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F u l l y - h y d r o g e n a t e d  s o y b e a n  and  r a p e s e e d  o i l  w a s  
b l e n d e d  2:1, l a y e r e d  on a f i l t e r  p a p e r  s u p p o r t ,  ad- 
j u s t e d  to  t h e  d e s i r e d  p o l y m o r p h i c  f o r m  and  t e s t e d  for  
r e s i s t a n c e  to  t r a n s m i s s i o n  t o  o x y g e n  and w a t e r  v a p o r .  
R e s i s t a n c e  to  o x y g e n  t r a n s p o r t  d e c r e a s e d  u p o n  con-  
v e r s i o n  f r o m  ~ to  t h e  fl' f o r m  and t h e n  i n c r e a s e d  sub-  
s t a n t i a l l y  u p o n  c o n v e r s i o n  to  t h e  fl p o l y m o r p h .  T h i s  
w a s  a t t r i b u t e d  to  t h e  g r e a t e  r s o l i d - s t a t e  d e n s i t y  o f  t h e  
/~ form,  w h i c h  l i k e l y  a f f e c t s  r e s i s t a n c e  to  g a s  f l u x  by 
l o w e r i n g  t h e  o x y g e n  d i f f u s i o n  c o n s t a n t  t h r o u g h  t h e  
f i l m .  R e s i s t a n c e  to  w a t e r  v a p o r  t r a n s m i s s i o n  a l s o  
d e c r e a s e d  f o l l o w i n g  t h e  a to  fl' t r a n s i t i o n  and  t h e n  in- 
c r e a s e d  s o m e w h a t  upon  c o n v e r s i o n  to  t h e  fl f orm.  
H o w e v e r ,  r e s i s t a n c e  o f  t h e / 3  f o r m  did n o t  e x c e e d  t h a t  
o f  t h e  ~ f o r m  at  any  o f  t h e  t e m p e r a t u r e s  t e s t e d .  Mois -  
ture  s o r p t i o n  c h a r a c t e r i s t i c s  o f  t h e  v a r i o u s  p o l y m o r -  
ph ic  f o r m s  a p p a r e n t l y  c a u s e d  r e l a t i v e  r e s i s t a n c e  
v a l u e s  for w a t e r  v a p o r  f l u x  to  d i f f e r  s o m e w h a t  f r o m  
t h o s e  for  o x y g e n  f lux .  

Al though  lipid f i lms a r e  gene ra l ly  qu i te  r e s i s t a n t  to t r a n s -  
mission of  oxygen  a n d  w a t e r  vapor ,  t h e y  differ  g rea t ly  in 
the i r  b a r r i e r  p r o p e r t i e s .  These  d i f fe rences  a r e  b a s e d  on 
severa l  f ac to r s  (1,2). Of c o n s i d e r a b l e  i m p o r t a n c e  a r e  
s o l i d - s t a t e  m o r p h o l o g i c a l  c h a r a c t e r i s t i c s ,  inc.luding crys  
ta l  size, s h a p e  a n d  i n t r a -  a n d  i n t e r c r y s t a l l i n e  a r r a n g e -  
merits; an(l, for  w a t e r  vai)()r t r a n s p o r t ,  t he  re la t ive  po la r -  
i ty of  the  l ipid molecule .  The  p o i n t  of  i n t e r e s t  in th is  s t u d y  
is i n t r a c r y s t a l l i n e  a r r a n g e m e n t ,  c o m m o n l y  known as  
po lymorph i s in .  

In t he  s o l i d - s t a t e ,  t r i acy lg lyce ro l  molecu les  a r r a n g e  
t hemse lves  in b i m o l e c u l a r  layers  wi th  h y d r o c a r b o n  
cha ins  a l igned  in a pa ra l l e l  m a n n e r  a l lowing i n t e r c h a i n  
Van de r  Waals '  in te rac . t ions  to be m a x i m a l .  Molecules  of  
m()n()acid t r i acy lg lyce ro l s  exkst in a doub le  c h a i n - l e n g t h ,  
modi f ied  t u n i n g - f o r k ,  or  c h a i r  c o n f o r m a t i u n  wi th  acyl  
cha in s  in the  #1 a n d  # 3  pos i t i ons  of  a given Inolecule  
po in t ing  in an o p p o s i t e  d i r ec t ion  t() t h e  //2 acyt cha in  of  
t he  s a m e  molecu l e  (3). 

I t  is gene ra l ly  a c c e p t e d  t h a t  t r i acy lg lyce ro l s  can  ex is t  in 
t h r e e  bas ic  p o l y m o r p h i c  s t a t e s - - d e s i g n e d  a l p h a  (a ) ,  b e t a  
p r i m e  (fl'), a n d  b e t a  ( f l ) - - a l t h o u g h  mu l t i p l e  fo rms  wi th in  
these  m a j o r  c lasses  have  been  r e p o r t e d  (4-6).  The poly- 
m o r p h i c  fo rms  differ  f rom one  a n o t h e r  in phys i ca l  a n d  
t h e r m o d y n a m i c  p r o p e r t i e s ,  however ,  me l t ing  l eads  to 
iden t i ca l  l iquid phases .  Specif ical ly,  t im l ) o l y m o r p h s  differ  
in mel t ing  poin t ,  dens i ty ,  h e a t  uf fusion,  free energy,  t he r -  
m o d y n a m i c  s tabi l i ty ,  a n d  c rys t a l l i ne  s t r u c t u r e .  

There  a r e  only  two  r e p o r t s  in t h e  l i t e r a t u r e  c o n c e r n i n g  
the  r e l a t i o n s h i p  b e t w e e n  p o l y n m r p h i c  fo rm a n d  t r a n s -  
miss ion of  w a t e r  v a p o r  t h r o u g h  l ipid fi lms (7,8). We were  
unab le  to f ind a n y  r e p o r t s  on (),~-barrier p r o p e r t i e s  of  
d i f fe ren t  l ipid p o l y m o r p h s .  Lovegren  a n d  Feuge  (8)  eval-  
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u a t e d  the  w a t e r  v a p o r  p e r m e a b i l i t y  of  a c e t y l a t e d  mono-  
s t e a r i n  f i lms t h a t  were  sol id i f ied  f rom the  melt .  P e r m e a -  
b i l i ty  was  high init ial ly,  b u t  d e c r e a s e d  m o r e  t h a n  100- fo ld  
a f t e r  s t o r a g e  for  2 weeks  a t  r o o m  t e m p e r a t u r e .  The  
a u t h o r s  p o s t u l a t e d  t h a t  t h e  r e d u c t i o n  in p e r m e a b i l i t y  
r e s u l t e d  f rom a p o l y m o r p h i c  c h a n g e  in t he  l ipid s t ruc -  
ture ;  however ,  th is  was  no t  c o n f r m e d .  

