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1

I n t r o d u c t io n

Most o f  th e  r e a c t io n s  o c c u r in g  i n  l i v i n g  o rgan ism s ta k e  p la c e  a t  

i n t e r f a c i a l  s u r f a c e s .  I n  a d d i t io n ,  th e  d is p e r s io n  o f  one phase in  

a n o th e r  phase  e .  g . , a s  th e  fo rm a tio n  o f  em u lsio n s o r  foams a re  g r e a t ly  

in f lu e n c e d  by th e  p re se n c e  o f  a m p h ip a tic  m o lecu le s  o r ie n te d  a t  th e  

i n t e r f a c e .  The fo llo w in g  work d e a ls  w ith  th e  s tu d y  o f  th e  s u r fa c e  

p r o p e r t i e s  o f  p r o te in s  which a re  o f  b o th  b io lo g ic a l  and p h y s ic a l  

im p o rta n c e .

Three p r o te in s  — bovine serum  a lb u m in , :'3 - c a s e i n and g e l a t i n  

a re  s e le c te d  f o r  th e  s tu d y  m ain ly  because  th e y  a re  a v a i la b le  i n  

r e l a t i v e l y  p u re  form . F u rth e rm o re , p r o t e i n - l i p i d  i n t e r a c t i o n s  which 

a re  o f  g r e a t  p r a c t i c a l  im p o rta n c e , a re  a ls o  in v e s t ig a t e d ,  u s in g  th e  

fo l lo w in g  model sy stem s: bov ine  serum  album in -  sodium  e ic o s y l  s u l f a t e ,  

bov ine  serum album in - f a t t y  a c id  ( C^q , ^ 2 2 ^ ’ ^ ^ a ^ i n  “ sodium e ic o s y l  

s u l f a t e  and g e l a t i n  - f a t t y  a c id  ( CgQ,

In  view  o f th e  f a c t  t h a t  a  model was r e q u i r e d ,  a  m onom olecular 

f i lm  was u t i l i z e d .  T h is m o le c u la r  l a y e r  p ro v id ed  an am p h ip a tic  su b s ta n c e  

w hich was o r ie n te d  a t  an i n t e r f a c e  o f  two b u lk  p h a se s , th u s  p ro v in g  

i t s e l f  - co n v e n ie n t and s im p le  f o r  th e  s tu d y  o f  th e  i n t e r f a c i a l  f i lm .

S e v e ra l m ethods were u t i l i z e d  to  o b ta in  a  m onolayer and a re  o u t­

l in e d  as  fo llo w s  :

1. S p read in g  o f  th e  s u r fa c e  a c t iv e  m o lecu le s  from  th e  a i r  p h a se .

( Used th ro u g h o u t th e  fo llo w in g  work f o r  p r e p a r in g  in s o lu b le  m o n o la y e rs .)

2 . A d so rp tio n  o f  th e  s u r f a c ta n t  from th e  s o lu t io n  to  th e  i n t e r f a c e .

( S in ce  th e  s u r f a c ta n t  1b in t ro d u c e d  by i n j e c t i n g  o r  p ip e t in g  in to  th e
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b u lk  o f  th e  s u b s t r a t e ,  th e  m o lecu le s  a re  i n  e q u i l ib r iu m  betw een th e  

s o lu t io n  and th e  i n t e r f a c i a l  p h ase . T h is  te c h n iq u e  i s  employed in  th e  

a d s o rp t io n  and p e n e t r a t io n  ex p e rim e n ts  p re s e n te d  in  c h a p te r  5«)

3 . A co m b in a tio n  o f  th e  above. ( T h is  te c h n iq u e  p ro v id e s  an 

e x c e l l e n t  method to  combine two d i f f e r e n t  su b s ta n c e s  in to  an i n t e r ­

fa c e  from two a d ja c e n t  b u lk  p h a s e s ,  th u s  a l lo w in g  one to  s tu d y  th e  

co u rse  o f  i n t e r a c t i o n  o f  th e  su b s ta n c e s  a t  th e  i n t e r f a c e .  The i n t e r ­

a c t io n  ex p e rim en ts  summarized i n  c h a p te r  5 a re  conducted  by t h i s  

t e c h n iq u e . )

A few in v e s t ig a t o r s  ( 1 ) ,  u s in g  s t r e t c h e d - th r e a d  s u r fa c e  m icro ­

m anom eter, have been a b le  to  d e te rm in e  v e ry  low s u r fa c e  p re s s u re  

n e c e s s a ry  f o r  th e  e s t im a t io n  o f  m o le c u la r  w eigh t and c o - s u r fa c e  o f 

m o lecu le s  i n  th e  m ono layer. T h is  te c h n iq u e  was u t i l i z e d  in  o u r 

p ro ced u re  to  e s t im a te  th e  m o le c u la r  w e ig h ts  and c o - s u r fa c e s  o f  

bo v ine  serum album in  and f i  - c a s e i n  sp re a d  on v a r io u s  pH s u b s t r a te s  

and w i l l  be p re s e n te d  in  c h a p te r  1.

In  th e  fo llo w in g  c h a p te r  a  s t a t i s t i c a l  m ech an ica l p a r t i t i o n  

f u n c t io n  and therm odynam ic e q u a t io n s  a re  used to  e s t im a te  s u r fa c e  

p r e s s u r e s  w hich a re  th e n  compared w ith  th o s e  d e te rm in ed  by m onolayer 

te c h n iq u e .

P r o te in s  w hich a re  n o t  v e ry  s u r fa c e  a c t iv e  and o f te n  s o lu b le  i n  

aqueous s u b s t r a t e ,  a re  n o t e a s i l y  sp re a d  on aqueous s u r f a c e s .  When 

th e y  a re  s p re a d , th e y  can assume d i f f e r e n t  c o n fo rm a tio n s  a t  d i f f e r e n t  

c o n d i t io n s  and c o n se q u e n tly  a  re p ro d u c ib le  m onolayer i s  d i f f i c u l t  to  

o b ta in .  However, by u s in g  a  s p e c i f i c  s p re a d in g  ag en t u n d e r c o n t ro l le d  

c o n d i t io n s  an expanded m onolayer can be o b ta in e d . The e f f e c t s  o f  concen­



t r a t i o n  o f  v a r io u s  s p re a d in g  a g e n ts  ( n -p e n ta n o l ,  n -p ro p a n o l and 

e th a n o l ) ,  and th e  pH and io n ic  s t r e n g th  o f  s u b s t r a t e s  on th e  sp re a d ­

in g  o f  bov ine serum album in  o v er aqueous s u r fa c e  were in v e s t ig a te d  

and w i l l  be d is c u s s e d  l a t e r  on.

S u rfa c e  p r e s s u re s  caused  by a  sm a ll m ech an ica l p e r tu r b a t io n  

w ere m easured a t  v a r io u s  d is ta n c e s  from  th e  m ovable b a r r i e r .  The 

p u rpose  was to  o b ta in  th e  s u r fa c e  v i s c o s i t i e s  o f  bov ine  serum album in 

and $ - c a s e in  m onolayers w hich were sp re a d  on v a r io u s  s u b s t r a t e s .

These w i l l  be th o ro u g h ly  d is c u s s e d  in  c h a p te r  4*
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I .  Background

The u se  o f  m ono layers f o r  m o le c u la r  w eigh t d e te rm in a tio n s  was f i r s t  

su g g e s te d  by G u a s ta l la  i n  1938 ( 0 *  I t  in v o lv e s  th e  s tu d y  o f  v e ry  expanded 

" gaseo u s " f i lm s  w hich e x e r t  v e ry  low s u r f a c e  p r e s s u r e s  (7T ) .  By k i n e t i c  

th e o ry  an a logous to  th e  th re e -d im e n s io n a l  id e a l  g a s , a gaseous m onolayer 

o f  a r e a  A fo llo w s  a  tw o -d im en sio n a l i d e a l  gas  law

JT A = n R T

w here n i s  th e  number o f  m ole. F or a s u b s ta n c e  o f  unknown m o le c u la r  w eigh t

wM, n  = where w i s  th e  w eigh t o f  f i lm  sp re a d  on th e  a r e a  A, th e n

l 4  = i  H T

I n  a  r e a l  ca se  i d e a l i t y  i s  n o t  a t t a in a b le  and th e  d e v ia t io n  h as  been 

a cco u n ted  f o r  by in t ro d u c in g  th e  Van d e r  W aa l's  a t t r a c t i v e  fo rc e  and co­

s u r f a c e  c o r r e c t io n  ( 2 ) .

( 7T -  ) ( A -  A.,) = n R T.

At e x tre m e ly  low c o n c e n tr a t io n  th e  m o lecu le s  a re  f a r  a p a r t  from  each  

o th e r  and move in d e p e n d e n tly ,  th u s  JL  h as  been assumed to  be e q u a l to  

z e ro . The e q u a t io n  becomes

Tt ( A - A , )  = n R T = | K T .
1

S u b s t i t u t i n g  c o n c e n tr a t io n  C f o r  — to  th e  above e q u a tio n

|  ( 1 -  A , C ) = |  R T

and g e o m e tr ic a lly  e x t r a p o la t in g  C/ j f  v s .  C cu rve to  i n f i n i t e  d i l u t i o n ,  

G u a s ta l l a  has  c a lc u la te d  th e  m o le c u la r  w e ig h t and c o -s u r fa c e  o f  p r o te in  

(1 b ) .  T h is  method has been a p p l ie d  to  d e te rm in e  th e  m o le c u la r  w e ig h ts

and c o - s u r f a c e s  o f  oxyhem oglobin ( 3 ) ,  p o ly e s te r  (4 ) ,  l ip o p o ly s a c c h a r id e



( 5 ) and f a t t y  a c id  ( 6 ) ,

Assuming an in s o lu b le  m onolayer to  be a p e r f e c t  osmometer and 

fo llo w in g  a  therm odynam ic ap p ro ach , B u ll by p l o t t i n g  X  A v s .T t  and c a l ­

c u l a t in g  th e  i n t e r c e p t  o f  th e  cu rve to  th e  y a x is  by th e  l e a s t  sq u a re  

m ethod, d e te rm in ed  th e  m o le c u la r  w eig h t from  th e  i n t e r c e p t .  The mole­

c u l a r  a r e a  was c a lc u la te d  from th e  f i lm  a r e a  a t  minimum c o m p re s s ib i l i ty .  

