run B35, t = 55°¢C

10.0673
10.0675%
46.1092
40,1061
20,3454
20,3440
50,0639
50,0615
30,0489
30,0881

RT5/1 = 114ce’mole”'. Prom B31,832,839, AB = 40cn mole”

10.0674
40,1077
20,3437
50,0627

3

Pa

malﬂ“i

B = ~154on"

0.147111
0. 147108

0.587071
0.587065
0.297511
0.297507
0.733201
0.7335200

0. 440268
0.440263

Lav
0.158177
0.611793
C.5166499

0.769312

0.460378
¥

0.147110
0.587065
0. 297509
0.733201

0440266

= Q,00014, I =

(p/1%) (9/1')

6543801
65.383%2

65,2597
65,3415
65.%333
65,2038
65,2034

65,2991
65.2998

65.435,

6H.4370
HE A4 14

68,3194
68,3184

08,3833
68,3841

68 2084
68.2792
68,3672
68,3688

68.473,

Promw B39, B = 64,02

65.3817
65.2597
{J‘ 5 L] 31"04
65,2038
69.2995

94

68.4392
62.3189
68,3837
b.2818
64343680

¢

= 0,004
frem B29, AB = 390m5mnln'1

lho




Hatheson (99% pure) dimethyl ether was purified

'anﬂ stored in the pame way as fluoroform.

Run B10, t = 25%
P Py 1’ 2y - G/LY) (efav)

10.1277 Ce117141 B6.4571
10,1267 10,1266 0.177128 0.117129 66,4584 86,4567
10.1253 0117117 864546
39.65868 3 C.461635% " 85,9095 ; :
19.8162 0.229687 86,2748
19.8173 195.8168 0.229686 0,229687 86,2799 B6.2777
19.8170 0.225687 86,2783
30.3591 0.352706 86,0748
30.3572 30,3570 0.352676 0.3%2676 86,0766 86,0762
30.5548 0.552646 26,0772

. 49,9550 00582908 B8%.694%
49.9458 45,9467 0.%82792 0.582801 B5.7010 85,7011
a9.9393 0.582704 85.7027
2 ; o -4 - " % -
878/1 = -40ficm’mole” ', Fros B11, AB = 48cm’wmole

B = ~456 cmﬁmole"1 from B11, ¥ = 46,06




(Dimethyl ether)

L

Hun B30, ¢ = 40°C

P Piv i lav
152883 v052 ST oo
80,0082 4 007 9+443229 ¢ 443205
19:295¢ 1949981 350675 0220616
8,388 .00 S22 oo
S0, oag J0.Mmey 2-202A28 0.305484
§ = -0,01702, D, = 0.00015, 1 =
RES/1 = ~366ou mcle” ). From 829,

B = 4050’ nole”

1 From

Run B4O,

t = §§°C

10.1632
10,1620

29.8753
20,4032
2C.4018

49,8811
49,8744
24 . 3894
29.98865

10.626

39.8725
20,4024
49,8778

29.9850

0.106937
0.106926

D.421614
0.421571

0.215092
C.215080

0.528289
C.52a2%2

0.316609
C.216587

(p/1') (p/1'),,

90.7%34
G0.T584
50,2632
GO, 2628

50.6116
90.6064

90.0927
GG 0942

S0 4457
90 . 4427

90,947,

AR = 390m3m01@'

B29, i = 46,06

0.10693%2
C.421593
0.215086
0.528261

D.316598

RT3/ 1 = —328cm3mele'1.

3

B = -368cw’nole”

§%.0%46
95.0332
G4.5962
9&-; 5924
94,5576

Gl 4173
S4.4176

94,7237
A4,727%

95.179,

Frow B51,B32,83%9,

90.7559
90, 2630
90,6030
50.G935

3O A442

Dy = 0.0C06

65.0339
9445743
G4, 5564
94,4175

G4.7256

D, = 0&005

i

it

BB & aacmamole“?

Frow B39, N = 46,06



(s

AE (M = 94.95)

Twe samples were used. The one used for the

- pessuremente at 25°C wase preﬁared frow technical grade
hrsmaﬁatﬁauﬁ supplied by Hereck, by shaking the liquid
over mercury to remove elenental browine. The s0lid was
then pusped at liquid nitrogen temperature, passed over
pnasphagaua pentoxide t¢ remove water, and finally
distilled into a glasa trap closed with a greaselese
stopecock. The sazple eventually used at 40°C wae
obtained from BH.D.H. laboratory grade reagent by repeated
distillation and collecting the sauple shown mase
spectrometrically to contain the leaet methyl chloride
(lese than ¥7).

fun C4, b = 257C

: p&? ! 6 i:l? (B/;'} (p’/i’)av
1 0.71478 41,9324
29,9648 23+9858 glq445q6 0+714691 4405526 #1932
- 50,0043 sham 1198269 | 41.7%0%
M.a87 P 30 o yerrsg 119000 4y vags 417299
104264 0.247249 was 82,1530
20,4202 .. 0.485762 cemes #2.0358
20,4193 2VeH198 o ininsg VeRB5T06 ,5° (apn #2.0363
36,6796 . .... 0.948364 e o 81,8387
o = "00010“5' I)a = 010069, i = 4?1252' Bi = 00003

RT8/1 g._461am3moie’1. From C1,C2,08, AB = 51em3m013“1_

B = m§1gcm3gaie'1 From C1, K = 94.52




(Bromowethane)

 Bwn 018, t = 40%

N £ (/1) (w1,
20-0971 200292 :432958 o.as5007 43:3288 43.9529
37:78% 31419 SeBEISA] 0,m63336 £2°7298 43,7870

43:8%03 99.e096 11102038 1.1e2936 §3:8000 436609
102219 15,2080 3:232211 0230214 §2:9333 as.0857
20,7465 25,7048 3:$35355 o.anssen 315028 3.0125
§ = -0.00988, D, = 0.00006, 1 =#4.156, Dy = 0.002

493/1 = -43Tcn’wole~'. Prom C17, AB = 45cm mole” !

B = -482cw’uole”!. Prom C14, K = 94.93

CHIORCETHARE (M = 64,52)

i T

2.D.1. laboratory grade reagent was distilled
through = ghoayﬁnrus sentoxide tube intoc a cold trap.
The Eiguid was then pusped until the vapour prescure
at liguid nitrogen teuwperature wac leez than 1Tm
on a Piranl gauge. .It was then distilled into &

glase trap cloped with a greaseless stogpcock.

J1g



o L] L
304380 B0.u219 3230178 0.496708
23:33;2 a9.9885 0022368 0.622242
}g:g??g 10,3697 g:lgg?gﬁ 0, 168084
o Aans 2044098 g:g;fggg 0.331997
35,9711

o aern O«855204 e
39.9623 2149870 o gha7gs ©-654500

5 = ~0.02284, D,
243/1 = -686cm’

B = -737en’mcle”]

= 0.,00008, I =

ﬁole-1.

Run C11, t = 40°C

29.7150 .o wpax O«461398

29,103y THIRE o agi2gs 0-891352
10,3684 . ... 0.159963 :
10.3646 1047695 ¢ 459960 0+159962
49.8439 sie DeTTBBSY . nming
49,8171 498300 5 97453 0770657
39,0888 0.608664

BT/ » ~6084cu nole” ),

IR 9 8T e

39i0?g0

20.5519
2045505
S = ﬁQ.QZGOQ.

D, = 0,00010, I =

B = -6¢26m3m91af1 Prom 014, E =

Prem C1,02,08,

Frow CU,014,

Cordt) Ye/ntl

61,2404
61,2476

60,7947
60,7961

61.6917
61.6925

61.4774
61.4741

n1.0302
61.939,

Prom C1, b = 64,48

64,4061
64,4018

64,8003
64,5015

64,0024
63,9999

64, 2257
64,2274

64,5877
64.5867

65,005,

64,48

6142470
60,7954
61.6921
61.4758

61.0277

by = 0.003%

AE = 51en”mole

O, J'1‘050
64.5011
64,0012

64,2266

64,5872

Yy

AR = 35em3waie'1

= 0.004

ns

1



UL - e

(¥ = 59.11)

. Harrington laboratory grade reagent was dietilled
inxa a trap containing potassium hydroxide which had
been dehydfated previcusly by heating in vacuuo. A
purification procedure similar to that used for fluoroform
wae then used, followed by twe distillatione. The
gsasple wase colléntad in & glase trap closed with a
greaseless stopeock. Moasurewsente were made at QSGC,
but before the 40°C were made, it was noticed that the
Viton & diaphragmn of the tap on the trap hud bacome
ccnaidarmhiy awollen (ite volume had incremsed about
threefold). The walue of the second cospreseibiliity
§1fial coefficient cbtained at 25°¢ agreed well with the
. measurements of Lawbert and Strong, so it was declded to
attenpt no further rune eon trimethylamine and a0 to
avoid the poseibility of contawinating the tap diephrague
and '0' rings in the apperatus. ag & further precaution,
although there was no evidence of any contanination,
thoege diaphragme which had been exposed to trimethylamine

were replaced with new ones.



S

(?rimethylanine)

gua Qﬁn t = 2_5_0_6_

P Pay i AL, (p/1%) (p/1'),,

30.107% . 0.449600 66,5648 :
20,1023 70-1088 gl449515 0-449559 ¢g 9656 669652

49,7550 , 0.THB991 . npnigs 6644293
497415 397883 5 948795 0748593 gg 420 66.4291

10,3591 1o seqq 0-153594 o .oxpoo 66,4850 (.
10,3600 103998 ol 43604 0153599 g6 4ups 664458

bt 03 0-291082 §7.2437 oo .

40,3388 A 0.604865 ; 66.6907 ..

A15/1 = ~T13en’mole™' . From C1,02,08, AB = 5len’mole

B = 576&am3mn;e“1 From C1, M = 58,

CARBON DIOXIDE (H = 44.01)

B.C.C. evlinder carbon dioxide was passed slowly

through a phosphorua pentoxide tute and collected iun a
cold trap. It was dulb to buld distilled four tinmes
rejecting large initial ané final froctions, with
repested freezing and pumping in beiween. A 5 litre
eample wae ccllected and stored in a glass flask

cloeed with a greased tap.



(Carbon dioxide)

Bun Bi, ¢ = 25%

P Pav i By ALt)
11,7011 0.129122 90,6205
11,7010 11,7009 0.129096 0.129105 90.63%80
11,7007 0.129037 30.6%49
50.1034 0.5%3776 90.4759
50,0994 50.1006 0.553785 0.553742 90.4754
50,0981 0.553714 90.4783
29.%5154 0.325883 90.5705
29.5141 29.5150 0.325869 0.32%874 90.5704
29.5156 0.325870 90.5748
40,6130 0.448657 90.5213
40.6105 40.6109 0.448625 0.448629 90,5222
40,6092 0.448606 90,5251
20,1154 C.221964 90,6246
20,1173 20.1185 0.2219390 0.221984 90.6226
e0.1224 Q.221995 GU.0441
RPE/1 = -94en3mcla“‘. AB = }

From B2, ¥ = 44,01
Og
: s

10.6%81

10,6577 10.6586

10,6600
50.0609

50,0536 50,0399

50,0592
30. 3481
30.3457
3043477

8 = <0.00457, D, = 0.00001, I = 90.710, D, = 0.0005

RS/l =

30.5412

-géamjwﬂle"l .

Bovs = B1g¢

0. 1175175 90.6494
0117560 0117565 90,6575
Q117561 90.6763
0.555<81 90.4801
0.553258 0.553250 $0.4815
0.5535240 GO 4837
0.535068 90,5750
0,355060 90,5739

4p = 8op0 ~ 2

From 32, M = 44.01

P14t

(p/1')

90.6311
50.4765
90,5719
0. He22

90.6504

Di = 0,007
= +280m5male"

90.6611

9C.4818

90.5724

i

£ -
= +28cx’mole

e

i



{Carbon dioxide)

P Pov

20,0105
20,0099
20,0097

29.0891
39,0884
39.0869
10,3676
10.5687
10,5695
49,8039
42.8037
49.8029

14.4611
14.4613

20,0100

39.08831

10.3687

49.,803%

8 = =0.00340, D

i!

