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GAS-SOLID REACTIONS IN BILAYER STRUCTURED SYSTEMS 

GEORGE ADLER 
2 1  H a r v a r d  Road 

Shoreham, NY 1 1 7 8 6  

ABSTRACT: It is shown that various gases can diffuse 
through and react with amphiphilic solids having a 
"stacked bilayer" type of structure, such as, for example, 
fatty acids and fatty amides and lecithin. The rate of 
this diffusion and of any reaction which may take place is 
dependent on the length and efficiency of packing of the 
hydrocarbon chain of these molecules. It is relatively 
independent of the nature of the polar or hydrogen bonded 
part of the molecule. Some interesting parallels exist 
between the behavior of these solids and other bilayer 
systems. 

INTRODUCTION 

The molecules of many amphiphilic substances can be 
pictured as having a polar head group attached to one or 
more long hydrocarbon tails. These molecules usually tend 
to arrange themselves in layers, polar group alongside 
polar group and hydrocarbon tail alongside hydrocarbon 
tail, resulting in a lamellar structure in which the 
hydrophillic polar groups in a planar array, are attached 
to a layer consisting of the hydrophobic hydrocarbon 
tails. This tendency manifests itself in the character- 
istic behavior these substances have of forming monolayers 
on the surface of water. Two such layers back to back, 
with the polar groups facing outward, form what may be 
called a "bilayer", a structure, if one may draw the 
analogy, reminiscent of the lipid bilayer found in cell 
membranes. The crystal structure of many of these 
materials can be pictured as a stack of bilayers. In a 
way this is analogous to a stack of Langmuir-Blodgett 
layers in the head to head, tail to tail configuration. 
Substances such as fatty acids ( I )  and linear aliphatic 
amides (2,3,4,5,6) commonly fit this pattern. The same 
also seems to be true of the phospholipids, such as 
lecithin ( 7 , 8 ) ,  which form such a major part of cell 
membranes, and also many surface active agents such as the 
di-n-alkyl sulphosuccinates ( 9 ) .  

These solids can be looked upon as essentially 
stacked bilayer systems. They have interesting properties 
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292 G. ADLER 

and can e a s i l y  be ob ta ined  i n  bulk  w i t h  r easonab le  p u r i t y .  
The s t r u c t u r e s  of many of them have been so lved  by 
d i f f r a c t i o n  t echn iques  and a r e  known i n  good d e t a i l .  
C e r t a i n  parameters  can be v a r i e d  e a s i l y .  For example, t h e  
l i n e a r  a l i p h a t i c  amides a l l  seem t o  have v e r y  s i m i l a r  
c r y s t a l  s t r u c t u r e s  ( 3 ) .  The major d i f f e r e n c e  between them 
l i e s  i n  t h e  v a r i a t i o n  of one of t h e  l a t t i c e  parameters  
w i th  t h e  l e n g t h  of t h e  a l i p h a t i c  c h a i n .  Th i s  r e s u l t s  from 
t h e  v a r i a t i o n  of t h e  t h i c k n e s s  of t h e  b i l a y e r  w i t h  
a l i p h a t i c  cha in  l e n g t h  and, t h e r e f o r e  t h e  l a t t i c e  spac ing  
or thogonal  t o  t h e  p l ane  of t h e  b i l a y e r s .  The e f f e c t  of 
l a t t i c e  spac ing  on v a r i o u s  p r o p e r t i e s  can  e a s i l y  be 
s t u d i e d  i n  t h e s e  systems by choosing compounds of va ry ing  
cha in  l e n g t h  (10,ll). 

I n  o u r  p rev ious ly  publ i shed  work wi th  amides having 
r e l a t i v e l y  s h o r t  a l i p h a t i c  c h a i n s  (6,10,11), we demon- 
s t r a t e d  t h a t  a number of gases  can  d i f f u s e  r e a d i l y  i n t o  
t h e s e  s o l i d s  and permeate t h e i r  s t r u c t u r e .  T h i s  was done 
by g e n e r a t i n g  f r e e  r a d i c a l s  w i t h i n  t h e  s o l i d  u s i n g  gamma 
r a d i a t i o n  and observ ing  t h e i r  r e a c t i o n  w i t h  a c t i v e  g a s e s  
which d i f f u s e d  i n t o  t h e  c r y s t a l .  I n  t h i s  s e n s e  t h e  f r e e  
r a d i c a l s ,  which can be e a s i l y  monitored by ESR, s e rved  a s  
a t r a c e r  f o r  t h e  d i f f u s i o n  p rocess .  I t  was sugges ted  t h a t  
d i f f u s i o n  i n  t h e s e  systems could be broken down i n t o  t h r e e  
d i s t i n c t  components. These were 1 )  r a p i d  d i f f u s i o n  a long  
g r a i n  boundar ies ,  d i s l o c a t i o n s  and s i m i l a r  d e f e c t s ,  
2 )  d i f f u s i o n  p a r a l l e l  t o  t h e  l a y e r s ,  most r e a d i l y  i n  t h e  
p lane  between t h e  ends of t h e  f a c i n g  hydrocarbon t a i l s ,  
and 3 )  slow d i f f u s i o n  i n  a d i r e c t i o n  o r thogona l  t o  t h e  
l a y e r  p l a n e s .  Th i s  was i n d i c a t e d ,  among o t h e r  t h i n g s ,  by 
t h e  r a p i d  dec rease  i n  r e a c t i o n  r a t e  a s  hydrocarbon c h a i n  
l e n g t h  was inc reased .  The d i f f u s i o n  is t h e r e f o r e  s t r o n g l y  
a n i s o t r o p i c .  Among t h e  compounds we i n v e s t i g a t e d ,  t h i s  
p a t t e r n  of behavior  was seen  among mono-amides having t h e  
" b i l a y e r "  type  of s t r u c t u r e .  Diamides such  a s  succinamide 
and adipamide, which y i e l d e d  chemica l ly  s i m i l a r  r a d i c a l s  
bu t  which have a d i f f e r e n t  t ype  of c r y s t a l  s t r u c t u r e ,  
y i e lded  no ev idence  of d i f f u s i o n  o r  r e a c t i o n  of t h e  
r a d i c a l s  w i t h  t h e  gas  ( 6 ) .  

