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Abstract 
The solubilities of He, Ne, Ar, N2, 02, CO 

and C02 in olive oil have been determined in the 
temperature range 24-56 C. The gas solubility 
apparatus was a considerably improved version 
of the one reported by Morrison and Billett and 
gave a precision, depending on the gas solvent 
system of -+0.2% to -+1.0%. Plots of log L, 
the Ostwald coefficient, and log a, the Bunsen 
coefficient, against 1 /TK were linear and showed 
a small temperature dependence for COe. The 
enthalpy and entropy changes corresponding to 
the solution process were calculated. The parti- 
tion coefficients of the gases between olive oil and 
water were calculated using reported values for 
the solubility of the gases in water. These re- 
sults have been used to test and extend the 
Meyer-Overton theory of transport through the 
cell membrane. 

Introduction 
T tiE PRINCIPAL OBJECTIVE Of this study was to test 

and extend the work of Collander et al. (1-3) 
who demonstrated that there is an approximately 
linear relationship between the olive oil water parti- 
tion coefficients and the permeability constants of all 
membranes for a large number of organic compounds. 
They found that the permeability constants of several 
types of cells to a variety of nonelectrolytes can 
be predicted by the relation: 

P = bKm/M n (Collender equation) 

where P is the permeability constant, K is the parti- 
tion coefficient between a lipid solvent and water, M 
is the molecular weight of the solute, m is a constant 
dependent on the lipid solvent, and b and n are 
empirical constants. The molecular weight of the 
solutes studied varies only slightly compared with 
variations in the partition coefficient. Following Col- 
lander, we have therefore made use of the simplifying 
assumption that the P - K  relationship can be studied 
by plotting log P against log K. The effect of the 
molecular weight could be seen on these graphs. 

The gases considered in this study are lower in 
molecular weight and higher in permeability constant 
than most of the substances known to obey the Col- 
lander equation. The establishment of reliable values of 
the lipid-water partition coefficients for these solutes 
is important in several ways: (a) The measurements 
for CO, CO~ and 02, for which permeability constants 
of human red blood cells have been measured (4) 
allow testing of the validity of the equation over a 
range considerably in excess to that covered by 
previously available results. (b) The results on He, 
Ne, Ar and N2 allow, depending on the validity of 
the Collander equation, prediction of the permeability 
of cell membranes of these gases. This is of practical 
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interest for N2 and Ar which are present in air, and 
also for He and Ne which have both real and potential 
uses as constituents of artificial atmospheres. The 
results will permit further testing of the equation 
when direct methods of measuring the permeability 
of these gases are developed. (c) Since the solubility 
of gases in olive oil is almost exactly the same as in 
various fats, e.g., human, dog and rat (5), the results 
are of general physiological application. 

Experimental Procedures 
The method was developed from that of Morrison 

and Billett (6). The basis of the method is the 
attainment of equilibrium between the gas and the 
solvent by allowing the latter to drip into and flow 
through a known volume of the gas. Our apparatus 
incorporated improvements introduced by Clever et al. 
(7) and included some additional modifications. The 
apparatus was housed in an air thermostat. Tem- 
perature control was effected using a Hallikainen 
Thermodyne proportional controller. The design of 
the air thermostat to achieve very uniform tempera- 
ture was rather similar to that of Cook (8). The 
temperature was measured to -+-0.003C with a 
platinum resistance thermometer calibrated at the 
triple point of water and at the benzoic acid point 
using benzoic acids cells calibrated by the National 
Bureau of Standards. The maximam variation of 
temperature with time was found to be +0.04 C over 
8 hr, which is a longer period of time than the 
longest solubility determination. In most cases the 
variation during a determination was less than 
-+0.03 C. The temperature gradient throughout the 
length of the apparatus was somewhat less than 0.1 C. 
The error introduced by these temperature variations 
was sufficiently low to be insignificant for the systems 
studied. The apparatus is shown in Fig. 1. 

