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It  is generally assumed that permeation through insoluble monolayers is best de- 
scribed in terms of the energy-barrier theory. In this paper evidence is provided that 
transport of gases through soluble monolayers is governed by a different mechanism, 
namely, simple Fiekean diffusion. Moreover, there are strong indications that diffu- 
sion actually takes place through aqueous pores between the surfaetant molecules. 
These conclusions follow from an improved analysis of previously reported data 
on the permeability of extremely thin soap films to various gases. 

INTRODUCTION 

In  a previous s tudy (1) the permeabil i ty 
of thin equilibrated soap films to gases was 
measured from the rate of shrinkage of single 
gas bubbles at gas-water interfaces. I t  was 
concluded tha t  the results obtained for 
monatomic and diatomic gases agreed rather  
well with the "energy-barrier  theory"  which 
assumes tha t  the monolayer  acts as a single 
energy barrier. More recent work (2), how- 
ever, shows tha t  this conclusion is not justi- 
fied; the results can be bet ter  interpreted on 
the basis of Fickean diffusion through the 
monolayer,  especially if one assumes tha t  
diffusion takes place through water  channels 
taking up a considerable fraction of the 
monolayer area. 

THEORY 

In  reference 1 we derived the following 
relation between the monolayer  permeabil i ty 
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(/CML) and tha t  of the complete film (k) : 

D H  
k - [1] 

h + 2D/k~L'  

where h is the thickness of the central liquid 
layer in the soap film, and D and H are the 
diffusion coefficient and the Ostwald coeffi- 
cient of solubility of the gas in the liquid 
(i.e., in the aqueous bulk solution). In  [1] 
kML is defined by 

d N = k u L A ( d -  C') ,  [2] 
dt 

where N is the number  of moles of gas diffus- 
ing through the monolayer separating a gas 
phase of concentration C and a liquid phase 
of concentration C'; A is the area of the 
monolayer;  and C is the equilibrium con- 
centration of gas in the liquid corresponding 
to C, so tha t  

C = HC. [3] 

The parameter  ]c.,L is identical with the 
transmission coefficient T~ defined by  Hawke 
and co-workers (3, 4). 

Alternatively, the monolayer permeabil i ty 
can be defined by 

d N _  k ; ~ A ( C -  C), [4] 
dt 
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where _C is the concentration in the gas phase 
with which C' would be in equilibrium. The 
two permeabilities are related through 

k ~  = H k ~ .  [5] 

For e×tremely thin films [1] reduces to 
/ 

Hk~L lc~L 
k - - [6] 

2 2 

Since such a film lacks a central liquid layer, 
its permeability should no longer depend on 
H, indicating that  /c~L rather than k~L is 
the proper measure of monolayer permea- 
bility. 

The mechanism of monolayer permeation 
can be treated in two different ways: (a) 
the monolayer can be treated as a homogene- 
ous phase with Fiekean diffusion; (b) it can 
be assumed that  permeating gas mo]ecules 
must strike the monolayer with sufficient 
kinetic energy to form a hole through which 
they can pass; this is the energy-barrier 
theory. 

1. Ficlcean Diffusion. The concentration 
in the monolayer varies between C~ and 
' ! 

C~ (Fig. 1). I t  is assumed that  each surface 
of the monolayer offers no resistance to 
permeation, so that  C~ and C~' are always 
in equilibrium with C and C', i.e., 

C , , , / C  = U,~ [7] 

and 
c ' / c J  = H J ,  IS] 

where H~ and H~' are the partition coeffi- 
cients of the gas across the gas-monolayer 
and liquid-monolayer interface, respectively; 
they are related through 

H = H=H,[ ,  [9] 

where, as before , H = C/C.  
The flux is given by 

dN C,~ - C,,,' 
dt - D,~A ~ , [10] 

where D~ is the diffusion coefficient in the 
monolayer, and ~ is the thickness of the 
mono]ayer. By substitution of [7] to [9], [10] 
yields 

d N  Dm 
= 6H-~-A(d~ - -  C'). [11] d~ 

GAS MONOLAYER LIQUID 

c (>_c) 

% 
c ' (<  ~') 

DIFFUSION 

FIo. 1. F ickean  diffusion of gas th rough  
monolayer .  