I n  t h i s  communication we p r i n c i p a l l y  d e s c r i b e  work on 
l i p i d s  18 carbons  long .  We c o n s i d e r  t h e  e f f e c t  on t h e  
r e a c t i o n  r a t e  of v a r i o u s  f a c t o r s  such  a s  t h e  presence  of 
c i s  and t r a n s  double bonds, t h e  packing of t h e  hydrocarbon 
c h a i n s  i n  t h e  l a t t i c e  and o t h e r  r e l e v a n t  parameters .  The 
p r i n c i p a l  g a s e s  used were n i t r i c  ox ide ,  n i t r o g e n  d i o x i d e ,  
oxygen and s u l f u r  d iox ide .  However, s i n c e  a l l  t h e s e  gases  
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GAS-SOLID REACTIONS IN BILAYER STRUCTURED SYSTEMS 293 

gave similar results, we will confine our discussion 
largely to the nitrogen oxides. In a subsequent 
communication, (13), we will describe some of the effects 
of the reaction on the properties of these substances when 
cast as monolayers on the surface of water. Finally, we 
shall attempt to point out some plausible parallels to the 
behavior of lipids in some other bilayer systems such as 
cell membranes and liposomes. It should be pointed out, 
however, that the results described here are preliminary 
in nature and should be considered simply as suggestive of 
trends. Our principal purpose here is to point out some 
of the potential that work with these systems offers. 

EXPERIMENTAL 

The stearamide, oleamide, palmitamide, elaidic acid 
and stearic acid were the purest obtainable and then 
recrystallized twice. Steararnide, stearic acid and 
elaidic acid were recrystallized, first from chloroform 
and then from methanol. Acetone was used for both 
recrystallizations of oleamide. Lecithin was first 
dissolved in ether and precipitated with acetone. Then it 
was redissolved in chloroform and precipitated with 
acetone. For most work the material was ground and sieved 
to obtain a particle size range between 44 and 88 micron. 

For the electron spin resonance observations we used 
essentially the same technique as in our previous work 
(10,11,12). The sample was sealed under vacuum in a pyrex 
tube designed so that one end could be annealed while the 
sample was in the other end. The sample was then 
irradiated in a 6oCo source, usually to a dose of 10 
megarad at liquid nitrogen temperature. After annealing 
the unoccupied end of the tube to remove any residual ESR 
signal in the pyrex, and warming the sample to 23C, the 
sample was shaken into the annealed end and placed in the 
ESR spectrometer. The spectrometer was then centered on 
the largest peak of the spectrum and monitored long enough 
to indicate the rate of radical decay under vacuum 
conditions. The relevant gas was then admitted and the 
change in amplitude was observed. The gases used were 
oxygen, nitric oxide, nitrogen dioxide and sulfur dioxide 
unless otherwise stated. The gas pressure was 260 nm 
unless otherwise stated. For the first few minutes of the 
radical decay, the ESR spectrometer remained centered on 
the largest peak of the spectrum. Afterwards the spectrum 
was scanned every five minutes to determine if its shape 
had changed. Since, in all cases examined, the spectrum 
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294 G.  ADLER 

remained cons t an t  i n  shape during t h e  r a d i c a l  decay, t h e  
amplitude can be taken a s  p ropor t iona l  t o  t h e  r a d i c a l  
concentrat ion.  In  some cases  w i t h  n i t r i c  oxide and 
n i t rogen  d iox ide  t h e  samples were not p rev ious ly  
i r r a d i a t e d .  For d e t a i l s  s ee  r e fe rences  (10,11,12) .  