The procedure can be conveniently considered in 
two parts: (a) Degassing: The degassing technique 
has been described in a separate publication (9). 
The principle involves the use of an all-glass cir- 
culating pump to continually spray the solvent into 
an evacuated chamber. Provisions for heating, 
stirring and monitoring of the pressure are incor- 
porated. After degassing, the solvent is transferred 
without any contact with the atmosphere, into a 
storage spiral inside the air thermostat (Fig. 1). (b) 
Solubility determination: The degassed solvent is 
allowed to stand in the storage spiral for a minimum 
period of 2 hr (usually overnight, in practice) to 
reach the temperature of the thermostat. The ap- 
paratus is then filled with the gas under study to 
a pressure of just less than 1 atm. The solvent is 
allowed to drip into the absorption spiral A until 
the 10 ml burets B are filled to about a third of their 
capacity. The solvent flow is stopped and the drainage 
timed. From 30-60 rain after the end of the first 
solvent flow, levels of the solvent in the 10 ml burets 
and the mercury in the 50 ml buret C are measured 
with a cathetometer. The pressure is adjusted to 
atmospheric and fixed by closing the tap in the ex- 
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tcrnal  limb of the silicone oil manometer  D. Solvent 
is allowed to drip into the appara tus  at a rate pre- 
viously determined to be in the range at which com- 
plete sa tura t ion occurs. The levels in the silicone oil 
manometer  and the 10 ml burets are kept  as near ly  
equal as possible dur ing the process of solution so 
that  the pressure remain close to the original atmos- 
pheric pressure. Excess solvent is run f rom the 
appara tus  through the stopcock E at approximate ly  
the input  rate. The solvent is collected in a tared 
flask. Af te r  a sufficient volume of gas has been dis- 
solved, the flow is stopped. The pressure throughout  
the appara tus  is adjusted to the ~nitial value and the 
levels in the 10 ml burets and the 50 ml buret  are 
measured. F r o m  these observations and the weight 
and density of the solvent, it is a simple mat te r  to 
calculate the solubility. 

T A B L E  I 

Solubil i t ies  of Seven  Gases  in  Olive Oil a t  A tmosphe r i c  P r e s s u r e  

lYlolo 
G a s  T e m p e r a t u r e  Bunsen f r a c t i o n  

(C)  Coeff. ( a )  ( X  l 0  s) 

H e  24,69 0.0160~ 0.701 
34.71 0.01570 0.688 
44.83 0 .0149s  0,661 
54.78 0.0145g 0.647 

Ne 24,52 0.01957 0.854 
24.82 0.0198~ 0.864 
34.75 0.0194~ 0.853 
35.00 0.01922 0.843 
45.50 0.01882 0.830 
54.85 0.01844 0,817 

A r  24.76 0.136s 5.96 
34.69 0,133~ 5.84 
45.21 0.1291 5.70 
54.36 0.1268 5.60 

02 25.11 0.1162 5.07 
35.05 0 .1171 5.10 
45.38 0.1185 5.22 
54.78 0.1195 5.29 

N~ 24.78 0.06748 2.94 
24.89 0.0688o 3.00 
34.80 0.06577 2.88 
45 .05  0.06445 2.84 
54.56 0.0636~ 2.82 

CO 24.79 0.68352 3.64 
25.06 0.08433 3.68 
35.00 0.0863~ 3.79 
35.04 0.08749 3.84 
44 .44  0 .0874a 3.85 
54.78 0.0904~ 4.01 

C02 24.85 1.295 56.5 
34.76 1.105 48.5 
45 .35  0.9605 42.1  
54.79 0.868s 38.5 

was established to -+0.1% between 24 and 56 C. No 
difference in density or solubility of gases was ob- 
served in the oil f rom different sources. The free 
f a t t y  acid concentration was different but  was low 
in both instances: 0.58% for the Fisher  product  and 
0.30% for tha t  f rom N.B.C. Ear l ier  workers (10) 
have also produced evidence for the view that  olive 
oils f rom various sources show similar solubility 
characteristics for gases. 

The average molecular weight needed for the cal- 
culation of the mole fraet ion solubility was deter- 
mined front the nuclear magnetic resonance spectrum 
(11). The value found was 884 g mole -1, with ex- 
perimental  limits of error of ± 5 % .  