0.210434
0.210409
0.210399

C.411274
0.411255
O.411242

0.10897%
Q. 108980
0.108979

0.524266
0.924244
Ue524229

0.152042
Q.1520%0

= G.,00016,

i'&v
0.210414
0.411257

0.104978

Ue524246

C.152039

(p/1')

95.0945
95.1028
95,1033

95.0465
95.0507
95.0517
3541440

95.1485
95.1577

94.9988
95.0023
95.0022

95.1104
951158

i = 95t175: Di

(p/1') gy

95.1002
9%5.0496
95.1507

95.0011

95.1131
= 09006

g

R29/1 = ~T0on’mele™'.  AB ='B, . = B .. = 386875,
Prom 829, ¥ = 44,02

Run 323, t = 40°

158709 19:8799 3-233092 0.209057 32°0351 95.0942

os cors 19,0901 D-413088 o 417604 3:0812 95,0378

8 Taey 25: 704y 3212040 .miamys 229527 95,0654
$3:3837 40083 G326135 ous26126 T208E 950010

8 = -0.00289, D, = 0.00001, I = 95.152, D, = .0005

oy 3 . - 3 o1
BT2/1 = «5%cm”wole . AB = Egba - B4y = 49cn mole

Fpon B 29, 8 = 44,03



i ,.§§;g§§£"¢16t1Ai)

P Pay
49,8452 .
13.8410 43.843%1
'30.1896
30,1881 20+1889
10.4757 |
10.4760 10-4759
39.7759 .

20,0502 :
20,0800 200801

S = ""“0000394| -Ba - 0o0001?’

RTS/1 = -60cm mole™}.

Q,

v

il

0.501139
0.5C1124

0303579
04303569
0.105196
0.105191
0.399157
0.3949723
0.201752
0.201745

From B39, 5 = &i!!!.‘\

Run 08, t = 25°C

20,0797
20,005 2040801

40,3550
40,3494

49.1027 |
49,1021 43-1086

10,3023 < 402
10, 30qe 10 W2
29.9675
29,9647

8 = =0.00353,

40,3512

29.9661

5

RT8/1 = -720n mole™.

0.221510 0

0.221509

0.44%450 7°

U.542350
Ce542517
0115635
Ge1135635
0. 330653
Ue330647

b, = 0.00022,

From c‘ r g - 5&:9@

AB = BO

1'&‘?

0;501132
C.303374
0.105194
0.529745

0.201743

OB = B

ous

UeH42324

0115635

0. 350650

- i

«221310

445452

bs

(p/1')
99.462%
99.4577
99.5189
99,5148
99,5935
95.5008
99,5048
93.5066

99.53%3
99.5378

i=99.611, 0,

it

90.6490
30.6530
9C.5887
90.5812
90.5402
05413
90.6616
G0.6515
33.624%

I = 90.721,

= Bigy

3Tem

75 B

99.4600
39.9174
99.59M
99.5057
99.5566

= Qo 0«39
b

90.6510
20.5850
305408
g90.6612

30.6279

>

= S0cm’mole

sole ™"

120



121

(Carbon dioxide)

R Pay # PO e L L R
392030 Or4zias 0412492 330130 95.0491
10:0124 0105575 0+105272 3-134T 95,1349
494740 494143 3230719 0.520765 23:91%2 95,0107
19.8256 0:30041 0-208419 321171 95,1187
£9:989 20530 3305 Gsvasse T2 ook
§ = -0.00330, D, = 0.00013, I = 95.175, D, = 0.005

3

o pole™

CRT8/1 = ~68om zmole™! .
From C14, B = 44.04

AB = Babs - Blit = 4UeH

19.0481 .., ~lixe  0.2003529 . 9541043 :
39.6173 Q.419064 x 99.0560

41.9489 . 0.504701 . . - 95.02%8

10.0327 0.105461 95,1531

30.4181 ] 0.519996 95.0789 -
50,4162 J0¢4172 G5 doge 0.319991 35°0qes 95,0777

B = «0,00309, Bﬁ = 0.,00014, 1 = 95,163, ﬁi = 0.005

R78/1 = -éﬁcmjmola'i. AB = Bobs - Byie = 45@mjmole"1

Prom G14, M= 44,04
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Imperial Smelting Co. lscdon 14 -wnien had been

shown wme&s spectometrically to be more than Y984 purs

was collected in & culd Urap and the cold liguid pumped

repestediy until the vapour pressurs remalced constant

(at liquid nitrogen tempersture it was an indicated EOmiérans

on a Pirani gauge).

1t was then simple distilled once

rejecting large initiel and final fractioas, and & 5 litre

eanple colleoted in & glase flusk closed witn a greased tap,

19.5427
19.5688
49,5823
49.58%4
49.5879
30.3240
30,3208
3043213
$9.8032
39,3043
59.30C43
10.1116
10.1108
10.1112

RTS/1 = -62em’mole” " .

19.5411
49.5345
50435220
59.8039

101112

i?

04430568

1!

av

Ge431075 U.4351040

Ue4314395
1094908

1.084966 1.0949%1

1.054997
0609105

0.669092
U.878549

0.878541 0.378543

C.878559
U.225018

Uud25011 0.2235009

Ve 222999

Ag w Bﬂba - Bl

(p/1')

45-3192
45.5548
45.5%12

15 .2844
452849
45.2651
45,3202
4545158
45,3171
45,3056
45,3073
45.3074
45,3598
45,3577
45.3419

(p/1%) 5y
w5.$351
45,2848
453111
45,5068
45.3398

i = 0;003

2

it = 26cm’gole™!



iy Pavy
30,9815 v s
50.2877 SV.2676
30.4678 50+4663
12.6410 12+6408

S = "0.009?79;

ATS/1 = ~40em’mole™) .

AB = Bove = By =
19.6418 04412930 4745612
19.6415 19,6416 0.412926 0.412927 47.5617
19.6415 0.412925 47.5626
49.7454 43,7459 1.048071 1.04607% 47,5404
10,2552 0,215646 41.%970
10,2660 10.2656 0.215646 0.215645 47.6006
10.2655 0.215642 47.599
39.4718 0.829766 47,5650
%0.47725 39.4720 0.820768 0.829765 47.5651
39.4716 0.829759 41.5635
14.4122 ax 0302847 n winnis 47.5827
14.4127 1424185 5 300846 0302847 ,'iaie

-

Oeb
0.608269
1.1

i

48270

1297

1.115981%
G. 278801
G.278501

De = 0.000002,

ey

0.668270
1.113976

D.27850N1

(p/1%)
49.3225
45,3226
45,3034
45.3392
455400

I = 450352’

8= *0.0{)0@6, i)s = 0-30015, = 4?-593’

RTS/1 = ~3Scamols™,

Frow B23, 4 = 88,02

OB = Buo& - B

43t

=

(9/1') o0
45.3225
42.5028

45.3399

Dy = 0,00007

>

48em” wole”

47.5618

475487

47.5989

47.5046

41725851

2y = 0.006

42em°mole”

i

1




tetrafluoride)

10,0593
10,0590

40,0414 .
40,0395

20.1444
20,1437
49.7540
49.7525

23.9979
29.9912

40,0405
20,1440
49,7533

29.9976

ii

Qe21419
0.211416

C.84178¢
0841797
1.046274
1.046268

1.046274
1.046263
0.630601
3.630598

v

{p/i')}

47.5846
47.5820

4745691
47.5670

4745513
47.5520

47.9513
47.5520
47.5680
477.5680

Q.é!iéiﬁ
0.841792
Ua423283
1.046271

0.630600

(p/10)
47.5836
47.5681
47.5876
47,5517

47.5684
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8 = -0,00093, Bs = 0,0001, 1 = 47,8601, Li = 0,004

R?S/1 = -38cm’mole” . - B.. = 39cm mole]

AB = Bous = Bigg

fun B39, t = §§°§

10.1797
10.1797

39.9655 ’

20.0411
20,0412
49,8889
43,8888

30.0923

10,1797

20.0412

49,8889

0204387
04204384

0.802758

0.402442
0.402448

1.002396
1.002392

C.604442

43.8022
49.8032
49.78568
49.7856
49.7960
49.7952
497734
49.7742

0.204388
G.802751
0.402445

1.002594

49.7547
49,7956

49,7738

m—

<

49.7900
49.7927

I = 49.81¢, ﬁi = 0,002

30.0936 0604443 49.7N7

30.0%48
B = ""‘O-GQO‘?#'

C.604444
Dy = 0.00004 ,

RTE/1 = -503m3male". AB = Boye « B = 36am3mola'1

iit



RTS/1 w «4lon moie™ .

b = Guk}J‘J”.;,

8

AB = BQ

L8

- Blif ='4§cm3mala“

| 8oy AN

212347 21D GGt 0-6m103 (20300
3013766 509158 1 1iadnsg 1eraate 3135
01213 101206 51353003 0.22mzc {33300
3.1a3 97842 QIZHIASE o.sriazy {51340
3001235 201247 G1EEiR3 0useasta $2:24%7
5 = «0,00103, b, = 0.,00011, 1 =45.378,
RTS/1 = -42::53;11019“. OB =B
29:9035 29-9035 0:8353% o.620508 §1:2993
10:4a51 10-4047 §:350310 0220244 {7-0117
49.885%0 1.048751 415727
33:9435 299451 G133833 vwessars {1320
20:34003 20-3461 §1ATIAAS owaz1ass 410053

L = 47,027,

‘1

25

(p/i')
45,5621
45.3227
45.3585
49.2422
992450

= (.004

i

47.5387

47.6125

47.86031

EL a= i)iw
b 1

- By ™ Seon mols .
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RV SSKRLUGAIDE (M = 146.07)

$ul@hur hexafluoride supplied by 1.C.I1.Ltd.
was passed slwly over phosphorus pentoxide and collected
4in a cold %rap. It wae eimple distilled three times
retelaing only & soall mdddle fractlos secu time, and
& 5 litre saaple colleoten end stored lin a gleass flesk

with & gressed tag.

P Pav it Py /1) (/1)
27.8‘22 i 019?2365 & L 23.6&40 s
27.&122 27!6122 9.97235‘ 0'9?2}5? 28'6038 2&0%639

46.7979 1.639108 . 28,5520 L4 oo

46,7990 46+7985 1*e23000 1639110 5572250 28.5524
19.8221 .. 0.692457 28,6261 o o,
‘9.8221 19.822‘ 0 69&4{& 0!6924 23.6262. &ﬁ.baée

3?.&396 ¢ 1 Q31 r%; b o . 2&'5744 s % 3 J '
31,6391 71009 ¢ Senone 1 I1TOSR 5y a7 28,9731 {
2.8038 4 a0 0 41902 51 -.‘i"i.BT*-’iZ" o g

S = “60003319 B S 0.0001" I = 28.690; ﬂi = 01094

sy i _3 -_-1 ; . S s - .3 " ﬂi
P2/1 = =20%ex”s0le . AB = '30&?&3 . 51.“ = 46on”nole ‘,

?rwm “BEY . E,, i Lﬂg - Og



P
10.1157
10,1155
38,1671
19.9494
19.9494

45.9409
45.93506

29.9376

S = ‘*‘0.0‘02{31,

RIB/1 =

aiaﬁﬁar"hﬁxﬁfl

Pav
101155
s8.18617
19.9494
45,9403

29.9360

-4?ucm:mﬂle' i

Y

uoride)
.50

i'

0.537244
Qe 237230

1.276275
1.276302
04665566
0.665587

1.536300
1.536306

0.999841
0.99%842

= 0,00003,

i

. From B3§. N = 35§,91

Run 02. t = giog

18.8660
18.86N

45.1385
45.1396
97388
3.7396
56,1512
36,1536

27.6400
27.6359%

S = -0,00324,

18.8676
45,1591

G.759=
56.1524

27.6398

0.691551
0.691603
1.659647
1.659673
Qe 556562
0. 556607
1.327441
1.2527527
1.013882
1.013937

D& = 0.00007,

ETS/1 = =120cm’mole” !,

Prom C1, M= 146,04

ii&?
G. 557241

1.276289

0.665587

1.536305

0.999842

Je8691507
1.659658
04526565
1.5274864

1.012910

(p/1*)
30,0000
29.9972
29.9258
29,5264
29.9740
29.9744

29,9054
23.9045

29.9445
2949446

i= 38.02‘3'

A8 = Ba = B¢

27.2815
27 28314
27.1978
21.197%9
2l.o1eq
27.3118
242356
212557
27.2616
212590

I = 27.041,

'(9/1,)av

29.95606
29.9261

23.9742

29,9050

¥ = 00001

=

B

2949445

i

4?emj

27,2823
27,1979
2?;j125
27.2538

27.2606

g = 0-003

J

mole

1

.