L a n d m a n n  et al. (7)  s t u d i e d  w a t e r  v a p o r  t r a n s m i s s i o n  
througl~ c o c o a  b u t t e r  coa t ings .  They  alsu foun(l  t h a t  r a p  
idly  so l id i f ied  c o c o a  b u t t e r  was  m o r e  p e r m e a b l e  t h a n  
c o c o a  b u t t e r  which  h a d  t)een t eml )e red .  Af t e r  1 week  of  
s t o r a g e  a t  r oom t e m p e r a t u r e ,  w a t e r  v a p o r  p e r m e a b i l i t y  
d e c r e a s e d  a p p r o x i m a t e l y  15-fol(l.  This c h a n g e  was  
a t t r i b u t e d  to conve r s ion  of  t he  c o c o a  b u t t e r  to a m o r e  
s t ab le  p o l y m o r p h i c  s ta te .  Once  again ,  specif ic  po lymor -  
ph ic  fo rms  of  t he  l ipid were  no t  unequ ivoca l ly  iden t i f i ed  
a n d  the  o c c u r r e n c e  of  p o l y m o r p h i c  t r a n s i t i o n s  was  no t  
pos i t ive ly  conf i rmed .  

Thus,  ca re fu l ly  e x e c u t e d  s t u d i e s  to conc lus ive ly  eluci-  
d a t e  the  r e l a t i o n s h i p  b e t w e e n  po lymor l )h i c  form o f a  lipi(l 
a n d  r e s i s t a n c e  to t r a n s m i s s i o n  of  gases  a n d  v a p o r s  have  
no t  been  p e r f o r m e d ,  a n d  it is t he  ob jec t ive  ()f th is  s t u d y  to 
e x p l o r e  t hese  r e l a t ionsh ips .  Based  on the  b e h a v i o r  of  syn- 
t he t i c  p o l y m e r  films, one  migh t  p r e d i c t  t ha t  t ire b a r r i e r  
p r o p e r t i e s  o f l i p i d s  wou ld  i m p r o v e  in t he  o r d e r  u f i n c r e a s -  
ing s t ab i l i t y  a n d  dens i ty ,  i.e., a ~ fl' -. fl (9 11). P r e s u m  
ably, t he  a - p o l y m o r p h  w o u l d  be leas t  r e s i s t a n t  to gas  a n d  
v a p o r  f lux be c a use  acyl  cha in  p a c k i n g  d e n s i t y  is lower,  
a n d  m o l e c u l a r  mol)i l i ty is g r ea t e r ,  t h a n  in t he  fl'- a n d  fl- 
p o l y m o r p h s .  As will be shown,  th is  p r e d i c t i o n  is no t  
a c c u r a t e .  

MATERIALS AND METHODS 

The l ip id  m a t e r i a l  c h o s e n  fur s t u d y  w a s  a 2:1 ( w / w )  b l e n d  
of  f u l l y - h y d r o g e n a t e d  soybe.an a n d  r a p e s e e d  oils (1)rocter  
a n d  Gamble ,  Cinc inna t i ,  OH), h e r e a f t e r  r e f e r r e d  to s imply  
as  f l l l l y - h y d r u g e n a t e d  oil (FHO).  Tim iod ine  va lue  was  
0.33 a n d  tire f a t t y  ac id  c o m p o s i t i o n  of  the  c o m p o n e n t  
tr icylglyc.erols is p r e s e n t e d  in Table 1. 

I'~ilm f i tbr icat io '~  a ~ d  e s t a b l i s h n ~ l  o f  the d e s i r e d  
p o l y m o r p h i c f o r m .  A l ipid  f i lm was  p r e p a r e d  as  d e s c r i b e d  
in a p r ev ious  a r t i c l e  (1),  us ing  W h a t m a n  No. 50 (W50) 
f i l ter  p a p e r  as  a s u p p o r t i n g  m a t r i x  for t he  FtIO. The  fin 
i shed  FHO-W50 fi lms c o n t a i n e d  4.0 • 0.2 mg l ip id /cmZ of  
fihn a r e a  (~X •  A p p r o x i m a t e l y  75% of  t h e  FIR) was  
e m b e d d e d  wi th in  t he  W50 f l t e r  m a t r i x  a n d  tire r e m a i n -  
d e r  was  on one  sur face .  Lip id  c o n t e n t  p e r  un i t  fi lm a r e a  
was  d e t e r m i n e d  by weigh ing  W50 f i l ter  d iscs  be fo re  a n d  
a f t e r  l ipid a pp l i c a t i on .  The  t h i c k n e s s  of  t he  FHO-W50  
films was  0.11-0.12 mm. 

To p r o d u c e  the  c~-polymorphic  h)rm, m o l t e n  FHO was  
q u e n c h e d  at r o o m  t e m p e r a t u r e .  To ach ieve  t h e  fl' form,  a 
fi lms were  t e m p e r e d  for 24 h o u r s  a t  53 • 1C. To p r o d u c e  
the  fl form, fi' f i lms were  t e m p e r e d  for  336 h o u r s  a t  58 _+ 
1C. F ihns  were  m a i n t a i n e d  in a fiat,  h o r i z o n t a l  pos i t i on  
d u r i n g  t emper ing .  
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TABLE 1 

Fatty  acid compos i t ion  of  a fu l ly -hydrogenated  blend o f  s oyb ean  
and r a p e s e e d  oi l s  (2:1) .  

Fatty acid 
type % (w/w) 

16:0 a 7.5 
18:0 71.3 
20:0 3.4 
22:0 16.8 
24:0 0.6 
others 0.4 

aFatty acid chain length:number of double bonds. Data from Procter 
and Gamble, Cincinnati, OH. 