Results 
The solubilities were calculated in three forms (see 

Batt ino and Clever (12) for a complete discussion 
of gas solubility units) : (a) the Ostwald coefficient, 
L = V~, /V1,  where V~ is the volume of gas absorbed 
by the volume of solvent, V,, all measured at the 
same tempera ture ;  (b) the Bunsen coefficient, a =  
273.15 L / T ,  where T is the t empera ture  in K;  and 

(c) the mole fraction, X = L VI°/RT, where V{ is the 
molar volume of the solvent and X is calculated for 
a gas par t ia l  pressure of one atmosphere, 

The results are presented in Table I. Plots of log 
a were linear to --+0.2% in the case of O2, --+0.5% in 

Materials 
All the gases used were research grade (The 

Matheson Co., Inc., Eas t  Rutherford,  N. J . ) ,  except 
for  carbon monoxide (Linde Co., Tonawanda,  N. Y.). 
()live oil f rom two sources was used: Fisher U.S.P., 
Fisher Scientific Co., and Nutr i t ional  Biochemicals 
Corp. The oil was characterized by density measure- 
ments, which were also used in the calculations. The 
relationship 

dt (g  cm -3) = 0.9152 - 0.000468t (C) 

T A B L E  II 

H e a t s  and  E n t r o p i e s  of Solut ion  at  25 C 

AS AS 
AH (X  expt])  (X  ~- 10 4) 

G a s  (cal  (cal  (cal  
mole- l )  mole -1 mole-X 

deg  -1 ) deg  -1 ) 

:lie - - 5 4 6  - -1 .75  @2.12 
Ne - - 3 2 7  - -1 .05  @3.22 
A r  - -421  - -1 .35  @6.77 
N2 - -360  - -1 .15  @5.57 
02 @300 @0.97 @8.76 
CO -~-562 @1,80 @t-8.96 
002  - -2 ,150  - -8 .02  @t-4.57 
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the case of He and CO, and +--1.0% in all other cases. 
Only in the case of COs is the deviation from linearity 
significantly greater than the expected precision. The 
results for  the more soluble CO2 were better  repre- 
sented by an equation including the second power 
of the temperature.  

The heats and entropies of solution calculated from 
the variation of log X with temperature  are shown 
in Table II. The heat of solution was assumed to be 
constant over the temperature  range of the solubilities. 
AS(X exptl) was calculated for t ransfer r ing  gas at 
1 atm to the solution at the experimental mole frac- 
tion solubility of the gas, and A S ( X = 1 0  -a) was 
calculated for t ransferr ing gas at 1 atm to a mole 
fraction of 10 -~. See Hildebrand and Scott (23) for  
a discussion of entropy of solution as related to 
gases. The part i t ion coefficients of the gases between 
olive oil and water at 25 C were calculated f rom our 
results and l i terature values for  gas solubilities in 
water are shown in Table I I I .  Finally,  results ob- 
tained by previous investigators were compared with 
those of the present s tudy and this comparison is 
summarized in Table IV. 

Discussion 
The connection of the gas solubilities with the 

energy parameter,  e/k, of the Lennard-Jones 6-12 
potential  for the gases, and the surface tension of 
the solvent, were examined for olive oil. The correla- 
tion found with ~/k is i l lustrated in Fig. 2. A smooth 

TABLE I I I  

Par t i t ion Coefficient for Seven Gases B e t w e e n  
Olive Oil and Water  at 25 (3 

Olive oil W a t e r  
Gas Bunsen ]~unsen Part i t ion 

coeff, eoeff, eoeff. (P )  

He  0.0161 0.00847 (13) 1.90 
Ne 0.0196 0.0102 (13) 1.92 
Ar 0.137 0.0307 (14) 4.47 
Os 0.116 0.0263 (15) 4.41 
N:  0.0681 0.0146 (15) 4.66 
CO 0.084 0.0214 (16) 3.94 
COs 1.295 0.745 (17) 1.74 

TABLE IV 

(3omparison of Solubility (Bunsen Coefficient) 
I n  Olive Oil ~Vith Ear l ier  ~vVork 

Temp. Earl ier  This 
Gas (C) results work 

He 38.0 0.0148 (18) 0.0154 
Ne 37.6 0.0193 (19) 0.0191 
Ar 38.0 0.1395 (18) 0.132 
02 38.0 0.102 (20) 0.117 