<

AB =B, =B, = 58m nole™ Y.
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12%

- B cn3mole)
&
1404
A
1501
¥
1601 Wl *
£y v
170 1
A
180 1 A
190- - \
A © ,
2004 &
| [ _F._.'L

210 : - B ; “--,-! /

A Temperature (°C)
220 !’ T T T T T - 1 L]

@) 10 20 30 40 50 60 70

W TFoge (195&)!{6B0ylek Law

A Dymond and Smith (196&) *DifPerentinl compressibility

" ® Cole and Sutter (1967) ' Dielectrié measurements of (B -4B) and .8
¢ Sutter (1969)™*° do
O  This work {

Figure (YII) The second compressibility virial
coeszqgnt for fluoroform
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o80{ - B cm3mole™)
290" ' - ., . o
300
310
3201
330
340+
350 |

360+
Temperature (°C)

T

mpy i 4500 304 B A 50 60
O_ This work

) N i ' Mac\Wesd _ Pl s =% uNE T D, k.

Figure (VII.2) The second compressibility virial
: coefficient for chlorodifluoro methane
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- B (cm3mole™)

<

<

7..A s

» O

Temperature (°C)

gD | A0 Bb -.. B0 .70 80 o

A Michels et al (1966)"* High pressure PVT
4o
v Sutter (1969) Dielectric measurements of (8 - AB) and B

O This work ' |
u jl .r 4 ' 0 o |- ..__':.-1'{': {\ ‘ —} y ( [-"7‘-'_ : (¢t ‘:‘i‘ Ui

W md  Fapng T Sigens ., ¢ da @a "';_ =1 P\
Flgure YH 3) Thtz second compr<255|b|llty virial

coefficient for chlorotrifluoromethane
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340+

360+

3801

400
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-B(cm3mole™) v
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" Temperature (°C)
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(O This work

-1 Al i i { T (= *
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V Foridhass KO AN i i Dz T e
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Figure (VII1.4) The second compressibility virial
- coefficient for dichlorodifluoromethane

S0



1004

1207

1401

160+

180

200-

-B (cm3mole)

Temperature (°C)

132

1
20 30
A Togg (195&)%503(13'3 Law |
¥ Mears.ot -ai,(1955)" High pressure PVT

O This work

Figure (VI.5)

I 1 1

= & 60 70 80

The second compressibility virial
coefficient for 11,difluoroethylene
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-B (cm3moleT) 7
380
e A
v
420 [+
4
- 460- © A
\'4
500- ¥}
A
5404 v
380+
620. Temperature (°C)
0 10 20 30 40 50 60 70
B Cawood and Patterson (1933)*Density balance :
@ Kennedy, Sagen Ka(.hn ax;%zAston (1941)*ieighing known volume
A Trip and Dunlap (1962)Zpressure series ;
v do ’ density series } Dpyle’s Law
O This work ‘ :

Figure (VII.6) The second compressibility virial
coefficient far Aimethiul Athan
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37088 A 4
-B(cm3mole™) ®
A 4
Sl i o¢
410 °
i ]
450- - - Ag
b @
490-
¢
- )
530
o 2
5701 4
! |
6101
650+
690" _
Temperature (°C)
7304 ; ; : : ; ; ;
O 10 20 30 40 50 60 70
@ Togg, Hanks and Lambert 3(1955)‘1330y1e's Law
B Hamann and Pearse (1952)°7 Differential compressibility
¥V Ratzsch and Bittrich (1965)'%* do
A Kappallo, Lund and Schaffer (1963)%* do
- € Ratzsch (1968)"%¢ do
QO This work ik B2 il
[{ ]’,\.\Q,-”;"'r & | Cokcn fon ;h__\” g gl [y v Adihrs 1969 150 Se, [

Figure (VII.7) The second compressibility virial
coefficient for bromomethane
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4707 A A
- B (cm3mole)

500+
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5301
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6201
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740
20

=2k
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A Lambert et al (1949)53Boy1e'5 Law o
WV Ratzsch (1968)u$Differential compressibility
5 :

This work §
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1 DA A Yoy, e T IS VE S G N = i

Figure (YI.8) The second compressibility virial
coefficient for chloroethane
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Figure (VII.9) The second compressibility virial
coefficient for trimethylamine
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CHAPTER VII

LISCUSS ICN

COBP.RISON WITH PUBLICHED VALUES

The plots in Figuran (ViI.1) to (V1I.9) snhow the
valueg of the second virial coefficient in the temperature
range covered in thies work for sll the literature values
traced and for those obtained herein, o uttwmpf has
been made to sssess the errors in the previously reported
values, but a briefl description of the wmethod used is
included, together with the date of public&tion. The
internal consistency of the values obisined in the present
work is about iﬁeuamele'1 and the comparisons made
show that in wost cases the largest total ecatter of the
values reported- by different workers ie less than
i!ﬁcmsagle'l @0 that in the worst cases the virial
coefficlente say be regarded as being eetabliished

absolutely to about i1§cw3mola"1.

HTERFRETALIOCE OF THE RESUITS

The results reported here have been interpreted
in conjunction with his results for dielectriec virisl
coefficients, by Barnes?“ fhe following section

sumsarises hie concliusions.

Decause of the restricted tecperature range over

which meapuremente were made, the only information

«



Eteekmayar' Off centre dipole
parameters paranat&rs_
r 7 - N
#(D) ) (o8 h) AR %) «AR)
1.65 3,68 - 285 5.28 3.8% #15 . 1.07
1.86 3.74 373 ﬁ.Bé 4.17 280 1.16
137 2,78 343 4,50 4.70 200 0.94
147 3,08 489 5,66 4.35 323 0.99
0.55 4.92 222 5.88
0.50 5.16 286 5.35
1.28 2.81 630 4,90 4,490 320 1.53
3.62 204 4,58
4.05 315 5.46
4,47 200 4,20
Table (VIi.1) Values ¢f wmolecular parameters

irom Barnes.

@4
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eaascvning the nature of the intersolecular potential

that can be ohtainad from the compressibility virial
céettteinnﬁe-takan by themeelves is the value of the
various ad:pétahlb paraueters in varloup model functions.
Table (V11.1) showe 'the values of the dipole moment, m,
used with the data to obtain the values of < and €)p

.far a fit to the Stockmayer potential (polar forces
raprecented by a central point dipcle) as found by Barnes
from the date reported here. alsc included for compsrison
are values of S and €/ for wethane, carbon tetrafluoride
and ;thylena and valuee of wmolecular diasetere setiuated
.by Barnes frow Van der %aals radii'?® and bond 1eﬁgths.‘29
48 hae been pointed out previously, the values of o for
the polar gases is considerably leeses than wight be
expected ffom-the estimated values or frow the values for
the non-polar gasee,25 but the Stockmayer potentisl can
nevertheleses give a reasonable fit to experismental values

of the mpeccnd coupressibility virial ooeffieient.‘ag

<

For single gases 1t cannot explain the obperved values of
the second dlelectric virial coefficient guantitatively,
even with the addition of polarisability, shape and
quadrupole moment terms to the baeic expreeaion,“o'4“ and
it falls even wore murkedly for two couponent mixturee.za
- I% wae thie sort of observation that led to the
formulation of the displuaced dipole ﬁﬂdel‘£#,25,39 The .
inearporétion of an additional paraweter cowmplicates the

fitting of the data, and extersive triai and error
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\aulanlatIOn.weuld be required to obtain the best values
of all the parazeters. However the values which were
effectively selected on the baais of an expected value
for o give s reasonable egreeuent with both the
expﬁrinantal.oompreaaibility virial coefficient and the
dieleetric virial coefficient over a restricted
temperature range for single guses. The valves of 6“;
ézzund a, the dipole displeacement, are given in
Table (VIi.1).

In eummary, the present situation is that for gaees
_ with almost spherical molecules and small dipoles
(ehlorotriflucromethane and dichlorodifluoromethane) the
Stockmayer model with polarisability terms ie &n
adequake representation. For other gases, with more
polar or less symuetrical molecules the introduction of a |
ghape dependence factor for the répulaive forceg and of a ‘
displacement of the point dipole frouw the centre of the
dispersion forées enables reasonable, but not good,

agreevent with calculated values to be obiained for the

two virial coefficients. These conclusions have been
reached from investigation over a restricted temperature
i&nge, g¢ that they eshould really be examined again after

a more extended investigation. Hpseurcnents over &

wider teuperature range would also allow a more rigorous
fitting of theory to the experimental data. Sutter“o

hae meagured second compressibility and dielectric virial

coefficiente for fluoroform, fluoromethane, chloro-
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f_ﬁgwifludnohithaao, trichlorofliuvoromethane and chloro-

;:iﬁéh;na. Por flvoroform, chlorotriflucromethane and
ahlé?oaithanc, agreenent with the results reported here
and by Barnee ies generally withir the combined

‘ querineutal errors. Hie conclueicne are essentially

eguivalent to those summnrised here.

For two component mixtures the posgition is lese
ponﬁinaing. and none of the available potential models
aén provide even an approximatghﬂaecription of the
dieieetrio virial coe}ficientehéar certuin mixturee, in

terme of the purameters found frowm the single gases.

RECALCULATIOK OF TURNER'S DIELECPRIC DATA

Values of coumpresesibility virial cevefficientes were
measured for bromomethane, chloroethane and trimethylamine
becauee Turnsr“1 found values differing considerably from
thoee previouvsly reported. it may be ssen froé _
#igures (VII,7) to (VII.9) that the results reported
here, and other more recent resulte confirm the earlier
messuremente of Lambert and co~workers.123'127
Aceordingly, values of D have been recalculated from
Turner's values of (B -d8 ), using the values of the
second comgressibility virial coefficlent, B: obtulined
from thie work and from Lasbert's work taken together.
Jince the dielectric weasurewente were essentially
independent of the deusisty measuresenis, the occurrence

of errore in the latter does not necessarily imply errore



Corrected

Turner's Valueea
| Yalues
t% | 4 (B = B) s -B 8 -R? B
(a) (b) (e) (a) (b) (a) (b)
5 | 85.99 | 110,200 | 4,700 | 1,050 | +19,900 | 606 | +58,000
NeBr |25 | 81.71 | 32,100 | 1,500 | 1,005 | -50,000| 521 | -10,500
40 | 77.29 | 28,300 | 1,000 649 | «37,300 | 469 | - 7,900
15 | 107.04 | 76,400 | 1,700 977 | -28,200 | 778 | - 6,900
EtCl |25 |103.91 | 82,300 | 4,600 910 | -12,300 | 723 |+ 7,200
40| 98.2% | 57,500 | 2,000 794 | -20,500 | 649 | - 6,300
NNey 25 | 29,14 | 17,200 500 930 | - 9,900 | 755 | - 4,800
t% | B! ¥ ref.
30 | -6,600 | 600 | 44
HeCl| 50 | ~3,650 | 300 | 44
50 | 4,470 | 200 | 40
Ne# |50 | -1,3071 37 | 40
ROTES s
(8a) Units are cmjmula“1
{b) Units are emﬁmala’g
(e) e ie the standard deviation in (8 - 4B)
(d)  The estimated error in £ s sbout +3,0000u’nole”
(e) y is the estimated error ind

2
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in the former. Table (VI1.2) showe the values of
(B8 -4B), 4, B and 8 found by Turner, and the values
ol B used to obtain the corrected values B, Alse
. inoluded, fcr comparison, are valuee of B for chloro-
methane and fluoromethane from the resulte of other

workers.

