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INTRODUCTION 

Natwe of the·Work. 

This work on the solubility of krypton in water

methanol mixtures was done to continue the series of ·rare 

gases begun by Law1• This series is part of a wider 

plan to determine the effect of methanol in breaking down 

the water structure in the water methanol mixtures and 

to examine the possibility of preferential orientation 

of either solvent species in the neighbourhood of solute 

molecules. Preferential orientation of the more polar 

molecules round an ion would be expected for an ionic 

solution process, but the solution of uncharged rare 

molecules, which are isoeleotronic with the corresponding 

alkali-metal cations, should be from such electro-

statio effects. The complementary purpose to provide 

a compilation of solubility data and their derived thermo

dynamic properties for the rare gases in water-methanol 

mixtures. 

1 

The measurement of the solubility of a gas over a 

temperature range allows the calculation of the free energy 

entropy and heat of solution. The expression for the 

solubility known as the Ostwald Coefficient was defined 



by Ostwald2 as 11 the ratio of the volume of the absorbed 

gas to that of the absorbing liquid .. " Thus it is 

essentially an equilibrium constant and the free energy 

of solution may be written 

AG - RT lni +X 

where X is a correction to the standard states used for 

solute and solvent. Also 

_ () (AG) 
- 68soln .. - u T = 

H = Ll.G + T so ln .. 

2 

The most important factor influencing the solubility 

of a gas is pressure., The quantitative connection between 

solubility and pressure was first stated by w. Henry (1803) .. 

m is the mass of gas dissolved by unit volume of solvent 

at an equilibrium pressure p, then 

m = kp 

where k is a constant., Transposing thiS to give the mass 

of gas dissolved by unit weight of solvent and dividing 

the two masses by the respective molecular weights gi:ves 



where n1 and n2 are the number of mols of solvent and 

solute respectively and P2 is the pressure of the gas. 
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For a dilute solution (where the gas is not highly soluble) 

this may be written 

= = 

where x2 is the mole fraction of gaseous solute in the 

saturated solution. If this holds up to the pressures at 

which the gas liquefies, x2 becomes 1 and P2 becomes P2° 

the vapour pressure of the liquid .. Hence 

= 

This is identical with the form Raoult's Law takes for a 

volatile solute. If the gas is below its critical 

temperature, the above equation may be applied directly. 

If the gas is above its critical tempel'ature the.n a 

hYpothetical vapour pressure may be obtained from an 

extrapolation of the integrated Clapeyron-Clausius equation. 

Thus, if Raoult's Law holds for the solution (i.e. 

the solution is ideal) we have 

1. The solubility expressed in terms of the volume 

of solution is greater the less the molal volmne of the 

solvent since at a given pressure the mole fraction of the 

gas is the srune in all ideal solutions. 



The gas with the higher critical temperature is 

more soluble than one with a lower critical temperature 

since p2° is smaller for the former. 

when Raoult's Law is not obeyed). 

(This is often true 

3. The solubility of a gas decreases with increasing 

temperature. 

4 

P2 
.<P2o 

A positive deviation from Raoult's Law occurs when 
P2 

and a negative deviation when x2 > - 0 .. 
P2 

The free energy ot transfer of one mole of substance 

from its pul"'e liquid to a given solution given by 

(X = mole fraction; F = activity coefficient) 

For an ideal solution F2 = 1 andAH = o, i.e. the 

heat of mixing of the substances in one liquid state 

zero .. The ideal entropy change is then given by 

The ideal heat of solution of a gas can be 

determined in principle by liquefying the gas at the 

experimental temperature and pressw:•e, and mixing the two 

liquids .. For an ideal solution there is no change in the 

second stage and the ideal heat of solution equal in 

magnitude but opposite in sign to the heat of vaparisation 
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of' the solute at the tempei'ature and pressure of the 

experiment .. This may be calculated for gases above their 

critical temperature by an extrapolation of the Clapeyron -

Clausius equation. The hypothetical entropy of' vaporisation 

at the temperature and pressure of the experiment must 

similarly be subtracted from the entropy terms to give 

Deviations from Raoult's law arise from the following 

causes 

( 1) AHsoln .. * -AHvap. but l\.8soln. = - R ln x2 -ASvap. 

(2) 8soln .. - R ln X2 - ASvap.. but 6-Hsoln .. = - .AH.va.p. 

(3) AHaoln .. t- -4Hvap .. and4 880111 .. ::f. - R ln x2 - ABvap .. 

Thus departur•es from ideality will be referred to in terms 

of heats and entropies of solution. 
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THEORETICAL CALCULATION OF ENTROPY OF SOLUTION 

The theoretical evaluation of entropies of solvation 

of gaseous ions and molecules has occupied many workel .. s since 

1920. Many special models have been proposed which have 

made possible successful quantitative treatments of the 

cases for which they have been developed, e.g. the work 

of Latimer3, Born4, and Elley and Evans5 on solvation of 

gaseous ions in water. There still does not exist, however, 

a picture which is at once general enough, and precise 

enough, to permit a discussion within a single framework 

of all the data on solutions which need explanation. In 

particular the approach to the problem for gaseous molecules 

is still largely empirical. 

The main approach to the solvation ofgas molecules 

has been from the point of view of cavity formation in the 

sol vent. This idea was first put forward by Sisskind and 

Kassarnowsky6 and has been extended by Lange and Watzel7 

and by Eley8• The two steps in Eley's formulation are 

1. The formation of a cavity in the sqlvent accompanied 

by a positive internal energy change uo -. 
N 

2. The occupation 

a liberation of energy 

cavity by a gas molecule with 

i.e. the internal energy change for the solution of a mole 

of gas 



If -.d UA > Ll Uc the temperature coefficient of 

solubility will be negative and if~Uc > -auA it will be 

positive. A generalisation due to Korosy9 is that the 

temperature coefficient of solubility is positive for ·those 

gases with a critical temperature, T0 , less than 180°K and 

negative for those with To ) 180°K.. It might be. expected 

that the solute-solvent interaction energy, -AUA, would 

increase with increasing T0 , in which case such a relation 

would hold if A u0 were constant over the series in 

compar i.son with U A .. The fact that it does hold for 

7 

organic solvents indicates that the solvent molecules have 

similar force fields.. Also Uhlig10 writes the free energy 

of cavity formation as 47rr2s (where r is the radius of the 

cavity and S the SUl"face tens:Lon of the solvent) and deduces 

and equation 

kT ln {{ = - 41rx2S 

(where ~ is the Ostwald Solubility Coefficient). 

For any one gas in a series of organic solvents a 

plot of ln >( against S gives a straight line from which a 

value for6Gt can be obtained. This turns out to be 

dependent only on the gas and independent of the solvent. 

However, these regularities do not hold for water, but in 

spite of this the simple formulation of Eley can account 

theoretically for the observed energies and entropies of 

solution for the inert gases in water. 
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Calculation of 6.-Sc and AUc• 

When a mole of gas dissolves in an infinite 

volume of solution at a concentration of one mole per litre 

a dilatation of V cc. occurs. 

For the solvent (~)T = 
where Gl is the coefficient of thermal expansion 

~ is the adiabatic compressibility 

(both considered as positive quantities.) 

This formula holds for a small change in volume 

and if it is assmned that~ and~ are the same for the 

solution as fo1 ... the solvent, the entropy change associated 

wi·th the formatj.on of a mole of cavities can be written 

-

= jv2~ dV 

v1 (3 

-= 0•0241 ~ v cals. mole-1 degree-1 

where V is the partial molal volume of the gas in solution. 

The corresponding energy change, ~ u0 , is derived 

from 

p + 

As p is negligible compared with T~~)T 

AUc = 
Values of 

0(-
0·0241.T. ~ V 

in deg. -i can be calculated from densj.ty 

tables and ~from sound velocity dsta ( v liq, = ie ) 



vliq, = velocity of sound in liquid 

f' = density. 

-· Values of V for the inert gases in water are 

speculative. Eley used 16 cc. for the partial molal 

volume of Helium in water as obtained by Michels, Garver 

and Bijl. 11 Values for Neon, Argon and Krypton are 
" II 

unknown, but van der Waal 's btl\ might be taken as a measure 

of v .. Values used by Eley were Ne 17·1, A 32•2, Kr 39·8 
-1 co. mole .. Using these valt1es Eley calculated entropies 

9 

and energies of cavity formation at different temperatures, 

and compared their change with t empel'ature with the 

experimentally determined changes in enDropy and energy of 

solution over the same range. His results are shov~n in 

Tables I and II.. Alia was fotmd to be negligible at room 

temperatures and to increase with temperature. 

(cals. deg.-1 mol) 

fi .. He~ , bl\ Ne . : (.. A . ' 
Temp .. Range .. ds0 .<fso: · s0 rttso I l\sc Mso ' 

oc I I I 

20 - 50 2•3 0•5: 2•5 4' 8 4·4 I 5•7 I 
I I 

50 - 80 1· 5 0•5: 1· 6 2•0. 3·8 3·6' 3·7 
' 

(Energies k cals.) 

. HeSj 1 Ne 1 A \ 

Temp.. Range 'b6u0 4u0 ldAUc ft1u0 •d Au0 dAU0 
1 ~dUe 

oa I I 

20 - 50 0•8 0•16
1 

l 0•8 0•7 I 1• 6 1•1 2•0 
I I 

. 50 - 80 0•7 0•16• 0•7 0•7 i 1 "3 1 "1 I 1• 6 

AUc = change in AUc over given range. 

f~uo = experimentally determined change .. 

K!l&. so 

5·5 

4·5 

Kr 
~~uo 

1• 7 

1•6 
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Eley concluded from this that with the exception 

of Helium the changes in total energy and entropy with 

temperature were solely determined by the changes in energy 

and entropy of cavity formation. 