From t h i s  app roach  B u ll a r r iv e d  a t  th e  same e q u a t io n  (7 ) d e r iv e d  by 

G u a s ta l la .

A lla n  and A lexander (8 ) have u sed  B u l l 's  method to  d e te rm in e  th e  

m o le c u la r  w e ig h ts  o f  s e v e r a l  p r o te in s  and found th a t  th e  s u r fa c e  p re s s u re  

a g a in s t  f i lm  a re a  r e l a t i o n s h ip s  o f  th e  g aseous f i lm s  a re  a f f e c te d  by 

m o le c u la r  co h es iv e  fo rc e s  a t  th e  a i r /  l i q u id  i n t e r f a c e .  T h e re fo re , th e y  

concluded  th a t  m o le c u la r  w eigh t can n o t be e s t im a te d  r e l i a b l y  from  th e  

fo llo w in g  e q u a t io n :  ‘7 A =TcA0 + n  R T. On th e  o th e r  h and , th e y  su g g e s te d  

t h a t  th e  method may be employed to  d i s t i n g u i s h  betw een p r o te in s  and t h e i r  

d i s s o c i a t i o n  p ro d u c ts .

To o b ta in  a  c o r r e c t  m o le c u la r  w e ig h t o f  a  p r o te i n ,  H arrap  (9 ) has  

shown th a t  a  v e ry  low s u r fa c e  p re s s u re  due to  a  v e ry  low s u r fa c e  concen­

t r a t i o n  o f  th e  p r o te in  h a s  to  be m easured , because  a s s o c ia t io n  o c c u rs  

when th e  s u r fa c e  c o n c e n tr a t io n  i s  in c re a s e d .  I t  i s  a ls o  found t h a t  th e  

m o le c u la r  w eig h t i s  a f f e c te d  m ark ly  by pH and th e  io n ic  s t r e n g th  o f  th e  

s u b s t r a te  (9 ) e .  g . , a t  low pH, i n s u l i n  was found to  have a  m o le c u la r  

w eig h t o f  6 000 w hich i s  i n  agreem ent w ith  F r e d e r i e q 's  v a lu e ( lO ) .  At 

h ig h e r  pH, th e  m o le c u la r  w eigh t c a lc u la te d  by B u l l 's  method in c r e a s e s  

w ith  th e  s u r f a c e  c o n c e n tr a t io n ,  u n le s s  th e  exp erim en t i s  c a r r i e d  o u t a t  

v e ry  low s u r fa c e  c o n c e n tr a t io n .  An in c r e a s e  in  io n i c  s t r e n g th  h as  a  d is s o ­

c i a t i o n  e f f e c t  a t  th e  i s o e l e c t r i c  p o in t  o f  th e  p r o te i n ,  and an a s s o c ia t io n  

e f f e c t  a t  pH v a lu e s  removed from  th e  i s o e l e c t r i c  p o in t .  The e f f e c t s  have
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been  e x p la in e d  i n  te rm s o f  th e  Coulom bic and non-C oulom bic fo r c e s  o p e r a t ­

in g  i n  th e  sy stem .

Fowkes h as  p roposed  an a l t e r n a t e  m ethod f o r  th e  c a l c u la t io n  o f  mo­

l e c u l a r  w eig h t by m onolayer te c h n iq u e  (1 1 ) .  By c o n s id e r in g  th e  m ono layer 

a s  a  sem iperm eable membrane, th e  s u r fa c e  p r e s s u re  a s  an  o sm o tic  p r e s s u re  

(jl.')and assum ing a c t i v i t y  c o e f f i c i e n t  o f  s o lv e n t  m o lecu le s  i n  th e  m onolayer 

to  be u n i t y ,  a  therm odynam ic r e l a t i o n s h i p  betw een th e  s u r fa c e  p re s s u re  

and mole f r a c t i o n  o f  s o lv e n t  i s  o b ta in e d  :

TT = -  f e r  I n  x2
o  2

where X^  and C~^ a r e  th e  mole f r a c t i o n  and th e  p a r t i a l  m o le c u la r  a r e a  o f  

th e  s o lv e n t  m o lecu le s  in  th e  m ono layer. From th e  e q u a t io n  th e  r a t i o  o f  

th e  number o f  moles o f  th e  s o lv e n t  to  t h a t  o f  th e  f i lm  fo rm in g  m o lecu le s

n2—  i s  c a lc u la te d  and p lo t t e d  a g a in s t  th e  f i lm  a r e a  A. By assum ing cy, 
n 1

° z
to  be e q u a l to  9*7 A, th e  m o le c u la r  w e ig h t and th e  p a r t i a l  m o le c u la r  

a r e a  o f  th e  f i lm  fo rm ing  m o lecu le s  a re  d e te rm in e d  r e s p e c t iv e ly  from  th e  

s lo p e  and th e  i n t e r c e p t  o f  th e  A v s .  n^ /  cu rv e . I t  has  been  c la im ed  

th a t  t h i s  method g i v e s 'a . b e t t e r  e s t im a t io n  o f  m o le c u la r  w eig h t th a n  

B u l l 's  m ethod, b ecause  th e  m o le c u la r  w eig h t i s  c a lc u la te d  from  th e  more 

e a s i l y  d e te rm in e d  s lo p e  o f  th e  A v s .  n^ /  n^ cu rv e .

S in ce  G u a s t a l l a 's  method e n a b le s  one to  m easure a  v e ry  low s u r fa c e  

p r e s s u re  w hich i s  n e c e s s a ry  f o r  th e  d e te rm in a t io n  o f  th e  m o le c u la r  

w eig h t o f  a p r o te in  c o r r e c t l y , th e  method was u sed  in  th e  fo l lo w in g  ex­

p e rim e n t to  e s t im a te  th e  m o le c u la r  w e ig h ts  and th e  c o - s u r f a c e s  o f  bov ine  

serum album in and ^ c a s e i n  m o lecu le s  sp re a d  on aqueous s u b s t r a t e s  o f  

d i f f e r e n t  pH v a lu e s .
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I I .  Theory

A v e ry  d i l u t e  m onolayer where th e  m o lecu le s  a re  fa x  a p a r t  and move 

in d e p e n d e n tly ,b e h a v e s  as  a  tw o- d im en s io n a l id e a l  g a s . The f i lm  m o lecu le s  

move w ith  an av e ra g e  t r a n s l a t i o n a l  k i n e t i c  en ergy  1 /2  k  T f o r  each  d eg ree  

o f  freedom . F o r th e  tw o -d im en sio n a l s u r f a c e ,  th e  t o t a l  k i n e t i c

en e rg y  i s  k T, w hich i s  assumed to  p roduce th e  s u r fa c e  p re s s u re  ~{{

7f a  = k T

w here a  i s  th e  s u r f a c e  a r e a  p e r  m o lecu le . In  a  r e a l  sy stem , d e v ia t io n s  

from  i d e a l i t y  were o b se rv ed  and have been t r e a t e d  by a d o p tin g  c o -s u r fa c e  

c o r r e c t io n  s im i l a r  to  Van d e r  W aa l's  co-volum e c o r r e c t io n  in  th e  th r e e -  

d im e n s io n a l r e a l  g a s . The e q u a t io n  f o r  one mole o f  p r o te in  becomes (12)

IT ( A -  ) = H T

and f o r  one grams

- r  ( 1  1
"  ̂ C " ( V  M

where A* i s  th e  c o -s u r fa c e  c o r r e c t io n ,  C i s  th e  s u r fa c e  c o n c e n tr a t io n  

in  gram /  cm2 , M i s  th e  m o le c u la r  w eig h t and R i s  th e  gas  c o n s ta n t
n

( 8.51 x 10 ' e r g  /  m ole, deg . ) .  The above e q u a tio n  can be used  to  

c a l c u la te  th e  m o le c u la r  w eig h t and th e  c o - s u r fa c e  o f  a  p r o te in  by 

e x t r a p o la t in g  to  i n f i n i t e  d i l u t i o n .

I  ( , _ C ) = KT
C Ct/ N

o r

( a S. \ H T C
'  ” Co M TT

S in ce  C i s  a  l i n e a r  fu n c t io n  o f  C/ .̂ , a t  th e  l i m i t  o f  C->0,

H * H T < § W o
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0
S im i la r ly ,  a t  ( ^  ) -V  0 , C 5 = C, th u s  th e  c o -s u r fa c e  p e r  m o lecu le  i s

M _______ 1
a 0 —

Ctt6 .02x10 5

I I I .  E x p e rim en ta l

1. A ppara tu s and P rocedu re

G u a s t a l l a 's  " S u rface  m icrom anom eter " ( F ig u re  1,1 ) was u sed  to  

m easure low s u r f a c e  p re s s u re  down to  m il l id y n e  /  cm. I t  c o n s is te d  o f  a 

py rex  g la s s  tro u g h  f i l l e d  w ith  w a te r  o r  s o lu t i o n ,  a  f l o a t i n g  p a r a f f i n  

co a te d  m ica fram e dev id ed  in t o  two e q u a l a r e a  com partm ents by a  f in e  s i l k  

th re a d  w hich was l i g h t l y  c o a te d  w ith  p a r a f f i n  wax, a  t o r s io n  w ire  

a t ta c h e d  to  th e  s i l k  th re a d  th ro u g h  a  wooden s t i c k  and a  p a r a f f i n  c o a te d  

n e e d le , a  l i g h t  s o u rc e ,a n d  a  l e n s - m ir r o r  sy stem . The in s tru m e n t was 

e n c lo se d  i n  a  F araday  box w hich p r o te c te d  th e  m easurem ent from th e  d i s ­

tu rb a n c e  o f  b re e z e  and d u s t .