Differential scanning calorimetry (DSC). Lipid  s am-  
p les  we re  a c c u r a t e l y  we ighed  ( 2 - 4  mg)  in to  a l u m i n u m  
pans ,  w h i c h  we re  t h e n  h e r m e t i c a l l y  sea led .  A t h e r m a l  
ana lys i s  w a s  p e r f o r m e d  wi th  a Pe rk ins  E l m e r  DSC a n d  a 
h e a t i n g  r a t e  of  5 C / m i n  was  used.  An  e m p t y  a l u m i n u m  
p a n  was  u sed  as  a r e f e r e n c e  a n d  i n d i u m  was  u sed  for  
ca l ib ra t ion .  Fo l lowing  c o m p l e t i o n  of  t h e  h e a t i n g  curve ,  
m o l t e n  FHO was  m a i n t a i n e d  a t  87C for 10 m i n u t e s  a n d  
the  coo led  to  27C a t  a r a t e  of  5C/min .  

X-ray  diffraction. The  p o l y m o r p h i c  fo rm of  FHO w a s  
d e t e r m i n e d  by  p o w d e r  x - r a y  d i f f rac t ion .  Sol id i f ied  l ip id  
was  s c r a p e d  o f fW50  f i l ter  s u p p o r t s  a n d  f inely p o w d e r e d  
for  analys is .  C o p p e r  K ,  r a d i a t i o n  (h=1.5418 A)  was  gener -  
a t e d  by  a Nore lco  x - r a y  d i f f r a c t o m e t e r  (Phi l l ips  Elec-  
t ron ic  I n s t r u m e n t s ,  Mt. Vernon,  NY) ut i l iz ing an  acce le r -  
a t ing  vo l t age  of  40 kv a n d  a c u r r e n t  of  30 m a m p .  A 
d i f f r ac t ed  angle  r a n g e  of  15-18" 20 was  s c a n n e d  a t  a r a t e  
of  I d e g / m i n .  

Scanning electron microscopy (SEM). Sur face  a p p e a r -  
a n c e  o f  FHO-W50  f i lms was  o b s e r v e d  wi th  a JEOL JSM-  
35C e l e c t r o n  m i c r o s c o p e  (JEOL Ltd., Tokyo).  Fi lm p ieces  
we re  m o u n t e d  on a l u m i n u m  s t u b s  a n d  c o a t e d  wi th  g o l d -  
p a l l a d i u m  a l loy  (15 nm) .  A 10 kv a c c e l e r a t i n g  vo l t age  was  
ut i l ized,  wi th  t he  e l e c t r o n  b e a m  d i r e c t e d  a t  a 45" angle  to 
t he  film sur face .  

Measurement of resistance to oxygen and water vapor 
transmission. D e t e r m i n a t i o n  of  oxygen  a n d  w a t e r  v a p o r  
t r a n s m i s s i o n  r a t e s  t h r o u g h  FHO-W50  fi lms a n d  ca lcu la -  
t ion o f  r e s i s t a n c e s  to  oxygen  [r(O,~)] a n d  w a t e r  v a p o r  
[ r (H20)]  t r a n s m i s s i o n  we re  p e r f o r m e d  as  p r ev ious ly  
d e s c r i b e d  (1,2). Uni ts  of  r e s i s t a n c e  a r e  sec-m -1. 

Diffusion o fO  2 t h r o u g h  f i lms gene ra l ly  obeys  Fick 's  f i rs t  
law, i.e., t h e  r a t e  of  t r a n s p o r t  is d i r e c t l y  p r o p o r t i o n a l  to 
t h e  O2 p a r t i a l  p r e s s u r e  d i f f e ren t i a l  a c r o s s  t he  film a n d  O,~ 
di f fus iv i ty  is c o n s t a n t .  However ,  when  w a t e r  v a p o r  is dif- 
fus ing  t h r o u g h  p o l a r  fi lm m a t r i c e s  dev i a t i on  f rom Fick 's  
f i rs t  l aw is c o m m o n  (2).  Consequen t ly ,  it  is a p p r o p r i a t e  to  
r e p o r t  m o i s t u r e  b a r r i e r  p r o p e r t i e s  of  FHO-W50  f i lms as  
"effective" r e s i s t a n c e  [eft  r (H20) ] ,  w h i c h  is a c c u r a t e  
u n d e r  t h e  e n v i r o n m e n t a l  c o n d i t i o n s  e m p l o y e d  (i.e., % o f  
re la t ive  humid i ty ,  t e m p e r a t u r e ) .  Similar ly,  t e m p e r a t u r e  
d e p e n d e n c e  of  eff  r (H20)  is e x p r e s s e d  as  an  " a p p a r e n t "  
ac t i va t i on  ene rgy  (Eapp) (2).  

Seven r e p l i c a t e s  of  e a c h  p o l y m o r p h i c  fo rm of  FHO-W50  
films we re  e v a l u a t e d  for  r(O2) a t  25, 30, 25, a n d  40C. Ten 
o r  m o r e  r e p l i c a t e s  of  e ach  film t y p e  we re  t e s t e d  for  eff 
r (H20)  a t  t h e  s a m e  t e m p e r a t u r e s .  To con f i rm  the  a b s e n c e  

of  p o l y m o r p h i c  t r a n s i t i o n s  d u r i n g  the  d e t e r m i n a t i o n ,  x -  
r a y  d i f f r ac t ion  of  t he  a a n d  fl' FHO fi lms was  p e r f o r m e d  
before  a n d  a f t e r  d e t e r m i n a t i o n  of  02 a n d  w a t e r  v a p o r  
t r a n s m i s s i o n  r a t e s  a t  t e m p e r a t u r e s  above  25C. W a t e r  
v a p o r  t r a n s m i s s i o n  d a t a  for  t h e  a - p o l y m o r p h  a t  40C is 
no t  r e p o r t e d  b e c a u s e  p a r t i a l  t r a n s i t i o n  to t he  fl' form 
o c c u r r e d  d u r i n g  the  t ime  n e c e s s a r y  to r ees t ab l i sh  an  
equ i l ib r ium v a p o r  f lux ( c a  5 -10  hr.) .  This was  no t  a p rob-  
lem for t he  d e t e r m i n i n g  r(O2) o f  t he  a - p o l y m o r p h  a t  40C 
b e c a u s e  the  t ime  r e q u i r e d  for  equ i l ib ra t ion  was  suffi- 
c ien t ly  s h o r t  ( c a  1 hr.) .  