The erratic teuperature dependence of the values
of the dielectric virial coefficiente obtained, weane
'fhat there ie little point ir making a detailed aecesement
of fﬁ@ contribution from the various interaction forces
such ae polarieability, uhape;'diaplacad dipole ete.
However, with the exéeption of the values for bromomethane
at 5°C and chloroethane at 2500, both of which are
obtained from plote of abnormally large scatter, tha
réselte now 1is in a wuch more reasonable range, as
can be seen frow comparison with the values for chlorc=

40,44 .na fluorometnane.*C It therefore seems

- @ethane
very likely that the conclugions }:’rarnea“m drew frow his ‘
studies which are briefly summarised above may bde

extended to cover these othér eysteus,

It iz worth noting that if Turner'e’

results for

thhe compreeaibility virial coefficient were too large

for eingle c¢onponente, then it ie probable that this is
sleo true for his resulte for mixturse of these gases.

In all the syetems he studied such a chanze would inerease

the valuea of the dielectrie virial coefficients
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obtained, making theu much esmaller ﬁmgative numbere,
and cloeger toc values to be expected frow theory and
Barpnes' resulte for mixtures. A more detailed examination
of the a:periﬁental results shows that there was also some
eonsiderabie change in compogition for some of the mixtures,
 and as hag been shown in Chapter 1] molecular weight

ghangee are very significant in density balance studies.
.Turner'a conclueions about the nen-applicability of the
digplaced dipole model teo mixtures should therefore be
regarded with eaution. lNeverthelese, Earnea““ found
‘that when there ie a possibility of hydrogen bondfgﬁtwean
the componente, the results capnot be accounted for in
terme of the dieplaced dipole paraumeters found appropriate

fer the single componente,

It seews desirable to have sove wmore accurate valuee ‘
fdr both cowpressibility and dielectric interaction

virisl coefficients for s series of mixturss, including

those where specific chewical types of interaction are
expected, g0 that the question of the range of

applicability of the dieplaced dipole model %o guch

systamu ¢ould be answered convineingly. Soma suggestione

ag to how these valueg wight be obtained are made later.

DISCUSSICE OF THE APLARATUS AND HMETHOD

A T b

The extent to which the detailed dealgn features
of the apparatus have fulfiiled their intended ale 1o

discuseed in thie section, %o that poseible improvements
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aay be considered and fhe direction in which the

'appuratnn ﬁight be most usefully developed can be

outlined. The approach to the measurement of virial
coeffiolents ﬂeucriﬁad irn thies theels will 2lso be
ceritically examined, particularly in respect of the

gscope of applicaticn and the liwmitctione and disadvantages
of the wethod in cosparison with other methods. (See

aleo reference 77.)

Performance of the spparatus

In atteupting to asesess the contributione to error
apﬂ to scatter in the p/i' plot againet p or i', there
is the difficulty of eeparating contributicns from p
and frow 1', and this is further e&mplicaﬁed by the
poseibility of errore in 1' arieing either froum the
balance itself or from the current messuring part eof the ‘
apparatus. However it ie poeeible to draw ecue

conclumions,

The accurmcy of the potentiometer, given by the

maker, for the range used (%1) is +0.002% or 10 micro-volt,

‘whichever ie the greater, The relative accuracy of two

readings on the x1 range ie +0.0017 cor 10 wi¢ro-volt

whichever is the greater.

A plot of the standard deviation of the slope of
the p/i' plot divided by the intercept versus the
molecular weight of the gae is shown in Figure (VII.10).

The error in a eingle value of p/i' may be expressed:
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Figure (VI.10) Plot against molecular weight of the ratio
of the standard deviation of the slope to the
intercept for the p/i' plots
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= Sp/p + AV/4 (VII.1)

The standard deviation of the slope of the p/i' plot
ie related to S(p/i') and the intercept is approximately
equal to p/i', thue #igure (VI1.10) shows some funetion

of the relative error in p and the relative error in 1',
Praasuraa'aré meagured over the save range for all gases,
but the range of current values ie larger for the gases of
higher molecular weight béeauas of their larger absolute
densities. Therefore 1f the errora Sp and 5i' do not

depend on the valueé p and 1i' being uessured, the values
of the afaﬁdarﬂ deviation of the slope divided by the
intercept will be constant if%i'/i' ie negligible, but
otherwiee wiil tend to smsller values at higher molecular
weight if 5gfp ig negligible. It can be scen from the
plot that the former is wore nearly the case. Before
aseizning the major error to the pressure readings, the ‘
effect of a proporticnsal error in the current measurements,
which would give rise to the esawe Lehaviour a8 an

absolute error in the pressure weasurexents, must be

congidered.

¥rom 1. above, the waximuw error in 1i' is 0.061%
or 10 micro-volt whichever is the greater. Such an
error in 1' may be shown to give rise to an effect of
about ¥ to ¥ those cueerved, for the conditions undaf
which the experimental rune were wmade. Therefore, the

major source of error in the measureuments of p/i' ie
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probably in the preseure messureuente,

Thallikely sourcee of error in the pressure
measurenents are now considered. The differences in

gucceesive values of p/i' at the same balanecing pressure

 imply, if the major error is in the pressure, a .

' reproducibility of resding pressure of better than

0.001cw Hg, provided the wmeniscus did not move, ihen
the meniscue did mov#. the reproducibility was about
0.001ex Hg, which indicates mome error associated with the
conversion of meriscue heighte to capillary depressicns,
Although the manometer tubee had been thoroughly cleaned,
tﬁe'mercurnglaea contaset line was freguently eloped, and
alwayes in the aanme sense. #hen there wee less than
about 10 eyepiece divisions (0.0%cm) difference in the
positions of the contact line on either gide of the tube,
an average value was taken, and otherwiee the mercury

wae run up the tube eslightly to fors & new surface and
contact line, However, if there were piznificant traces
of dirt in the tubeg, ae these obeservaticns imsplied, the
correlation 6f seniscue height with capillary depregsion
might be expected to differ unpredictably from the '

published ra&ults,108

agsuning that these were obtained
for aveclutely clean glass surfaces. There would then
be a likelihood of error frowm thie source. The effect
would ba increased by the relatively small diameter c¢f the

panometer tébna (11.5a1m) which were used because of thelr
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granter in smaller tubes. However the error introduced
is emall (probably about 0.00%cm Hg), and can be

tolerated in the present apparatus.

The accuracy of %the pressure measurements can be
judged frcu the plots of p/i' versus p, assuming that
they give rise to the mejor part of the error in p/i'.
This will actually give an assesenent of the irregular
dariVHtinnﬁ from linearity of the messured pressuree
ge & function of true pressure rather than their
abgolute accuracy. fher the measured pressure is

directly proportional t¢ the absolute pressure, and

the propertionality conatent differs by only a suall

asount fropm unity, no significant error will be introduced
in ocaleulating the cecond virial coefficient by taking

the ratio of glope-to intercept of the p/i' plot. The
deviation of individusl points frou the best straight q
line was geldcs zore thar would be produced by errors

of 0.002cm Hg. the increase of thie figure over the
naﬁroduaihility of resding o given pressure (about

0.001em Hg) could be due to errors in the glass acale
calibration, refraction errors or ervora introduced by

the microscope asseibly. The latter could be caused by
the nicroscope being held at different, near-noraal

augiea to the scale and umeniscus in different parts of

the manometer., A check with an accurate spirit level

sounted on the microscope carriage eshowed no gignificant



KARQHETER DERSITY BALAHCE
(em Hg) {gm.em"a) {gm)
Range 0 to 50 |0 to 4x10™7 | 0 o 6x10™2
Resolution 0.0002 2x10™Y 3%107°
Reproducibility | 0.001 2x10~2 3x10™"
Linearity 0.002 2%10™" 521071
Table (VII.3) = The performance of the ganameter

and density balance.
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'dhahgau-in level in the two relevant plenes; refraction
errors are miniwised by the use of thin wall manometer

.tu§1ng {(0.03¢m), and other workers have found no

eignificant error wibn'tubes of eiwilar wall thickness,?®

The glape scale calibration therefore seese to be the

uwost likely cause of the liciteticn on the linearity of

the pressure readings. The wetiod whish was ueed for
thia e&iihratianwééuld certainly zive rise to errors of
the size na;;éaﬂ (and significantly larger onee), but thie
WAs dietata& 53 the deeign of the comparator ueed, which
allowad onlx one end of the scale to lie on the viewing hed.
The calibratien was transferred froun thie end to the rest
of thg gcale using the wanometer microscope, by measuring
th§ nuaber of eyepiece divisions to saech scale division,
and this could be dons enly to 20.,0005cm (%leyapieaa

diviaien) per ecale division, largely becaupe of the

“drregularity of the scale lines.

The performance deduced for the manoweter and
density balunce are sunnarised in Table (VII.3), where
the figuree wurt only be regarded ae likely oneg, becauee
of the lack of coumplete certainty in geparating the
individual errore of the manometer, denalty balanée and
potentiouwater. The linearities quoted are those obtained

after the application of all appropriste correctione,

The manoumeter performance includes that of the separstor.

There was no difference in the range of vslues of the

ratio of the standard deviation of the slope of the p/i’
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 §1&% to the intercept before and after incorporating

LR t which Eheveforp

the separator/nas an error of lese than 0.0C1on lg
‘_(ﬁ;of'a meter geale division) provided that the zerc snift
s 1s_ﬁayreetéd fan and the calibration against the manomater

is used.

It must aleo be borne in wmind that the ecatter of

the p/i' plot may be affected not only by errcre in the
presgure and current raadingg. but aleo by changes in the
- wolecular welght of the gaoe from point to point, In aniy
one or two casee is thare an& indication of thies having
occurred, and even tnen-the valuese of the stapdard
deviation of the elope divided by the intercept for the
.~ plot lie within the renge of values from other rune where
there is no indication of molecuvlmr weight changes.,  There
“was no evidence of significant contanination of one gus ‘
by %hé previous one at any tize, aa.that evacunting the
apparatus ﬁv@rnighf geems an adeguutes precaution against
this. Greceeless stopcocks and elastomer '0C' ring seals
.which are used tharoughout in place of gressed tape and

gseale nay be & contributing factor.

The corrections which are appliied te the pressure and
current readinge include those for the zero error of the
gancneter and the zero drift of the balsunce reapectively.
#hile it is relatively essy to incorporate both of these
factore, it.im of interest to know the counatancy of the

forwer and the wagnitudes of the latter.



""‘-...\
~
4““"“-

: é—;\—“‘i —— true
o ?/ -] horizontal
o | line™alang which
g0 ¢ | microscope moves
"'../,/' ;/.-:/_,’
r.// 'f/"//'
il 7

For apparently highér pressure on the rignt side, the
correction is taken to be positive and the error

/ - negative .

Zero error = -2x = -2y.tan6

Figure (VII.1)  The origin of the manometer zero error.
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The wanometer zero error hae had values of zero,

- =0,007 and ~-0.010cm Hg. The spirit level indicated that
these arose from a lean of the menoweter in the plane of
the tubes. - The way in which this introduces zn error can
bg'naen by reference to Figure (VII.11), %hen the
mieroscope movaﬁ along the broken line, the indicated
prespure with zero sctual pressure difference between the
two eides will be -2x or -2y, ten® where 2y ie the dietance
haiwaan the axes of the tubea, provided that the glass
acale ie aleo tilted, ae happens with the arrangenent
used, If v is sbout 1cum, a lean of 1% ie required to
prqdaqé G néro error of 0.010¢nm iz, As mentioned
earlier, the suspected cause of the alterution of the

gero error wee the bolted-up manoweter stand, and thie

, was replaced by z welded-up one bafore the last few
meagurepents. fo information is yet availadble to '%
confirs whether this has in fact imcroved the constaney

of zero.

The long term zerc stability of the density balance
is best seen from Pigure (VI11.12). (a) showe the
‘varistiosn with the original rounded hooke supporting the
magnet; (b) shows the drift after these had been re-
formed into 'V'ghsped hooks, and presumably ariges from
" slow ageing of the quartzy (c¢) shows the behaviour
about 3¥ nmonthe after the 'V' hooks were introduced, and

gives souwe indication of the improvewent obtained,
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 When coneidering the long terw drift, it is important te
rewesber that thig includes effecte from the drift of the
resisteance in the control box acrose which the potential
difference iﬁ meszsured, The change of the value of this
resletance with temperature (the control box is lagged

but not thermeostatted) and the drift of the potentiometer
is alec inecluded. Cver periods of a wonth the latter ie
unlikely to be a large effect if the proper correction for
the etundard cell teuperature ic made (the eiandard cell
is legged and correctiors are made asauming the value at
2000 ag calibrated by the makers, and a temperature

coefficient of -40micro~veolt per GC).