Now Law1 has derived the following relationship 

= 

where Vg is the partial molal volume of the gas in solution, 

~ is the Ostwald Coefficient, V1 is the molal volume of 

solvent and ~3vf the product of the free angle ratio and 

·the free volume for the solvent... The fl:'ee angle ratio /3 is 

defined by Kincaid and Eyring as the ratio of the partition 

function for the restricted rotation of the molecule in the 

liquid to the partition function for its free rotation in 

the gas phase .. The free volume Vf is defined by Frank 

and Evans as the geometrical mean of the extensions of 

real space accessible to each of the molecules in question. 

Law1 

10 

20 

30 

40 

The following values of~ 3vf for water are taken from 

d3Vf 
(Spectroscopy 
and Sound Velocity) ~3Vf (Vap. press .. ) 

•0170 •012 

·0168 •014 

•0175 • 017 

·0179 ·021 
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These give to the following sets of values for V gas. 
Neon Kr~12ton 

- - - - - ... - -
Temp. v

11 
Vg Vg Vg Vg Vg Vg Vg 

(Sp ct (VP) (speat (VP) (spect (VP) (spect (VP) N· v.) (2) 
+ SV) 

(2) 
+ SV) 

66~~) 
+ SV) 

133~ g> )~to 4~~~ 9~!3 10 1 • 1 3 21 "2 

20 10•9 13•3 14•3 17·4 39•6 48·1 79•5 96·6 

. 30 10•7 11 •1 13•5 13• 8 34·3 35·3 65aQ 67•0 

40 10•5 9•0 13•3 11· 4 31•4 26•9 58•5 50•1 

Using values from column 2 for each gas, calculations 

of the entropies of cavity formation were made and ·their 

changes with tenwerature compared with experimentally observed 

changes in Table " 

(Values in cals. deg:-1 mole-1 

Helium ~ Krypton 

Temp. $4s0 
~so fAs0 

bASO \c.so 'baso ~ASo '6s0 

Range 
10-20 0•8 0•1 0•84 1· 6 2•2 2•1 4•5 3"2 

20-30 0•3 0•1 0•32 1• 6 0•4 2•1 0•1 3•2 

30-40 0•2 0•0 0•35 1· 6 0•4 2•1 0•.5 3•2 

the values in column (1) are used for the partial 

molal volumes of in solution, the results shown in 

Table IV are obtained. 
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TABLE IV 

( 
-1 -1). Values in cals. deg. mol. · 

Helium 
Temp. ~Aso. 1Aso 
Range <ib 

10-20 0•7 0•1 

20-30 0•6 0•1 

30-4.0 0•6 0•0 

It the value 

the range 10° - 40°0. 

obtained .. 

0•9 1• 6 2•1 

0•6 1• 6 1•2 

0•9 1•6 1•6 

of: V gas at 25°0. 

2•1 

2•1 

2•1 

Krypton 
~J so 1>6so 

4•7 3•2 

1• 7 3•2 

2•7 3•2 

is assumed to hold 

then results similar to Eley's are 

No definite statements can be made on the above 

over 

di~3crepancies until some experimental measurements tor the 

values of Vg and their variation with temperaatu.re are made .. 

'rhe whole approach is limited by lack of precise data. 

For methanol, o< calculated from density tables 

increases by 1~fo over the range 10° - 40°0. 

were calculated from the formula of H.ao12 

1 

!!.J! = R e 

Values of {-J 

where v is the velocity of sound in the liquid at a temperature 

B ' M is the molecular weight, e is the density at the 

temperature /) , and R is a constant independent of 

temperatw:.'e .. Using Rao's value of R = 421 for methanol, 

values of v were evaluated over the range 10° - 40°0. and 



1 
from these, values of (l by the relationship v = 4/ie .. 
These values of ~ were found to increase by 30% over the 

range 10° - 4o0 c- ~ · r t· th 1 ~ v- ~ w .~.~o 1n orma J.on on e va uea o.~. g .1. or 

inert gases in methanol are available but measu~ements on 

the coefficient of dilatation by absorption by Horiuti13 

-

13 

indicate that for most gases in organic solvents Vg increases 

by 20% over the range 10° - 40°0.. If this is so,l1Sc would 

not be expected to vary much over the range 10° - 40°. If 

Eley's conclusion that the total change in entropy is 

determined by the change in entropy of cavity formation is 

correct, then the experimentally determined entropies would 

not be expected to vary greatly .. 

shown in Table V .. 

TABLE V 

Ten].p .. 
oc. Helium ~ Range 

10-20 0·2 1·1 

20-30 0"3 1•0 

30-40 0•2 1 •1 

Actual variations are 

Argon Krypton 

0·7 0•5 

0•6 0•5 

0•7 0•6 

Hence it would seem that AsA has roughly the same values 

for all gases in water. 
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Calculation of A 

At 277°0. the energy of cavity formation in water 

is zero .. Therefore comparison of the energy of interaction 

of one gas molecule with one molecule of water and the 

observed total energy of solution should give an estimate 

of the number of water molecules surrounding a gas molecule .. 

It is aasmned that the gas molecule and the water molecule 

have their centres separated by the distance (rG + rw) where 

rG and ~ are the molecular radii of gas and water 

respectively. The three forces operating would be 

(1) London forces (attraction) 

(2) Polarisation of the gas atom in the field of the 

water dipole (attraction) 

(3) Repulsion forces. 

Hence, the interaction energy per water molecule is 

given by 

~G«w 
2 (~+. I\y)6 • IG + Iw + (rG + rw)9 

where c< the polarisability, I the ionisation potential, 

~ the dipole moment and b is the repulsion constant evaluated 
~UA from frr = 0, when r = rG + lW • 

If U0 277 is the experllnental value for the energy 

change on solution, then A. 00
277 gives the number water 

UA 
molecules surrounding a molecule for the calculation to 

give agreement with experiment. These are shown in Table VI. 



Gas 

He 

Ne 

A 

Kr 

0•93 

1•12 

1• 54 

1•69 

o(x1o24 
(cm3) 
0•20 

I (e .. v) 

24•.5 

21• 5 

15·4 

13• 3 

bx1o24 

65•9 

154•4 

890•0 

1444·0 

-UA 
(k cals) 
0•26 

0•17 

0•42 

0•44 

0 
{). u 277 

UA 

1•6 

1 0• 9 

7•3 

9•8 

The average value of 10 does not seem to be 

1.5 

unreasonable .. The anomalously low value for helium probably 

arises from a steric effect. 

This a powerful argument for the ease of cavity 

formation in water,. For solution to occur on to a quasi 
4-.fL. 

lattice pointAfor a gas molecule to c omplet:ely replace a 

water molecule the water structta•e, the interaction energy 

would be -4UA, as each water molecule is surrounded by four 

other water molecules.. The energy of cavity formation would 

be the latent heat of evaporation of water (10 k.cals) giving 

a total energy of solution of about 8 k .. cals at 4°0. The 

observed value is -4 k.cals. This suggests that solution 

in water occurs into cavities which already exist in the 

structure, or which may be easily expanded to accommodate 

a rare gas molecule .. 

This small value of .6-Uo at lower temperatures, and 

its sharp increase with temperature, provide the key to the 

anomalous solvent properties of water. Confil~ation of the 
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~'s 
results ofAthermodynamic consideration was obtained by 

Eley14 from a molecular picture. This treatment is based 

upon Joat's15 calculation of the energy of cavity formation 

in the sodium chloride lattice. When a sodium ion is 

removed from the sodium chloride lattice, the energy required 

is less than the ·lattice energy by the polarisation energy 

of the ions surrounding the cavity. The ions take up a 

state of polarisation similar to that occurring in the 

neighbourhood of a negative ion a homogeneous dielectric 

medium .. If such a state polarisation is present in the 

neighbourhood of a cavity formed in water at room temperature, 

will st when an inert gas rnolectue placed in the 

cavj. ty, and needs to be taken into account in the calculation 

of .6U0 from molecular forces .. For the formation of a 

cavity in a solid 

where UL is the lattice energy and Up the polarisation energy 

of the dielectric in the neighbourhood of the cavity.. For 

quids the quantity iUL is replaced by the analogous quantity 

Uvap.,, the internal energy change of evaporation .. 

Therefore 
for liquids. 

Uvap .. for water 10 k oals mole-1 at room temperature. 

Up may be calctuated from the formula of Kirkwood16connecting 

the energy required to charge up a dipole of moment/" and 





radius rw in a medium of dielectric constant D. 

(D-1) 

:r>w3 (2D+1) 
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For a cavity the size of a w~ter molecuJ.e, Up~9 lc.cals mole-1 

and hence a u0 is small ( ~ 1 k. cal) as already decided from 

thermodynamic reasoning. For non polar solvents Up is 

negligibly small and the energy of cavity formation is 

given by Uvap.' the energy for the removal of a mole of 

molecules from quasi-lattice points. For methyl cohol Up 

is still small ( 3 k.cal mole-1 ). 

As the temperature rises more and more dipoles 

the water structure change from +ibration (oscillatory 

rotation) to rotation .. The of 1'- = 1 • 87 De bye 

units can be used at room temperature, but the limit 

case where all the dipoles are rotating freely the cavity 

polarisation effect would reach a minimum valuet as there 

wotud no longer be a contribution from the permanent moment, 

but only from the polarisability. Hence an increase in 

A Uc would be expected with increasing temperature and the 

theromodynamic and molecular pictures are not inconsistent .. 

In Graph I values of ~s0

298 are plotted against the 

quantity R ln ~ where m is the mass of a gas molecule m 
and~ is its reduced mass against a water molecule, 
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The points for the rare gases in 

water and methanol are seen to lie about a straight line. 

This would be expected if the main change in entropy is 

caused through loss of translational entropy, i .. e .. there is 

no appreciable restriction of the solvent molectue due to 

the field of the gas molectue. The factor 2 R ln ~ 
2 m 

arises in any pa:r•ti tion function constructed for the 

system and is independent of the effect of the structure 

of the solvent on the concentration term in the partition 

function for the solution. More complex gases in water 

have more negative values of AS which wou~d suggest loss 

of rotational entropy as well as translation. 