The  s t u d e n t ' s  t - d i s t r i b u t i o n  was  used  to  ca l cu l a t e  95% 
c on f ide nc e  in t e rva l s  for  r(Ou) a n d  e f f r (H20) ,  a n d  to  eval- 
u a t e  t h e  s t a t i s t i c a l  s ign i f i cance  (P  _< 0.05) b e t w e e n  ca lcu-  
l a t ed  ac t i va t i on  energ ies  o f  02 a n d  H20 t r a n s p o r t  (12). 

RESULTS AND DISCUSSION 

A f u l l y - h y d r o g e n a t e d  b l end  o f  s o y b e a n  a n d  r a p e s e e d  oil 
(FHO) was  s e l e c t e d  for  s t u d y  b e c a u s e  of  t h e  ease  wi th  
which  all t h r e e  p o l y m o r p h i c  s t a t e s  cou ld  be in i t ia l ly  
f o r m e d  a n d  t h e n  r e t a i n e d  u n d e r  t he  t i m e - t e m p e r a t u r e  
c o n d i t i o n s  used  to  m e a s u r e  oxygen  a n d  w a t e r  v a p o r  flux. 
A t t e m p t s  w e r e  m a d e  to  ut i l ize r e l a t ive ly  p u r e  t r iacylgly-  
cero l  s amples ,  such  as  90% t r i p a l m i t i n  a n d  90% t r i s t ea r in ,  
however ,  it  was  diff icul t  to  o b t a i n  t he  i n t e r m e d i a t e  fl' 
p o l y m o r p h  by  t e m p e r i n g  t h e  a form. E x p o s u r e  to  ele- 
v a t e d  t e m p e r a t u r e  r e s u l t e d  in d i r ec t  conver s ion  of  t he  a 
fo rm to t he  fl form.  O the r  i nves t i ga to r s  have  r e p o r t e d  th is  
behav io r  wi th  re la t ive ly  p u r e  t r i acy lg lycero l s  ( 13-15). 

I t  is well  k n o w n  t h a t  t he  a a n d  fl' c ry s t a l  s t a t e s  a r e  m o r e  
s t ab le  in m i x e d  t r i acy lg lyce ro l  p r e p a r a t i o n s  (13,15).  The 
a and /~ '  p o l y m o r p h s  of  FHO were  bo th  s t ab le  for  m o n t h s  
a t  r o o m  t e m p e r a t u r e .  S tab i l i t i es  were  suff ic ient  to enab le  
oxygen  t r a n s m i s s i o n  r a t e s  for  bo th  p o l y m o r p h s  to be 
e v a l u a t e d  a t  t e m p e r a t u r e s  up  to  40C, a n d  w a t e r  v a p o r  
t r a n s m i s s i o n  r a t e s  of  fl' a n d  a p o l y m o r p h s  to  be de te r -  
m i n e d  up  to  40 a n d  35C, respec t ive ly .  

Cooling a n d  h e a t i n g  DSC cu rves  of  FHO a r e  p r e s e n t e d  
in F igure  1. Cool ing f rom t h e  m o l t e n  s t a t e  y ie lded  an  exo-  
t h e r m i c  m i n i m u m  at  52.6C. The  he a t i ng  curve  of  t he  a- 
p o l y m o r p h  d i s p l a y e d  t h r e e  d i s t i n c t  e n d o t h e r m i c  p e a k s  
wi th  m a x i m u m s  a t  55.3, 60.7, a n d  63.5C. I t  was  on the  
bas is  of  t he  DSC h e a t i n g  cu rve  t h a t  t e m p e r i n g  c ond i t i ons  
we re  s e l ec t ed  for  p r o m o t i n g  p o l y m o r p h i c  t r a n s f o r m a -  
t ions.  The a ~ fl' t r a n s i t i o n  was  p e r f o r m e d  a t  53C, j u s t  
be low the  e n d o t h e r m  c o r r e s p o n d i n g  to mel t ing  of  the  a- 
p o l y m o r p h .  The  t r a n s f o r m a t i o n  of  fl' to fl was  accom-  
p l i shed  a t  58C, j u s t  be low t h e  s e c o n d  e n d o t h e r m  cor res -  
p o n d i n g  to  me l t i ng  of  t h e  f l ' -po lymorph .  

P o w d e r  x - r a y  d i f f r ac t ion  p a t t e r n s  of  t he  t h r e e  poly-  
m o r p h i c  fo rms  of  FHO a r e  s h o w n  in F igure  2. The  pa t -  
t e r n s  c o n f o r m  to t he  c r i t e r i a  e s t a b l i s h e d  by L a r s s on  (14)  
for  i den t i f i ca t ion  of  t r i acy lg lyce ro l  p o l y m o r p h s  a n d  a re  
qua l i t a t ive ly  i den t i ca l  to  p a t t e r n s  of  t he  a, fl' and/3  c rys t a l  
fo rms  of  f u l l y - h y d r o g e n a t e d  s o y b e a n  oil r e p o r t e d  by  
Daf ter  (16).  The  a form, o b t a i n e d  by r a p i d  quench ing  o f  
m o l t e n  FHO a t  r o o m  t e m p e r a t u r e ,  d i sp l ays  a single, 
s t r o n g  d i f f r ac t ion  spa c ing  a t  4.13 A. T e m p e r i n g  of  pow-  
d e r e d  a FHO a t  53C for 2 h o u r s  y i l eded  the  fl' form, d is t in-  
gu i shed  by  a p a i r  of  s p a c i n g s  a t  3.82 a n d  4.21 A. F u r t h e r  
t e m p e r i n g  a t  58C for  168 h o u r s  p r o d u c e d  the  s t ab le  fl- 
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FIG. 1. DSC thermograms  ofFHO,  a fu l ly -hydrogenated  blend of  
soybean  and r a p e s e e d  oi ls  (2:1) .  A. Cool ing curve from molten  
lipid (rate : :5C/min) .  B. l l ea t ing  curve  of the  a-polymorph 
obta ined  fo l lowing quench ing  of  mol ten  lipid at room tempera-  
ture ( ra te=SC/m in) .  

l 

2* 2~ 2, 

FIG. 2. Powder x-ray diffraction pat terns of a,/~', and fl polymor- 
phic forms of a fu l ly -hydrogenated  blend of soybean and rape- 
seed oils (2:1). The x-axis  is the  Bragg diffraction angle .  Diffrac- 
tion spacings are in units of/~kngstroms. 

p o l y m o r p h ,  w i th  d i f f r ac t ion  s p a c i n g s  a t  3.70, 3.87, 4.58, 
a n d  5.28 A. 