Comparing [2] and [11] shows that  

ku~ - D,, _ D,Jt,~ [12] 
~H.,' ~H ' 

or  

k'ML = DmH,~ . [13] 
a 

! 

Since k~L is proportional to DmHm, no di- 
rect relation with the molecular size of the 
gas is expected. 

The previously introduced quanti ty h*, 
which is the thickness of a water layer of the 
same permeability as the monolayer (1), is 
given by 

D D H  
h *  - - [14] 

! 

or, by substitution for kML, 

h * =  D H  
D,~H~ ~" [15] 

Within the framework of this mechanism 
are the following two possibilities. 

a) The monolayer is considered as a 
homogeneous organic phase, e.g., hexade- 
cane. In this case one would find roughly the 
same value of h* for different gases through 
the same monolayer, because both D/Dm 
and H / H m  will not vary appreciably. For 
D / D ~  this follows from the Stokes-Einstein 
relation; for H / H m  from "Just 's  law" (5, 6). 
There are notable irregularities in Just 's  
law, however, especially the relatively low 
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solubility of CO2 and, to a lesser extent, 
N20 in organic solvents as compared to 
tha t  in water. For example, m water 
H(CO2) = 28 H(O=) and H(N20) = 
20 H(O2), whereas in hexadecane (7) 
H~(CO2) = 5.5 H~(O2) and H~(N20) = 
8.5 H~(O2). This would lead to values of h* 
for CO2 and N20 which are several times 
that  of oxygen. 

b) The monolayer may  be "wet ,"  i.e., 
there is a substantial amount of water pres- 
ent between the hydrocarbon chains of the 
surfaetant molecules. Diffusion could then 
take place through these aqueous pores 
with the same values of D and H as in water. 
In  this case h* would even be more constant, 
although one might expect a systematic 
increase in h* with increasing size of the 
permeating molecule owing to a decrease in 
the effective diameter of the pores. 

As Fick's law is strictly applicable only in 
macroscopic systems, objections can be 
raised against treating a monolayer on this 
basis (7, 8). Thus it has been found that  the 
permeability of insoluble monolayers to 
water is not inversely proportional to the 
monolayer thickness, i.e., to the length of 
the spread molecules (9). Therefore, the 
energy-barrier theory is generally preferred 
to describe the transport  of water and gases 
through insoluble monolayers. We have 
nevertheless given the above treatment,  
since it will be shown below that  it ade- 
quately accounts for the permeability of 
soluble monolayers to various gases, as 
measured before (1). 

2. Energy-Barrier Theory of Monolayer 
Permeation. The monolayer is bombarded by 
gas molecules from both sides, and a certain 
fraction of these molecules actually perme- 
ate. 

For small concentratim~s the number of 
moles of gas permeating from the gas side 
can be written 

(tiN~dr), = ]%A C, [16] 

and from the water side 

(dN/dt ) ,  = ]c~AC'. [17] 

This results in a net flux 

dN/d t  = ( d N / d t ) ~ -  (dN/dt)~ 

= A(k~C - k.C') .  [~8] 

When the system is in equilibrium, i.e., 
when C' = 0, the net flux is zero, which re- 
quires tha t  

k, Jlcw = C/C = H. [19] 

Therefore, [18] can be written 

dt - ~ ;  C - -  C' [201 

= ~ A ( O -  C'),  

or, alternatively, 

dt - ~7 C' [21] 

: k ~ A ( C  - _C). 

Comparison of [20] and [2] and of [21] and 
[4] indicates that  kML and k~L are identical 
with k~ and £~, respectively. 

In general, one can write for a uni-direc- 
tional flux, e.g., from the gas into the liquid: 

y [  g = ~ A W, [221 

where nc is the number of molecules that  
strike 1 square cm. of the monolayer from 
the gas side per unit time, Na~ is Avogadro's 
number, and W is the fraction of molecules 
that  enter the liquid after striking the mono- 
layer. 

From the kinetic theory of gases it follows 
that  

nc = CN ~ R~2-~- M , [23] 

where R is the gas constant, T is the absolute 
temperature, and M is the molecular weight 
of the gas. 