Eley8 considering the entropy change to be due 

entil~ely to loss of translational entropy proposed the 

following stati.stical model. 

-o 
S soln.T ( 1) 

(2) 

-o where sA,T is the entropy of gas molecules in the cavities 

and sg,T is the entropy of a mole of gas in the gas phase. 

If Ns sol vent mol eccles and NQ gas molecules are 

regarded as being interchangeable on (Ns + NG) quasi-lattice 

points without seriously increasing the energy of the system 

then the partition function Q(T) for the system may be 



approximated by the formula of Guggenheim17 

This partition function strictly applies only to 

an ideal solution of spherical molecules of equal size. 

(Ns+NG)! = number of distinct configurations. 
Ns! NG! 

V = the free volume of the molecule 

(the volume in which the molecule can 
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move before building up a potential energy 

comparable with kT.) 

J = partition f'u11ction for internal energy 

= contribution of 1 molecule to the 

configurational potential energy of the 

solution. 

can be neglected for entropy calculation. 

(3} is abbreviated 

Q(T) = 

The expression 

(4) 

The entropy of the solution is given by 

ST = k [ln Q(T) + T fr ln Q(T_!} (5) 

(3) 



The partial molal entropy o:r the gas in a solution 

of concentration l1G moles of gas in n8 moles of solvent 

is given by 

20 

Bs,T = r ~~~n.pT,p = ~!~f ns,T,p. (G) 

Inserting (4) in (5) and differentiating 

according to (6) gives 

[
. Ng + NG 

Nk ln N 
G 

+ lnfG + ·T~ lnfiG] 

{k(<TfT ln~sJflns,T 
(7) 

The terms in the s econd bracket account fozt that 

part of the partial molal entropy of solution which arises 

from an alteration of entropy of the solvent molecules. 

This is represented by A,s0 • 

The entropy of 1 mole of gas at a pressure of 1 

atmosphere in a volume V is given by 

So = Nk [ln (2-mnkT)1'2 V s) 
G h3 N + 2 

Substitution of (7) and (8) in (1) gives 

(8) 

so A = Nk [ ln Ns N: NG + lnfG + -f.r lnf d (9) 
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where Ns and NG are now the values corresponding to a 

concentration of 1 mole per litre. 

Hence, substituting for ~equation (1) becomes 

4 s 0 = 6Sc + R Gn Ns+NG + .2. ln mo. + ln VGN + T .11. ln v'-- 11 L NG 2 m v or or 'J 
(1 0) 

The above derivation holds only for inert gases 

in solvents where quasi-+attice points are occupied. Earlier 

considerations showed that the occupation of quasi-lattice 

points in water by a gas molecule would involve an energy 

change far different from that observed. Accordingly ( 1 0) 

is modified to allow fo:r the existence of cavities between 

quasi-lattice points which can be easily expanded. If 

there are NH such positions available for NG gas molecules, 

the number of possible configur•ations is 

which leads finally to 

68° = Asc + R [~n NH-NG + .2. ln 
NG 2 

+ 

ITlG 
- + m 

( 11 ) 



d The term RT(rr ln expresses the effect of' the 

change in structure of water with inc:C"easing tempel"atUl"e 

on the entropy of solution. 
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The numerical evaluation of equations (10) and (11) 

can only be approximate. The conception of the structure 

of water given by Bernal and Fowler41 would suggest that 

cavities capable of easy expansion occur than 1 in 1 o. 
Assuming that in one liti•e (55• .5 moles) of water there are 

1 in 20 such sites available ln NH-NG 
NG 

~ - 2•1 .. 
";) NH-NG 

estimates T ~ ln -
T NG 

= Eley 

is negligible as over the range 0 - 50, indications 

the value of VG does not vary appreciably.. The 

ren~ining factor to be determined before equation 11 can be 

evaluated is VG .. The gas-water separation used in the 

calculation of UA was (rG + rw). However, f rom stereochemical 

considerations, water Q'ould not be expected to paclt tightly 

round the smalle:t• molecules. A rough linear relationship 

between Au0 
298 the quantity 

~ = polarisability 

I = ionisation potential 

was found by Eley8 .. This suggests that the cavity sizes 

are rather larger than (rG + rw), giving a greater effect of 



the dispersion forces in the equation 

2 

UA = '7J.G ji.W -
(rG + J:W)6 

The repulsion forces under such conditions can be treated 

as~ a constant percentage of' the total energy, and polarisation 

forces can be neglected. For a separation of (rG + rw) 
the repulsion forces are approximately equal to UA• 

As the calculation is not very sensitive t.o the value of the 

reptuaion energy, an estimate of -0•5 UA was made for the 

separation. Assuming that gas molecules are 

am .. rounded by 8 water molecules the value of the new separation 

r is obtained from 

= -8 • 
IGIW 

N IG + Iw 

Regarding the cavity as a sphere of volume ~ '1'f( r-rw) 3 , VG is 

given by 

The results Eley' s calculations are shown the following 

table. 
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AU0 

273(k .. cals) 
0 

VG x 1023 VGN 
Gas r-rw(A} R ln - v 

Helium 0"44 1• 92 2•63. 4•5 

Neon 1•9.5 1· 39 0•54 -17•7 

Al"gon 3·d9 1·86 1·16 -16·1 

Krypton 4•53 1•8.5 0•63 -17•4 

The inclusion of these values in equation ( 11) yields 

values of IJ.SA,277 (where ASo = o) shown in Table VIII.. 

VGN 0 Gas R ln m R ln- -as aala. v 

Helium - 0•6 - 14•5 20•2 

Neon - 2•2 - 17• 7 25•0 

Argon 3•.5 - 16•1 24•7 

Krypton - 5•2 - 17•4 27•7 

The value of VG -2~ (1e24 X 10 C.,) is larger than the 

average value of Kincaid and Eyring18 for pure organic 
-24 liquids (0·.5 x 10 cc.) The speculative nature of the 

calculation necessitates caution in the interpretation of 

the results, but the high values of VG obtained are cons:i.atent 

with the idea of special easily formed cavities into which 

solution can occur .. 
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The evaluation of equation (10) for methanol is 
Ns + NG 

also approximate.. ln Ni = 3" 2 for a concentra·tion 
G 24 

of 1 mole per litre, while VG~0"2 x 10 co.. No data 
;? 

is available for TPT ln VG, but Eley estimated it at 1"5 

:for benzene .. This value can p:ttobably be used for methanol 

without appreciable error., No data is available :for the 
VGN 

way ln --- varies over Helium to Argon and so a constant 
V VQN 

value R ln V = -24• 4 is taken. Result; a are shown in 

Table IX. 

.:i R ln VN 
Gas R ln..Q_ - ASA( calc.) 2 m v 

Helium -0·4 -24·4 17•4 

Neon "5 -24·4 18• 5 

Argon -2·4 -24•4 19•4 

Krypton -3e8 -24•4 20•8 

This bears out Eley's contention that the majority 
' 

of the difference in entropy of solution between water and 

an organic solvent for a given gas is expressed by the 

difference in the entropies of cavity formation and that A SA 

is the same order for all solvents., By analogy, a large 

part of the difference in .d U between water and methanol is 

due to the differences in the energy of cavity formatj.on .. 

The extent to which this theory explains the 
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experimental results, outlined further in the discussion. 

A different approach to the problem was made by 

Starting f:vom the statistical definition 

of ent:vopy (s = Nk ln W) they derived the following equation 

expressing the entropy change from a state A to a state B. 

Vf B 
Rln-

VF A 
AS 

Vf defined as the geometrical mean of the extensions 

of real space accessible to the ato1ns in question, tween 

with due regard to the compatibility of these extensions 

with other and with the volumes accessible to all 

atonw of other kinds. 

For the solution of gases in polyatomic liquids 

the above equation becomes 

= R ln dJvf liq. os 
Vf gas. 

~ 18 where v3 is the free angle ratio of Kincaid and Eyring and 

is given by the ratio ot the partition functions for the 

restricted rotation of the molecules in the liquid to those 

for the free rotation in the gas.. Hence, O< ~3 <.1 .. 

The conditions for the Frank and Evans equations 

to hold are:-

(1) that the internal vibrational motions of the molecule 

must be separable from those of translation and rotation. 

(2) that the internal vibrational motions of the molecule 

are not changed by the presence of neighbours. 
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(3) that the oscillations which have replaced rotation 

in the liquid are effectively classical. 

The precise definition of free volume has differed 

from author to author, and there exists very little data 

with which to teat the above equation, but the concept 

seems a useful one to derive and give' a picture of entropy 

relationships which are otherwise d.i.f'f'icult to understand. 
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GAS SOLUBILITY MEASURJJlMENTS 

There are two main methods available for determining 

the solubility of gases, (i) Physical, (ii) Chemica~. 

The chemical method depends on analysi.s of the solution 

thro1.:t.gh s orne specific chemical property of the gas and 

consequently limited in its application .. The physical 

mei;hod depends on the measurement of the volume of gas 

necessary to saturate a known volume of initially gas free 

solvent 1 e.nd. is of general application .. The experimental 

technique has varied amongst previous workers in·the 

measurement of the gas volume, in the measurement of the 

solvent volume, in the method of attaining equilibrium, 

and in the method of producing gas-free solvent .. 