RESULTS AND DISCUSSION 

Af te r  i r r a d i a t i o n  by gamma r a y s ,  t h e  concen t r a t ion  of 
f r e e  r a d i c a l s  i n  s tearamide,  an 18 carbon s a t u r a t e d  amide 
w i t h  a l i n e a r  a l i p h a t i c  cha in ,  e x h i b i t s  a r e l a t i v e l y  slow 
r a t e  of decay when under vacuum a t  room temperature .  The 
r a t e  markedly inc reases  upon t h e  a d d i t i o n  of a g a s  capable  
of r eac t ing  wi th  f r e e  r a d i c a l s ,  such a s  n i t r i c  oxide,  
n i t rogen  d iox ide ,  oxygen.or  s u l f u r  d iox ide .  The decay i n  
t h e  presence of n i t r i c  oxide o r  oxygen is much more r ap id  
than  with s u l f u r  d iox ide ,  a s  would be expected.  For 
b r e v i t y ' s  s ake ,  only the  d a t a  f o r  n i t r i c  oxide is shown 
(Figure 1A) and w i l l  be d i scussed .  As prev ious ly  demon- 
s t r a t e d ,  (6 ,10,11,12) ,  t h i s  enhanced decay i s  not  simply a 
s u r f a c e  e f f e c t .  Palmitamide, t h e  16 carbon analog of 
s tearamide,  shows l a r g e r  decay r a t e s  a s  would be expected 
f o r  a molecule with a s h o r t e r  a l i p h a t i c  cha in ,  (Figure 
1C). The decay r a t e  of t h e  1 2  carbon amide is f a s t e r  
y e t .  Experience with compounds having very s h o r t  cha in  
l eng ths  (10,11,12)  shows t h a t  r a d i c a l  decay r a t e s ,  and 
t h e r e f o r e ,  by impl i ca t ion  t h e  o v e r a l l  gas  d i f f u s i o n  rates,  
dec reases  r e g u l a r l y  wi th  cha in  l eng th .  

A s o l i d  s o l u t i o n  of two compounds of d i f f e r i n g  chain 
l e n g t h  would be expected t o  show some d i s o r d e r  i n  t h e  
plane t h a t  included t h e  hydrocarbon chain ends from t h e  
two s i d e s  of t h e  b i l a y e r .  This  would tend t o  d i s r u p t  
e f f i c i e n t  packing of t h e s e  chain ends.  Figure 1 B  shows 
t h e  d a t a  f o r  a s o l i d  s o l u t i o n  of 90% stearamide and 10% 
palmitamide. A s  can be seen (Figure lB), t h e  decay r a t e  
is considerably g r e a t e r  than i n  e i t h e r  compound alone.  
S imi l a r  r a t e s  a r e  obtained if t h e  concen t r a t ions  of t h e  
two compounds a r e  reversed.  This  sugges t s  t h a t  d i s o r d e r ,  
a t  l e a s t  w i th in  t h e  b i l a y e r  i n  t h e  region of t h e  chain 
ends,  i nc reases  t h e  r a t e  of r e a c t i o n  of t h e  f r e e  r a d i c a l  
w i th  t h e  gas  and t h e r e f o r e ,  by impl i ca t ion ,  t h e  gas  
d i f f u s i o n  r a t e .  I t  a l s o  r e i n f o r c e s  t h e  hypothesis  t h a t  
d i f f u s i o n  i n  t h e  plane t h a t  i nc ludes  t h e  cha in  ends is an 
important f a c t o r  i n  t h e  determinat ion of t h e  o v e r a l l  r a t e  
of d i f f u s i o n .  

S t e a r i c  a c i d ,  t h e  18 carbon s a t u r a t e d  f a t t y  ac id  has  
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1 I I I I I I 
0 1 2 3 4 5 6  

Time, rnin. 

I 1 ' N O  

90% Stearamde 

, I 1 i 
0 1 2 3 4 5 6  

Time. rnin 

Palmitamide 

Time rnin 

Fig. 1 Decay of ESR spectra upon admission NO. 
A: stearamide, B: 90% stearamide, 10% 
palmitamide, C: Palmitamide. 
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296 G .  ADLER 

I 
L A  
0 1 2 

I 

NO 
1 

.... 

Elaidic Acid , 
3 4 5 6 

Time, min. 

- I I I I I 

0 -  1 2 3 4 5 6 

Tim?. min. 