25.3 0.102 (21) 0.116 
N~ 38.0 0.06673 (18) 0.0655 

37.4 0.06092 (19) 0,0655 
25,2 0.628 (21) 0.068 

CO (No comparable results) 
CO.2 50.0 0.839 (31) 0.913 

45.0 1.015 a ( 5 )  0.961 
30.0 1.063 (31) 1.!82 
25.0 1.357 a ( 5 )  1.295 

a Other results (22) on related substances (cottonseed oil and 
some fats)  indicate that Y and P results (5) may be high. 

curve connects all points. I f  straight lines were drawn 
they would exclude either He and Ne or He and 
C02. There appears to be no reason to favor one 
or the other. The correlation with solvent surface 
tension (12,24) was reasonable though not highly 
precise. 

These relationships are theoretically interesting and 
they are also useful for  the estimation of unknown 
solubilities. Their  significance should not be over- 
estimated, however. The theory that the dissolving of 
a gas can be regarded as a two-stage mechanism is 
fair ly well established (12,24). One stage involves 
the t ransfer  of molecules from the gas phase to a 
condensed state and this is conditioned by the inter- 
molecular force relationships in the two states--hence 
the correlation with e/k. The other stage involves 
the insertion of the solute molecules into so-called 
cavities in the solvent. This will involve forces de- 
pendent on the cohesive energy in the l iquid--hence,  
the surface tension. This is presumably a secondary 
correlation, i.e., surface tension and solubility are 
both related to the internal  cohesive energy of the 
solvent. 

The part i t ion coefficients (Table I I I )  for three of 
the gases (CO, COe and 02) were used to extend the 
correlation found previously between part i t ion coef- 
ficients and permeability constants at 25 C of human 
erythrocytes as reported in reference 4 and 25 27 for 
the substances (listed in order of increasing perme- 
ability) erythritol ,  malonamide, thiourea, glycerol, 
lactamide, methylurea,  ethylene glycol, acetamide, 
propionamide, urea, water, methanol, ethanol, C02, 
CO and 02. Permeabil i ty data is not available for 
the other gases reported in this study. For  the 
above-mentioned substances (excluding the gases and 
ethylene glycol and glycerol) we plotted the log of 
the permeabili ty constant, P, against the log of the 
olive oil-water part i t ion coefficient, K, and the fol- 
lowing equation was fitted to the data by a least 
squares analysis : 

log P = 1.47 log K -- 0.81 

The points for  ethylene glycol and glycerol were not 
used because there is evidence (28,29) tha t  they enter 
the red blood cell through specific sites not available 
to other penetrat ing molecules. The malonamide value 
was determined in the laboratory of one of the authors 
(Danfor th)  and allowed conversion of the other pub- 
lished results to cgs units so that the units of P 
in the above equation are em sec i Of the compounds 
other than the three gases, the P values for  only 2 
(erythri tol  and urea) of 13 fell more than 1.5 log 
units above or below the fitted line. The three gases, 
however, fell 1.8-2.8 log units below the line. The 
permeabil i ty coefficients for 02, CO and C02 are 
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t h u s  r o u g h l y  one  h u n d r e d  t i m e s  s m a l l e r  t h a n  p r e -  
d i c t e d  b y  t h e  e q u a t i o n .  A s t r a i g h t  l ine  s a t i s f y i n g  t h e  
p o i n t s  c o r r e s p o n d i n g  to  t he  gases  as wel l  as t h e  o t h e r  
s u b s t a n c e s  is n o t  i m p o s s i b l e  i n  v i e w  of  t h e  g e n e r a l l y  
h i g h  s c a t t e r  we  f o u n d .  H o w e v e r ,  t h e  s m a l l e r  size of 
t h e  gas  m o l e c u l e s  w o u l d  l e a d  one  to e x p e c t  t h e i r  
p e r m e a b i l i t y  coeff ic ients  w o u l d  be h i g h e r ,  n o t  l o w e r  
(as  f o u n d ) ,  t h a n  p r e d i c t e d  b y  t h e  above  e q u a t i o n .  