The gas volurae has been measured in a normal Ostwald 

gas-burette by most workers. This may have one arm open 

to the atmospher•e, or have a connection to a bulb which is 

sealed off at a known pressure.. The latter method was 
. 20 

used by Cady, Elsey and Berger • 

Two methods have been used for determining the solvent 

volume, (i) mercury displacement (by Lannung21 ), (ii) weighing 

the absorption vessel (by Maxted and Moon22). McDaniel23 

introd.uced gas into the solution vessel by solvent 

displacement, and determined the volume of gas from the 

weight of solvent. This has obvious disadvantages for 



volatile solvents and Horiuti13 considered that there is a 

danger that some of the solute might be lost by such a 

method. mercury left in the absorption vessel and 

the gas introduced by mercury displacement, no error is 

introduced. This was done by Lannung, Horiuti and Cady, 
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Elsey and Berger. Some workers have neglected the change in 

volume of the solvent during the solution process, e.g. 

von Antropoff24. Lannung neglected to account for the 

variation of solvent volume with temperature. Lunge25 

overcame this by connecting the absorption vessel to a 

mercury reservoir. The initial gas volume was read with 

the solvent at a given mark and after equilibrium had 

been reached the solution was returned to the same mark 

before the gas volume was read. 

The method of obtaining equilibrium in the earliest 

work of Bunsen26 and Oatwald2 consisted of vigorously shaking 

the solvent and gas in the absorption vessel. This method 

was used also by stern27, Estreicher28 and von Antropoff, 

and the whole apparatus was shaken by McDaniel and by 

Lannung. Whe:r.•ever vigorous shaking is used to secure 

equil'ibritun, the results are usually too high· as super

saturation can occur due to the excess pressure developed 

between the solvent and the walla of the vessel. Gaa 

aolubili ties are very sensi ti.ve to inoz•ease in pressure and 

Winkler29 has shown that even when a gas is bubbled through 



a compa.rativel~r short eolUIIlll of liquid, a correction has 

to be made for the hydrostatic pressur•e of the liquid. 

30 

Akerlof3°, Antropoff'24, Cady, Elsey and Berger20 , 

and Horiuti13, all used a magnetically operated stirrer. 

This consisted of a piece of iron enclosed in glass which 

was drawn up through the liquid into the gas above and 

allowed to fall by an intermittently operated electromagnet. 

There seems to be no danger of supersaturation with this 

method, but it has the disadvantage that 24 hours are 

required for equilibriura to be reached at each temperature, 

and it also requires a large gas space above the solvent. 

For gases of low·solubility, the actual volume dissolved 

under these conditions is a small quantity which itself' 

the difference between two large quantities. 

of the results is thus r•educed., 

The accuracy 

Maxted and Moon22 reduced the dead gas space above 

the solvent designing an absorption vessel shaped as 

follows. 

So'-vENr AR~ 
I 

r o 9'1'1 12-11"1! .,u .. y 

("~Set' iwo 11 ~ 

This was gently rocked up and down so that the 
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mercury and the gas bubble moved in opposite di~ections. 

The mercury keeps the liquid thoroughly stirred and the 

movement of the gas bubble constantly renews the gas-liquid 

interface .. Equilibrium is attained in a reasonable time 

without danger of supersaturation .. 

Gas-free solvent has been obtained by most workers 

by boiling the solvent under vacuum. Von Antropoff degassed 

water by boiling under vacuum for ten minutes, but it was 

fou.nd in the work of Law1 and in the present WOl"'k, that 

two to three hours were required for water and thirty 

minutes for methanol .. 

In all gas solubility work the directly over the 

solvent absorbs solvent vapour if it were not originally 

saturated.. the gas is saturated with solvent vapour 

be:f'ol'"8 volume is measured~ ·the vapour pressure of the 

solvent cancels out from the expression for the solubility 

coefficient .. If the gas is initially dry becomes 

saturated with solvent vapour with a corresponding increase 

in volum~. To evaluate the actual volmne of dry gas 

dissolved s .. T.P .. the vapour pressure of the solvent 

to be known.. It was shown in the present work that the 

solubility of hydrogen in methanol was independent of whether 

dry or saturated gas was used. For water-alcohol mixtures, 

dry gas must be used as the composition of the solvent is not 
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known unt:i.l the completion of the expel,iment .. 

The apparatus which is described in following 

pages was designed by Law1• The method of attaining 

equilibritml is that of Maxted and Moon22 .. The design 

eliminates the inaccuracies of previous methods of solvent 

determination and incorporates improvements in the reading of . 

the volume .. 





The layout of the apparatus is shown in Fig. (1), 

and the line diagram in Fig. (2). 

The chief components are -

(1) a gas measuring system. 
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(2) a solvent measuring system and a pipette where 

equilibriura between the gas and solvent is reached. 

(3) two thermostat baths containing the above., 

The gas-burette (B) of 10 cc. capacity, connected 

to the gas line by tap (7) and to the solution pipette (D) 

by a jacketed metre long capillary tube (J) which is coiled 

at (C). This arrangement permits sufficient freedom for 

the pipette to be mov up and down. 

The pipette (D) is attached to a copper cradle 01 

pivoted at a point behind W, and attached by water lubricated 

copper-bakelite bearings to a copper sheet in the right-hand 

thermostat against which it moves.. The motion is supplied 
1 

by a 10 h.p .. motor (M) connected through a gear box and 

flexible coupling to a crank attached to the cradle., The 

cradle is in turn fixed to a spring which takes up half the 

load giving a unif'omn roclcing motion .. 

Water circulated through the jacket (J) and 

The arrangement of' 

the valv.es (a, b, c, d) permits water to be pumped from one 
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or both thermostats to waste or circulated round the system 

as -required. 

At 40°0 .. and 35°0 .. the temperature is maintained by 

two 600 watt electric heaters controlled throtlgh a Sunvic 
0 0 v.s. by a mercury-toluene regulator. At 30 0 .. , 25 G., and 

20°0., burners (B1,B2), controlled divsotly by mercury-

toluene regulators, were used while f'or 15°0 .. and 1 0°0 .. 

water-glycol mixture was pumped through the cooling coil (I) 

in the right-hand thermostat. The temperature was 

cont1•olled at all temperatures within o• 05°0., 

The is from gases by boiling 

under vacuum in the flask (F). The vacuum is applied from 

a water pump and ·the flask he a ted by an 

controlled by a Sunvic Regulator.. The 

hotplate 

is 

connected to the pipette by a glass tube provided with a 

cooling (E) and two neoprene joints (~N2) to provide 

flexibility for the movement. of the pipette. The condenser' 

(G) and the trap (H) which;· filled with solid cal:'bon dioxide 

and acetone 7 are pz•ovided to reduce the of volatile 

solvent during the sing process. The solvent is 

measured by weighing the merom"y 1 t displaces .. 

The whole apparatus connected by tap (5) through 

a liquid trap to a two-stage mercUI'y diffusion pump 

backed by a two-stage rotary oil pump, enabling the ~stem to 

be out and evacuated to 10-6 ram. 



EXPERIMENTAL PROCEDURE 

The procedu:r•e 

described by Law1 • 

substantially the same as that 

The whole apparatus 

tap (5) and the dry apparatus 

between taps (7) and (10). 

evacuated to 10-5 mm. through 

then filled with mercury 

About 300 co. of solvent are heated in the flask (F) 

and with taps (10) and (14) closed a low vaoumn from the 

water-pump applied through (15) and (13). It was found 

that required about three hours to degas completely, 

but methanol half an hour was sufficient~ When water-

methanol mixtures are used, there 

despite the u13e of' the condenser 

a loss of methanol 

cold trap.. The 

composition of the solvent is determined by a density 

measurement after the rm1 is completed., 

On completion of degassing, tap (13) shut and the 

cooling water drained from the condenser (G)... As the 

heating is continued the pressure of the solvent vapour 

increases to one atmosphel"e, shown by the manometel"~~ (L). As 

this occurs, the solvent rises throt~h the coil (E) and fills 

the tube completely up to tap (10) .. 

Taps (9) and (10) are turned so that on rtmning mercur·y 

out of tap (11) the solvent is drawn in between taps (9) 

and (10). Mereury then admitted from the reservoir so 
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that when tap (10) turned the solvent is pushed out at 

(V) .. This repeated several times to ensure that only 

comple-tely gas-free solvent is admitted to the pipette .. 

This is important as initially the bore of tap (10) is 

full of air.. The gas-free solvent is then run up to the 

mark (Y).. After a beaker of ice-water has been placed 

rotuld the coil (E), mercury is rtm out of tap (11) into 

a weighed beaker until sufficient solvent has been 

admitted to the pipette., After this has reached thermal 

36 

equilibrium, tap (10) is shut and tap (9) turned so as to 

allow mercwy to fill from ( 9) to the mar•k (Y) when tap ( 11) 

is opened,. The total weight of the mercury run out enables 

the total volume of solvent to be determined. 

The gas system is shown in detail in Fig .. (3). 

The bulb of krypton (1) is connected by tap (5) to a litre 

bulb (3) which bears a side arm (2), as well as a mercu~y 

reservoir ( 4) .. Taps (8) and (9) lead to the vacuum line. 

Tap (10) in Fig. (3) corresponds to tap (7) in Fig .. (2) 

and leads to the gas burette .. 

With taps (10), (7), and (6) shut and (5) open, the 

system is pumped out to 10-6mm.. A little mercury is then 

admitted through tap (7) so that when the vacuum is lowered 

the side-arm (2) will be full of mercury .. Tap (9) is 

closed and the seal on the gas-bulb broken by means of a 
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magnetically operated steel ball. After shutting tap (5) 

mercury is admitted through tap (7) to bring the gas in (3) 

to atmospheric • This is adjusted by opening 

tap (6) and levelling the mercury in (2) and (3). 