F i g .  2 Decay of ESR spec tra  upon admission of NO. 
A :  E l a i d i c  a c i d ,  B :  s t e a r i c  a c i d .  D
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GAS-SOLID REACTIONS I N  BILAYER STRUCTURED SYSTEMS 297 

a l a y e r  s t r u c t u r e  and c h a i n  l e n g t h  ana logous  t o  t h a t  of 
s t ea ramide .  I n  bo th  compounds t h e  hydrocarbon c h a i n s  a r e  
l i n e a r  and can t h e r e f o r e  pack e f f i c i e n t l y .  However, t h e  
a c i d  i s  l e s s  e x t e n s i v e l y  hydrogen bonded t h a n  t h e  amide 
s i n c e  each  amide group can engage i n  tw ice  a s  many hydro- 
gen bonds a s  t h e  carboxyl  group. C o n s i s t e n t  w i t h  t h i s ,  
t h e  me l t ing  p o i n t  of s t e a r i c  a c i d  (71.5C) i s  about t h i r t y  
e i g h t  deg rees  lower than  t h a t  of s t ea ramide  (109C), ( r e f .  
14 ) .  I n s o f a r  as me l t ing  p o i n t  i s  a rough i n d i c a t o r  of 
l a t t i c e  e n e r g i e s ,  one would expec t  g a s  d i f f u s i o n  t o  be 
more r a p i d  i n  s t e a r i c  a c i d  than  i n  s t ea ramide .  Never- 
t h e l e s s ,  a s  F igu re  2A shows, t h e  r a d i c a l  decay r a t e  and 
hence t h e  gas  d i f f u s i o n  r a t e  i n  t h e  a c i d  i s  s i m i l a r  t o  
t h a t  i n  s t ea ramide .  This  s u g g e s t s  t h a t  d i f f u s i o n  a c r o s s  
t h e  hydrogen bonded p lane  may no t  be an impor tan t  f a c t o r  
i n  t h e  o v e r a l l  r a t e  of d i f f u s i o n .  

E l a i d i c  a c i d  d i f f e r s  from s t e a r i c  a c i d  i n  having a 
t r a n s  double bond a t  t h e  n i n t h  carbon i n  t h e  middle of t h e  
hydrocarbon cha in .  As w i l l  be shown subsequen t ly ,  t h e  
double  bond can  r e a c t  r a p i d l y  w i t h  n i t r o g e n  ox ides  
provided  t h a t  i t ' i s  a c c e s s i b l e  t o  t h e  g a s .  S ince  t h e  
double  bond has  a t r a n s  c o n f i g u r a t i o n ,  t h e  molecule  s t i l l  
shou ld ,  w i t h  r e l a t i v e l y  minor p e r t u r b a t i o n ,  be capab le  of 
adopt ing  an approximate ly  l i n e a r  conformat ion  s i m i l a r  t o  
s t ea ramide  and s t e a r i c  a c i d .  Thus the a l i p h a t i c  c h a i n s  
may be expec ted  t o  pack s i m i l a r l y  f o r  a l l  t h r e e  s u b s t a n c e s  
i n  t h e  c r y s t a l l i n e  s t a t e .  F igu re  2B shows t h a t  i n  e l a i d i c  
a c i d  t h e  r a d i c a l  decay r a t e s  i n  t h e  presence  of g a s  is 
on ly  somewhat g r e a t e r  t h a n  i n  s t e a r i c  a c i d  d e s p i t e  t h e  
presence  of a r e a c t i v e  double bond. 

The s i t u a t i o n  is markedly d i f f e r e n t  when a c i s  double  
bond is p r e s e n t .  The c i s  bond i n t r o d u c e s  a d i s t i n c t  k ink  
i n t o  t h e  molecule .  Th i s  would be expec ted  t o  d i s t o r t  t h e  
s t r i c t l y  l i n e a r  conformation of t h e  a l i p h a t i c  c h a i n s  much 
more s t r o n g l y  t h a n  a t r a n s  double  bond does .  Thus t h e r e  
i s  more l i k e l y  t o  be s t r o n g  i n t e r f e r e n c e  w i t h  e f f i c i e n t  
packing of t h e  a l i p h a t i c  cha ins .  Oleamide i s  t h e  18 
carbon amide w i t h  a c i s  double  bond a t  t h e  n i n t h  carbon,  
t h e  same p o s i t i o n  a s  t h e  double bond i n  e l a i d i c  a c i d .  I t  
presumably a l s o  has  a s t acked  b i l a y e r  s t r u c t u r e .  As is 
shown i n  F igu re  3A, t h e  r a t e  of gas  d i f f u s i o n  and t h e r e -  
f o r e  r e a c t i o n  i n c r e a s e s  enormously i n  t h i s  compound. 
F igu re  3B, which p r e s e n t s  t h e  r e s u l t s  ob ta ined  a t  a lower 
gas  p r e s s u r e ,  shows t h e  e f f e c t  more c l e a r l y .  I t  i s  
i n t e r e s t i n g  t o  n o t e  t h a t  oleamide has  tw ice  t h e  number of 
hydrogen bonds p e r  molecule a s  e l a i d i c  a c i d .  Its me l t ing  
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I I I I I I (A) 

Olearnide 

1 2 3 4 5 6 

Time, min. 

Time, min. 

Fig. 3 Decay of oleamide spectra upon admission of NO 
A: 260 mm NO, B: 65  mm NO. 
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Time, min. 