Permeation requires in the first place that  
the molecule pass through a hole in the 
monolayer. This hole may  originate from 
the kinetic energy of the striking molecule, 
from fluctuations in the molecular density 
in the monolayer, or from both (10). Upon 
reaching the end of a hole, however, the 
molecule does not necessarily enter the 
liquid, but  may  be reflected from the exposed 
water surface (10). This leads to 

W = a¢ exp ( - - E / k T ) ,  [241 

where k is Boltzmann's constant, and a~ is 
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assumed to be equal to the condensation 
coefficient at  a pure water  surface. Here E is 
the free energy of hole formation, and will 
increase with the size of the gas molecule. A 
reasonable estimate is E = ~r, a0, where ~r, is 
the surface pressure, and a0 is the cross-sec- 
tional area of the gas molecule. 

Substituting for nc and W in [22] yields 

(dN) =a~ A C - ~  g 
[25] 

• 2 ~  exp ( - - E / k T ) .  

From [16] and [25] one obtains 

~//RT = c~c ~ exp ( - E / k T ) .  [26] 

Thus the energy-barrier theory predicts tha t  
! - -  

k ~ L ~ / M  decreases with increasing size of 
the gas molecule, provided tha t  c~c is ap- 
proximately the same for all gases. 4 

I t  is now clear tha t  our previous conclu- 
sion as to the mechanism of monolayer per- 
meation is invalid (1), because the pre-expo- 
nential t e rm F of [44] in reference 1 is not a 
constant. I t  still depends on the kind of gas 
according to 

a~ ~//" RT 

REINTERPRETATION OF RESULTS 

Experimental  data  have been given in 
reference 1 for 4 % hexadecyl tr imethylam- 
monium bromide (HDTAB),  4 % H D T A B  q- 
1% NaBr,  and 4 % H D T A B  q- 10 % NaBr .  
In  all cases it was assumed tha t  the equi- 
librium film was a Perrin first-order film, 

4 This assumption is open to question; experi- 
mental values could only be found for the conden- 
sation coefficient of some vapors at the surface of 
their own condensates (11-13). For nonpolar mole- 
cules (Hg, C6HG, CC14, etc.) a~ appears to be 
equal or close to unity. For polar molecules it 
may be considerably smaller, e.g., for I-t20: 0.036; 
glycerine: 0.052; CH3OH: 0.045; C2HsOH: 0.020; 
CHC13 : 0.16. Littlewood and Rideal (14), how- 
ever, have thrown serious doubt on these low 
values. They suggest that in all cases a~ is equal or 
very close to unity. 

i.e., a bimolecular leaflet of surfactant  
molecules and possibly a few hydrat ion 
layers, so tha t  [6] could be applied. Although 
circumstantial  evidence supported this as- 
sumption, more direct evidence has been 
obtained only recently, at  least for the salt- 
containing systems. Using the same sur- 
factant,  van  der Waarde  measured the re- 
flection coefficients of these films and thus 
found thicknesses of 57 and 52 A in 4 % 
H D T A B  q- 1% NaBr,  and 4 % H D T A B  q- 
10 % NaBr,  respectively; hence, these fihns 
m a y  undoubtedly be classified as Perrin 
first-order films. Since the length of an 
t t D T A B  molecule is about  20 A, each 
monolayer still contains a hydrat ion layer 
which is approximately 7 A thick. In  4 % 
H D T A B  without salt the situation is less 
clear. Van der Waarde  measured thicknesses 
ranging from 113 to 86 A, depending on the 
hydrostatic pressure in the film. The  maxi- 
m u m  between the pr imary  and secondary 
minima in the free energy versus thickness 
curve (15) was apparent ly  too high to be 
overcome by  local fluctuations. The chance 
tha t  a Perrin film is formed owing to such 
fluctuations is obviously proportional to the 
surface area of the film which in our experi- 
ments  was several times larger than  in van  
der Waarde 's .  The kind of film one obtains 
m a y  also depend oll the manner  in which it is 
prepared. Therefore, the assumption tha t  
we were also dealing with Perrin films in 
the saltless sytem is not necessarily at  vari-  
ance with van  der Waarde ' s  results, and is 
strongly supported by the data in Table ¥ 
of reference 1, which show tha t  the film 
permeabili ty is virtually unaffected by  
adding salt, although this might also result 
from a simultaneous decrease in h and ]CML 
upon adding 1% NaBr.  