Tap (7), (Fig. (2)), is then turned so that on 

withdrawing mercury from the bottonl of the burette krypton 

drawn in. When about· 9 co. of have been admitted, 

tap ( 7) is turned to allow mercu:ry up to a mark u. Neither 

gas nor solvent is in contact with tap grease during a run 

wh:i.ch takes up to days., The mercury columna 

bm"et 

with 

are then levelled and the volume read to 0•002 co. 

aid of a travelling telescope T, Fig. (1)., The 

burette which was ibrated every 0•1 co. by weighing the 

meJr"Cti:rv run out, a zero temperature coefficient 

expansion, the calibi•ationa at 40°, 20° ana. 1 0°0.. the 

Thenle is now a mercury thread (WX) separating the 

and the solvent. By admitting mercury to the 

and running it out tap (11) into a weighed , the 

solvent interface is brought to the mark z. The gas 

volume is again read. The difference between this and 

the initial volume should give the volume between (W) and (Z}. 

The weight of merctwy run from t (11) enables volume 

of WZ to be calctuated., With water these two were 



found to be the same but for methanol in which krypton is 
4 

very soluble a small differencel\was obtained due to volume 

of gas absorbed by the solvent which remains on the walla 

of the capillary between (X), (Y) and (Z). 

38 

The total volume of gas is obtained from the sum of -

the burette reading with the gas at z, the previously 

calibrated volume between (U), the zero mark of the burette, 

and (Z) and A , described above. 

By withdrawing mercury from (D) and admitting 

mercury to (B) a gas bubble is obtained in the pipette. 

The shaking is then commenced. The small qt~ntity of merctwy 

left in the pipette stirs the solvent, while the motion 

causes the gas bubble to move to and fro, renewing the 

surface each time and speeding the rate of attainment of 

equilibriume 

After suitable intervals, the gas is transferred to 

the burette and the volume read. Equilibrium is assumed 

to have been reached when there is no further change in 

volume for several consecutive readings. 

At 40°0. the volume of gas first decreases rapidly 

as solution occt~·s and then increases slowly as the gas becomes 

saturated wi.th solvent vapour. Owing to the dead gas apace 

in the capillary WX and the top of the burette, frequent 

passing of the gas bacl<:Vlarda and f>rwards is necessary to 

ensure that all the gas becomes satu~ated. This takes up 



to 20 hours. It assmned that the amount of' 

used to saturate gas is negligible. At the lower 

temperatures ibrium reached in about two hours as 

the gas saturated. 

Solubility dete1'\minatione were carried out on 

krypton in pure water, pure methanol, and in various water-
' methanol mixtures every 5° over the range 40°0 - 10°0. 

The composition of the solvent was determined by 

a density measurement at the completion o:f each run. 

Table X shows the densi t:tes of water.-methanol mixtures 

interpolated from data. 

The vapour pressures water-~ethanol mixtu~es 

in the calculation of' the solubilit are shown in Table XI. 

These were interpolated :from data listed 

and Bredig and Bayer33, and are accurate within 1 mm. 

Values :for solubili 

were reproduced within 0•5%. 

in wa tel' and in methanol 

As the mixed solvent 

composition cotl.ld not be predetermined~ it was not possible 

to test the solubilities in mixed solvents for reproducibility. 



Densities of water-Methanol 

Mole % 

t 0 c 0 10 20 30 40 50 70 80 90 100 

10 • 9997 • ·~549 .. ·9138 ·8933 ·8729 ·8537 ·8346 ·8177 •8007 

15 ·9991 ·9732 ·9525 ·9315 .. 91 ·8893 ·8687 ·8494 ·8306 ·8129 •7958 

20 ·9982 •9717 ·9500 ·9285 •9068 ·8855 ·8648 .. ·8266 ·8086 •7912 

25 ·9971 ·9698 .. ·9250 ·9031 ·8814 ·8606 .. 1 ·8223 ·8041 .. 
30 •9957 ·9678 ·9442 ·9214 ·8992 ·8773 ·8565 ·8370 ·8180 •7997 ·7819 

35 .. 9941 ·9657 ·9411 ·9177 ·8952 ·8730 ·8522 ·8327 ·8136 •7951 •7772 

•9922 ·9632 •9376 ·9136 ·8908 ·8684 .. ·8281 ·8090 •7904 •7725 



(± 1 

0 
:<t c 0 10 20 30 40 50 60 70 80 90 100 

10 9• 21 16· 0 23· 0 29· 2 35•0 38•1 42•8 46•0 49•3 51• 7 

15 12· 79 21·8 31•2 39 .. 0 45·8 2 54•8 59•8 64•4 68·0 72•17 

20 1 53 31·0 0 52·2 60·3 66·3 2 78•0 1 90•0 95•08 

25 23·76 2 55•0 66·6 7 .. a 1 100•4 1 09·1 117•8 1 03 

30 31·82 7 6 84·4 96·0 1 7 115· 9 127•8 137•7 1 2 160·28 

35 42·17 72·1 92•8 110•0 124·0 138·9 150•0 163·6 1 3 189·6 205•2 

55·32 90·5 119·5 1 .. o 160·5 176·5 192·8 209·0 225•2 242•8 260·5 

'5:: 
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PURIFICATION OF MATERIALS 

Methanol was boiled with quicklime under reflux for 

eight hours and distilled, the middle fraction being collected. 

s fraction was dehydrated by the method of Lund and Bjerrum34 

using magnesium activated by iodine and redistilled in an 

all glass apparatus fitted with a 50 em., fractionating 

col~nn packed with glass. 

The krypton used was supplied by the British Oxygen 

Oomparzy and guaranteed to greater""' than 99% purity, the 

balance being xenon., 

Distilled water was redistilled in an all Pyrex 

apparatus. 
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METHODS OF EXPRESSING GAS 

There are two ways of recording solubility data for 

1. The solubilities are recorded as Bunsen coefficients 

after method Bunsen26 .. 
0 gas, at 0 c .. 

The Bunsen Coefficient ~ , 

the volume 760 mm. pressure of mercury, 

solved by one volume of solvent 

when the partial pressure of the 

the given temperatlll'e, 

is 760 mm.-

If v0 the volune of dissolved at N.T.P. 

V is the volune solvent 

p partial pressure of the gas in atmospheres, 

then 

= v. p .. 

The laws are used to reduce the gas volume to standard 

conditions. The variation in the coefficients determined 

by physical ana. chemical methods can 

for the case of co2 in water according to Markham 

and due to the gas obeying the gas laws. For gases 

which closely obey the gas laws, coefficients determined by 

physical and chemi methods agree .. 

The Kuenen modification of the Bunsen coefficient 

substitutes ~ns. of solvent cos. of solvent. 

The Ostwald Coefficient, r, was defined by Ostwald2 
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as "the ratio of the volume of the absorbed gas to that of 

the absorbing liquid. If these are v and V respectively, 

then () = v- .. u The temperature and to·tal pressure of 

the experiment must be designated to fix the actual value 

of the coefficient. If v is the volume of gas disaol·ved 

at a temperature T and a partial pressure of the gas p, 

then 
T 1 

v = v0 273 • -p 

ill r2~3 <II ill ~ = 

The results are recorded both as Bunsen and Ostwald coefficients .. 
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CALCULATION OF RESULTS 

The experimental figures were obtained at several 

odd methanol concentrations, due to the change in composj.tion 

of the solvent during the degassing process. The results 

for ptu~e water, pure methanol and seven other concentrations 

over the range 10 - 90 mole %methanol were fitted to an 

equation at each temperature by the method of least squares, 

and values interpolated at each 20 mole % methanol. 

are sho\v.n in Table XII. 

These 

The Ostwald Coefficients derived from these using 

the equation 

are also shown in Table XII. 

The Ostwald Coefficient is really an equilibrium 

constant as 

= 
concentration in liquid 
concentration in gas 

Hence the free energy of the reaction, 

is given by a term of the type -RT ln O • The actual value 

of the free energy of solution depends on the standard states 

used for both the gas and the solution. Unfortunately there 

seem to be as many standard states as there are authors in 
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the field., Those moat frequently are tabulated below., 

Author Standard State 
for Solution 

Butler 1 mm.. pressure N2 = 1 

Bell 1 atmosphere The state at which 
the concentration in 
solution is equal 
the concentration in 
the gas .. 

Eley 1 atmosphere 1 mole litre-1 

& 1 atmosphere N2 1 

In this results are tabulated both Eley's 

and and Evans' standard 

AGButle:r -RT ¥ ln = + RT 
vl 

(R t = 82•1 cc. atm.deg .. • 
vl = molal volume of solvent.) 

4 GBell = -RT ln ~ 

GEl19y -RT ln¥ RT R'T = + ln 1000 

A GFI'ank & = -RT ¥ + RT ~ 
vl 

Evans 

Fo!' the entropy terms 

A. 8Frank & = A SEley + R ln 
1000 

Evana 
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Hence it is seen that it the relative values of 

the thermodynamic functions that are important and not ·their 

absolute value .. 

The derived values, AGEley' are fitted to an equation 

of the type ~G = a + bT + cT2 at each concentration of 

methanol by the method of least squares. equations 

which describe the variation of' 6G with temiH3rature over 

the range 283° - 313°K are quoted as well as the values 

at integral temperatures in Table XIII. 