Fig. 4 Decay of lecithin spectra upon admission of NO. 
A: 260mm NO, B: 6 5  mm NO. 
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300 G .  ADLER 

p o i n t  ( 7 6 C )  i s  t h e r e f o r e  g r e a t e r  t h a n  t h a t  of e l a i d i c  a c i d  
(45C), ( r e f .  14) .  T h i s  is similar  t o  t h e  d i f f e r e n c e  i n  
m e l t i n g  p o i n t s  between s t e a r i c  a c i d  and s t e a r a m i d e .  I n s o -  
f a r  as m e l t i n g  p o i n t  and hydrogen bonding is a r e f l e c t i o n  
of t h e  l a t t i c e  energy  i n  t h e s e  s y s t e m s ,  one would e x p e c t  
i t s  l a t t i c e  e n e r g y  t o  be g r e a t e r  t h a n  t h a t  o f  e l a i d i c  
a c i d .  Y e t  t h e  d i f f u s i o n  of  a f o r e i g n  g a s  i n t o  it is 
a p p a r e n t l y  more t h a n  an  o r d e r  of magni tude  more r a p i d .  
T h i s  e f f e c t ,  so d i f f e r e n t  f rom what  might  have been 
e x p e c t e d  a p r i o r i ,  s u g g e s t s  t h a t  it i s  t h e  e f f i c i e n c y  o f  
t h e  packing  of  t h e  hydrocarbon c h a i n s  i n  t h e s e  s y s t e m s ,  
r a t h e r  t h a n  t h e  o v e r a l l  l a t t i c e  e n e r g y ,  t h a t  i s  t h e  m a j o r  
f a c t o r  i n  d e t e r m i n i n g  t h e  d i f f u s i o n  r a t e  and t h e r e f o r e  t h e  
r e a c t i o n  r a t e  i n  t h e s e  compounds. Again,  t h i s  s u g g e s t s  
t h a t  d i f f u s i o n  a c r o s s  t h e  hydrocarbon bonded p l a n e  i s  
n e g l i g i b l e ,  

The p h o s p h o l i p i d s  s u c h  a s  l e c i t h i n  and i ts  a n a l o g s  are 
w i d e l y  d i s t r i b u t e d  i n  n a t u r e .  These l i p i d s  are  among t h e  
p r i n c i p a l  c o n s t i t u e n t s  of  t h e  b i l a y e r  s t r u c t u r e  of c e l l  
membranes. One of i t s  p r i n c i p a l  d i f f e r e n c e s  f rom t h e  com- 
pounds mentioned above i n  t h a t  t h e  p h o s p h o l i p i d s  g e n e r a l l y  
have two hydrocarbon c h a i n s  a t t a c h e d  t o  a l a r g e  p o l a r  
group.  I n  t h e  s o l i d  s t a t e ,  l e c i t h i n s  whose s t r u c t u r e s  
have been d e t e r m i n e d  by d i f f r a c t i o n  have been  found t o  
have t h e  e x p e c t e d  b i l a y e r  t y p e  of s t r u c t u r e  (7,8). With 
t h e  p r i n c i p a l  e x c e p t i o n  of t h e  lung  s u r f a c t a n t ,  u s u a l l y  i n  
n a t u r a l  l e c i t h i n s  one of t h e  hydrocarbon c h a i n s  is s a t u -  
r a t e d  w h i l e  t h e  o t h e r  h a s  one o r  more c i s  d o u b l e  bonds.  
The c l o s e  packing  of t h e  hydrocarbon c h a i n s  s h o u l d  be d i s -  
r u p t e d  s i m i l a r l y  t o  o leamide .  F i g u r e  4 shows t h a t  t h e  
r a t e  of r a d i c a l  decay  i n  v e g e t a b l e  l e c i t h i n  is a b o u t  a s  
t h e  same o r d e r  of magni tude  as  t h a t  of o l e a m i d e .  Egg 
l e c i t h i n  shows s i m i l a r  r e s u l t s .  