In t e re s t ing ly ,  t h e  r a t e  of  p o l y m o r p h i c  t r a n s f o r m a t i o n  
was  s lower  w h e n  FHO w a s  c o a t e d  on W50 t'flter s u p p o r t s  
t h a n  when  it w a s  t e m p e r e d  in p o w d e r e d  form. Whi le  pow-  
d e r e d  a FHO c o n v e r t e d  c o m p l e t e l y  to  t h e  fl' f o rm in 2 
h o u r s  a t  53C (Fig. 2), FHO s c r a p e d  f rom W50 f i l ter  p a p e r  
( a f t e r  sub j ec t i ng  t h e  a FHO-W50  film to an  i d e n t i c a l  t em-  
p e r i n g  r eg ime)  r e m a i n e d  in t he  a form,  as  i d i c a t e d  by the  
s ingle d i f f r ac t ion  s p a c i n g  a t  4.14A (F igu re  3). A f t e r  12 
h o u r s  a t  53C, a d i f f r ac t ion  p a t t e r n  c h a r a c t e r i s t i c  of  t he  fl' 
fo rm was  deve loping ,  b u t  th is  d e v e l o p m e n t  was  no t  com- 
p le te  unt i l  24 h o u r s  h a d  p a s s e d  (Fig. 3). 

A s imi l a r  p h e n o m e n o n  was  obse rved  for  t h e  f l '~ f l  t r a n -  
si t ion.  T e m p e r i n g  of  p o w d e r e d  fl' FHO for 60 h o u r s  a t  58C 
y ie lded  the  c h a r a c t e r i s t i c  fl p h a s e  p a t t e r n ,  a n d  t r a n s f o r -  
m a t i o n  w a s  c o m p l e t e  a f t e r  168 h o u r s  (7 d a y s )  (Fig. 2). 
When  c o a t e d  on W50 f i l ter  p a p e r ,  however ,  a t e m p e r i n g  
t ime  a p p r o x i m a t e l y  twice  ms long was  r e q u i r e d  for  t h e  
c h a r a c t e r i s t i c  f l - p o l y m o r p h  x - r a y  d i f f r ac t ion  p a t t e r n  to  
fully deve lop  (Fig. 4). 

2 hr. S3* C 4 ,, 12 hr., 53" C ~ ~4 hr.. s:. c 

2l. 
2. 2. 2" 

FIG. 3. Powder  x - r a y  diffract ion patterns  of  a ful ly-hydrogen-  
ated blend of  s oyb ean  and r a p e s e e d  oi l s  (2:1)  scraped from W50 
f i l ters  after t emper ing  the  Hpid-W50 f i lms  at 53 • IC for 2, 12, 
and 24 hours .  The Hpid w as  in the  ~ polymorphic  form prior to 
tempering .  The x - a x i s  is  the  Bragg diffract ion angle .  Dif fract ion 
s p ac in gs  are in uni ts  o f  ~mgstroms.  

168  hr., 58" C 4.se 3 3 6  hr., 58"  C 
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FIG. 4. Pow d er  x - r a y  diffract ion pat terns  o f  a fu l ly-hydrogen-  
ated blend of  soybean  and r a p e s e e d  oi l s  (2:1)  scraped  from W50 
f i l t ers  after  t e m p e r i n g  the  Hpid-W50 f i lms  at 58 • 1 C for 168 and 
336 hours .  The l ipid w a s  in the/3'-polymorphic form prior to tem- 
pering.  The x - a x i s  is  the  Bragg diffract ion angle .  Diffract ion 
s p ac in gs  are in units  of /~mgstroms.  
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Evidently, the W50 filter matrix stabilized the lower- 
melting polymorphic forms of FHO. Enhanced stability 
against fracture was reported previously when lipids 
were embedded in a W50 f'flter matrix, as opposed to dep- 
osition on the surface (2). Fibers of the W50 filter paper  Z 
interact  sufficiently with the lipid to substantially 
increase resistance to fracturing, and this interaction (f) 
may  also hinder crystalline t ransformat ions  by promot-  (f) 
ing increased rigidity of the lipid crystal structure. 5 ;  

Scanning electron microscopy (SEM). Surface struc- 
tures of FHO-W50 [rims were observed with SEM. The a- 
polymorph film had a dimpled appearance  with relatively 
large needle-like crystals scat tered over the surface (Fig. 
5). This surface appearance  has been reported for other  
triacylglycerols, such as for a tristearin-W50 film (1). Why 
the needle-like crystals exist on the surface is not  known 
conclusively; however, we suspect that  this condition may 
represent  incipient polymorphic t ransformation to the fl' 
crystalline state. After tempering FHO-W50 films at 53C 
for 24 hours to convert  ~ crystals to fl', the number  and 
size of needle-like crystals protruding from the surface 
was observed to increase substantially. 

Oxygen barrier properties. Arrhenius plots illustrating 
the tempera ture  dependence of r(O2) of FHO-W50 films 
as influenced by polymorphic form are presented in Fig- 
ure 6. Linear regression parameters  and calculated acti- 
vation energies of On t ranspor t  are listed in Table 2. 