The equations rep:t .. esenting OG are different with 

respect to temperature to give of s. assumption 

o:f a quadratic relation between L\G and the absolute 

temperature can yield only a straight line 

between temperature and entropy. 

ionship 

The thermodynam:J.c propert of the system Krypton-

water-methanol are out Tables XII and XIII, both for 

's and Frank and Evans' standard states, and then 

relationships shown in the accompanying graphs .. 
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Mole %Methanol 

60 80 100 

10 ·086 ·103 •172 •294 •470 .. 699 

1.5 ·078 ·093 ·159 ·278 ·449 ·671 

20 ·070 .. 085 "150 ·266 ·431 ·646 

25 ·062 .. o8o ·145 •257 ·416 ·623 

30 ·057 ·077 ·142 • 2.52 ·406 ·606 

35 .. 053 .. Q78 ·143 .. 250 ·398 ·586 

40 .. 051 ·081 ,149 ·2.52 •392 •569 

Ostwald Coefficient for the system 

t 0 c 0 

10 •089 •107 8 178 •305 ·487 •725 

1.5 ·082 •098 ·168 o293 ·474 ·708 

20 ·075 •091 ·161 ·285 ·463 ·693 

25 •068 •087 •1.58 •280 ·4.54 •680 

30 "063 •085 "1.58 "280 •450 •673 

35 "060 •088 •161 •282 •449 "661 

40 •058 •093 •171 • 289 •449 ., 652 
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TABLE XIII 

( cals). Eley's Standard States 

Mole % .Methanol 

0 60 80 100 

10 3121 3023 2738 2437 2173 1950 

15 3252 3145 2833 2514 2240 2009 

20 3376 3251 2916 2585 2304 2067 

3491 3339 2986 2648 2363 21 

30 3600 3410 3044 2704 2418 2178 

35 3699 3464 3090 2469 2232 

Lj,O 3791 3500 31 2793 2516 2284 

0 AGT = -17,427 + 118*0593 T ... 0•16061 T2 · 

20 6GT = -31,843 + 220•1690 T - 0•34265 

40 l.l.GT = -22,750 + 159•8868 T - 0•24673 T2 

60 AGT = -14,030 + 100•0568 T - 0•14795 T2 

80 4~ = - 8,452 + 61'>1636 T - 0•08346 T2 

100 3,.533 + 26•8260 T - 0•02633 T2 

0 -4Br = 118• 0.59 - 0•32122 T 

20 -4s.r = 220·169 - 0. 68530 T 

40 -ASr = 159· 887 - 0•49346 T 

60 -A = 100•057 - 0•29590 T 
80 -Asr = 61 .. 164 - 0•16692 T 

100 -AS = 26•826 - 0•05265 T 
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TABLE XIII (cont.) 

-AS Eley's Standard States 

Mole % Methanol 

t 0 c 0 20 40 60 80 100 

10 27·1 26•2 20•2 16• 3 13• 9 11• 9 

15 25• 5 22• 8 17• 8 14• 8 13•1 11• 7 

20 23•9 19• 4 15• 3 13•4 12• 3 11• 4 

25 22• 3 16· 0 12• 8 11<>9 11• 4 11•1 

30 20• 7 12" 5 10e4 10•4 10• 6 10• 9 

35 19·1 9• 1 7"9 8·9 9·8 1 Qo 6 

40 17· 5 5· 7 5.,4 7·4 8 .. 9 10· 3 

(cala.) Eley's Standard States 

JY!ole % Methanol 

t 0 o 0 20 100 
10 -4548 -4392 -2979 -2176 -1761 -1418 

15 -4092 -3421 -2293 -1748 -1533 -1361 

20 -3627 -2433 -1567 -1341 -1300 -1273 

25 -3154 -1429 - 828 - 898 -1034 -1185 

30 -2672 - 378 - 107 - 447 - 794 -1125 

35 -2184 + 661 + 657 + 11 -549 -1125 

40 -1687 +1716 +1433 + 477 - 270 - 940 



-4 ( cals cleg-i mole - 1 

Mole ~ Methanol 

t 0c 0 20 60 80 100 
10 35•1 33•8 27•5 23•2 20<>6 18•3 

15 33o5 30•4 25•1 21 ·7 19·8 18· 1 

20 31•9 27o0 6 20•3 18•9 17<> 7 

30•3 23·6 20<>0 18· 8 18·0 17·4 

30 28•7 20•1 17• 6 17• 3 17·2 17·2 

35 27•1 16· 7 15•1 15·8 16·4. 16· 9 

40 5 1 3 12•6 14"3 15• 5 16• 6 



52 

TABLE XIII ( oor1t.) 

4 HFrank & Evans ( cals. ) 

Mole % Methanol 

t 0c 0 20 40 60 80 100 

10 -4544 -4384 -2987 -2159 -1769 -1418 

15 -4106 -3428 -2307 -1738 -1547 -1364 

20 -3647 =2438 -1581 -1333 -1289 -1253 

25 -3161 -1432 - 817 - 892 -1025 -1167 

30 -2682 - 376 - 92 - 445 - 791 -1114 

35 -2·189 + 646 + 667 + 11 - 546 -1021 

40 -1703 +1702 +1434 + 473 - 270 - 931 
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DISCUSSION 

The only previous determinationsof the solubility of 

krypton in water were carried out by von Antropoff24, first 

in 1908 and later using an improved apparatus in 1919. 

earlier results he discovered made no allowance for the 

expansion of the solvent when the gas dissolved,. Also the 

krypton used may have contained an appreciable quantity 

xenon which, being more soluble, would tend to give a value 

which was too high .. Opposing this would be effect of' 

neglecting expansion the solvent on solut of the 

the of impel"fec.tly 

which tencl to a 

solvent, both 

The worst feature of 

both techniques was the violent shaking to secltre 

equilibrium .. This again tends to a high result through 

supel"'saturation the liquid,. In his second of 

measurements von Antropoff still used the same method for 

sectU~ing equilibrimn and again assmned that the was 

after had boiled for ten minutes m1der 

vacumn .. Agairi were two opposing effects - the first 

tending to give a high result - the second tending to 

a low result .. 'rhe results of' all von Antropoff's measure-

ments and the present woi•k expressed as Bunsen coefficients 

are plotted against temperature in Graph (V), and it is 
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seen that although von Antropoff's values are somewhat 

lower than the work they show the same tempera tu..re 

gradient. 

In both methods the volume of solvent (V) is known 

with great accuracy (by mercury displacement). The volume 

of dissolved (v) was also known to 0.002 cc. in both 

cases, and the temperature was controlled to 0•05°0. 

The expression for the Ostwald Ooef~icient is 

76(\ 
X~ X 

v p 273 

only errors likely to be introduced are in the reduct 

gas volume (v) to star1dard conditions (v0 ) and 

value used foro p, the partial 

error introduced by application of the 

inert gases is negligible as these 

Charles' Laws. The vapour pressure of 

known only to ::!: 1 Dml .. and as this 

r can 

of the gas .. 

laws to the 

obey Boyles 

solvent, 

to derive v0 

from this source. p errors up to 1% 

Discrepancies in ¥ than 1% can only be attributed 

as above to imperfect degassing, to impure gases or to 

lack of attainment of equilibril~. 

The solubility of krypton methanol has not 

determined previously. 

, 
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In graph (VI) the solubilities of Helium, Neon, 

Argon and Krypton 

plottea against mole 

as Bunsen Coefficients are 

cent methanol. The values 

Helium, Neon and Argon are taken from Law .. 1 

In helium and neon minima are observed which are 

not found for the gases Argon and Krypton .. 

volume considerations by Law1 indicate that at 20 mole % 
methanol the liquid close packed Small 
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molecules might be accommodated with a minimum disturbance 

of structuret bu·t both increasing temperature and 

gas size would tend to modify the structure 

Helium a minimum 
0 up to 30 c .. , while Argon and Krypton increase smoothly 

solubility at all temperatures measured, the latter more 

rapidly over the 0 - 100% methanol .. 
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The equations produced to explain the variation 

of solubility with temperature have all been empirical .. 

Bunsen26 , Cariua36 , Than37, and Timofejew38 fotmd that their 

results were explained by the equation 

(3= a + bt + ct2 

In the present worlc a similar quadratic equation 

is fitted to the Ostwald Coefficient by the method of 

least squal"'es. 

Jaeger39 used an expression of the form 
A 

}' = e- RT 

where A was found empirically to be A = a [1 + 

If it is assumed that the heat of solution independ.ent 

of temperature between temperatures T1 and T2 , a modified 

form of the Clapeyron equation gives 

= -A (T2-T1) 
R (T1 T2 ) 

Expressing this in exponential form gives 

A 
'0 = ae - RT 

1 
From this. it may be deduced that a plot of ln )' against T 

would be linear. Uhlig10 found such a relation for 

in organic solvents but not for watere 
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If allowance is made for the variation of the 

heat of solution with temperature the form of equation 

used by Valentiner4° results. 

log~ 
a 
- + T 

b log T + c. 

It is an experimental fact that the solubility of 

all gases in water decreases with increasing temperature 

until a minimum is reached, after which it often incx•eases 

quite rapidly., The temperature at which the minimum occurs 

for any gas depends whether the solubility is expressed 

as the Bunsen Coefficient or the Ostwald Coefficient, e .. g. 

for Heliura the minimum occu:r•s at 50°C.. for the Bunsen 

Coefficient and at 30°C$ for the Ostwald Coefficient. 

The solubility of Helium and Neon in methanol 

increases with temperature above 10°C., the tempcrat\~e 

coefficient being greater for Helium. For Argon and 

Krypton the solubility in methanol decreases with incx•ease 

in temperature, the temperatur•e coefficient being greater 

(negative) for Krypton. It would appear that f'or methanol 

there is a critical gas size where the temperatl~e coefficient 

changes sign., 

The popular idea that the sol\lbility of all gases 

decreases with an in<:a"ease of' temperature is due to most 

measurements having been made with water as a solvent and 
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over a limited temperature range. The solubility of a 

gas sed as a mole fract diminishes with increasing 

temperature only if Raoult's Law holds for the system. 

The extent of the decrease can be calculated from the 

Olapeyro:n-Clauaius equation in cases where this may 

expected to hold. 

obey Raoult's Law 

That the r are in methanol do not 

shown in the following table 

Gas AHobs .. (kcals) O.Hideal (kcals) ASobs. ( eu.) AS ideal ( eu.) 