A known volume o f  p r o te in  s o lu t io n  was d e p o s ite d  w ith  an A gla m icro ­

m e te r s y r in g e  ( B urroughs Wellcome C o ., T uckahoe, N.Y. ) on one s id e  o f  

th e  th r e a d ,  and an eq u a l volume o f  s o lv e n t  was p la c e d  on th e  o th e r  s id e .

The s u r fa c e  p r e s s u re  e x e r te d  by th e  f i lm  caused  a  d e f l e c t i o n  o f  th e  th r e a d .  

S ince  e q u a l volume o f  s o lv e n t  was p la c e d  on each  s id e  o f  th e  th r e a d ,  th e  

s u r fa c e  p r e s s u re  e x e r te d  by t r a c e  s u r fa c e  a c t iv e  im p u r ity  i n  th e  s o lv e n t  

would be th e  same on each  s id e  and th e  c o rre sp o n d in g  d e f l e c t i o n  o f  th e  

same s i z e  b u t i n  o p p o s ite  d i r e c t i o n  would c a n c e l each  o th e r .  The d i s ­

p lacem en t o f  th e  c e n te r  o f  th e  s i l k  th r e a d ,  c o rre sp o n d in g  to  th e  s u r fa c e  

p re s s u re  e x e r te d  by th e  p r o te in  f i lm  o n ly , was o b s e rv e d . th ro u g h  th e  le n s -  

m ir ro r  system  as  a  fu n c tio n  o f  tim e . A l i n e a r  r e l a t i o n s h i p  was o b ta in e d  

by p l o t t i n g  th e  d isp la c e m e n t v s .  th e  sq u a re  r o o t  o f  tim e (15)* The d i s -
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p lacem en t a t  z e ro  tim e was th e n  u sed  to  c a l c u la te  th e  s u r fa c e  p re s s u re  

w hich was r e l a t e d  to  th e  d isp la c e m e n t o f  th e  th re a d  by th e  to rq u e  a p p lie d  

to  th e  t o r s io n  w ire .

The s u r fa c e  was c lean ed  by d u s t in g  c a lc in a te d  ta lcu m  powder o n to  i t  

and rem oving i t  w ith  th e  a id  o f a  ho llow  g la s s  t i p  connec ted  to  an a s ­

p i r a t o r .

2 . M a te r ia l

Bovine serum album in was p e rc h a se d  from  th e  N u t r i t io n a l  B iochem i­

c a l s  C o rp o ra tio n , C le v e la n d , O hio, ^ - c a s e i n  was p ro v id ed  by D r. V. Moreno 

o f  th e  G eneral Food C o rp o ra tio n , T arry to w n , N. Y .. Sodium h y d ro x id e , 

h y d ro c h lo r ic  a c id  and 1 -p e n ta n o l w ere o b ta in e d  from th e  F is h e r  S c ie n t i ­

f i c  C o ., F a i r  Lawn, N. J . .  A ll th e  s u b s ta n c e s  were u sed  d i r e c t l y  w ith o u t 

f u r t h e r  p u r i f i c a t i o n .

S p re a d in g  s o lu t io n s  were p re p a re d  by d is s o lv in g  c r y s t a l  p r o te i n  i n  

f r e s h ly  d i s t i l l e d  w a te r  c o n ta in in g  0 .5  % 1 -p e n ta n o l. The p r o te in  concen­

t r a t i o n  i n  th e  s o lu t io n  was ab o u t 1 mg /  ml and th e  q u a n t i ty  sp re a d
2

was o f  th e  o rd e r  o f  one m icrogram  o v e r 200 cm o f  aqueous s u r f a c e .  The 

s u b s t r a t e s  were p re p a re d  by m ix ing  0 .1  N NaOH s o lu t io n  w ith  0 .1  N HC1 

s o lu t io n  to  a  d e s i r e d  pH.

T race s u r fa c e  a c t iv e  im p u r ity  i n  th e  s u b s t r a t e  was removed by foam­

in g  th e  s u b s t r a t e  s o lu t io n  in  a  500 ml medium p o r o s i ty  s in te r e d  g la s s  

fu n n e l .  The foam was sw ept away w ith  a s p a tu la .

IV . R e s u lts  and D isc u s s io n

1• M o le c u la r  W eight and C o -su rface

The d e te rm in a tio n s  o f  m o le c u la r  w e ig h ts  and c o - s u r fa c e s  o f  th e  bov ine
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serum  album in and (3 -c a s e in  a re  shown in  f ig u r e  1 .2 .  The C / ^  v s .  C 

cu rve h a s  a  n e g a t iv e  d e v ia t io n  from  th e  id e a l  h o r iz o n ta l  l i n e  o f  ze ro  

s lo p e .  I t  i s  e x p la in e d  as  th e  r e s u l t  o f  th e  p re sen ce  o f  a  la rg e  n e t  

r e p u ls iv e  fo rc e  i n  th e  m onolayer (4 ) .  A la rg e  p o s i t i v e  v a lu e  o f  co­

s u r fa c e  c o r r e c t io n  w hich i s  th e  c h a r a c t e r i s t i c  o f  th e  la rg e  and com­

p le x  p r o te in  m o le c u le , was o b se rv ed  f o r  each  p r o te in .  The c o - s u r fa c e s

w ere found to  be 12000 A ^ and 56OO A ^ r e s p e c t iv e ly  f o r  th e  BSA and th e

^ 2& -c a s e in .  The v a lu e  o f  12000 A f o r  th e  BSA was i n  agreem ent w ith  th o se  

d e te rm in e d  by B u ll (7 d ) ,  by M uramatsu and Sobotka ( 25 ) .

The m o le c u la r  w e ig h ts  d e te rm in ed  a re  67 000 and 27 000 r e s p e c t iv e ly  

f o r  th e  BSA and th e  £ - c a s e in  . They ag ree  w ith  th e  d a ta  d e te rm in ed  by 

o sm o tic  p re s s u re  ( 14 ) ,  s e d im e n ta t io n  e q u i l ib r iu m  ( 15»17» 19 )» l i g h t  

s c a t t e r i n g  (1 6 ) ,  A rc h ib a ld 's  method (1 8 , 2 0 ) ,  s e d im e n ta t io n  d i f f u s s io n  

(21) and chem ica l method (2 2 , 2 3 , 24 ) a s  w e ll a s  m onolayer te c h n iq u e  

r e p o r te d  by B u ll (7 d ) ,  M uramatsu and S obotka ( 25 ) .  T h e re fo re , th e  d e t e r ­

m in a tio n  o f  m o le c u la r  w eig h t by G u a s ta l l a 1s  m onolayer te c h n iq u e  a t  i n ­

f i n i t e  d i l u t i o n  on i s o e l e c t r i c  s u b s t r a t e ,  i s  c o n s id e re d  to  be v a l i d .

2 . The E f f e c t  o f  pH o f  th e  S u b s tr a te

When th e  pH o f  th e  s u b s t r a t e  i s  removed from th e  i s o e l e c t r i c  p o in t

o f  th e  p r o te i n ,  th e  a p p a re n t m o le c u la r  w e ig h ts  and th e  a p p a re n t c o - s u r f a c e s  

o f  th e  BSA and th e /5 - c a s e in  c a lc u la te d  by G u a s t a l l a 's  method become 

s m a l le r  th a n  th e  v a lu e s  a t  th e  i s o e l e c t r i c  pH ( T ab le 1 .1 ,  F ig u re s  1.3  

and 1 .4 ) .  S ince  i t  i s  known th a t  b o th  BSA and /3 -c a s e in  do n o t d i s s o c ia te  

i n  a c id ic  and b a s ic  c o n d itio n s ,  th e  c a lc u la te d  a p p a re n t m o le c u la r  w e ig h ts

and c o - s u r f a c e s  can n o t be th e  t r u e  m o le c u la r  w e ig h ts  and th e  c o - s u r fa c e s

o f  th e  p r o te in s .  In  o th e r  w ords, gaseous e q u a t io n  employed i n  G u a s t a l l a 's
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Table 1.1

Bovine serum album in

pH M o lecu la r W eight C o-S urface

( g  /  mole ) ( /  m o lecu le  )

1.1 15900 3070

2 .0 8200 1540

3 .9 17300 3040

5 .35 66600 12000

6 .05 563OO . 9840

7 .2 50200 9130

9.1 31800 5280

11 .3 12500 3330

12.55 9900 3080

6 - c a s e in

PH M o lecu la r  W eight C o-S urface

( g  /  mole )
/ ^2 / \ ( A /  m o lecu le  )

1.1 19300 3490

2.1 11500 1540

3 .9 19200 3010

4 .8 27200 5570

6 .0 5 26400 4740

6 .6 23600 4730

9.1 15200 2280

11 .3 9070 2080

12.55 8150 1380
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method f o r  th e  d e te rm in a tio n  o f  m o le c u la r  w eig h t and c o -s u r fa c e  i s  n o t 

a p p l ic a b le  to  a c id ic  and b a s ic  m o n o lay e rs .

In  o rd e r  to  i n t e r p r e t  th e  above r e s u l t s ,  B u l l ’ s method h as  been 

u s e d , JfA  i s  p lo t t e d  a g a in s t  IT and e x t r a p o la te d  to  7T= 0 . A ll J(A- v s .

][ c u rv e s  a re  p a r a l l e l  to  each  o th e r  e x c e p t th o se  above pH11.3 ( f ig u r e s  

l . ^ a n d  1 .5  ) .  The p a r a l l e l  l i n e s  may be d e s c r ib e d  by th e  e q u a t io n :

Ti A -  b = n 2 R T + n 2 ^  ft

where b i s  th e  d is ta n c e  from th e  Tv A vs.Tf cu rve  a t  th e  i s o e l e c t r i c  pH 

to  th e  cu rve a t  th e  o th e r  pH. I t  r e p r e s e n t s  th e  r e p u ls iv e  fo r c e s  be­

tw een th e  m o lecu le s  i n  th e  m ono layer. The v a lu e  in c r e a s e s  a s  th e  pH o f  

th e  s u b s t r a te  i s  f a r t h e r  from  th e  i s o e l e c t r i c  pH, because  th e  n e t  charge 

o f  th e  p r o te in  m olecu le  in c r e a s e s .