It can be seen that for the later ﬁaaséremanta the
gero point was aztable to +35 micro-volt = #1 wicro~-gras
over two weeks, Thé constancy during one day wae asbout
+20uicro-volt on average, and the zero readinge seldon ‘
differed by more than +10wicro-volt (about O,3wicro-gras)
before and after each reading, that im over pericda of
about 1% hours. The last value 1s the one quoted as the

reproducibility of the density balance.

The temperature ccoefficient of the dencity balance
vacuu§ reading was about 130micro-volt per °c over the
range 25° iﬁ 5596. the large valuve probably arieing from
the fact that perte of the balance case were not entirely
non-magnetic.  The expansion of the metal case with
increaved tevperature will change the relative position of

the magnet an! these purte of the ¢caee, and becunsge the
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magnet 1a_hung on a long quarte fibre there will also be
an effect frew tais, in alteration to the position of
neighbouring magnetic materisl will alter the conestant
force on the magnet frow temperature te teuperature,
ihere ie alec a second grder effect on the pz0poitinnaiity
conatant relating 1' to deneity which changes by 1 part.
in 15,000 par'ac. #nd which may arise from many sources,
for example, volume changes of the {lotation bulb with
temperature, expansion of the solenoid altering the
current-force proportionality, eto. However, with short
term thermostatting to about 0.01°C, both effects are
negligibly swall,

One further difficulty ie the necessity of applying
a correction for the contraction of the bulb with pressure
increave. Because the valuelfor this 19 determined by
doing a run for a standard gas, inetesd of by direct
meagurerent, the uncertainty 1n.'chie correction is a ‘
source of further error in the virial coefficlents
obtained, Phis detractz frow the performance of the
apparatue as & whole., It will be discussed further in

the next section.

POSSIBLE IMPROVEHERTS OF THY PRBSERT APPARATUS

This section discusses detalled aglterations that
might be made to improve the performance of the exieting
apparatue a8 & reeult of the coneiderations of the

previous ssction,



Hanometer:  lmprovemente directed to reducing the
deviations frow linearity to bring thew closer to the
resolution would include replacing the existing manometer
tubes with omes of larger dlameter and attempting a

better calibration of the glass scale, or, preferably,
replacing it with a more accurate onse. Theee replacements
might be expected to reduce nonlinearity errors to leass
than 0,001c2 Hg, and sc wake it posaibla to wmeasure

gecond virial coefficients with the axiating balance with

probable errors of about 14cm3mole*1.

Density balsnce: The alteration shich would moet simply
improve the accuraecy with which virial coefficients could
be determined would be the elimination of the preesure
dependent qﬁrreotien. The contraction of the bulb ie
probably the major, if not the only eignificsnt,
contributor to thie effect. 4 sufficiently thick walled ‘
bulb could be used to eliminate thie, if the additional
sags did not overload the suepension fibres. from the
expression in Appendix II, such a bulb could weigh 1.5gm
(the present bulb weighs 0.7gm) but selection frow a
buteh would be necessary to enegure the use of one which
did not havé tﬁin.apots causing contraction much larger

than the theoretical value.

An alternative approach would be to attempt to
measure the volume Ghange which ogccurs. Por the bulb

‘used in this series of experimenta, the volume changes
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by about ﬁ.eaamﬁ, if the contraction of the bulb is
the only pressure dependent effect, for an increase of
externsl pressure of 50cw Hg. Such a change in voluwe

3&010'1 in the measured

causes an error of asbout 50c¢m
uscogd virial eneffieiant.‘an it would have to be neasured
to about one part in 56, that is, té G.GGO&&EE, g0 that

no significant error could be intreduced in tﬁe
correction factor., This wight be done before the bulb
wae sealed, by altering either external or internsl
pressure and measuring the change in velume by the dis-
placenent of a fluid along a capilliary, using a suitable
arrangesent. Sueh a method could aleo be used to

pregelect 2 bulb with sppropriate esmall voluwe dependence

on pressure,

Whether there were other significant sources of
pressure~related effecte cculd be ascertzined only if a
bulb of known voluune/pressure dependence were used and
the resulta for 4 standard gas were shown to be in error
by more tham the coriaotion.due to the change in the
bulb voluse. If there were such an effect, ite cause
would réQuire identifying and eradicating. It ie
poasible that if, as suggested earlier, the expansion of
“the eaeing causee a significant error by sitering the
magnet-golenold separation at null, alteraticn of the
position of the solenoid might be wade to miniwise the
effect, or ever make the sense opposite te that of the

Lulb eontraction and so to counteract the latter effect.
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It follows that if the pressure dependent error |

could be eliwminated or separately calibrsted, and the
manometer iuprovewente detailed above made, it should be
poseible to meamsure the second compressibility virial
coefficient with an accuracy of better than i2om3mcle-1.
A eiaadard gae would then be required only in order to
give the relation between i' and absolute density so that

polecular welghte could be determined.

Two further wmodifications to the balance asgenbly
might be mpde relatively easily. The present wagnet uaad
for the electromagnetic compensation hae a pole strength.or
about 20 unit poles. Such a strong magnet was required
originally because solenoid current was to be supplied by
lead-acid accumulators, and sc¢ had to be made a8 swall as
poesible. The original solenoid also had a larger
diameter, and so gave a swaller field for = given current
and number of turne, It would now be advantageous to q
reduce the wmagnet pole strength and incresee the number
of layers on the solenoid and poesible almo the solenoid
eurrent. The former would be preferable because it would
involve & smaller increase in hegting effect for a.givan
increase in solenoid fleld strength, but it should be
poseitle to reduce the pole etrength and weight of the
magnet to about one third of ite present value, 4
reduced pole strength would make the balance less
sueceptible to etray external magnetic fielde; the

reduetion in weight of the magnet (by O.8zm to about O.4gm)
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would enable a suitable heavier bulb to be used, as
described above, without increaszing the locad on the

pivoting fibree.

The other modification suggested is the incorporation
of additional resistors in the contrel box, for the
meagurement of the solenold current, the arrangeuwent
effectively providing a range ewitch. Thues the
potentiometer could be used approximately over ite full
range for each gas studied. The valuee of the resistore
could be calibrated with the potentiometer, but provided
that during a run on one gae only cne combination were
used, no calibration would be regquired in order to obtain
valuee of the virial coefficient, although it would be
needed for intercomparison of runs done on different

ranges to obtain valuez of woleculur weights.

USE OF THE DENSITY BALANGR FOR MEASUABMEWTS O MIXTURES

The mpecond compressibility virial coefficient, Bx'
of a binary wixture has contributiens from three different
interactions (wmolecule type 1 with type 1, type 2 with
type 2 and type 1 with type 2), weighted according to
the likelihood of their oeccurrence: G;
By = xy%Byy v 20,8y, ¢ X, 7By, (ViI.2)
where x rsﬁrasenta the mole fraction, and the subscripts

have the obvioue significance.

The determination or'B12. the croee interaction

virial coefficient is the sim of weasurewente on mixtures.
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For density balance investigations, two (or wore)
component mixtures in which there ies at lesst one 'sticky'
gae present the additional problem of inareaaedluncgrtainty
in the melscular weight which can alter by partition
effects. Thie ie a parallel problem to that encountered
in the conventional PV methode of uncertainty about the
validity bf-aaaumptiona eoncerning the nuwber of molecules

in the gas phase.

Various methods have been used for the study of

mixtures containing 'sticky' componente including the

Boyle's Law 12 1=135
124-126,136

method, variocue differential

methode, weasurement of the pressure exerted by

a known welght of gaas in & known volume1§7
41,473

and density
balances. Adeorption corrections uzay be applied.136
For accurate work on mixturee where adsorption is unlikely
to introduce large errors, and so say be corrected for,

the Burnett method hue been usad.57'138 There are %z
three further approaches which may be used for the
deteruination of the interaction virial coefficient,

and which have ne eguivalentes in the dstermimation of

virial caeffieianta for pure gaces, The volume change

on wixing the two components at conetant prnesure’39'143

or the pressure change on mixing the two eouponents at
conatant volume14a'146 are both related by simple
oxpraaaiaae to the exceae virial coefficlent, =,

defined by equation (V11.3).
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BaB,- W88, (V11.3)
'?haaa wethode have usualiy been used for series of mixtures
of sueh gases as niiragén, oxygen, carbon dioxide, carbon
monoxide, ethylene, argon, hvdrogen, helium at
tenperatures nesr room temperature, but have besn used
aleo ifor the fifteen binary mixtures of nernral alkanes

from methane %o hexane at 25°, 50°, 75° and 16000.144

Gag-liquid chronatography offere another method
“for the determinetion of the interaction virial .

coefficient. 147191

It hae been used for the etudy

~of the interaction between muny different hydrocarbone

and eimple moleculee such u= nitrogen, carbon dioxide,
argon etc. 1%t appeare to offer a very useful method for &
wixture of a relatively mon-volatile component and one

|
sufficiently volatile te be uvsed aw & carrier gas. ‘

The increuse in vapour pressure cf & relatively

152 153,154

involeatile cowponent, in the liquid or golid pnas
caused by increased pressure of a very much sore volatile
component, may be related to the gecond and higher
interacticn virial coefficients. This wethed hae not
been widely used. The pheronenon ie important in gone
industrial systesms, for example, it is responsible for the
depoeition of silicua or scodium ehloride on turbine

bladea153 and the enhanced vapour preseure of lubricating
oil in campreaaedethyiena.‘sﬁ

The velume change or pressure change on sixing two
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componente has not been widely used for gases where
adsorption could hé gignificant. Hevertheless it might
be & very uaeful method for such gases. It would be
poesible to arfange the surface and volume of the gas
coﬁtaiﬁara to give & firwt order corrsction for
adsorption, that 15; to give zero error, if the nase
adsorbed ie directly proportional to areas and pressure
and if the adeorption ie reversible and rapid. 1f
such corrections were inadequate, the excess virial
coefficient obtained would depend on tue estarting
preesure, so that a eeriee of rune with different
gtarting pressures would enable an extrapolation to be
wade to merc pressure and =20 give a value frse from
adsorption srror. Juch & procedure would be beitter
than en attewpt to extrapolate to zero surfsce to volume
ration because it does not inveclve different surfaces
and the probles of differing ratics of real to apparent
surface for different speciwens of the sawe material ‘

doaes not arise.

It would obviocusly be advantageous to have an
entirely different wmethod for wespuring the interaction
virial coefficient for two couporent mixturee including
‘aticky® BABCE. Aesordingly, ecume consideration has
been given to poesible methode of waking auéh seagurenentsa
with the deneaity balanceé and manometer, without s

. major modificstion to the existing appsratus. Four
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~ different methode are esuggested:

1. A mixture of the two conponente could be used
in the same way as the pure gases, using a large
regervoir of emall surface tc volume ratio, filling the
balance caese with a fresh sample for euch reading and
either reuwoving the sample to a tiird vessel (for salvage)
after each reaﬂing, or discarding it. If such a
procedure enableg the eot of samples to be obbtained with
adegquate constancy of compoeition, & etraight line plet
of p/i' aguinet p will be obtained with no more scatter
than for the pure gases. The value of Bx may be
obtpined as for pure gases (see Chapter 1I), and the
intercept will give the molecular weight of the mixture,
from whiceh the composition may be caloulated with
adequate accuracy to obtain the interaction virial
coefficient, (B1_2). frow the virial cocfficient of the ‘

mixture, 5_, using equation (VIi.2) and taking values

x
for the two couponente frow the literature or previous

measuremente.

2e The balance case could be filled from ceparate
contalnere for each different pressure. The containere
would have gurfasct to volume ratice equal to that of the
balanes cage, and volumes such that when each container
was fllled to the same initial pressure, opening the
containers to the balance case zould give a series of

gultable pressuresa. The separate containers would be
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' éanh@étc& to each other for filling, and to allow the

corponition of the wmixture t¢ becowe the sawe in each.