He + 1400 -0•02 -14•0 -6 

Ne + 1100 4 -14·0 -16 

A - 600 -1· 5 7•0 -24 

Kt7 1200 2 -17• 0 -25 

Law1 put forward the suggestion that solubility 

of gases in all solvents should pass through a 

minimum, the position of which depends only on the particular 

gas and solvent. The change of sign the tempet"ature 

coefficient occurs where -~UA = AUc as fo1 .. - UA >Au0 
temperature coefficient is negative and when (!Uc >- 4UA 

it is positive. For water -'-lUA /'l!Uc and for methanol, 

~u0 ) - AUA. Hence, at some intermediate methanol 

concentrations minima would be expected in the solubility v 

temperature plot. These occur at about 30° in 20 mole % 
methanol for ium and Neon, at 20, 40 and 60 mole % 



methanol for Argon and at 20, 40, 60 and 80 mole % 

methanol for• Krypton, when the solubility is expressed 

as the Bunsen Coefficient. precise calculations 

~u0 anddUA were possible the position of the solubility 

minima could be predicted. 

Bernal and Fowler41 suggested a classification of 

water as follows. Water I is a tridymite structure 

occurring below 4°0. water II is a quartz structure of 
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smaller volume than water I. As the temperature incr•eases 

above 4° isothermal expansion occur•s through the formation 

of holes in the quartz structure combined with a modification 

towards a close packed structure Water III. Magat42 

obtained evidence from Raman spectra that a modificatiol1 

of the quartz structure II 

This stl"ucture II' see!llS fai:Ply stable and changes to 

close packed water III higher temperatures. Between 

0 and 50°0.. there is a continual change I~ ~ II'. 

Trunmann42 ascribed the minimum of solubility in water to 

a stronger interaction of the solute with water I than with 

the other water modifications. Eley prefers his inter-

pretation that solution occurs on to those points in a 

hypothet'ical "static water structure" where modifications 

in the di:t'ection I -i> It would 

be inter~_sting to have solubility results for methanol and 
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other organic solvents at temperatures not far above their 

freezing points~ to see similar changes occur for organic 

solvents .. data were available for all solvents over 

the l:'ange fl:'om theil:' freezing points to theil:' boiling 

points it is possible that a much more generalised picrture 

of solubility could be obtained than any which is at 

pl:'esent possible. 

Using the relationshiprdeveloped by Law1 that 

the temperature coefficient solubility is given by 

- -g = (d3Vr) Y.s }3vf 
d (Y.s) + -dT vl dT vl 

He made calcula·tions over a 1° tempera t t.u>e range,. These 

gave temperature coefficients of the right sign and n~r1~~ 

fOl' the solubility of .hydrogen in benzene and in watel:' 

calculated fO.t"" 25°0 .. and. 26°0o However, the calculat:tons 

made are scarcely a test of the above expression .. Values 

of 03Vr and the extent to which they change with temperature 

depend on the source., 

temperature coeffici·e:nt 

The absolute values and the 

lJ3Vf calculated from vapour 

pressure data by the equation of Eyring, differ appreciably 

from those calculated from a combination of sound velocity 
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data (Vr) and spectroscopic data (~3 ). was seen in the 

introduction, no isfactory data for Vg and i temperature 

coefficient are available 1 so condi tiolls it 

is not possible to test the expression over a reasonable 

range of temperature. Should such data become available 

it should be possible to predict gas solubilities and then 

temperature coefficients accurately if the above equations 

hold. 
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Law1). The rare gas series 

line .. type of rela't 

from a combination of equation of 

8 

Neon and 

solvent 

is 

and Evans, 
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and that of' La.w1 
~3Vr r = VlVg 

-RT ln~ = -RT ln d .3Vf 
VlVg 

Hence a plot of AS against 6G for a aeries of on 

one solvent would be linear and have a slope proportional 

to the volume of the solvent. 

On the basis of Eleyts theory the major part 

the difference between entropies of solution of a in 

and in methanol would due to the, in entropies 

of cavity formation. Lack of data on partial molal voluxnes 

prevents an adequate test being made. The differences 

between the observed entropies solution the inert 

gases in water and in methanol are 

9·0 

The mean value is 10 eu., which crude calcQ1ations 

by Eley suggest is the value for the difference between the 

entropies of cavity formation in water and organic solvents. 

In obtaining equation (10) for solvents in which 

solution occurs on to quasi-lattice points and equation (11) 

for water where solution occut's into special cavit:Les ASc 
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was 

lnfsl l. J fnsT 

This expression accounts for that part of the partial molal 

entropy solution which from an alteration of the 

entropy of the solvent molecules .. Any change entropy 

due to restriction of solvent molecules in the 

gas molecule is not taken into accotutt as in the 

evaluation of ASc = 0" 0241 x ~ V , the values taken f'or 

and {J are those f'Ol" the sol vent. The :ton 

of 

loss of' entropy attributable to these previously neglect 

cannot be made evaluating the 

at 277°0 (where A So = 0) entropy express f'or 

the following values were obtainedo 

R ln VGN 
- R ln V - dS 

0 0 
- A,S exptl. 

He -0•6 -14•5 2 18•9 

Ne 2 -17.7 25·0 22·5 

A 5 6·1 2Lj ... 7 0 

Kr -5·2 -17• L.t 7 28•7 

calculation of terms R 

was rather speculative, but a comparison of' first and last 

colunms indicates that there is a change 5 eu.. over the 

series - Kr due to the in the term ~ R ~ .. 
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i.e. 50% of the observed variation due to the mass term. 
!·. 

The other 50% 
1

Caused by the change in R ln VGN and any 
~f " 

neglected restrictions. 

Lack of data for pal""tial molal volumes of gases in 

methanol prohibits a quantitative estimation for methanol. 

~So would appear to increase strongly over the range while 

the term~ R ln m decreases only from-Om4 to -3•8 eu. The 

observed entropies differ only over 3 eu~ from helium to 

kryptO!l so there must be a considerable negative contribution 
VGN to the entropy from the term R ln -v- and allY neglected 

restrictions.. the term R ln VGN not likely to 
v 

helimn to krypton, 

wotud seem that there is 001 appreciable restriction on 

the motion the methanol molecules round the cavity* 

Diatomic molecules which would be expected to restrict the 

neighbouring solvent molecules to much the same extent as the 

of similar size and polarisability, show evidence 

of restricting benzene molecules., Eley8 showed this fol" 

H2, N2, 02, Co, N20 and CH4 in benzene. 

The entropy of the rare water is abnormally 

low,. This means that the sol1.1.te molecule decreases the 

entropy of the neighbouring water molemlles. · Possible ways 

in which it might do this a:t~e 

( 1) Reducing the number of ways in W'hich the water molecules 

ca:n unite. 
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( 2) By their ability to rotate. 

Frank Evans19 put forward so-called "ice-bEH11g" 

theory to account for this abnormal drop entl"'OPY which 

diminishes rapidly as the temperature rises. They 

that when a non-polar 

temperature it mocli 

di in 

the water in the direction 

at l"Oom 

as buil~ng a micn:•oscopic "ice-berg" about the 

solute"' The of the 

the 

causes a loss both 

normalJ.y be 

As 

s of,t 

temperature j~s 

to the enormous 

water · which may 

would be the 

This 

entr•opy than v.rould 

the 

"melt" giving 

ies these 

60 deg,. 

An ternative explanation of the negative heats 

and en·tropies solu:!ij.on given by Rodel:msh46 .. He 

suggest that the negative entropy of soluti.on 

is due to a very defin:i.1;e orientation of molecules 

in interface, the energy liberated by the orien"t;ation 

account for the negative of solut Although 

is at to the "ice-berg" theory, he states 

that to the ease with which water supercools, there can 
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no structure resembling hexagonal ice in liquid. 

state., Also the high internal pressure water malces 

the ice structure unstable because of i·ta low bulk densi i;y .. 

suggests that the most stable configu.ration would be 

a bubble containing a number of molecules., The water 

xnolecules in the surface of the bubble wotud be oriented 

in such a way as to form at least three hydrogen bonds per 

molectue, and the fourth hydrogen would project on the inner 

surface the bubble in such a way as to be attracted to 

the molecules by polarisation forces. This arrangement 

of solution the rare molecules. A bubble 

of this size to escape ion would to be 1 o-7 ems .. 

in rad:t us. Such a bubbl~ at a of one atmosphere 

could only contain one molecule, but at the high internal 

in water it co1.Ud easily contain more. The only 

pressure acting on the bubble causing it to disappear would 

be the pressure developed by interfacial tension. The 

arrangement postulated would give a low or zero interfacial 

tension., There would be a size of bubble which the 

heat and entropy of solution would be a maximum (negative) 

but the bubble distribution would be statistical. If 

equilibrium can be established only at the quid interface, 

the distribution of size may be far different fi•om that which 

would predicted., There might be more bubbles containing 
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one molectue than any other ze, but these may represent 

only a small percentage of the total dissolved. 

such bubbles are easily formed one might expect 

heliuru and neon to be more soluble than the experimentally 

determined values of r5He = 0• 010 and f25Ne 0• 013. 

The change of entropy of solution with alcohol 

c~centration is shown in Graph (III). Law1 made the following 

generalisations .. 

( 1) Minima occur in the entropy alcohol concentration 

plots for all gases studied over a wide enough 
. 
temperature .. 

(2) The position of the minimum moves towards the alcohol 

solut:tons as the s:lze of the molectue is 

increased., 

(3) The position of the minimum moves towards the alcohol 

rich solutions for any one as the temperatUI~e is 

lowered. 

The resu~ ts obtained fit in wi t11 this general picture, 

although depth of the minimum (from the value for 100% MeOH) 

is rather greater than would be expected from Law's results 

for helium, neon, and argon .. It is observed that decreasing 

the temperature causes the minimurn to occur at a high alcohol 

con.centra tio:n. The minimum in the entropy plot occurs where 

the dissolved molecules have their greatest freedom, i.e. the 

larger molecules cause a breakdown of the solvent structure at 

progressively lower temperat1wes. 
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HEATS AND FREE ENERGIES OF SOLUTION 

The abnormal heats of solut:ton of the rare gases 

in water has already been pointed out the "iceberg11 theory 

of' Frank Evans bubble theory of' Rodebush 

both shown to capable) of explaining the results., 

A Haoln. is related to 6 Usoln. by AUaoln.. = AHsoln.. - RT .. 