Under v e ry  a lk a l in e  c o n d i t io n ,  th e  d e v ia t io n  o f  th e  TCA v s .R  curve 

from  p a r a l l e l i s m  in d i c a te s  t h a t  th e  m o le c u la r  a r e a  o f  th e  p r o te in  a t  

t h i s  c o n d i t io n  i s  d i f f e r e n t  from th o se  a t  o th e r  pH. The m o le c u la r  a r e a  

becomes l a r g e r  b ecause  o f  th e  f u r t h e r  u n fo ld in g  o f  th e  p r o te in  m olecu le  

due to  th e  b re a k in g  o f  hydrogen bonds ow ing to  th e  i o n i z a t io n  o f  phen o l­

i c  h y d ro x y l g ro u p s . T h is  i n t e r p r e t a t i o n  i s  su p p o rte d  by th e  r e s u l t  t h a t  

th e  d e v ia t io n  from p a r a l le l i s m  i s  much l a r g e r  f o r  th e  bov ine serum a l ­

bumin w hich h a s  14 ty r o s in e  r e s id u e s  th a n  f o r  th e  / ^ - c a s e i n  which has 

o n ly  4 p h e n o lic  h y d ro x y l r e s id u e s .

I t  i s  n o t u n d e rs to o d  why th e  v a lu e  o f  b d e c re a se s  below  pH 2 . A 

m ost p ro b a b le  e x p la in a t io n  i s  t h a t  o*onium compounds :

R - Q - H  R - G - O - H
I + and i
H Cl" 0

) +
H C l“

a re  form ed below  pH 2 ( 26 ) ,  hence th e  r e p u ls iv e  fo rc e  betw een th e  po­

s i t i v e  charged  groups ( -NH^+ ) i s  m inim ized by th e  p re sen ce  o f  th e se
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compounds,

V. C onclu sion

The m o le c u la r  w e ig h ts  and th e  c o - s u r f a c e s  o f  th e  bov ine  serum a lb u ­

min and th e  (% -casein  sp re a d  a t  t h e i r  i s o e l e c t r i c  p o in t s  a re  found to  be 

i n  good agreem ent w ith  th o se  d e te rm in ed  by o th e r  m ethods r e p o r te d  i n  

th e  l i t e r a t u r e .

The agreem ent o f  th e  m o le c u la r  w e ig h t and th e  c o - s u r f a c e  c a lc u la te d  

by G u a s t a l l a 's  method w ith  th o se  d e te rm in ed  by v a r io u s  o th e r  m ethods, 

co n firm s th e  v a l i d i t y  o f  th e  gaseous e q u a t io n  i n  d e s c r ib in g  th e  v e ry  d i l u t e  

m onolayer o f  p r o te i n  a t  i t s  i s o e l e c t r i c  p o in t .  However, th e  g aseous e q u a tio n  

i s  n o t  s a t i s f a c t o r y  to  r e p r e s e n t  th e  p r o te i n  m onolayer sp re a d  on a  sub­

s t r a t e  o f  pH o th e r  th a n  th e  i s o e l e c t r i c  p o in t  o f  th e  p r o te i n .  T h is  i s  due 

to  th e  f a c t  t h a t  each  m olecu le  h as  n e t  p o s i t i v e  o r  n e g a t iv e  c h a rg e , th u s  

d e v ia t in g  from  id e a l  gas b e h a v io r . T h e re fo re ,  th e  m o le c u la r  w eig h t and 

th e  c o -s u r fa c e  c a lc u la te d  from th e  g aseous e q u a t io n  u n d e r t h i s  c o n d i t io n  

can  n o t r e p r e s e n t  th e  t r u e  v a lu e s .

In  o rd e r  to  i n t e r p r e t  th e  e x p e r im e n ta l r e s u l t s ,  an  e m p ir ic a l  e q u a tio n  

h a s  been p roposed  to  d e s c r ib e  th e  p r o te in  m onolayer a t  v a r io u s  pH v a lu e s .

TTA -  b = n 2 R T  + n 2 <7̂

where b i s  a  v a r ia b le  w hich changes w ith  th e  pH o f  th e  s u b s t r a t e  and may 

be r e l a t e d  to  th e  r e p u ls iv e  fo rc e  betw een th e  m o lecu le s  i n  th e  m ono layer. 

Below pH 2 , th e  m o le c u la r  charge i s  s h ie ld e d  by th e  p re se n c e  o f  th e  

oaonium compounds, th u s  b d e c re a s e s  w ith  th e  pH. Under v e ry  a lk a l in e  

c o n d i t io n s ,  because  o f  f u r t h e r  u n fo ld in g  o f  th e  p r o te in  m o le c u le s , th e  

m onolayer d e v ia te s  from th e  above e q u a t io n .



CHAPTER TWO

C a lc u la t io n  o f  S u rfa c e  P re sa tire  U sing  

S t a t i s t i c a l  M echan ical Approach
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I .  I n t r o d u c t io n

E q u a tio n s  o f  s t a t e  f o r  m ono layers  have been  d ev eloped  u s in g  two 

m ain a p p ro a c h e s : a )  m o le c u la r  and b ) therm odynam ic m odels. The agreem ent 

betw een th e s e  m odels and e x p e r im e n ta l r e s u l t s  h a s  been l im i te d  b ecause  

o f  s e v e r a l  fum dam ental f a c t o r s .  I n  th e  case  o f  m o le c u la r  model ( 1 ) ,  th e  

s t e r i c  p ic tu r e  o f  th e  i n t e r f a c e  i s  u s u a l ly  s im p l i f i e d  to  p e rm it th e  

model to  be h an d led  m a th e m a tic a l ly ,  b u t t h i s  app ro ach  l i m i t s  th e  a p p l i ­

c a b i l i t y  o f  th e  m odel. In  o rd e r  to  f u r t h e r  g e n e ra l iz e  th e  m odel, more 

a p p ro x im a tio n s  a re  in t ro d u c e d ,  b u t th e  r e s u l t a n t  e q u a tio n s  become d i f f i ­

c u l t  to  so lv e  e x a c t ly ,  and r e s o r t  to  app ro x im ate  s o lu t io n s  becomes 

n e c e s s a ry .  I n  th e  case  o f  therm odynam ic m odels ( 2 - 6 ) ,  th e  n e c e s s i t y  o f  

e s t im a t in g  d i f f i c u l t  p a ra m e te rs  su ch  a s  a c t i v i t i e s  i n  th e  i n t e r f a c i a l  

r e g io n s  a s  a  fu n c t io n  o f  s u r fa c e  c o n c e n tr a t io n  makes t h i s  approach  

o b je c t io n a b le .

S t a t i s t i c a l  m echanics p ro v id e s  th e  needed  b r id g e  betw een m echanics 

and therm odynam ics, and a llo w s  a  t h e o r e t i c a l  c a l c u la t io n  o f  therm odyna­

mic p r o p e r t i e s  from in fo rm a tio n  abou t in d iv id u a l  m o lecu le s  (7 » 8 ) . For 

s im p le  s y s te m ^ s u c h  a s  tw o -d im en sio n a l g a s e s ,  th e  c a l c u la t io n s  a re  n o t 

com plex, and v a lu e s  o f  therm odynam ic p r o p e r t i e s  so o b ta in e d  a re  o f te n  

more a c c u ra te  th a n  ones m easured d i r e c t l y .

As i n  th re e -d im e n s io n a l  f l u i d s ,  th e  e x tre m e ly  d i l u t e  o r  "g aseo u s"  

re g io n  o f  th e  m onolayer i s  th e  l e a s t  com plex r e g io n  to  i n v e s t ig a t e  

t h e o r e t i c a l l y .  M oreover, th e  g aseous r e g io n  in  a  s u r fa c e  iso th e rm  o f  

a  m onolayer obeys a  tw o -d im en sio n a l i d e a l  gas e q u a t io n  a t  th e  l i m i t  

o f  i n f i n i t e  s u r fa c e  d i l u t i o n .  When th e  s u r f a c e  c o n c e n tra t io n  in c r e a s e s ,  

p o s i t i v e  and n e g a t iv e  d e v ia t io n s  from  i d e a l i t y  a re  o b se rv e d , a s  w ith  

th re e -d im e n s io n a l  g a s e s .