W e  a re  i n c l i n e d  to  t he  v i ew t h a t  t h e  o b s e r v e d  
d e v i a t i o n s  r e q u i r e  some  m o d i f i c a t i o n  of  t i le t h e o r y .  
T h e  r e l a t i o n s h i p  d e s c r i b e d  b y  the  C o [ l a n d e r  e q u a t i o n  
h a s  b e e n  r e l a t e d  to a p h y s i c a l  m o d e l  in  w h i c h  p e n e t r a -  
t i o n  of  t h e  cel l  m e m b r a n e  i n v o l v e s  d i f f u s i o n  t h r o u g h  
a t h i n  h o m o g e n e o u s  l i p i d  l aye r .  T h e  p r e d i c t i o n  of a 
l i n e a r  r e l a t i o n  b e t w e e n  t h e  p a r t i t i o n  coeff ic ient  a n d  
t h e  p e r m e a b i l i t y  c o n s t a n t  a s sumes ,  i n  effect ,  t h a t  
d i f f u s i o n  t h r o u g h  t h e  i n t e r i o r  of  t h e  m e m b r a n e  is so 
m u c h  s l o w e r  t h a n  d i f f u s i o n  ac ro s s  t h e  m e m b r a n e  s u r -  
f aces  t h a t  t h e  p e n e t r a t i n g  s u b s t a n c e  is e s s e n t i a l l y  a t  
e q u i l i b r i u m  ac ros s  e a c h  of  t h e  two  s u r f a c e  l aye r s .  
D a v s o n  a n d  D a n i e l l i  (28)  h a v e  g i v e n  r e a s o n s  f o r  
b e l i e v i n g  t h a t  t h i s  a s s u m p t i o n  m a y  n o t  be v a l i d  f o r  
r a p i d - p e n e t r a t i n g  s u b s t a n c e s .  T h u s ,  w h i l e  we  be l ieve  
t h a t  t h e  C o l l a n d e r  e q u a t i o n  r e q u i r e s  sonle  n iodi f iea-  
t ion ,  t h e  r e s u l t s  w o u l d  n o t  n e c e s s a r i l y  be i n c o n s i s t e n t  
w i t h  t h e  m o d e l  on  w h i c h  t h e  e q u a t i o n  was  based .  I t  
h a s  b e e n  n o t e d  (30)  t h a t  b io log ica l  a c t i v i t i e s  a r e  
r e l a t e d  in  p a r t  to  cell  p e r m e a b i l i t y  a n d  i n c r e a s e  w i t h  
t h e  l i p i d - w a t e r  p a r t i t i o n  coeff ic ient  u p  to a n  a p p a r -  
e n t l y  o p t i m a l  v a l u e  a n d  t h e n  dec rea se .  

A d d i t i o n  of  o u r  r e s u l t s  to e a r l i e r  ones  s t i l l  l eaves  
t h e  q u e s t i o n  i n  d o u b t .  M e a s u r e n i e n t s  of  a d d i t i o n a l  
c o n s t a n t s  in  t h e  r a n g e  above  0.01 cm see -1 w o u l d  be 
va luab l e .  I n  t h e  m e a n t i m e  o u r  r e s e a r c h  is a i m e d  a t  
i m p r o v i n g  t h e  m o d e l  s y s t e m  so t h a t  p a r t i t i o n  coef-  
f i c ien t s  m o r e  c lose ly  r e l a t e d  to t hose  of  t he  a c t u a l  
cel l  m e m b r a n e  can  be e v a l u a t e d .  

O n  a p r a c t i c a l  level ,  a s s u m i n g  t h a t  a s m o o t h  re la -  
t i o n s h i p  ex i s t s  b e t w e e n  the  p e r m e a b i l i t y  c o n s t a n t  a n d  

t h e  p a r t i t i o n  coeff ic ient ,  i t  is r e a s o n a b l e  to  m a k e  
e s t i m a t e s  of  t h e  p e r m e a b i l i t y  of  e r y t h r o c y t e s  to  H e ,  
Ne,  A r  a n d  N2 u s i n g  ou r  da t a .  I t  w o u l d  be m o s t  
i n t e r e s t i n g  to  c o m p a r e  t h e s e  p r e d i c t e d  v a l u e s  w i t h  
d i r e c t  m e a s u r e m e n t s .  
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