At 25C, the a FHO film yielded a r(Oz) of 74.1 x 107 sec- 
m -1. The B' FHO-W50 film displayed a significantly lower 
r(O2) of 64.9 x 107 sec.m -I at  25C. This was somewhat  
suprising because the or thorhombic  ar rangement  of acyl 
chains in the fl' form is molecularly more dense than the 
hexagonal a r rangement  of the a form. Furthermore,  acyl 
chain mobility is less in the fl' form than in the a form 
(14,17). Resistance to gas and vapor  transmission 
through synthetic polymer fdms increases as film density 
increases and chain mobility is reduced (9-11). Evidently, 
the slight increase in density and the cessation of acyl 

120 

I00 

U3 90  
Z 

eo 

zo 

5o 

4 o  

O3 
W 

oG 

4 0  35 30 25 

o' 

I 1 I I 

3.20 3.25 3.30 3.35 
~ X I0 a 

FIG. 6. Temperature dependence  of  the res is tance to oxygen 
transmiss ion [r(O2) ] of  FHOa-WS0 f i lms as  inf luenced by poly- 
morphic form of  the  Hpid: a ( 0 ) ,  fl' (11), and fl ( A )  polymorphic 
forms. Numerals  on ordinate have been reduced by a factor of  1 
x__107. Amount  o f  Hpid per unit area  of  f i lm was  4.0 • 0.2 m g / c m  2 
(X • SD) .  Each data  point is the  average o f  seven replicates.  
Vertical bars  represent  95% conf idence  intervals  for resistance.  
Least squares  regression l ines are drawn throughout each set  o f  
data. See  Table 2 for regress ion equat ions  and correlation 
coeff ic ients .  
aFully-hydrogenated blend of  soybean and rapeseed oils (2:1). 

FIG. 5. SEM micrograph of  the l ipid surface of  an ~ FHOa-W50 
fi lm. Amount  of  lipid per unit area o f  f i lm w a s  4.0 m g / c m  2. Micro~ 
graph w a s  taken  at a 45 ~ angle  t o t h e  f i lm surface.  The whi te  bar 
is  a 10#m in length. 
aFully-hydrogenated blend of  soybean and rapeseed  oils  (2:1).  

chain oscillatory movement that  occur upon conversion 
of the lipid crystal state from a to fl' are outweighed by 
other factors that  influence 02 transmission. Further- 
more, a recent  nuclear magnetic resonance study by Nor- 
ton et al. (18) indicates that  acyl chain mobility in the a- 
polymorph may be less than previously believed. Their 
results showed that  only 10-20% of the triacylglycerol 
molecule actually retains rotational freedom in the a- 
polymorphic state. A mechanistic hypothesis explaining 
the lower r(O2) of the B' film relative to the a will be 
proposed shortly. 

Resistance to O6 transmission increased greatly follow- 
ing the t ransformation from fl" to the stable fl-polymorph 
(Fig. 6). The r ( Q )  offl FHO-W50 at 25C was 120 x 107 sec" 
m -1, approximately 60 and 85% greater, respectively, than 
the resistance of the a and ~' forms. 

Calculated activation energies (E) for O2 transmission 
through FHO-W50 films increased in the order fl'--a~fl 
(Table 2), the same order  as the increase in absolute 
resistance to gas flux. Thus, for 02 t ranspor t  through the 
various polymorphic forms of FHO, it appears  that  the 
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TABLE 2 

A c t i v a t i o n  e n e r g i e s  and  p a r a m e t e r s  o f  r e g r e s s i o n  e q u a t i o n s  for r e s i s t a n c e  o f  F H O -  
W50 f i l m s  to  o x y g e n  and  w a t e r  v a p o r  t r a n s m i s s i o n  a s  a f f e c t e d  by t e m p e r a t u r e  a n d  
p o | y m o r p h i c  form~ 

Resistance b Polymorphic Regression ~ Regression, Correlation Activation 
(sec-m l ) form constant coefficient coefficient energy 'l 

(E) 
a 3.21 1688.10 0.9992 7.7d=0.',~ ~ 

riOt) fl' 4.05 1419.02 0.9985 6.5-+0.2 ~ 
fl 3.18 1759.83 0.9981 8.1 +0.2 c 

(E,,~,~) 
(~ 11.45 -2045.34 0.9726 -9.1 • 1 ..(Pl 

eft r(H20 ) fl' 9.44 1476.79 -0.9995 -6.7=_t-0.7 B 
fl 8.68 1221.03 -0.9990 -5.5+0.6 c 

"FHO is a fully-hydrogenated blend of soybean and rapeseed oils (2:1 ), W50 is Whatinan 
50 filter paper. Lipiil (:overage was 4.0 -t: 0.2 mg (X +_ SD)/cm ~ of W50 filter paper. 

hResistance to water vapor transmission is expressed in terms of effective resistance [eft 
r(HzO)] and oxygen transmission is simply riO2). 

,Regression equation is h)g r=b (I/T) ~ a. Regression lines are plotted in Figs. 6 and 7. 
'liJnit.s of E for resistance to oxygen t.raimmission and E~w[, (apparent activation ener~) 
for resistance to waler vapor transniission are keal/'mole; data are means -) Sl); within 
each group (i.e., Oc or H~O), values with different superscript letters are significantly 
different (P _< 0.05). 

m e a s u r e d  E can  be i n t e rp re t ed  as an energ,W bar r i e r  to 02 
pe rmea t ion .  

Wat~.r 'vapid" ba,rr~:er p roper t i e s .  A r r h e n i u s  plots  indi- 
ea t ing  the  t e m p e r a t u r e  d e p e n d e n c e  of eft r(HeO) of F t iO-  
W50 films as in f luenced  by po lymorph ic  form are pres- 
en t ed  in Figure 7. Regression e q u a t i o n s  a n d  a p p a r e n t  
ac t iva t ion  energies  (Eapp') of wate r  vapor  t r a n s p o r t  are  
listed in Table 2. 

The a FHO film displayed an eft r ( l  leO) of 40.2 x 10:~ sec. 
m J a t  25(;. Upon po lymorph ic  t r a n s i t i o n  from a to fl', eft 
r(H20) of FHO-W50 films dec reased  s ignif icant ly  (Fig. 7), 
a resu l t  s imilar  to t ha t  observed fl)r r(O2). The eff r(tI~O) 
of fl' FIIO-W50 films was 30.6 x 1() a sec-nt -L a t  25C, 
a p p r o x i m a t e l y  25% lower t h a n  t h a t  of the  (~-polyntorph. 

T r a n s f o r m a t i o n  of fl' to the  f l -po lymorph  s igni f icant ly  
inc reased  eft r ( I I20)  of the  FtIO films, bu t  to a lesser 
e x t e n t  t h a n  was observed for riO,,). The eft r(tIzO) of fl 
FHO-W50 films was 38.7 x l() :~ sec-m 1 at  25C, a res i s tance  
no t  s ignif icant ly  di f ferent  h 'om t h a t  of the ~ fihns. 