15

An e q u a t io n  r e l a t i n g  th e  s u r fa c e  p r e s s u r e  to  th e  t r a n s l a t i o n a l  p a r ­

t i t i o n  f u n c t io n  o f  th e  tw o -d im en sio n a l gas  m o lecu le s  h as  been d e r iv e d

( 7 ,8 ) .  S u rfa c e  p r e s s u r e s  o f  bov ine serum  album in  a n d /3 -c a s e in  a t  v a r io u s  

s u r fa c e  c o n c e n tr a t io n s  w ere c a lc u la te d  u s in g  th e  above e q u a t io n .  E x p e r i­

m en ta l to  c a lc u la te d  s u r fa c e  p re s s u re s  v e r s u s  s u r f a c e  c o n c e n tr a t io n  

c u rv e s  w ere p l o t t e d  and w i l l  be d is c u s s e d  l a t e r ,

I I .  Theory

I n  a  tw o -d im en sio n a l f i lm ,  a t  v e ry  low s u r fa c e  c o n c e n tra t io n s  where 

th e  s u r f a c t a n t  i s  c o n s id e re d  to  be i n  a  "g aseo u s"  s t a t e ,  th e  t r a n s l a t i o n ­

a l  p a r t i t i o n  fu n c t io n  f o r  th e  s u r fa c e  m o le c u le s  can  be d e te rm in e d  by 

s t a t i s t i c a l  m echan ics and u sed  to  c a l c u la te  a  " s u r fa c e  p re s s u re "  a s  a  

fu n c t io n  o f  s u r f a c e  c o n c e n tr a t io n .  By an a lo g y  to  r e a l  g a s e s ,  th e  H elm holtz  

f r e e  en e rg y  o f  a  tw o -d im en sio n a l gas  i s  g iv e n  by:

A = - N K T l n Q

The e q u a t io n  o f  s t a t e  w hich can be o b ta in e d  by d i f f e r e n t i a t i n g  th e  work 

fu n c t io n  p a r t i a l l y  w ith  r e s p e c t  to  th e  a r e a ,  can  be e x p re s se d  by th e  

e q u a t io n :

where II i s  th e  s u r fa c e  p r e s s u r e ,  C  i s  th e  m o lar a r e a ,  N i s  th e  A vogad ro 's  

num ber, K i s  B o ltzm an n 's  c o n s ta n t ,  T i s  th e  a b s o lu te  te m p e ra tu re  and Q 

i s  th e  tw o -d im en s io n a l m o le c u la r  p a r t i t i o n  f u n c t io n .  Q i s  g iv e n  by:

where m i s  th e  mass o f  th e  "g aseo u s " m o lecu le  i n  th e  f i lm ,  h  i s  P la n c k 's  

c o n s ta n t  and i  i s  th e  s u r f a c e  c o n c e n tr a t io n  e x p re s se d  i n  m o lecu le s  p e r

( 1 )

( 2 )

2cm .

/
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I I I .  E x p erim en ta l

The g aseous s u r fa c e  iso th e rm s  o f  bov ine  serum  album in and f3 ~ case in  

were e s ta b l i s h e d  u s in g  th e  s u r fa c e  m icrom anom eter te c h n iq u e  d e s c r ib e d  

i n  c h a p te r  on e . The tw o -d im en sio n a l m o le c u la r  p a r t i t i o n  fu n c t io n s  o f  th e  

two p r o te in s  were e s tim a te d  from  e x p e r im e n ta lly  d e te rm in e d  v a lu e s  o f  m 

and S w ith  e q u a t io n  2 . And th e  s u r fa c e  p r e s s u re s  a t  v a r io u s  s u r fa c e  

c o n c e n tr a t io n s  were c a lc u la te d  w ith  e q u a t io n  1.

T ab le I I . 1 shows th e  r a t i o  o f  e x p e r im e n ta l to  c a lc u la te d  s u r fa c e  

p r e s s u r e s ,  term ed  th e  " z f a c t o r " ,  v e r s u s  pH o f  th e  aqueous s u b s t r a t e .

I n  th e  l a s t  two colum ns, th e  c a lc u la te d  v a lu e s  o f  s u r fa c e  p re s s u re  a re  

r e s p e c t iv e ly  o b ta in e d  from  th e  Boylete Law e x p re s s io n  and from  th e  

assu m p tio n  o f  o sm o tic  e q u i l ib r iu m  u s in g  th e  Fowkes' e q u a t io n  o f  s t a t e

( 4 ,9 ) .

F ig u re  2.1  shows th e  p lo t  o f  z v s .  s u r f a c e  c o n c e n tr a t io n  f o r  bov ine  

serum  album in  film , on d i s t i l l e d  w a te r  and (3- c a s e i n  f i lm  on 0 .5  M NaCl 

s o lu t i o n ,  u s in g  th e  p a r t i t i o n  fu n c t io n  app roach  and th e  B o y le 's  Law 

ap p ro ac h . F ig u re  2 .2  and 2 .3  show s im i l a r  p lo t s  f o r  th e  p r o te in s  mono­

la y e r s  a t  v a r io u s  pH o f  th e  s u b s t r a t e .

F ig u re  2 .4  shows th e  d e te rm in a tio n  o f  th e  z f a c t o r ,  u s in g  th e  Fow kes' 

e q u a t io n  o f  s t a t e .  T h is  z i s  assumed to  be th e  number o f  p a r t i c l e s  p e r  

m o le c u le .

IV . D isc u s s io n

1 . V a l id i ty  o f  th e  P a r t i t i o n  F u n c tio n  Approach

T ab le  I I . 1 and f ig u r e  2 .1  to  2 .3  d em o n stra te  t h a t  th e  p a r t i t i o n  

fu n c t io n  app ro ach  le a d s  to  c a lc u la te d  s u r fa c e  p r e s s u re s  t h a t  a re  i n
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Table I I . 1

S u b s tr a te °C pH

2 = ^ e x p , /  7T c a l c .
77 ex p . Tfexp. TT ex p .

Wl('dlna/-d<r)fp &KT TTcalc. ( r e f  .4 )

E x t r a p o la te d  to  C = 0-

Bovine serum  album in

h2o 24 1 .0 1 .0 1.01

0 .1  N NaOH + 0 .1  11 HC1 26 1.1 1 .0 1 .0 1 .00

I t 22 2 .0 1 .0 1 .0 1.01

I I 24 3 .9 1 .0 1 .0 1 .0 0

f t 26 5 .35 1 .0 1 .0 1 .05

t f 24 6 .05 1 .0 1 .0 0 .9 7

IV 23 7 .2 1 .0 1 .0 1 .0 4

f* 21 9 .1 2 1 .0 1 .0 0 .9 9

t f 26 11 .3 1 .0 1 .0 1.01

f t 24 12 .55 1 .0 1 .0 1.01

/3  -  c a s e in

0 .5  M NaCI 25 6 .4 1 .0 1 .0 0 .9 9

0 .1  N NaOH + 0 .1  N HC1 26 1.1 1 .0 1 .0 1.01

I t 22 2.1 1 .0 1 .0 0 .9 8

t f 24 3 .9 1 .0 1 .0 1.01

f t 24 4 .8 1 .0 1 .0 1 .05

f t 24 5.1 1 .0 1 .0 1 .0 4

f t 23 6 .6 1 .0 1 .0 1 .05

I t 21 9.1 1 .0 1 .0 1 .0 4

f t 26 11 .3 1 .0 1 .0 0 .9 8

I t 24 12.55 1 .0 1 .0 0 .9 8
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agreem ent w ith  th o se  c a lc u la te d  u s in g 1 B o y le 's  Law and Fowkes' therm ody­

namic e q u a t io n .  The tw o -d im en s io n a l p a r t i t i o n  f u n c t io n  a p p ro ac h , 

th e r e f o r e ,  g iv e s  a  good r e p r e s e n ta t io n  o f  th e  gaseous " p re s s u re  " ,  

s im i l a r  to  th e  ca se  o f  th re e -d im e n s io n a l  g a s e s .  A lso , th e  monatomic 

t r a n s l a t i o n a l  p a r t i t i o n  f u n c t io n  i s  shown to  be a good ap p ro x im atio n  

o f  th e  i n t e r a c t i o n s  e x p e rie n c e d  by th e  p o ly a to m ic  m onolayer m o le c u le s .

2 . C o-S urface  and R e p u ls io n  E f f e c t s

The c a l c u la t io n  o f  s u r fa c e  p r e s s u r e ,  u s in g  th e  p a r t i t i o n  fu n c t io n  

app ro ach  ( e q u a t io n  1 ) ,  r e s u l t s  i n  th e  o b s e rv a tio n  th a t  th e  ( 

r a t i o  f o r  th e  two p r o te in s  in c r e a s e s  w ith  in c r e a s in g  r e p u ls iv e  i n t e r ­

a c t io n ,  b ecause  th e  c o -s u r fa c e  e f f e c t  le a d s  to  m easurem ent o f  a  h ig h e r  

c o n c e n tr a t io n  th a n  a c t u a l .  As a  r e s u l t ,  th e  " z f a c t o r  " f o r  th e  p r o te in s  

in c r e a s e s  w ith  th e  s u r fa c e  c o n c e n tr a t io n ,  a s  n o te d  in  F ig u re s  2 .1 ,  2 .2 ,  

and 2 .3 .  I f  th e  s u r fa c e  c o n c e n tr a t io n  i s  e x p re s se d  in  number o f  m ole-

2 oc u le s  ( n ) p e r  cm o f  s u r fa c e  a v a i la b le  ( 1 cm2 -  n x C> ; o -  b e in g  th e

c o - s u r fa c e  o b ta in e d  by G u a s t a l l a 's  method ) ,  th e  z v s .  s u r f a c e  concen­

t r a t i o n  cu rv es  w i l l  be r e p re s e n te d  by th e  d o t te d  l i n e s ,  i n  F ig u re . 2 .1 .

These d o t te d  l i n e s  have p o s i t i v e  s lo p e s  in d i c a t i n g  t h a t  i n  a d d i t io n  

to  c o - s u r fa c e  e f f e c t  r e p u ls iv e  fo r c e s  have a ls o  to  be c o n s id e re d . The 

e x i s t e n t  o f  r e p u ls iv e  fo r c e s  i n  th e  p r o te in  m onolayers h a s  been i n d i ­

c a te d  by th e  n e g a t iv e  d e v ia t io n  o f  th e  0 / 77- v s .  C cu rve ( F ig u re  1 .2  

o f  c h a p te r  one ) from  th e  i d e a l  h o r iz o n ta l  l i n e  o f  ze ro  s lo p e  ( 9- 11 ) .

3 . D e so rp tio n  o f  P r o te in  a t  O th e r pH th a n  I t s  I s o e l e c t r i c  P o in t

F ig u re  2 .5  shows t h a t  a f t e r  c o -s u r fa c e  e f f e c t  i s  c o r r e c te d ,  th e



 1 1   *------------------------------------

o 1° 20 3 °-/t
CORRECTED MOLECULAR AREA 8 * 1 0  moHaJycn?