These r e s u l t s  s u g g e s t  t h a t  i n  t h e s e  and i n  s i m i l a r l y  
s t r u c t u r e d  compounds, t h e  r a t e  of g a s  d i f f u s i o n  and 
r e a c t i o n  is l a r g e l y  governed by t h e  packing  of t h e  hydro-  
c a r b o n  c h a i n s .  The compounds w i t h  s h o r t e r  c h a i n  l e n g t h s  
show more r a p i d  r a d i c a l  decay  i n  t h e  p r e s e n c e  of  g a s  t h a n  
compounds w i t h  l o n g e r  c h a i n  l e n g t h s ,  p r o b a b l y  due t o  a 
s h o r t e r  d i f f u s i o n  p a t h  l e n g t h  i n  t h e  hydrocarbon r e g i o n  of  
t h e  b i l a y e r .  D i f f u s i o n  a c r o s s  t h e  more s t r o n g l y  i n t e r -  
a c t i n g  hydrogen bonded l a y e r  seems t o  be s e v e r e l y  l i m i t e d ,  
i f  it t a k e s  p l a c e  a t  a l l .  T h i s  is f u r t h e r  e v i d e n c e d  by an  
i n t e r e s t i n g  o b s e r v a t i o n .  A t  room t e m p e r a t u r e ,  t h e  ESR 
s p e c t r a  of t h e  l i n e a r  amides seems t o  i n d i c a t e  t h a t  t h e  
f r ee  r a d i c a l s  g e n e r a t e d  by r a d i a t i o n  are  on t h e  c a r b o n  
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a lpha  t o  t h e  amide group (10,15,16). This  appea r s  t o  be 
t r u e  f o r  amides a t  l e a s t  up t o  9 t o  1 2  carbons  long ,  
though amides longe r  t h a n  t h a t  show evidence  of more than  
one k ind  of r a d i c a l  being p r e s e n t .  I f  t h e  g a s  could  
d i f f u s e  through t h e  hydrogen bonded l a y e r ,  t h e  s h o r t e s t  
p a t h  l e n g t h  t o  reach  t h e  r a d i c a l  would be th rough  t h i s  
l a y e r .  S ince  t h e  a lpha  r a d i c a l s  i n  t h e  v a r i o u s  compounds 
a r e  a l l  approximate ly  t h e  same s h o r t  d i s t a n c e  from t h i s  
l a y e r ,  t h e  observed r a t e  of decay would no t  be s o  s e n s i -  
t i v e  t o  t h e  hydrocarbon cha in  l e n g t h .  Th i s  is ano the r  
i n d i c a t i o n  t h a t  d i f f u s i o n  a c r o s s  t h e  hydrogen bonded l a y e r  
is n e g l i g i b l e  i n  t h e s e  sys tems.  

These obse rva t ions  sugges t  t h a t  w e  can a r r a n g e  t h e s e  
sys tems accord ing  t o  t h e i r  e f f e c t  i n  i n c r e a s i n g  d i f f u s i o n  
r a t e  i n  t h e  fo l lowing  o rde r :  

l i n e a r  s a t u r a t e d  c h a i n s  < t r a n s  u n s a t u r a t i o n  
< mixed cha in  l e n g t h s  < c i s  u n s a t u r a t i o n  

long cha in  l e n g t h  < s h o r t  c h a i n  l e n g t h  

Th i s  is t h e  o r d e r  t h a t  would be expec ted  on t h e  b a s i s  of 
i n c r e a s i n g  d i f f u s i o n  pa th  l e n g t h  w i t h  i n c r e a s i n g  a l i p h a t i c  
cha in  l e n g t h  and on hypo thes i s  t h a t  i nc reased  i n t e r f e r e n c e  
w i t h  t h e  c l o s e  packing of t h e  hydrocarbon c h a i n s  and 
t h e r e f o r e  inc reased  " f r e e  space"  w i t h i n  t h e  l a t t i c e  f a c i l -  
i t a t e s  d i f f u s i o n .  A s  w i l l  be noted  below, t h i s  o r d e r  
shows an i n t e r e s t i n g  p a r a l l e l  t o  o t h e r  b i l a y e r  s t r u c t u r e d  
sys tems such  a s  l iposomes and membranes. 

An i n t e r e s t i n g  obse rva t ion  w a s  made w i t h  t h e  
compounds con ta in ing  double bonds. A f t e r  e x t e n s i v e  decay 
of  t h e  i n i t i a l  f r e e  r a d i c a l  e l e c t r o n  s p i n  resonance  spec- 
trum i n  t h e  presence  of n i t r i c  ox ide  o r  n i t r o g e n  d i o x i d e ,  
a new t h r e e  peak spectrum appea r s ,  (F igu re  5 ) .  I n  
oleamide t h i s  new spectrum can be d e t e c t e d  w i t h i n  a few 
minutes  and grows i n  s i z e  ove r  s e v e r a l  hour s .  T h i s  same 
spec t rum appea r s  a t  a s i m i l a r  r a t e  i n  l e c i t h i n .  I n  
e l a i d i c  a c i d  t h e  new spectrum appears  much more s lowly  and 
does  n o t  grow t o  t h e  same e x t e n t .  I n  t h e  s a t u r a t e d  
compounds, it does  no t  appear  a t  a l l .  I ts  much s lower  
r a t e  of appearance i n  e l a i d i c  a c i d  aga in  s u g g e s t s  t h a t  
much s lower  r a t e  of d i f f u s i o n  i n  t r a n s  u n s a t u r a t e d  t h a n  i n  
c i s  u n s a t u r a t e d  compounds. 