Thie interconnection would be made ueing greaseless taps,

whieh would be closed prior to the run, It can be shown

that 1f the same muterials are uvesed for the reservoire

and balance case such an arrangesent would give firet

erder correction for couposition changes caused by

adeorption on the walle of the balance case (partition)

and so wmight give better comnstancy of composition than

1. The interaction virial coefficient would be

obtained ss above.

b The balance now has a sufficiently etable zero to
enable a series of meusurenente to be uade between vacuum
readinge. Advantage would be taken of this by either
of the fellowing proposale. The balance case would be
filled with a wixture to the higheat pressure to be ueed,
twe (or more) vessels, which could be evacuated, made ‘
from the same material as, and having the same eurface
te volume ratio as, the balance cmee would be provided,
intoc which the gas in the balance case would be expanded
succeegsively t¢ give a sérieo of eﬁimahla presaures,

The intersetion virial coefficlent would bLe obtalned as
above. The prineipal drawback to this method is that
aampositiﬁﬂ echanges would not be immediately obvious from
the p/i' plot, and so there would be the poeseibility of
deducing incorrect viriasl coefficients without warning

if such changes occurred.
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b, ' I?ha-ﬁiiture, or a series of mixtures, umight be made

up actually in the balaﬁce case. The case would be filled
firet with one component and the null current and pressure
read; the second component would then be added and null
eurreht ané pressure again read after wixing was

coupleted. The null éurrent values can be used te find

the mole fractions of the components sctually in the gas

phase by the relationship:

x, = d1§2/ k1dx ~ d1(%¥‘;1 - %2) (Vii.4)
in the obviocus notation. Thue, if the wolecular weights
of the two components are krnown the molecular welght of
the wixture may be calculated, and 1te virial ccefficient,

Bx' can then be obtained frouw yx, Py and dx according to

the gimple balance expression, equation (VII1.7).

it é aeriea of readings are taken by adding
guccessive amounss of the second cu-mr}an*-mt, then the ‘
reliance on knowledge of the wolecular welghte of the two
cosponents can be elivinated.

From the virial expansion of density in powers of
the pressure, taking terms %o the secocud:

gl iy
m?+3xpx

and by definition:

x, = é?ﬁxfdxﬁt (VII-§)



les‘

Frowm equation (V1I.5):
B, = a;e;x/ax u-&&/px (Vii.7)
Substituting frow equation (VII.6) into (VIi.7):
B, = x1ﬂ1/d1 - szpx (vii.8)

From the definition of the excess virial coefficient,k,
in equation (VII.3):

¥ ae 2:138

& + 2x,(B,, - By,) + By, (Vii.g)

And esubstituting equation (VII.9) into egquation (VII.R)
gives on rearrangevent:
_1.1&2 + B = M /d, - 2(B - B,.) + 2Bx (VIi.10)
Xy | Py 22 Wy ™ iRy 22 i ¢

Therefore, 312 ean be obtained frow the slope of a2 plot

g1
oer
xi px

+ BQ%] versus X, e The guccessful uvuse of this

method would depend on there being conplete wmixing in a
relatively short time, on the volume of aytem remaining ‘
conetant and on the constancy of the number of molecules

of the first cosponent in the gas phase. The lasst fact
means that if only one of the two couponent lg a 'etichky!

gag it should be used as the secon: gas; if both are
'*aticky' then scme considerable tiwe would be required

for the firet component to attain adeorption equilibrium.

The relative practical merits of these four posaibilit-
ies could only be patisfactorily assessed experimentally.
There has not been time to try such a programse, but it

would seeu to be worthwhile toc have some inforsstion about



le9
any of these four methods for measuring interaction

virial coefficients in mixtures involving 'sticky’

components.,

FOSSIBLE PUTURE DEVALOPMINDS

%With the detail ilmproveuments suggested earlier,
the deneity balasnce should provide a method for obtaining
gecond compressibility virial coefficients accurate

. 1

to 1 or 2ow’mole” ' frow weasuremente in the pressure

range 10 to SCcm Hg.

The firet objective in the development of the
apparatus should be to enable measurements to be aade
over & wuch wider temperature range. The iwportance
of having ezperimental resulte for the second virial
coefficient at low and high temperatures has been

pointed out in a number of papa133“'55’55

156

and emphasiged
recently by Klein and Hanley. They strees that

within the range 2<T2410,whera ?rmk‘.{‘/E ,.and € ig the %
value obtained from a fit to the Lennard-Jones 12-6
potential, one car learn little about the relative
merite of different potential fencticne by fitting to

to the experimental data. The accurate determination
of the gecond virial coefficient at low reduced
tewperatures le couplicated both by adserption and the
reduced pressurs range a?ailable.sg's? The density
balance, however, is particulsrly suitable for operation

under these conditicna, #6 the obvioue developsent would



ITo

be to extend the tesmperature range available tu lower

teuperstures. This is not %o preclude the use of a

density balance at higher temperatures; intrinesically
there iz nothing to prevent the use of a suitable
electromagnetic balance st tewperstures up to the liwmit
imposed by the constructional materials. Hlowever, the
extension of the range of the present spparatus tc lower
temperatures would be more easgily sccomplished, and it
might even be possible to deo thiz eiwmply by using a
suitable low temperature thermostatted supply tank in

place of the present water supply tank.

If such & development were to be made 1t would be
valuable to incresse the accuracy of the method further
for a given pressure range, or to ensble the presently
avallable accuracy to be obtained frow wessurements
over a sumaller pressure range. The wajor source of €
error ut present ie¢ in the greasuré measuresents, Thie
gould be improved by an order of magnitude, with the
probability of increasing the socuracy oi the neasured
virial coefficient by the same amount, by replacing the
existing vancumetric arrangecent with one simdilar to that
described by Welr et &1.§6 which uses marcury colusns
of much larger orose secticn, thus eliminating significant
capillary depreeseion, and nsas a wore accurate optical
metinod for deteruining the uercury level. Alternatively,
a dsnsity'halaaee in conjunction with a separator umight

be used for measuring pressure, by using a gas of known



I

-virial coafficient. ﬁhia could aleo offer a means

for autowating the pressure readings. Such a method
hae been used with a coumercisl recording vacuum

microbalaneea1

with lower accuracy than that required
in this context. A deneity balance similar to the
one deecribed in this thesies could be used, but would
probably not be the best deeign for thie specislised
application. A balance for wmessuring pressure would
h§ ueed at or near room temperature with a gas which
would not be adsorbed to & eignificant extent. A
galvanometer type of electromagnetic compensation with
its greater insensitivity to level changes and external
atfay pagnetic fields would probably have advantages
over the wagnet in solenoid &rrangemant. It wight be

possible t¢ alter one of the commercial balancesgs'1°0'1°2

tc give the range required while reteining the automatic

nulling. €

If an autowatic pressure reading device were
avallable, and il it were povsible tc make the density
balance avtomatically nulling, reedinge on the 'stickier'
gaeee would be wmore readily wuwade. For these gases there
way be a considerable delay after the introduetion of the
gae befors the pressure is stabls enocugh for messurement,
even by the technique outlined in Chapter V. #1ith
automatic nulling equipment, and a suitable recording
device it would be posaible to read off the weasured

deneity and pressure at the sepe instant. The ratio p/i'



ehould become constant after attainwent of thermal
equilibrium (and this could be followed) and 8o the
time necessary for a wmeasurement would be considerably

reduced.

There would also be incidental advantages:
operator fatigue and reading error would be eliminated
(a major consideration); wore pointe could be
convenisntly obtained for the p/i' plot and the line
better definedjwith wixtures the rate of smixing, ér any
compoeition change with tiwe, depending on how the

gixture wae investigated, could bs readily observed.

3¢ far, the density belance has been considered as
operating in the pregsure range where the second virilal
coefficient is the only significant one, that is, at
preseures up 10 1 atucephere. In wany cases it would
be poesible tc measure the eecond and higher virial
coefficiente with a balance operating over a wider
pressure range. %here this is possible the valuee of
the second virial coefficient obtained from a suitable
poiynomial fit to the data should be wore accurate, if
the ratio of accuracy to range remalng constant.
Alternatively, a baianaa of relatively lower accuracy
could give a second virial coefficient of the sane
acouracy. One such allemetal balance which could

operate at pressures up to about 37 stuwoepheres hae

52
been described, but this seese to be the only one

(12

<
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- reported.

A particular application of such a baslance would be
an extension of an earlier method for the measurssent
of the second dielectric virial coefficient. Buckinghan
and Raahsa attempted to use a deflection density balance
of relatively low sensitivity for the measurevent of gae
density at the saue time ag 1ts total polarisation was
measured and g0 to obtain the second dielectrie virial

coefficient frow equation (VII.11;.

o Bl d 5 vii.
el e A*‘ﬁ'ﬂ*ﬁ(%)*""‘ e
where £ ies the statie dielectriec constant of thue gae.

The accuracy of their resulte was, however, dininiehed

by the low precision of their balance.

By using a more seneitive balance able to measure
the density of gaseé af pressures up to s few atmospheres,
and a gas dielectric constant wessuring side siwilar
to that of Barmes ' or Cole and oa—work&ra?ﬁdm*wo it q
ehould be possible to'ahtain meaningful dielectric
virial ccefficients for the ‘stickler' gases. The
lizitations might then be imposed by aﬁaprpti&n on the
platee of the dielectric cell cauming errors in the
meacsured dielectriec constant of the gus. This could
probably be overcome by veing & cell with two sets of
plaﬁen each having different plate separations. it
would then be possible to elininate the effect due to the

adeorbed layer f{rom separate readings for the two sets,



¢

effectively by extrapolation to infinite plate

geparation,

Finally, it way be recalled that the electromagnetic
balance wihich ie used here for the comparison of
deneities is very siwmilar in capacity and seneitivity to
balances used for sorption, magnetic susceptibility
and other estudies. However, it has a range waich,
relative to its sensitivity, ie larger by one or more
orders of magnitude. 1t seems likely, therefore, that
awong the applications of such a balance are various

gtudies in these and related fialda.62

DVANT

GEp AED DISADVARTAGES OF TH: DEESITY BALANCE KHTHOD

The eingle major advantage of the density balance over
the conventional ¥V methode for the precise evalustion ?
of saaudenaitles is that adsorption effects can be <£
elivinated. The major disadvantage 1z the dependence
on either acourate knowledge of molecular weights or at
leset on considerably greater ccnstancy of molecular .
weight than ie necessary for the PV methods. A iaaaer
disadvantage iz that thara ie ag yet no practicable
differential denzity balance for deteruipning directly and
accurately the difference in or ratio of the deneities
of two gases. The limitatione which thie iwmposes are
lees 1mportant because of the availability of the stable

wide~range balance decoribed in thie thesis.
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APPENDIX 1

IHE IRTERACTICK OF MAGHET AND BCLLINQID

The field at a point P on the sxis of a solenoid
and distance x from the centre of the solenoid ie

given h3:109

. gggiliceeﬁg - coal)

where the angles are defined in fighre (a), H 18 in
aaraiads, I ie in awps, and n is turne/cu. The form of
this function is shown in figure (b) for different ratiocs
of solenoid length to radius,

The force on 2 magnet lying aimng the axis of a
solencid ig then given by:

, w2rnl
# = =Sp~ (cosd, - cosf, - cosb, + cosl,)

where the angles are defined in figure (c), ¥ is.in
dynae. w ig the pole strength in unit poles, thé length
of the magnet 18 22 and of the eolencid 2d, snd y ie
the distance between the centreg of the magnet and
Saieﬂﬂid. .

There are iwo requiremente for the eatisfsctory

performance of the electromagnetic compensation:

t. The force on the magnet should be directly

proportiocnal to the current flowing in the solencid.



_ b
'_ 2. Por the dafl&ctian atnuiti#itylof the bslance
. to be independent of the current in the solencid,
the force on the magnet for a given current in the
golenoid should be independent of small displacemente

of tha“magna; along the solenoid axise,

The firet reguiresent is geen to be wet if the
geomstry of the system, the magnet pole strength and the

number of turne per centimetre of the 20lenoid are constant.