F ig u re  2 .5
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d e v ia t io n  o f  th e  z v s .  s u r f a c e  c o n c e n tr a t io n  cu rve  from  id e a l  h o r iz o n ta l  

l i n e  d e c re a s e s  w ith  in c re a s in g ' n e t  ch arge  o f  th e  p r o te i n .  T h is  i s  i n t e r ­

p re te d  to  be th e  r e s u l t  o f  in c r e a s in g  d e s o rp t io n  o f  p r o te in  i n t o  th e  

s u b s t r a te  w ith  in c r e a s in g  n e t  ch a rg e .

The z v s .  s u r fa c e  c o n c e n tr a t io n  cu rve a t  pH 1 .1 ,  how ever, h as  a 

l a r g e r  p o s i t i v e  d e v ia t io n  from  th e  id e a l  h o r iz o n ta l  l i n e  th a n  t h a t  o f  

th e  cu rve a t  pH 2 .1 .  T h is  abnorm al b e h a v io r  o f  th e  m onolayer a t  pH 1.1 

i s  p ro b a b ly  due to  th e  p re se n c e  o f  v ery  la r g e  r e p u ls iv e  fo rc e  w hich 

s u rp a s s e s  th e  d e s o rp t io n  e f f e c t  o f  th e  p r o te in  in t o  th e  s u b s t r a t e .

I t  i s  a ls o  i n t e r e s t i n g  to  n o te  t h a t  a t  i n f i n i t e  s u r fa c e  d i l u t i o n ,  

th e  "z  f a c to r S " f o r  b o th  bov ine  serum  album in  and /3 - c a s e in  m ono layers 

sp re a d  on v a r io u s  pH o f  s u b s t r a t e s  te n d  to  a  u n ique  v a lu e  "o n e " , i n d i ­

c a t in g  t h a t  th e  p r o te in s  do n o t d i s s o c ia te  i n t o  s m a l le r  segm ents o r  

a s s o c ia te  in t o  a  l a r g e r  m o lecu le  as  th e  pH o f  th e  s u b s t r a t e  i s  v a r ie d .  

The same c o n c lu s io n  i s  o b ta in e d  from th e  c a l c u la t io n s  o f  th e  "z  f a c to r "  

f o r  th e  p r o t e i n ,  u s in g  th e  Fowkes’therm odynam ic e q u a t io n  o f  s t a t e  ( see  

T able I I . 1 ) .

V. C o n c lu sio n s

The u se  o f  s u r fa c e  p re s s u re  d e s c r ib e d  as  a  fu n c t io n  o f  a  tw o -d i­

m en sio n a l t r a n s l a t i o n a l  p a r t i t i o n  fu n c t io n  i s  j u s t i f i e d  i n  th e  case  o f  

a  tw o -d im en sio n a l g aseo u s  p r o te i n  m onolayer w hich obeys B o y le 's  Law. 

D e v ia tio n s  from  i d e a l i t y  can p ro b a b ly  be e x p la in e d  by ta k in g  in t o  con­

s i d e r a t i o n  c o - s u r fa c e  e f f e c t s , r e p u l s i o n  e f f e c t s  and d e s o rp t io n  o f  charged  

p r o te in s  i n t o  th e  s u b s t r a t e .

I n  a d d i t io n ,  th e  m onolayer approach  p e rm its  th e  v e r i f i c a t i o n  o f  th e  

s t a t i s t i c a l  m ech an ica l app ro ach  to  therm odynam ics.



CHAPTER THREE

Condensed M onolayer o f  Bovine Serum Albumin
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I .  I n t r o d u c t io n

In  th e  s tu d y  o f  p r o te in  m o n o lay e rs , th e  f i r s t  th in g  en c o u n te re d  

i s  th e  fo rm a tio n  o f  th e  m ono layer. To p roduce an ev en ly  d i s t r i b u t e d  

w e ll sp re a d  p r o te in  m onolayer on an aqueous s u r fa c e  two m ethods have 

been u se d : 1 ) a p p ly in g  a  m inu te q u a n t i ty  o f  p r o te in  c r y s t a l s  d i r e c t l y  

on th e  aqueous s u r fa c e  ( 1 , 2 ) ;  and 2 ) d e p o s i t io n  o f  d r o p le t s  o f  an 

aqueous p r o te in  s o lu t io n  ( 3- 9 ) .

The f i r s t  method i s  t e d io u s ,  i t  in v o lv e s  th e  h a n d lin g  o f  m inute 

q u a n t i t i e s  o f  p r o te i n  and s p re a d in g  i s  o f te n  in c o m p le te . The second 

method i s  more p r a c t i c a l ,  b u t h a s  th e  d isa d v a n ta g e  i n  t h a t  th e r e  i s  a 

lo s s  o f  p r o te in  in t o  th e  aqueous s u b s t r a t e  u n le s s  a s p re a d in g  ag e n t i s  

added to  th e  s p re a d in g  p r o te in  s o lu t io n .  The a d d i t iv e ,  by lo w e rin g  th e  

s u r fa c e  te n s io n  o f  th e  p r o te in  s o lu t i o n ,  in s u r e s  th e  s p re a d in g  and 

fo rm a tio n  o f  th e  p r o te in  m ono layer. A f te r  m onolayer fo rm a tio n , th e  

a d d i t iv e  d e so rb s  r a p id ly  in t o  th e  aqueous s u b s t r a t e .  V a rio u s  a d d i t iv e s  

such  as e th a n o l ( 5 ) ,  n -p ro p a n o l ( 9 ) and n -p e n ta n o l ( 3 , 8 , 10) have been 

u sed  by d i f f e r e n t  w orkers and th e  q u a n t i ty  u sed  v a r i e s  from one in v e s ­

t i g a t o r  to  th e  o th e r .

Based on th e  id e a  t h a t  th e  sp re a d  p r o te in  needed a  c e r t a i n  tim e 

to  re a c h  an e q u i l ib r iu m , some w orkers  ( 5 , 12 ) have a llow ed  th e  m onola­

y e r  to  s ta n d  f o r  f iv e  m in u tes  b e fo re  com pression^w h ile  o th e r  w orkers 

(7 ,1 1 )  have su g g e s te d  a  lo n g e r  w a i t in g  tim e . I t  appea red  th a t  a  con­

s i s t e n t  c o n d i t io n  f o r  s p re a d in g  p r o te in  m onolayer was n o t p r e s e n t .  

T h e re fo re ,  i t  was im p o r ta n t to  s tu d y  th e  e f f e c t  o f  w a it in g  tim e a s  w e ll 

a s  th e  e f f e c t s  o f  a d d i t iv e s  on th e  s p re a d in g  o f  p r o te in  o v e r an aqueous 

s u r f a c e .  Bovine serum a lbum in , b ecause  o f  i t s .  a v a i l a b i l i t y  i n  pure, form 

and i t s  w ell-know n c h a r a c te r i z a t i o n  was u sed  in  t h i s  s tu d y .
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In  a d d i t io n ,  th e  in f lu e n c e s  o f  pH and io n ic  s t r e n g th  o f  th e  sub­

s t r a t e  on th e  s u r fa c e  p r o p e r t i e s  o f  bov ine serum  album in m onolayer were 

a ls o  in v e s t ig a t e d .

I I .  E x p e rim en ta l

The a p p a ra tu s  c o n s is te d  o f  a  p a r a f f i n  c o a te d  fu se d  s i l i c a  tro u g h  

( 31 . 2x 13 .8  x  2 .5  om ) equ ipped  w ith  a  movable b a r r i e r  w hich was d r iv e n  

by a  r e v e r s ib l e  m o to r, a  s u r fa c e  te n s io n  and a  s u r fa c e  p o t e n t i a l  mea­

s u r in g  d e v ic e s .  The fu se d  s i l i c a  tro u g h  was used  to  r e t a i n  th e  l i q u id  

s u b s t r a t e  and th e  f i lm  w hich was form ed by d e p o s i t in g ,  w ith  an A gla 

m icro m eter s y r in g e  (B urroughs Wellcome C o ., Tuckahoe, N. Y. ) ,  d r o p le t s  

o f  aqueous p r o te in  s o lu t io n  on th e  s u r fa c e  o f  th e  s u b s t r a t e .  The tem pe­

r a tu r e  o f  th e  s u b s t r a te  was r e g u la te d  by c i r c u l a t i n g  w a te r  from  a  con­

s t a n t -  te m p e ra tu re  b a th  th ro u g h  a  g la s s  c o o l in g  c o i l  subm erged i n  th e  

s u b s t r a t e .  T em perature c o n t ro l  was good w ith in  + 0 .5 °C .

The s u r fa c e  p r e s s u re s  w ere d e te rm in ed  from  s u r fa c e  te n s io n  m easure­

m ents w hich were made by su sp e n d in g  a  w e tta b le  sand  b la s te d  p la tin u m  

b la d e  from a  m ic ro fo rc e  t r a n s d u c e r - a m p l i f ie r  system  ( model 311 A, The 

Sanborn C o ., W altham ,M ass. ) .  The t r a n s d u c e r  o u tp u t was re c o rd e d  c o n t i ­

n u o u sly  on a  two ch an n e l r e c o r d e r  ( S arg en t-W elch , model DSRG, S r in g -  

f i e l d ,  N. J . ) .  The s u r fa c e  te n s io n s  were re p ro d u c ib le  w ith in  + 0 .1  d y n es .

The s u r fa c e  p o t e n t i a l s  were m easured w ith  an a i r  e le c t r o d e  ( 13 )

( a rad ium -226  s o u rc e ,  U. S . Radium C o rp .,  M o rris to w n , N. J .  ) p la c e d  

1 to  2 mm above th e  s u r fa c e  o f  th e  l i q u id  s u b s t r a t e  and connec ted  to  a  

p r e c i s io n  p o te n tio m e te r  ( Model 2730» H oneyw ell, D enver D iv is io n  ) ,  a 

h ig h - in p u t  r e s i s t a n c e  e le c t r o m e te r  ( Model 610 B, K e ith le y  In s tru m e n ts ,  

I n c . ,  C le v e la n d , Ohio ) ,  and a  tro u g h  e l e c t r o d e  ( Ag/ AgCl )d ip p ed  in to
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th e  h u lk  o f  th e  aqueous s u b s t r a t e .  The r a d io a c t iv e  e l e c t r o d e  was c o n n ec t­

ed  to  th e  in p u t  te rm in a l  o f  th e  e le c t r o m e te r  w ith  Amphenol lo w -n o ise  

g r a p h i t iz e d  s h ie ld  cab le  and c o n n e c to rs .  The e n t i r e  c i r c u i t  was grounded . 