Th i s  new spectrum i s  probably  due t o  an iminoxy 
r a d i c a l  ( 1 1 ) .  I t  sugges t s  t h a t  t h e  n i t r i c  ox ide  adds  t o  
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t h e  double bond even when f r e e  r a d i c a l s  a r e  no t  i n i t i a l l y  
p r e s e n t .  Cons i s t en t  w i th  t h i s ,  it was found t h a t ,  i n  
u n s a t u r a t e d  compounds t h e  i d e n t i c a l  spectrum w i l l  s lowly  
appear  even i n  t h e  absence of p r i o r  i r r a d i a t i o n .  
Frequent ly  a f o u r t h  peak would a l s o  appear between t h e  two 
low f i e l d  peaks i n  both t h e  i r r a d i a t e d  and u n i r r a d i a t e d  
samples,  (F igu re  5 ) .  I t  seems t o  be due t o  t h e  presence  
of a second r a d i c a l .  We b e l i e v e  t h i s  r a d i c a l  is probably  
an oxy o r  peroxy r a d i c a l  a s  suggested by i t s  growth i n  t h e  
presence  of oxygen. P re l imina ry  a n a l y s i s  gave chemical 
evidence f o r  peroxide  format ion  upon extended exposure of 
oleamide t o  n i t r o g e n  d iox ide .  I t  is known t h a t  n i t r o g e n  
d i o x i d e  can cause  o x i d a t  ion  of hydrocarbons producing 
ca rboxy l i c  a c i d s ,  water  and some carbonyl  compounds. 
Oxygen, when p r e s e n t ,  enhances t h e s e  r e a c t i o n s .  I n  
unsa tu ra t ed  l i p i d s ,  n i t r o g e n  d iox ide  and oxygen t o g e t h e r  
can l ead  t o  t h e  product ion  of peroxides  and n i t r o u s  a c i d  
(17,18). I t  is i n t e r e s t i n g  t o  note  t h a t  l i po -pe rox ides  
have been found i n  t h e  lungs  and c e l l  membranes of an imals  
exposed t o  t h e  n i t r o g e n  oxides  (19 ) .  

The presence  of t h e  t h r e e  peak spectrum s u g g e s t s  t h a t  
n i t r o g e n  ox ides  can add t o  t h e  double bond even i n  t h e  
absence of f r e e  r a d i c a l s .  As w i l l  be seen ,  t h i s  is 
suppor ted  by f i l m  balance work, (13 ) .  S ince  t h e  n i t r o g e n  
ox ides  used c o n t a i n  unpai red  e l e c t r o n s ,  a f r e e  r a d i c a l  
spectrum should appear upon a d d i t i o n  of t h e  gas .  F igu re  
56 shows t h e  ESR spectrum obta ined  upon a d d i t i o n  of 
n i t r o g e n  d iox ide  t o  u n i r r a d i a t e d  oleamide. The peroxy 
r a d i c a l  peak is a l s o  seen he re .  N i t r i c  ox ide  y i e l d s  a 
s i m i l a r  spectrum. As is suggested by Figure  5 6 ,  t h e  
spectrum grows w i t h  time f a i r l y  r a p i d l y .  The same e f f e c t  
is seen  w i t h  l e c i t h i n .  E l a i d i c  a c i d  deve lops  a s i m i l a r  
spectrum, but  much more s lowly  and w i t h  sma l l e r  ampl i tude  
a s  would be expec ted .  

CONCLUSIONS 

The above r e s u l t s ,  and those  p rev ious ly  ob ta ined  
~ 6 , 1 0 , 1 1 , 1 2 ) 1  i n d i c a t e  t h a t  gases  whose molecular  s i z e  is 
no t  t o o  l a r g e  a r e  capable  of d i f f u s i n g  i n t o  t h e s e  " b i l a y e r  
s t r u c t u r e d "  c r y s t a l l i n e  s o l i d s .  The p r i n c i p l e  f a c t o r s  
governing t h e  d i f f u s i o n  r a t e s  i n  t h e s e  systems a p p a r e n t l y  
a r e  t h e  s i z e  and packing e f f i c i e n c y  of t h e  hydrocarbon 
c h a i n s  of t h e  molecules.  Molecules w i t h  s h o r t e r  hydro- 
carbon groups show more r a p i d  r a d i c a l  decay than  longe r  
molecules ,  probably due t o  t h e  s h o r t e r  d i f f u s i o n  p a t h  
l e n n t h  i n  t h e  hydrocarbon p a r t  of t h e  b i l a y e r .  Molecules 
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304 G. ADLER 

with lower packing efficiency of the hydrocarbon groups, 
and therefore more "free volume" within the crystal, 
permit much more rapid gas diffusion than molecules which 
can pack more efficiently. These results are apparently 
not sensitive to the nature of the hydrogen bonded layer 
and suggest that the hydrogen bonded layer, at least in 
these systems, acts as a barrier to gas diffusion. It is 
known that nitric oxide and nitrogen dioxide will react 
with alkenes (17,18). We have shown that these gases are 
capable of diffusing into the solids. It is therefore no 
surprise that they will react in the solid state with 
molecules containing double bonds even in the absence of 
free radicals. The rate of this reaction also seems to be 
diffusion controlled and therefore dependent upon packing 
efficiency. 