The conditions under which the second requirement
ie met are best geen from figure (d), by considering the
‘total fcree.en the magﬁat ag the sum of the forces on
the two poles. It can be geen that the regione of
approxivately conutént'farcea ara for ~{d+L)< y<={d-2)
and (d-L)<y é(d+£§. Prom figure (b) it can be seen for
the field in the centre of a solenoid to be as constant_
as ﬁoasible, that d4/r should be lurge. ?urtherm&re;
frow figure (d), £ should have a value pear the value
of d to make the plateau as long and hence as flut ae ‘
posaible. -~ The dimensions used were Zr = 0,7%5em,
2L = Hom, 24 = 6.50m, Calevlation showed that at the
pogition of the maxiwmum force and for the largest currents
used, tne force changed by 1 part in 20,000 per O.1cm of
displacewent. As & result of thie the deflection
gensitivity of the balance changes by about 105 over the
gurrent range ueed, that ie frowm 5S50uicro-velt per eyeplece

division at zero current to 55miero-volt per eyepiece

divieion ut the hizhest current,
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APPENDIX 11

CORTRACTION OF A THIN uPHhRIC Al BULD WITH

INCRBASING PRESSURE

The radial utrain,fgr, at a point distant r
from the centre of a spherical shell of interrnal radiue
a and external radius b (a<r <b) due teo an internal

presaure of P end external pressure p, is given by:

3 : ;
A Blro Rl REER . L
2 t e
(Bhe+2m)(1 — %) Uil = %«:) 3
E» E -
n Az —m—————— 4 il Bowm ¥ 3
sl 4 EE RO el Y G Y= pﬁ‘f?i&?flﬁ?g

(see, for exawple, Fringen, Lechanice of Cont: nua, 5218
#iley & Sone, sew York, 1496 ‘

for & thin spherical shell of thicknese t{=bea)
thie reducee to: ' ! €

Po— PY(1—~ 17
S = : SEE -

and so the volumetric strain of the enclosed volume, &, ,1s81

L 2 (Pa- pY(1= )
ElL s BEn ¢ 5 SEE

The valueeg of E and » for fﬁsed quartz were taken as
1&.1x106951 and 0.17 respectively (THermal Synéicate'Lta.
Cutalogue, 1958), t was calculated from the welight of the
bulb, U.68gm, lese 10% for the weight of the hook,
ueing E.ng.cm”a for the_ﬂeﬁsity of fused quartz, and
feund to be about O.01cm. #ith theee values the change

of volume with pressure ier



%%-- -5:10'§cm3 per cu.lig

The value of the pressure dependent correction

which hae to be applied to obtain literature values

for the asecond virial coefficient ie about w43am3mole"

at 40%. This correction factor'may be showsn to be

equal to %; %% s and therefore experimentally,

'%%'n ~31x10"2on’ per cm ig

The discrepancy of lese than.one ordar of
magnitude between the theoretical and experimental
valuee may be insignificunt, or may arise frow an
additional présaure dependent efiect frow soue other

ScCurce.



1.

2.
Be
4,
5e
6.
7
8.

9.

10.
1.
12.
13,
T4
15,
16.
17+

18,
19.
20,
21,
22,
23,

24,
25,
26,
27,
28,

29,
50,

(50

3.0 Hirsahfoldsr CoF.Curtiss and BB, Bird, @;ggglg g
LDeory of Gas = .*'-* ‘ uilﬁy & Q\.«‘ﬁﬂ. éw 1or 4 96 #

P.E.Fhillipson, Phys. Rev. 1962,125,1981,

_A.&u-ﬁbrmsan' mg_ﬁ RWO 1%5 '122’695'

I.Amdur and J.E.Jordan, Adv.Chem,Phys. 1966,10,29.
H.W.Berry, Fhys. Rev, 1949,75,913, 1955,99,553.
JeEoJordan and I.imdur, J.Chem.Phys. 1967,46,165.
Jd.E.Lennardedones and ¥.R.Cook Proc.?oy.ﬁoe 192744115 334
S.Chapman and T,G.Cowling, The y

Non-uniforn Gases, C.U.F,

J B, Dymond M, Rigby and z:.:s. Smith,J,Cheu, Phys. 1965 42;2801
o Phys.Fluids,1966,9,12257

R.J.lunn and F.J.8aith, J. Chem.FPhys.1965,43,3998,
4o DoBuckingham and J,4.Pople,Trans,Psraday Sae.1955%;%§

T.Kihara, Rev.lMod.Phys. 1953,25,831,

A.G.DeRoceo and ¥,G,Hoover,J,Chem.Thys, 1962,36,916.
J.Corner, Proc.Roy.’oc. 1948,4192,275.

JeR.Sweet and W,A,8teele, J,Chem.Phys, 1967,47,3022,
FoLondon, Z.Phys,Chem, 1930,811,222.

E.W.Rothe, P,K,Rol, 8,M.Trujillo and R.H, Neynaber, €::
Phys.Rev. 1962,128,659,

ReA.Buckingham and J.Corner, Proc.ioy.Soec. 1947 vA189,118
“.HoKeeosom,Comm. hys.Lab.Leiden, Suppl. 19ﬂ2,§_§,52.
PeHilorse, Phys.Rev. 1929,34,57.

WeH.Gtockmayer, J.Chem,.Phys, 1941,3, 398,

K.¥.5uh and T.8.5¢0rvick, J.Phys.ﬂhem.1957,2_,1450.

AeGeDeRoceo, T,H,Spurling and 7,35,¢ Storvieck, J.Chem,.Phys.
196?t_§,599.

K.P.Lawley and E,B.Smith, Trans.Faraday Soc. 1963,59,302
JeH.Dymond and E,B8,S5mith, Trans.Paraday Soc,1964, 80,1378
E.BeSmith, Ann.Reports Chem.30c. 1966,63,13,

BeMedxilrod and 5,Teller,d «Chen.Phys, 1943,11,299,

A.E.Cherwood, &.G.Qedocca and E.A.Magon,d, bhem.P§§5.1966
44,29

B.J,Alder and %,H,Paulson sJelhen.Ihys,1965,43,4172.
JeH, Dymond, Chem.Fhys,Lett. 1968,2,54.




31.

32.
55!
34 .
55

57+
38.
39
40,
41,
42.

&3,

45,
46.

47,
48,
49.

50,
51,
524
53

54.

88,
56.

57

58,

151

A.H.Blythe,J,D,Lanbert, F.G.Petter and H,.Spoel,
Proc.iloy.doc. 1960,4.255,427, _

DeH.Everett and B.J.lunn,Trans.Faraday S5o0c.1963,59,2486,

A.D.Buckingham and J.A.Fople, Disc.Faraday S0c¢.1956,22,17

AyDoBuckingham and R.E.Raabd,Jd.Chen.loe. 1961,5511,

R.,H,Orcutt end R.H.Cole, J.Chem.Phys, 1967,48,697.

J.S.Rowlinson, Disc.Paraday Soc. 1965,40,19.

D,4.JdJonah and J,5,Rowlinson, Trans.Paraday Soc.19686,

J.H.Dymond, J.Chem.Phye. 1968,49,3673 '

JeH,Dymond D, Fhil.Thesis, Oxford, 1964,

H.G.Sutter, Ph.D, Thesis, Brown University, 1969.

DedsTurner, D.Fhil,Thesis, Oxford, 19686,

A.D,Buckingham and J.A.Fople, Trans,Faraday $oc.1952623,

EJFP.lawley and L,%.5utton, Trans.Paraday Soc.1963,593.2680
A.H,M,Barnes, D,Fhil, Thesis, Oxford, 1968, |
K.P.Lawley, D.Phil. Thesis, Oxford, 1962, (;;
G.A.Bottomley and C.i.Heeves, Trans,feraday ﬁae.19gzg§§.

W,Cawood and H,S,Patterson, Phil.Trans.Roy.30c. ﬂ937t$;§é

Be.lambert and C,5.G.Phillips, Fhil.Trans.Roy.S0c¢c. 1950,
AZ42 415,

R, Whytlaw-Gray, Y.Cawood and H.5,Patterson,Proc.foy.50c,
1931,4154,7.

CeGoReeve and H,vhytlaw-Gray,Proc.Roy.Sec. 1955,4232,173.
AeBo.Co0lidge,J.Amer.Chem.Soc. 1928,50,2166,

G.A.Bottomley and L.i.Coopes, Austral,.J.Chem,1962,15,190
U, A.Bottomley and T.0,5purling, &ﬂﬂtml-%ﬁhw-"%?’%gé

&

F.L.Cassado, D.8,lMassie and 4.Whytlaw-Gray,J.Chem.30c.
1949,1746 and 1549,2874,

BeLePender and G,D.Halsey, J.Chen,Phys, 1962,36,1881,

RyD,Welr, I.Wynn Jones, J.S5.Rowlinson and G.Saville,
Trans.Faraday Soc. %967,@2,ﬂ520.

HedsByrne,ti,i,Jones and L,A.K,.Sbaveley, Trans,Farasday Soc
1968,84,1747

J.0,Lanbert, G,A,H,Roberts, J,5,Rowlinson and
7.Jd.¥ilkinson, Proc.Roy.Soc. 1949,4196,113,



59, S.D.Hamann and J.?.Pearae. Trans.Faraday So¢.1952,48,101

38« Vols. 1-6, Plenum Press,
1960-1967 .

plied Science, Number 7. Wational Fhysical
aboratory, H..8.0., london, 1954,

62, J.1,Thomas and BeR.Williams, «.Hev,Chen.50c.1965,19,231.

63, B.FeDilio, M.M,Abbobt, D.Z2ibello and H,C.Van Ness,
Ind.Eng. Gham.(?unéamentals). 1966,5,569.

64, L.D.Cteele and K,Grant. Proc.Roy.Soc. 1909,82,580.

65, R.Whytlaw-Gray end W.Ramsay, Proc.Roy.Joc. 1910,84,536.
66. R,Whytlaw-Graw and ¥,Ramsay, Froc.Roy.Joec. 1912,86,270.
67. F.W.Aston. Proc.Roye.doc. 1913,89,459.

68. T.8.Taylor, Phys.Rev. 1917,10,653.

69. A.Stock and G.Ritter. Z.Phys.Chen. gggg P 3.535 +124,204,
L

70. W.H.Rodebush and J.C,Michalek,J, imer,Chen.l0c.1929,51

71. Z.lehrer and E.Kuss, Z.Phys.Chem.1933,163,73.
?2 . Ha wﬂﬂd.hﬁad anad E‘i. i'\f;hy’t lah’—ﬂr&y, J * chﬁw. Jﬂc . 19 5‘3 ’8‘ﬂ'6¢
7%. J.H.5imons,Ind,fng,Chen, 1938,10,587 (Guoted in Ref,78)

74. E.R.Hoberts, H,G,imeleus and H,V.,A, Briscoe,J.Chem.S0c.
1939,41.

?5¢ E.H.JQMBQQ aﬁd LnK.KﬁSh’ Je Mer~3he£”4r®3¢1950,2g,54?0

76, R.E.lundin, P,E5.,Harris and L.XK.Bash, J.Amer.Chem.So0c,
1952,74, 743 4654,
77. P.L.Cassado, D.5.,Massie and R.ghytlawwuray, Froc.Roy.50¢,
1951,A207,483, 1952,4214 ,466.
78, J,l.5imons, C.L.5heirer and H,L,=Zitter,Rev.ici,Instr.
1953,24, 36,

79. G,A.Bottonmley, TyAsRemmington and R.Vhytlaw-Gray,
Proc.Way.ooa. 1958 1M G,A,Bottomley and
T.a Remmington, J.U e, 50C. 1958, 3800,

80. DeDunlap, C.Jd.lurphy and R,0.3edford,J.iuer.Chen,.50c,
1958,82,83.

81, K.M.Laing, Ref.60., 1967,6,149,

82. B.Y.Tisinger, Rev.3ecl.Instr. 1967,35,547,

83, T.N.Rhodin, idv. in Catalysis. 1953,5,40.

84, %,A.Gulbransen, idv. in Catalysis,1953,3,120.

85. K.Behrndt, Z.Aingew.ihys. 1956,8,453,

86. R.F.Hirsch, J,Chem,Zduc.1967,44,41023, 1968,45,A7



87.
a8,

89.
90.

91.
92,4
93.
94,
95‘
96.

97+

48,

99,
100,
101,
102.
103,
104,
105.
106.

107.
108,
109.

110.
111,

12,

113.
'11’&.

153

G.he.R Hartley, Ts H.Henry and R,Whytlaw-CGray, Trana.
Faraday Zoc. 1939,35,1452.