To avoid this uncertainty we shall con- 
cent ra te  on the da ta  obtained with 4 %  
t t D T A B  q- 1% N a B r  (Table IV of reference 
1), given in a slightly different form in 
Table I.  The film permeabilities for Ne and 
C02 were not actually measured in this 
system. They  were assumed to be 4 %  
higher than in the saltless system (Table I I I  
of reference 1), as this was the average 
difference for all other gases considered• 

There appears to be no relation whatso- 
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TABLE I 
DIFFUSION OF ~;ARIOIJS GASES THROUGH A 4% IIDTAB -t- 1% NaBr FILM 

129 

G a s  H X 10 2 D X 10~ o- k kML' - - / ~  kML h* 
(est.) (cm.2/sec.) (A) (cm./sec.) kML v~n (cm./sec.) (A) (c~./sec.) 

He 0.90 5.8 2.16 0. 398 0.796 1.59 88.5 65 
(Ne) 1.07 2.8 2.58 0.211 0.422 1.90 39.5 70 
A 3.43 2.0 3.62 0.322 0.644 4.06 18.8 105 
H2 1.86 5 2.71 0.577 1.154 1.63 62.0 80 
O2 3.14 2.1 3.58 0.321 0.642 3.62 20.5 105 
N2 1.58 2.0 3.72 0.131 0.262 1.38 16.6 120 

(CO2) 88.0 1.8 4.54 7.85 15.7 104. 17.8 100 
N~O 63.5 2.0 4.59 4.31 8.62 57.1 13.6 145 

l ever between kMLN/M and the molecular 
diameter ~. Especially the high values of 

I !CMLV/M for CO2 and N~O are striking, and 
our results appear to disprove, rather than 
confirm, the energy-barrier theory. The 
inverse relationship between kML and ~ can- 
not be interpreted as a confirmation of the 
energy-barrier theory, as was done in refer- 
ence 1. 

On the other hand, the equivalent thick- 
ness h* does not vary appreciably, indicat- 
ing that Fiekean diffusion is very probable. 
Moreover, the observation that h* for CO2 
and N20 are not much larger than for the 
other gases strongly suggests that diffusion 
actually takes place through aqueous pores. 
This is further supported by the increase of 
h* with ~ (owing to a decrease in the effec- 
tive diameter of the pores), although the 
values of h* are not very accurate because of 
possible errors in D (16). 

DISCUSSION 

The proposed mechanism of permeation, 
though extremely simple, adequately ex- 
plains the relative permeabilities of the solu- 
ble monolayer to the various gases. Apart 
from the objection that application of Fick's 
law to the submicroscopic pores may be 
questionable, the model is still rather etude 
for other reasons. 

In the first place, the water in the pores 
probably differs structurally from bulk 
water, espeeiMly around the ionic heads of 
the surfaetant molecules, resulting in differ- 
ent values of D and H; little is known about 
this at present. 

Secondly, the length of the aqueous pores 

is uncertain. If they extend all the way to 
the ends of the hydrocarbon chains, i.e., if 
their length is 8, the fraction of the surface 
taken up by the pores is given by f/h* ~ 0.3. 
This fraction becomes proportionally smaller 
if one assumes that only part of the surfac- 
tant molecules is "submerged," which is 
more likely. In any ease there is hardly any 
doubt that in soluble monolayers there is 
enough room for these pores, considering the 
large area per molecule (~-~50 A2). In. insolu- 
ble condensed monolayers, where the area 
per molecule may be as small as 20 A 2, 
hardly any interstitial water can be present, 
and the mechanism of permeation must be 
essentially different. Here the energy-barrier 
theory is probably the better approach. In 
this connection it is important to note that 
soluble monolayers are several orders of 
magnitude more permeable than insoluble 
ones. For example, Hawke and Parts (3) 
measured for CO2 through an octadecanol 
monolayer a value of k~L of 1.3 X 10 -3 era./ 
see., which compares with kMc = 17.8 cm./ 
see. for the HI)TAB monolayer. Conse- 
quently, the techniques used by Blank and 
Roughton (17, 18) and t:Iawke and Parts (3) 
are not useful in the study of soluble mono- 
layers, since the effect of the monolayer on 
the over-all rate of mass transport would be 
immeasurably small owing to the large re- 
sistance of the underlying liquid phase. 

Finally, with our technique one measures 
the permeability of a monolayer as it is 
present in a thin soap film. Its structure, and 
thus its permeabUity, may differ from that 
of a monolayer at a free bulk surface. 
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