As will be indicated in a subsequent communication 
(13), in situations where the double bond is easily 
accessible to the gas, the trans compound reacts as 
readily as the cis compound. The effect of the confor- 
mation of the double bonds, cis or trans, on reaction rate 
in these solids, therefore seems to depend on their effect 
on packing efficiency and, by implication, on diffusion 
rates. This suggests that, at least in these cases, decay 
rates of free radicals in irradiated solids of this type, 
are a rough indicator of the packing efficiency and the 
accessibility of the free volume within the crystal, 
Consistent with this, we found that larger, heavier mole- 
cules, such as sulfur dioxide and ethylene, react much 
more slowly with the radicals than the smaller molecules. 

These considerations all point to the order of 
increasing effect in promoting diffusion rate which we 
noted above and which, for emphasis, we repeat here. 

long chain length < short chain length 
linear saturated chains < trans unsaturation < mixed 

chain lengths < cis unsaturation 
It is interesting to compare these results with the 
behavior of other bilayer systems. Several workers have 
reported an order similar to the one given above, for 
passive diffusion in cell membranes and liposomes. For 
example, McElhaney et al. (ZO), found that, after growth 
in media supplemented with various fatty acids, the 
permeability to isotonic glycerol of Acholeplasma 
laidlawii cells, and liposomes made from their membranes, 
increases in the following order: 
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elaidic < oleic < linoleic 
Linoleic acid is an 18 carbon acid with two cis double 
bonds and would be expected to perturb packing efficiency 
even more than oleic acid. The rate of glycerol diffusion 
into liposomes made from various lecithins was found to 
increase in the order 

distearoyl < stearoyl-oleoyl < dioleoyl < dilinoleoyl 
It was also found that the rate increases on mixing long 
and short chain fatty acids (21). The data reported in 
ref. 2 2  suggest that beta glucoside transport in E. coli 
auxotrophs is greater, both above and below the transition 
temperatures, when supplemented with oleic acid rather 
than elaidic acid. The results also suggested that a 
bulky side group, such as a bromine atom in the middle of 
the hydrocarbon chain, can be as effective as cis 
unsaturation (22). From the considerations given above, 
the side group could be expected to interfere with 
efficient packing of the hydrocarbon chains similarly to 
cis unsaturation. De Kruyf, et al. ( 2 3 ) ,  determined the 
equilibrium eryhtritol flux through the membranes of 
Acholeplasma laidlawii cells grown on various fatty 
acids. The order was: 

stearic acid < elaidic acid < oleic acid < linoleic acid 
Silbert, et al. ( 2 4 ) ,  found that Escherichia coli 

mutants deficient in unsaturated fatty acid biosynthesis, 
do equally well when grown with a fatty acid having a 
methyl side chain as when grown with oleic acid. These 
workers concluded that unsaturated fatty acids serve to 
control the packing of the fatty acid chains in the 
membrane bilayer. These results are all consistent with 
the pattern of behavior we have found in our work and 
suggest that there may exist some useful analogies between 
gas diffusion in these "bilayer structured" amphiphilic 
solids and passive transport through the bilayer of cell 
membranes. 

There is another point that is of interest. The 
gases we picked for our work were chosen because their 
reaction with the free radicals could be easily monitored 
by ESR spectroscopy. We have also shown that nitric oxide 
and nitrogen dioxide will diffuse into and react, even 
without prior irradiation, if double bonds are present. 
As mentioned above, we have found some evidence for the 
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306 G. ADLER 

formation of oxygenated radicals and peroxides in these 
systems. It is known that nitrogen dioxide can cause 
oxidation of hydrocarbons producing carboxylic acids, 
water and carbonyl compounds and that oxygen, when 
present, enhances these reaction (17). It is interesting 
to note that lipo-peroxides were reported to have been 
found in the lungs and cell membranes of animals exposed 
to nitrogen oxides (19). It has been suggested, ( 2 5 ) .  
that lipo-peroxides, resulting from exposure to oxidants 
such as ozone and nitrogen dioxide, may be a cause of 
impaired bacterial uptake by alveolar macrophages due to 
an effect on the cell membranes. This, may be another 
interesting parallel to the behavior noted in our work. 
These results suggest that the "bilayer structured" 
systems we have studied may, under some circumstances, 
serve as useful, easily obtained, bulk models for both 
chemical and physical processes occurring in other bilayer 
systems such as cell membranes and liposomes. It should 
be kept in mind, however, that the analogy, like every 
other analogy, is not exact. Cell membranes are in a more 
fluid state than these solids. They consist of mixtures 
of lipids, extensively penetrated by proteins. However, 
if these solids are considered as a sort of extreme or 
"limiting case" for lipid behavior, they may perhaps serve 
as useful analogs. 

The results reported above must be considered as 
preliminary in nature and are presented here merely to 
indicate the potential usefulness of these systems. 
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