The e .  m. f .  o f  th e  c e l l  composed o f  th e  r a d io a c t iv e  e l e c t r o d e ,  tro u g h  

e l e c t r o d e ,  p o te n tio m e te r  and e l e c t r o m e te r ,  a l l  connec ted  i n  s e r i e s ,  was 

m easured im m ed ia te ly  a f t e r  c le a n in g  th e  s u r f a c e  o f  th e  aqueous s u b s t r a t e  

( Vo ) ,  and compared w ith  th e  e .  m. f .  o b ta in e d  a f t e r  sp re a d in g  a  f i lm  

on th e  s u r fa c e  ( V ) .  The d i f f e r e n c e  betw een th e  two e .  m. f . '  s ( V -  V<) 

i s  th e  s u r fa c e  p o t e n t i a l .  The p o te n tio m e te r  opposed a  co n v en ien t f r a c t i o n  

o f  th e  c e l l  e .  m. f .  and th e  e le c t ro m e te r  o u tp u t was re c o rd e d  c o n tin u o u s ­

l y  on th e  same r e c o r d e r  u sed  f o r  s u r fa c e  te n s io n  m easurem ents. S e n s i t i ­

v i t y  o f  th e  s u r fa c e  p o t e n t i a l  m easurem ents was abou t + 1 m v ., and r e p ro ­

d u c i b i l i t y  o f  th e  d a ta  was w ith in  + 5mv.

Stir fa c e  p re s s u re  and s u r fa c e  p o t e n t i a l  m easurem ents were made s im u l­

ta n e o u s ly  and c o n tin u o u s ly  a t  30" C w h ile  th e  m onolayer was com pressed 

a t  a  c o n s ta n t  r a t e  o f  2 .9 0  cm /  m in. The e x p e rim e n ta l r e s u l t s  w ere p re ­

s e n te d  as  s u r f a c e  p r e s s u re -  s u r fa c e  a re a  iso th e rm s  ( K  - O ' )  and s u r fa c e  

p o t e n t i a l -  s u r f a c e  a r e a  iso th e rm s  ( A y -  (̂ ' ) .

The s p re a d in g  s o lu t io n s  were p re p a re d  by d i s s o lv in g  c r y s t a l l i n e  

bov ine  serum e album in ( N u t r i t io n a l  B io ch em ica ls  C o rp o ra tio n , C le v e la n d , 

Ohio ) i n  f r e s h ly  d i s t i l l e d  w a te r  c o n ta in in g  v a r io u s  c o n c e n tra t io n  o f  

1 -p e n ta n o l,  1 -p ro p an o l o r  e th a n o l .  The p r o te in  c o n c e n tr a t io n  i n  th e  

s p re a d in g  s o lu t io n  was 0 . 8- 0 .9  mg /m l and th e  q u a n t i ty  sp re a d  was o f  th e  

o rd e r  0 .018  mg o v e r 380 cm^ o f  aqueous s u r fa c e  such  th a t  th e  i n i t i a l  

s u r f a c e  p r e s s u re  would n o t exceed  0 .2  dynes /  cm.

Two k in d s  o f  aqueous s u b s t r a t e s  w ere u se d . One was d i s t i l l e d  w a te r  

to  w hich 10"^ M v e rse n e  [d iaod ium  ( e th y le n e  d i n i t r i l o )  t e t r a c e t a t e ,  

r e a g e n t  g ra d e , F is h e r  S c i e n t i f i c  Co.'] was added to  s e q u e s te r  any p o ly -
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v a le n t  c a t io n s  p r e s e n t .  The pH o f  th e  w a te r  was a d ju s te d  by ad d in g  

c o n c e n tra te d  NaOH o r  HC1. The o th e r  s u b s t r a t e s  were NaCl s o lu t io n s  a t  

an io n i c  s t r e n g th  o f  0 .01  and 0 .5 .  I n  th e s e  s o lu t io n s  th e  pH was 

a d ju s te d  by ad d in g  0.01 N HC1 o r  0.01 N NaOH to  th e  0 .01  N NaCl s o lu ­

t i o n  and 0 .5  N HC1 o r  0 .5  N NaOH to  th e  o th e r  NaCl s o lu t io n .

C o n cen tra te d  HC1, NaOH and NaCl c r y s t a l s  w ere r e a g e n t g rade  and 

u sed  w ith o u t f u r t h e r  p u r i f i c a t i o n .

A ll aqueous s u b s t r a t e s  were foamed i n  a  500 ml medium p o r o s i ty  

s in te r e d  g la s s  fu n n e l ,  th e  foam was removed s e v e r a l  tim e s  by sw eeping  

th e  s u r fa c e  to  remove any t r a c e s  o f  s u r fa c e  a c t iv e  im p u r i t i e s .  T h is  

o p e ra t io n  p ro v id e d  a  s a t i s f a c t o r y  c le a n  w a te r  s u r fa c e  ( 14 ) .

I I I .  R e s u l ts  and D isc u ss io n

1. S u rface  T ension  o f  Aqueous Bovine Serum Albumin S o lu tio n

The s u r fa c e  te n s io n  o f  th e  p r o te in  s o lu t i o n  ( 0 .7744  nig /  ml aqueous 

BSA s o lu t io n )  was m easured a t  2 6 °  C and found  to  in c re a s e  s lo w ly  w ith  

tim e . The s u r fa c e  te n s io n ,  e x t r a p o la te d  to  ze ro  tim e , was 65 .15  dynes/cm  

w hich was 16 .66  dynes/cm  l e s s  th a n  th e  s u r fa c e  te n s io n  o f  d i s t i l l e d  

w a te r  a t  th e  same te m p e ra tu re . I t  was a p p a re n t t h a t  th e  c r y s t a l l i n e  BSA 

c o n ta in e d  s u r fa c e  a c t iv e  im p u r ity ,  p ro b a b ly  t r a c e  o f  d ecan o l e n tra p p e d  

in  th e  c r y s t a l s  o f  th e  BSA (15 ) .

2 . E f f e c t  o f  th e  C o n c e n tra tio n  o f  1 -p e n ta n o l on th e  S p re a d in g  o f  th e  

Aqueous P r o te in  S o lu tio n

I t  was o b se rv ed  th a t  th e  71 - o -  is o th e rm s  o b ta in e d  from  0.01 N NaOH 

(pH 6 .1 5  ) s u b s t r a t e  w ith  0 .1 $ ,  0 .5  $  and 1$ aqueous 1 -p e n ta n o l s p re a d ­

in g  s o lu t io n  were a lm o st i d e n t i c a l .  Each is o th e rm  was found to  be
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s l i g h t l y  more expanded th a n  t h a t  o b ta in e d  w ith o u t th e  sp re a d in g  a g e n t. 

The optimum c o n c e n tr a t io n  o f  1 -p e n ta n o l was 0.5%» above t h i s  concen­

t r a t i o n  a  l e s s  expanded f i lm  was o b ta in e d . The dV - C“ cu rv es  were a ls o  

a lm ost th e  same. I t  was n o te d  th a t  th e  BSA s o lu t io n  sp re a d  even i n  th e  

absence o f  1 -p e n ta n o l.  T h is was a t t r i b u t e d  to  th e  t r a c e  am ounts o f  

d e ca n o l which was u sed  in  th e  p r e p a r a t io n  o f  c r y s t a l l i n e  BSA.

3 . E f f e c t s  o f  V ario u s  S p read in g  Agents

As th e  c o n c e n tr a t io n  o f  e th a n o l and 1 -p e n ta n o l i n  th e  s p re a d in g  

s o lu t io n  in c re a s e d  ( 0 .5 f$ , 10fo, 25io ) ,  th e  1T-<r iso th e rm s  became l e s s  

expanded and th e  4V- 0 -cu rves s h i f t e d  tow ard  low er s u r fa c e  p o t e n t i a l .

A p ro b a b le  re a so n  i s  t h a t  th e  a lc o h o l d is s o lv e d  in  th e  s u b s t r a t e  and 

c a r r i e d  th e  p r o te in  a lo n g . The h ig h e r  th e  c o n c e n tra t io n  o f  th e  a lc o h o l 

th e  more p r o te in  was c a r r i e d  a lo n g . These r e s u l t s  w ith  1 -p e n ta n o l were 

i n  c o n t r a d ic t io n  to  t h a t  o b ta in e d  by M inones e t  a l .  (1 2 ) .  The d i f f e r e n t  

s u b s t r a t e s  u sed  i n  t h i s  ex p erim en t and i n  t h e i r  ex p erim en t ( a  b u f f e r  

s o lu t io n  o f  a c e t i c  ac id -so d iu m  a c e ta t e )  may accoun t f o r  t h i s  d iv e rg e n c e .

4 . E f f e c t  o f  th e  E la p se d  Time betw een S p read in g  and th e  S t a r t  o f  

C om pression

When th e  m onolayer was m a in ta in e d  a t  low s u r fa c e  p r e s s u re  f o r  more 

th a n  5 m in u tes  to  th e  a i r  b e fo re  co m p ressio n , no re p ro d u c ib le  is o th e rm  

was o b ta in e d . T h is  was a t t r i b u t e d  to  th e  em ergence o f  th e  s u r fa c e  a c t iv e  

im p u r i t i e s .