I,A,Remmington and R.Whytlaw-Gray, Trans.Ffaraday Soc.
1958,54,1871,

-E;J Tighe, Suarts ?&Qrgg ReB.8, uiranlar 569,1956,

J. B Btanworth, Physi ags. 0. U.7,

tford, 1950,
J.f,Thomas and B,H.Williems, Ref.60. 1965,4,209,
fedsGulbransen and K.F,Andrew, Ref.60, 1962,2,129.
C.H.Hassen, JoiaFoulls and J.H.Thomas, ef.60.,1965,4,35.
Sed Gregz and M,F,Winkle,J.3ci.Instr, 1946,23,259.
A.¥.Czanderna and J.Y4,Honig,Analyt.Chen.1957,2%,1206,

Sartorius~Jerke,iAktengessllacheflt,34 OJottingen,
Jeender Landstr. 96=102,
Available in Grest Britain from

H,.Cultd,, The Selentific Instrument Centre
52 Gloucester Flsce, ‘ondon, V. 1.

T,R.McCuire and C,T,Lane, Rev.Sci.lnstr. 1949,20,489.
E.4,Gulbransen and ¥,.7,5ndrew, Ref,60.1961,1,1.
F.P,Bowden and W.H.Throssel, Proc.Hoy.’oe.1951,4209,297,
Cahn Instrument Co., 27 Essex Road,Dartford,Kent.
RBoI.1.0., Worsley Bridge Road, London, 5.8, 2
C,I,Electronics Ltd., 11 Greenclose Lane, uimborne,ﬁoraet
L.Certling Ltd., Cray Valley Works,Urpingzton, Lent,
J.¥.MeBain and H,G,Tanner,Proc,Roy.500.1929,A125,579. €
“e3,G.Fhillips,Chem,Part II Thesis, Oxford, 1946.

G,A.RoHartley, ¥h,D, Thesis, Le@da,_ﬂ?ﬁ?, and
B.leadbeater, Ph.D, Thesis, Leeds,1945.(uoted in Ref.49)

WeS,daworth, Chem.?art Il Thesis, Uxford, 1566,

weCawood and H,3,Patterson, Trans.Paraday mc.‘!%a,gg&w-
22@, @.Bs VedeSaith, & Degree Physics, Pari :

and Magnstism, 2nd.ed. Arno'i,'onian; 359, p165
E.GsHutcher and H,.5.0adson yFroc. Roy,.Joe, 1964 ,A277 ,448,

R,3.Dadson,E.J,. ivans and J.4.%4ng, roe,.loy. Soc. 1967,
111

Dei.Douslin, R,H,Hareison, R.T.Moore and J¢L.WcCu1lough,
J.Chea.Phys, 1961,35,1357.

KeZeMacCormack and W.D.Schneider,J,Chem,Phys,1951,19,845
SeDeHamann, J,.i,Lasbert and ¥,J.MeManamey,Aiustral,J.Chem,

19544247




}?5¢

116,

117.
118,

119.

120,
121,

e
123,

124.
125.

126,
127.

- 128,

129.

150,
131,
132.

123,
134.
135.
136,

54

HePoClegg, J.2 Rowlinson and J.R, Sutton, Trans.?mradaylﬁce.
_ 1955,51,1327

P.O.2.Fogg, V.Phil. Thesis, Oxford, 1994,

R.E.Qolﬂ and Hug“ttﬂr; Jtﬁh@}ﬂo?hj’ﬂo ‘967,&33014

A.Michels, T.Yassenasr, J.3.9alker,Chr.Prins and
V.D.Klundert, J.Unem. ing.lata 1966,11,449

f-ﬁ.m&rﬂ, Ho?t&tahl’ 3.3.0!‘1’&0, ‘E{tc'ﬁnair. L;Feiﬂﬁliﬁ.
\!'.Thaﬁpsﬁn and H.MNeCana. Lnacﬁ:ﬂﬁ-\:ﬂaﬂn 195§.ﬂp‘“9

W.Cawood and H.0.Patterson. J.Chem.boc. 1935,610,

R-%;E@m&dy. E'Swan Kean and J.ﬁ.ﬁat.{)ﬂ’ thmr.Chamuﬁ'ﬁGo
1941 ,§2.2257
TQB&Trip ﬁnd EilDlD‘ml&-‘p’ J.Pﬁys.aﬂ&m. 1962! —&!635

P."\}.Toﬁ'ogg, PJ.AJHanks and J-J.L&!ﬁlmrt, i‘*ron-’i‘wy.k.’-ﬁc. 19‘53;

£2132,490
M.Retsech and H-d., Bittrich, Z.Phye.Cnem. Leipzig, 1965,
28,81.
#.dappalo, i lund and X.0chafer, L.Phys.Cheam.Neue Fglge
1%33}1:195

HM.Ratzsch, Z.Phys.Chem. Leipsig, 1968,238,321.

de.U.Lanbert and Z.0.T.2%rong, PYroc.igy.voc. 1950,4200,566

BeL.51iel, N.L.Allinger, S.J.ingyal snd G.i.Morrison,
Loniormationsl Aneiysis, Jiley & ione, New Yark,lgéﬁ,p452.

88, Chemical Sgoiety Speclial Publication

Huabsr 11.
JeJ.Rowlinson, Trans.Feraday Soc. 1949,45,974
JQli‘P.?QK and J.ﬂwwaart' Br@coi’gay.ﬁeco 1951 ,M;557

J.D.Lembert, J.2.Clarke, J.F.Dyke, C.i, liicks, 5.D.Lawrsnce,
Q.ﬂ.ﬁorria and %.Go"rcﬁhgﬂﬂ,gr(ﬁeQBQ}'-a'ﬁﬁ‘m 1959'%’414
JQBQLMWﬂ, S.J,ﬁurphy and A,E.{imday, Prae.}ioy.ﬁoa- ‘954|

£226,39%
FeGeFruncls and HM.L.dcGlashen, Trene.Faradsy Soc. 1955,

21,593
SheD,Zaalishvili and ¢co~workers,Ruse.d .Phys.Coen.

G.heBottomley and T.d.Spurling, Austral.d.Cuem.1963,16,1

137.{R.84ryjek and A.Kreglewski, Bull.icasd.Polon.Bei.Her,50i,
{

138,

Chim.1 965 gu, 201

(R.Stryjek,Bull, scad.Polon,Sei.Cer e, Chim. 1965,14, 307

AeH.d0over, l.Hegeta, T.W.leland end H.icbatashli,
J-Ch?ﬁi.f'ﬁj’ﬁo 1 96%,&@’3653



139.

140,
141,
142.
145,
144.

145.

146,
147,

148.
149.
150,
151,

154,
153.

154.
155
156.
157.
158.
159.

160,

1S

A.E.Hdwards and ¥.3 Roseveare, J.Amer.Cheas.loc. 1942,
. 64,2816
R.Goreki and J,G.Miller, J,Amer.Unenm.80c. 1953,15,550

R.J . Lunbeck and 4.J.H.Boerboom,Paysica, 1951,17,76

h.Mdchele and A.d.H.Boerboom,Buli.f08.Cnim.Belg. 1953,

62,119
P.landbergen and J.J.¥,Besnaker, Physics, 1967,33,343

%.%.Dantzler, C.M.Knobler and M.L.Windsor,J.Fays.Chen.
' 1968,72,676 .

HeF.F.Knaap, H.Knoestler, F.il.Vekekamp and J,J.¥,Jeenaker,
Phyeica, 1960,26,6353

P.Din and 1.Burn, PTrane.faradey Soc. 1965,61,1351

Aed B Uruiksnank, B.W.0siney and C.L.Young, Trans,Parsaday
Soc. 1968,64,337

D.H.Bveratt, B,#. Guinsy and C.L.Young, Irans, aradey Loc,

1968, £4,2667.

B.¥.Gainey and C.L.Young, Trans.Faraday ‘oc. 1968,64,349

A.J.B,Opuikshank, M.L.¥indsor end C.L.Young, Proc.Roy.doc.
1966,42952,259,271

Deil.Desty, A.Gpoldup, G.H.luckhurst and @.T.Jwanton,

Gas Caromatography, Bytterworth, 1963,8,67

S.H8obin end B.Vodar, Disc.Feraday "oc. 1953,19,2353.
AH,.Bwald, W.B.Jepson and J,.5.Rowlineon, Disc.Faraday Soc,.
1955,152,258
J.3.Rowlinson and ¥,J.Richardson, Adv.Chem.Phys.1959,2,85
Perasonal Communication: D,W.Huebner and A.Newton, 19668.
He.Blein snd H.J.H.Hanley, Trans.Parsdsy Soc. 1968,54,2927
R.H.0Urcutty, Phu.D. Thesis, Brown University, 1965.
B.d.Cole and C.0.0ross, Rev.lel.lnstr. 1949,20,252
D.R.Johnagton, B.d.Oudesans snd K.l.Uple, Jd.Chem.Phye.
1960,53,1310
D.iJJonnston and Hel.Cple, J.Cnem.thys. 1962,36,318




	Page 1 
	Page 2 
	Page 3 
	Page 4 
	Page 5 
	Page 6 
	Page 7 
	Page 8 
	Page 9 
	Page 10 
	Page 11 
	Page 12 
	Page 13 
	Page 14 
	Page 15 
	Page 16 
	Page 17 
	Page 18 
	Page 19 
	Page 20 
	Page 21 
	Page 22 
	Page 23 
	Page 24 
	Page 25 
	Page 26 
	Page 27 
	Page 28 
	Page 29 
	Page 30 
	Page 31 
	Page 32 
	Page 33 
	Page 34 
	Page 35 
	Page 36 
	Page 37 
	Page 38 
	Page 39 
	Page 40 
	Page 41 
	Page 42 
	Page 43 
	Page 44 
	Page 45 
	Page 46 
	Page 47 
	Page 48 
	Page 49 
	Page 50 
	Page 51 
	Page 52 
	Page 53 
	Page 54 
	Page 55 
	Page 56 
	Page 57 
	Page 58 
	Page 59 
	Page 60 
	Page 61 
	Page 62 
	Page 63 
	Page 64 
	Page 65 
	Page 66 
	Page 67 
	Page 68 
	Page 69 
	Page 70 
	Page 71 
	Page 72 
	Page 73 
	Page 74 
	Page 75 
	Page 76 
	Page 77 
	Page 78 
	Page 79 
	Page 80 
	Page 81 
	Page 82 
	Page 83 
	Page 84 
	Page 85 
	Page 86 
	Page 87 
	Page 88 
	Page 89 
	Page 90 
	Page 91 
	Page 92 
	Page 93 
	Page 94 
	Page 95 
	Page 96 
	Page 97 
	Page 98 
	Page 99 
	Page 100 
	Page 101 
	Page 102 
	Page 103 
	Page 104 
	Page 105 
	Page 106 
	Page 107 
	Page 108 
	Page 109 
	Page 110 
	Page 111 
	Page 112 
	Page 113 
	Page 114 
	Page 115 
	Page 116 
	Page 117 
	Page 118 
	Page 119 
	Page 120 
	Page 121 
	Page 122 
	Page 123 
	Page 124 
	Page 125 
	Page 126 
	Page 127 
	Page 128 
	Page 129 
	Page 130 
	Page 131 
	Page 132 
	Page 133 
	Page 134 
	Page 135 
	Page 136 
	Page 137 
	Page 138 
	Page 139 
	Page 140 
	Page 141 
	Page 142 
	Page 143 
	Page 144 
	Page 145 
	Page 146 
	Page 147 
	Page 148 
	Page 149 
	Page 150 
	Page 151 
	Page 152 
	Page 153 
	Page 154 
	Page 155 
	Page 156 
	Page 157 
	Page 158 
	Page 159 
	Page 160 
	Page 161 
	Page 162 
	Page 163 
	Page 164 
	Page 165 
	Page 166 
	Page 167 
	Page 168 
	Page 169 
	Page 170 
	Page 171 
	Page 172 
	Page 173 
	Page 174 
	Page 175 
	Page 176 
	Page 177 
	Page 178 
	Page 179 
	Page 180 
	Page 181 
	Page 182 
	Page 183 
	Page 184 
	Page 185 
	Page 186 
	Page 187 
	Page 188 
	Page 189 
	Page 190 
	Insert from: "foldout__.pdf"
	Page 1 

	Insert from: "122__.pdf"
	Page 1 