The difference between~soln$ for water and methanol 

of order 2 k cals.. all the rare gases., Calou~ated 

values the of cavity formation vary by 

3 k., for The approximately 2 

cavity formation been shown by Eley to be zero at 4°0. 

and 

ion 

methanol are due to 

large negat s of 

The changes over the range 0 

in the of 

100% 

Uc 
and -'-\UA.. value of 6UA is largely dete:t~mined by 

the London forces and for a gas atom depend 

on product of the polarisability of the and the 

polarisability of the solvent. For a given separation of' 

centres an increase in the pola:risability of the solvent 

means an increase ~UA per molecule solvent, but since 

the increase usually accompanied by an in 

ze of the solvent molecule, it means also a 

that can be packed rottnd gas molecule. 

to be roughly constan·t for solvents .. 



Maxima occur in the plots orAHsoln. against 

alcohol concentration corresponding to the minima in 

entropy plots. 
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For Eley' s standard states the free ene:r•gies of 

solution are dependent solely on the solubility of the gas. 

Where the solubility v alcohol concentration passes through 

a minimum, i.e. Helium and Neon, ~G passes through a 

maximum at the same methanol concentration. For Argon 

and Krypton which increase in solubility at first slowly 

and then more rapidly with increasing methanol concentration 

the free ene1•gy v alcohol plot decreases at first slowly 

and :then more rapidly up to 100% methanol .. 



PART 
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The study of heterogeneous ions is concerned 

chiefly with the determination of the nature of the processes 

controlling the observed velocity of the reaction. For the 

solution of in liquids where no chemical reaction 

occurs, the observed velocity depew:ls on diffusion o:f 

molecules across the boundary .. A jor o:f 

earliex• worlt was done on of solution into quie 

liquid.s and equat for these ions were developed by 

Nel"nst47, Noyes Whi tneyL.-8 ~ Davia Cranclall L~9 ~ 

With moving bubbles of in , when the water 

was kept thoroughly stirx•ed and the surface unbroken, 

Adeney Becker50 showed that the rate solut 

place in accordance. with the general equation 

.9:!! 
dt 

a - bw 

took 

where a the initial rate solution and bw the 

rate of escape of the gas .. 

experimental conditions 

b is a constant depending on 

dissolved .. 

Their experimental method cons:i.ated of enclos a large 

bubble of of known volume in a narrow tube containing 

degassed solvent allowing the bubble to pa.ss up and down 

through the water until sa turat1on was reachecl .. The pressure 

in bubble was meas\~ed after each double passage the 
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tube by means of a water manometer, enabling the extent.o:f' 

absorp·t.ion at each step to be calcu~ated. Adeney and Becker 

further show·ed that theii• equation could be written 

£!! 
dt = SAp :rAw 

VI 

where S is the initial rate of solution per unit area, A is 

the area of the interface, p is the gas pressure, f is the 

"coefficient of escapeu fr·om the liquid per unit volume, 

V is the liquid volume and w the weight of gas dissolved .. 

The plot of ~~ against w is linear with slope -f ~' and 

the intercept on the y axis gives SAp from which the initial 

rate of solution can be calculated. The intercept on the 

x axis gives the weight of gas dissolved at the satu1•ation 

Furthermore S = f' s when•e s is the equilibritml 

solubility .. 

The quantitative connection between diffusion and the 

concentr•ation gradient was f'i:t•st given by Fick51 • This states 

that 

dQ = 

vn1ere dQ is the quantity of substance which passes in time 

dt through a surface of'· area A uncler a concentration gradient 

~ • D is called the diffusion coefficient and is constant 

for a particu~ar system at constant temperature .. 

Stearn, Irish and Eyring.52 using ·iijy:r:~ing' s theory of' 
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processes, obtained an equation connect the diffusion 

coefficient D with 

v 
N 

D = 

the vol11me 

= the volume 

free volume. 

molecllie 

M = moleculm" weight 

e 
tiEva;e .. 

- nRT 

n = a .Pal"ameter whose value is obtained from the temperature 
53 

coefficient of visoosi ty by ·the method of Ewell and Eyring .. 

In obtaining the abo,!e equation, Eyring 

the ion :f'uncrt :f'or• r•otation and vibration are 

same the init and , 1., e, that 

translational pal'ti tio:n functj.on only regulates 

Furthermoi•e, Eyring 

between molecules (in 
Vi represented by (i) 3 • 

ass1.u:ned that the equilibrium 

the ion of diffusion) was 

that 

on, 

Law1 modified thia second assum1)tio:n, ing that 

this equilibrium distance would expected to lie somewhere 

(*)! (~)! - b(~)! 
the latter. b is a parameter depending on the shape 

and is ~1.. For cubic closest packing b = Introducing 
Vi Vt i V 1 

b = (N) 3
- b(~) 3 instead of (i)3 into Eyring's equation gives 

1 _ 4Eva'R• 
o/3 2 ~ 3 i 1 kT 2 nRT (V + b-Vf - 2bV3 Vr3) (2lrM) e D = 
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If D imentally and b can be given a suitable 

value, this equation should yield values of the free volume 

for the solvent. 

Accordingly it was planned to measure D experimentally 

hydrogen,. nitrogen and oxygen the solvents water, 

acetone, methyl alcohol and ethyl ether. The measurement 

of D over a temperature range would so enable the calculation 

the energy activation of diffusion, which Barrer54 

the relation 

where Do a constant and En the 

dif'fusion. 

In the equation 

= - DA 

observed experimentally, 

assuming a gas-solvent separation 

ot activation of 

can be determined 

( + zw) at the 

Before D can be evaluated, the effective area the bubble 

must be known. This cannot be calcul geometrically as 

by Adeney and Becker, as the shape changes when system 

of shaJting employed in equilibrium measurements is used. 

Tammann and Jesaex?7determined the diffusion coefficient 
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water temperatures. If their value 

into the equation l~drogen at 25°, the 

area of the bubble can obtained. If each 

subsequent rate measw:~ement is done with an identical bubble, 

this value of A can then be used throughout .. 

For the resul to be str'ictly comparable, the 

conditions of each rate measurement must be reproduced 

exactly. This means that the of mixing of and 

solvent must be cons each expe:t.,iment. This can 

obtained by fixing the of rocking motor, and 

using the same volume of time so that the 

the mercury in the absorption pipette 

tl.1.e same. with solvent vapour must 

used as over 

and increases in volume, giving a 

volume absorbed .. 

solvent becomes saturated 

reading of the 

Commercial bydl.,ogen from a cylinder is through 

potassium bydrox:l.cle solution to remove dj.oxide, then 

concentrated s1liphuric acid to give a rough drying and then 

through a heated silica tube containing copper and platinised 

asbestos to remove oxygen.. Final of oxygen are 

removed by bubbling through 's reagent, and residual 
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water by passing through a phosphorus pentoxide trap followed 

by a liquid air trap. The pure hydrogen is then admitted 

through tap 3 (Fig.. 2) to the saturator A, which contained 

about 300 oc .. of solvent.. This saturator was designed by 

Marl{;h~5 After gas had been ·passing throttgh the sa.t,.u .. ato:t:a 

out to for some time the gas space between taps (7) and 

(4) evacuated and wet gas admitted up to tap (7). The 

subsequent procl-Jdure is the same as equilibrium measure-

menta except that a constant bubble ze maintained and 

The first was the difficulty of obtaining h~drogen 

with solvent vapour. 

was not fully 

through the Markham 

Even with methanol as solvent the gas 

with solvent vapour passing 

as the volume of gas in the 

burette first decreased, but after about seven minutes 

to .. Even with a sintered glass-bubbler 

and a second Markhart5satui•ator in the gas line held a 

separate thermostat at 45°, hydrogen sattu~a.ted with methanol 

vapour cotud be produced only up to 30°0. 

The second difficulty was that of obtaining 

reproducible movement of 'the bubble the abso:t•ption 

pipette. Although the shaker could be regulated and the 

quantity mercury used fOl" stirring held constant, minute 
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of tap b:t,ought ove~ wi·th the sol vent 

to the bubble move ir~egularly. For wate~ bubble 

would frequently divide into smaller bubbles - enla~ging 

the surface area enormously and rende~ing the rates of 

solution meaningless. 

The final difficulty could not be overcome as it 

inherent in the of the apparatus, i.e. the mechanical 

diff';icul ty of stopping the shalte~ and transferring gas 

quickly :f'~om the absorption pipette to the gas burette. 

With organic solvents the of solution is so g~eat 

that by the t the gas t~ans:f'e~red, a much· 

amount has dissolved that actually absorbed at the 

moment shaker stopped. Thus accurate timing of 

meaSUl11ements was not possible. 

Although a considerable time was trying to 

eliminate these difficult , no reaul of any value were 

obtained.. It would seem that a method such as ·that 

As no reproducible results were obtained for 

of cliffusion coefficj.o:nts no calculat of V f could be 

However, it would seem that the parameter b introduced by 

Law1 might intr~oduce difficulties. Eyring states 

.. 
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that b = 2 for cubic closest pac.king and that it might 

vary with temperat1u•e. attemp·ted calcn:tlations of the 

diffusion coefficients for the systems carbon-dioxide-water, 

phenanthrene-benzene and nitrogen-water, Law used a 

of 1 0 for b, and obtained fair agreement with exper•iment., 

In view of the doubtful nattu~e of this parameter, values 

of the free volume calculated from its use may not be 

any more l'eliable than those from mo1 .. e approximate equations 

all"eady in use. 

1 • An account of solubility has 

Measurements out on solubility kr•ypt.:m 

in water-methanol 8 have 1 and 

di 

3 .. . An at·tempt to rates solution the 

appal"atus used for equilibrium measurements 
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