The negat ive  slopes of the  AJ 'r imnius plots  for effr(HzO ) 
of FHO-W50 films (Fig. 7) have previous ly  been ascril)ed 
to the  mois tu re  so rp t ion  behavior  of the  polar  filter s u p  
por t  (2). These slopes arc respons ib le  for the  negat ive  
"apparen t"  ac t iva t ion  energies  (E,pp) for the  t r a n s p o r t  
process  (Tal)le 2). While the negat ive  Hap p values  are 
a t t r i b u t a b l e  to the  W50 s u p p o r t i n g  mat r ix ,  the  differen- 
ces in m a g n i t u d e  of the  E~p v va lues  fi)r the th ree  poly- 
m o r p h s  m u s t  b c a  consequence  of the  lipid po lymorph ic  
form. In par t icu la r ,  the  a F t lO-W50 Film displayed a sub 
s t an t i a l ly  larger E,,,p (-9.1 s 1.9 kca l /mo le )  t h a n  those of 
the  fl' and  fl fihns, m e a n i n g  tha t  eft r(tt,,O) inc reased  more  
rap id ly  with elevat ion of t e m p e r a t u r e .  This resul t  may  be 
due  to the  heal ing of m ino r  fihn defects  or imper fec t ions  
d u r i n g  the t ime  per iod needed  to rees tab l i sh  an equil ib 
r ium vapor  flux at  each t e m p e r a t u r e  above 25C (ca  5-10 
hrs.). The ~ -po lymorph  has a slightly more  flexible, plast ic  
s t r u c t u r e  Lhan the /3' or fl forms, which,  p resumably ,  

would ren( le r  the a films more  receptiv( to hea l ing  of 
m i n o r  flaws at  e levated t e m p e r a t u r e s .  TLe plast ic i ty  of 
the a - p o l y m o r p h  is a c onse que nc e  of the  hexagona l  pack- 
ing mode,  which enables  fat ty acid acyl cha ins  to exhib i t  
to r s iona l  mobil i ty  (19). 

Mech(z~ist i , :  c (mside~ 'a t ions  r e l a t i ~ g  to b a r r i e r  prc ,  p e r  
ties o f  c~, fl', fl po lymorptas .  One can  specua l t e  as to why 
the var ious  po lymorph ic  forms of the  FIIO films differed 
in r e s i s t ance  to oxygen a nd  w a t e r  vapor .  There  was a 
slight, b u t  s ta t is t ica l ly  significant ,  dec rease  in r(Oe) at  
25C u p o n  convers ion  of the  a form to fl' (Figure  6.) 
Accord ing  to Bailey and  Singleton (20), the  fl' po]ymor-  
phi(: form of tr iacylglycerols  has only a sl ightly g rea te r  
dens i ty  t h a n  t ha t  of the  a po lymorph ic  form; 1.017 a n d  
1.014 g / c m  :~ for the fl' a n d  a forms of t r i s tear in ,  respec- 
tively. Therefore,  the a to/3' convers ion  is one  of t r a n s i t i o n  
from a plastic,  relat ively flexible s l a t e  to a nonplas t ic ,  
rigid c o n f o r m a t i o n  of s imi lar  densi ty.  This loss of plastic- 
ity conce ivably  could r e n d e r  the  film suscept ib le  to for- 
m a t i o n  of localized crys ta l  a nd  crys ta l  b o u n d a r y  defects  
a t t e n d a n t  with i:he po lymorph ic  phase  change.  An 
inc rease  in such  c rys ta l l ine  imper fec t ions  wou ld  reduce  
riO2) by e levat ing slightly the  O2 diffusion c o n s t a n t  
t h r ough  the  fl' t r iacylglycerol  fihn. F u r t h e r m o r e ,  the  t ime 
(24 hr )  for the  a to fl' t r an s i t i on  was  a lmos t  ce r ta in ly  
insuff ic ient  for t e m p e r i n g  to have a s igni f icant  bea r ing  on 
the change  in res i s tance  (21). 

A large inc rease  in r(Oe) occu r r ed  ( lur ing t r a n s i t i o n  
from the  fl' po lymorph ic  form to fl (F igure  6). This f inding  
is in accord  with ini t ial  expec ta t ions .  The dens i ty  of the fl 
form of tr iacylglycerols  (1.043 g / c m  :~ for t r i s tear in ,  ref. 
20) is s igni f icant ly  g rea te r  t h a n  t h a t  of e i ther  the  fl' or  a 
forms, a n d  this p r o p e r t y  would  t e n d  to inc rease  r(Oe) by 
dec reas ing  the  oxygen diffusion c o n s t a n t  t h r o u g h  the  fl 
film. F u r t h e r m o r e ,  the  ra te  of the fl' to fl t r a n s f o r m a t i o n  
was qu i te  slow (336 hr  at  58C) which  would  help mini-  
mize d e v e l o p m e n t  of crys ta l  defects  d u r i n g  the  p o l y m o f  
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FIG. 7. Temperature dependence  of  the  ef fect ive  res is tance to 
water  vapor transmiss ion [ e l f  r(H20)]  o f  FHO=-W50 f i lms  as  
inf luenced by polymorphic form of  the  lipid: a ( O ) ,  fl' (11), and fl 
(&)  polymorphic forms.* Amount of  l ipid per unit area of  f i lm 
w a s  4.0 + 0.2 mg/cm= (X • SD).  Each datum point is the average 
of  at l east  10 replicates.  Vertical bars  represent  95% conf idence  
intervals  for resistance.  Least squares  regression l ines  are 
drawn through each set  o f  data. See  Table 2 for regression eq ua- 
t ions and correlation coeff ic ients .  
=Fully-hydrogenated blend of  soybean and rapeseed oils  (2:1).  
*Numerals  on ordinate have been reduced by a factor of  I x 103. 

ph ic  t r a n s i t i o n  a n d  wou ld  also t e n d  to  hea l  m i n o r  de fec t s  
t h a t  m a y  have  e x i s t e d  previously .  

As  w a s  the  case  for  oxygen  t r a n s p o r t ,  t h e  eft  r(H~O) 
d e c r e a s e d  s ign i f ican t ly  fol lowing conve r s ion  f rom t h e  
fo rm t o / T  (F igu re  7). I t  is r e a s o n a b l e  to  invoke  the  s a m e  
e x p l a n a t i o n  for  th is  c h a n g e  in ef t  r (H20 ) t h a t  was  j u s t  
p r o p o s e d  for  t he  c h a n g e  in r(O2) d u r i n g  t h e  s a m e  
t r a n s i t i o n .  

T r a n s i t i o n  of  t h e  fl' f o rm to  t h e  s t ab l e  fl fo rm c a u s e d  the  
ef t  r (H20)  to  inc rease ,  bu t  a t  a n y  given t e m p e r a t u r e  over  
t h e  r a n g e  25-40C t h e  r e s i s t a n c e  va lue  for  fl never  
e x c e e d e d  t h a t  of  t h e  a p o l y m o r p h  (F igure7) .  This  r e su l t  is 
c o n t r a r y  to  t he  oxygen  t r a n s p o r t  d a t a  a n d  to  in i t ia l  
e x p e c t a t i o n s .  The  g r e a t e r  d e n s i t y  o f  t h e  fl p o l y m o r p h ,  as  
c o m p a r e d  to  t h o s e  of  t h e  a a n d  fl' p o l y m o r p h s ,  w o u l d  l ead  
one  to  s u s p e c t  t h a t  t he  fl p o l y m o r p h  w o u l d  be mos t  res i s t -  
a n t  o f  al l  p o l y m o r p h s  to  v a p o r  flux. This  ks logical  s ince  
g r e a t e r  d e n s i t y  w o u l d  t e n d  to  be a s s o c i a t e d  wi th  a 
s m a l l e r  d i f fus ion c o n s t a n t  for  v a p o r  flux. F u r t h e r m o r e ,  
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t e m p e r i n g  effects  wou ld  l ikely be s ign i f i can t  du r ing  the  fl' 
to  fl c onve r s ion  (336 h r  a t  58C to c o m p l e t e  the  conver-  
s ion)  a n d  th is  wou ld  a lso  t e n d  to  i m p r o v e  r e s i s t ance  of  
t he  film to v a p o r  f lux  (21).  Since the  i nc rea se  in res is t -  
ance  was  far  less t h a n  e x p e c t e d ,  it  is l ikely t h a t  the  h y d r a -  
t ion c a p a c i t i e s  (i.e., so lub i l i ty  coef f ic ien ts )  of  the  va r ious  
p o l y m o r p h s  h a d  an  i m p o r t a n t  be a r i ng  on the  resu l t s  
o b t a i n e d ,  wi th  t he  a p o l y m o r p h  a p p a r e n t l y  being mos t  
r e s i s t a n t  to  hyd ra t i on .  I t  is well  known  t h a t  r e s i s t ance  to 
v a p o r  f lux  is inverse ly  r e l a t e d  to so lub i l i ty  of  the  v a p o r  in 
t he  f i lm (2). W e  shou ld  men t ion ,  however ,  t h a t  one a u t h o r  
(22)  h a s  sugges t ed  t h a t  t h e  a p o l y m o r p h  shou ld  exh ib i t  
t he  g r e a t e s t  h y d r a t i o n  c a p a c i t y  o f  t h e  va r ious  poly- 
m o r p h s .  This  i ssue  obvious ly  c a n n o t  be reso lved  w i t h o u t  
m e a s u r i n g  the  a c t u a l  m o i s t u r e  s o r p t i o n  p r o p e r t i e s  of  the  
va r i ous  p o l y m o r p h s .  

C o m p a r i s o n  of  o u r  r e su l t s  wi th  t h o s e  o f  Lovegren a n d  
Feuge  (8)  a n d  L a n d m a n n  et al. (7)  r evea l  s o m e  i m p o r t a n t  
c o n t r a s t s .  These  i nves t iga to r s  bo th  r e p o r t e d  very  large  
d e c r e a s e s  in w a t e r  v a p o r  p e r m e a b i l i t y  (15 to 100-fo ld)  
t h r o u g h  l ipid films d u r i n g  t emper ing .  The  a u t h o r s  a t t r ib -  
u t ed  th i s  to  p o l y m o r p h i c  changes .  However ,  this  a s s u m p -  
t ion w a s  no t  c o n f i r m e d  e x p e r i m e n t a l l y .  In light of  ou r  
resul t s ,  t h e  r e d u c t i o n s  in a p p a r e n t  w a t e r  v a p o r  p e r m e a -  
bi l i ty  r e p o r t e d  in t he  a f o r e m e n t i o n e d  s t u d i e s  a r e  far  too  
large  to  be c a u s e d  by  p o l y m o r p h i c  changes .  Othe r  fac tors ,  
such  as  a s imple  hea l ing  o f  g ross  de fec t s  in the  films, is a 
m o r e  l ikely e x p l a n a t i o n .  In add i t i on ,  t he  s t u d y  by 
Lovegren  a n d  Feuge  (8)  involved f i lms of  a ce ty l a t ed  
m o n o s t e a r i n ,  a n d  this  l ip id  a bso rbs  a p p r e c i a b l e  quan t i -  
t ies  of  wa te r .  Pe rme a b i l i t y  was  d e t e r m i n e d  by the  c u p -  
m e t h o d ,  in wh ich  f i lms a r e  s ea l ed  over  a d i sh  con ta in ing  
d e s i c c a n t  a n d  the  a s s e m b l y  is p l a c e d  in an  e n v i r o n m e n t  
of  c o n t r o l l e d  humid i ty .  Weight  gain  of  t h e  dish is moni -  
t o r e d  a n d  used  to  c a l c u l a t e  w a t e r  v a p o r  pe rmeab i l i ty .  I t  is 
p r o b a b l e  t h a t  t he  high a p p a r e n t  w a t e r  v a p o r  pe rmeab i l -  
i ty d e t e r m i n e d  ini t ia l ly  for  t he  a c e t y l a t e d  m o n o s t e a r i n  
film was,  a t  l eas t  in pa r t ,  a t t r i b u t a b l e  to  m o i s t u r e  so rp -  
t ion by t h e  film r a t h e r  t h a n  to  t r a n s m i s s i o n  of  w a t e r  
vapor .  
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