5* E f f e c t  o f  pH and io n ic  S tre n g th  o f  S u b s tr a te

F ig u re  J . 1  d e s c r ib e s  th e  e f f e c t  o f  pH on th e  TC-&-and A  V- 0“
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iso th e rm s  o f  BSA m onolayers s p re a d  on d s t i l l e d  w a te r . Around th e  i s o ­

e l e c t r i c  p o in t  ( pH 4 .9  )» th e  BSA m onolayers a re  more expanded th a n

th o s e  a t  th e  o th e r  pH r e g io n s .  Beyond pH 11,95 m arkedly  expanded f i lm s  

a re  o b se rv e d . The cu rv es  a re  a l l  p o s i t i v e  and in c re a s e  w ith  com­

p r e s s io n .

Around th e  i s o e l e c t r i c  p o in t ,  a. BSA m olecu le  h as  ze ro  o r  a sm all 

n e t  charge  because  o f  h a v in g  n e a r ly  eq u a l num bers o f  n e g a t iv e  charged  

g roups ( -COO-  ) and p o s i t i v e  ch arg ed  g roups ( -NHj+ ) .  S ince i t  i s  

r e l a t i v e l y  l e s s  s o lu b le  i n  an aqueous s o lu t i o n ,  th e  m olecu le  would 

s ta y  on th e  s u r fa c e  o f  th e  s u b s t r a t e  when th e  m onolayer was com pressed .

As a  r e s u l t ,  an expanded f i lm  and a g ra d u a l r i s e  cu rve were

o b se rv e d . In  th e  ca se  o f  m ono layer sp re a d  on a  more a c id ic  o r  b a s ic  

s u b s t r a t e ,  the. BSA m o le c u le s , h a v in g  a la rg e  n e t  p o s i t i v e  o r  n e g a t iv e  

c h a rg e , would be e a s i l y  pushed in to  th e  s u b s t r a t e  d u r in g  th e  co m p ress io n ,

because  o f  t h e i r  h ig h e r  s o l u b i l i t y  i n  th e  aqueous s u b s t r a t e .  T h e re fo re

condensed f i lm s  were o b se rv ed  on e i t h e r  s id e  o f  th e  i s o e l e c t r i c  p o in t  

o f  th e  p r o te in .  As th e  m o lecu le  was pushed  p a r t i a l l y  o u t o f  th e  l i q u i d  

s u r f a c e ,  th e  charg e  g roups were r e o r ie n te d  to  more v e r t i c a l  p o s i t i o n s  

to  th e  s u r f a c e ,  le a d in g  to  a  r a p id  in c re a s e  i n  s u r fa c e  p o t e n t i a l  w ith  

co m pression .

A b e t t e r  s p re a d  m onolayer o b ta in e d  on a  s u b s t r a t e  o f  more a c id ic  

th a n  pH 2 .8 5  may be a t t r i b u t e d  to  th e  fo rm a tio n  o f  oxonium compound 

( 15 ) :

R-Q-H , R-C-O-HJ+ c l -  and i

?+ _
H Cl

The m arkedly  expanded f i lm s  form ed above pH 11 .95  a re  p ro b a b ly  due 

to  th e  b re a k in g  o f  hydrogen ' bond owing to  th e  io n i z a t io n  o f  hyd ro x y l
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group ( 15 ) and th e  p e n e t r a t io n  o f  th e  c o u n te r  io n s  ( Na+) in to  th e  

p la n e  o f  th e  i n t e r f a c i a l  head, group  ( 16 ) .  F u rth e rm o re , th e  r e p u ls iv e  

fo rc e  betw een io n iz e d  ca rb o x y l g roups i s  a ls o  i n  e f f e c t .  The sm a ll and 

slow  r i s e  i n  s u r f a c e  p o t e n t i a l  d u r in g  com pression  in d i c a te s  t h a t  th e  

n e g a t iv e  charged  ca rb o x y l g roups a re  a lm ost n e u t r a l i z e d  by th e  p e n e tr a te d  

c o u n te r  io n s .

F ig u re  % 2 d e m o n s tra te s  t h a t  th e  p re se n c e  o f  NaCl i n  th e  s u b s t r a te  

m in im izes th e  e f f e c t  o f  th e  s u b s t r a t e .  An i n t e r p r e t a t i o n  i s  g iv e n  t h a t  

Na+ and C l” io n s  ad so rb  to  th e  m onolayer and somehow n e u t r a l i z e  th e  

ch arg ed  p r o t e i n ,  th u s  th e  p r o te in 'b e h a v e s  as i t  was a t ' th e  i s o e l e c t r i c  

p o in t .  In  a d d i t io n ,  u n d er th e  m onolayer th e  adso rb ed  io n s  form  a  doub le  

l a y e r  w hich s c re e n s  th e  e f f e c t  o f  th e  s u b s t r a t e .  When th e  c o n c e n tr a t io n  

o f  th e  NaCl in c r e a s e s ,  a  b e t t e r  s c re e n in g  e f f e c t  i s  o b se rv ed .

IV . Summary

The in f lu e n c e s  o f  th e  s p re a d in g  a g en t and th e  c o n d i t io n  o f  s u b s t r a te  

on th e  s p re a d in g  o f  th e  bov ine  serum  album in  o v er aqueous s o lu t io n  have 

been  exam ined. I t  i s  concluded  t h a t  1 -p e n ta n o l was a  good s p re a d in g  ag e n t 

f o r  BSA and th e  optimum c o n c e n tr a t io n  was 0 . 5 Ther e  was a  marked e f f e c t  

o f  th e  pH o f  th e  s u b s t r a te  on th e  s p re a d in g . A w e ll sp re a d ’ m onolayer 

was form ed on th e  i s o e l e c t r i c  s u b s t r a t e .  At h ig h  pH an abn o rm ally  ex­

panded m onolayer was n o t ic e d ,  i t  was a t t r i b u t e d  to  th e  b re a k in g  o f  hyd ro ­

gen bond ow ing to  th e  io n i z a t io n  o f  th e  h y d ro x y l g ro u p . The p re se n c e  o f  

NaCl. in  th e  s u b s t r a te  was se e n  to  s c re e n  th e  e f f e c t  o f  pH, th e  s c re e n in g  

e f f e c t  b e in g  in c re a s e d  w ith  th e  c o n c e n tr a t io n  o f  NaCl.
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CHAPTER FOUR 

Role o f  th e  Bovine Serum Albumin Subphase in

R e la t io n  to  S u rface  V is c o s i ty  and F ilm  T ra n s fe r
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I .  I n t r o d u c t io n

The co n ce p t o f  s u r fa c e  v i s c o s i t y  was f i r s t  in tro d u c e d  by B oussin esq  

(1 ) i n  o rd e r  to  acco u n t f o r  c e r t a i n  m ech an ica l p r o p e r t i e s  o f  l i q u id  

i n t e r f a c e s .  I t  i s  assumed th a t  a t  e q u i l ib r iu m , i n  th e  absence o f  a l l  

e x t e r n a l  s t r e s s e s ,  th e rm a l a g i t a t i o n  e q u a l iz e s  th e  mean m o le c u la r  

d i s ta n c e s  i n  a l l  d i r e c t i o n s  w ith in  th e  p la n e  o f  th e  l i q u id  s u r fa c e  p h a se . 

In  a d d i t io n ,  a  s t a t i c  i s o t r o p y  e x i s t s  a t  e v e ry  p o in t  norm al to  th e  

s u r f a c e .  Under th e  in f lu e n c e  o f  a  m ech an ica l s t r e s s ,  th e  p la n e  o f  th e  

l i q u i d  s u r fa c e  i s  deform ed . Two ty p e s  o f  s u r fa c e  d e fo rm a tio n — d i l a t a t i o n  

and s h e a r  have b een  c o n s id e re d , and r e s p e c t iv e ly  c o e f f i c i e n t s  o f  

s u r f a c e  d i l a t a t i o n a l  v i s c o s i t y  and s u r fa c e  s h e a r  v i s c o s i t y  have been 

d e f in e d .

V ario u s  te c h n iq u e s  f o r  m e asu rin g  s u r fa c e  v i s c o s i t y  have s in c e  been 

d ev e lo p ed  and r e f in e d  (2 -1 3 ) .  However, each  te c h n iq u e  because  o f  i t s  

l i m i t a t i o n s  can  o n ly  be a p p lie d  to  m easure th e  v i s c o s i t y  o f  a

c e r t a i n  ty p e  o f  f l u i d  s u r fa c e  o r  a  l im i t e d  v i s c o s i t y  ran g e  o f  l i q u id  

s u r fa c e  (1 4 , 15)»

P r o te in s  a re  o f te n  u sed  i n  em u lsio n  and foam fo rm u la tio n s  because  

o f  t h e i r  s t a b i l i z i n g  p r o p e r t i e s .  A m ono layer can  be c o n s id e re d  a  

model o f  h a l f  a  foam la m e l la .  T h e re fo re  th e  m onolayer te c h n iq u e  i s  ap­

p l i c a b le  to  th e  above prob lem . In  p re v io u s  ex p e rim e n ts  (1 6 -1 8 ) ,  i t  h as  

been  o b se rv ed  t h a t  a  moving m ono layer can  d ra g  a lo n g  a  c o n s id e ra b le  

amount o f  s u b s t r a t e .  T h is  phenomenon i s  s u sp e c te d  to  p la y  a  r o l e  i n  th e  

s u r fa c e  v i s c o s i t y  w h ich , i n  t u r n ,  r e l a t e s  to  em u ls io n  and foam s t a b i l i t y .  

The pu rp o se  o f  t h i s  s tu d y  i s  to  in v e s t ig a t e  how a  m onolayer and i t s  

subphase  a re  a f f e c t e d  when th e  m onolayer i s  su b m itte d  to  a  m echan ica l 

p e r tu r b a t io n .
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P a n a io to v  m easured s im u lta n e o u s ly  two s u r fa c e  p r e s s u r e s  o f  a  l o c a l ­

ly  p e r tu rb e d  m y r i s t i c  a c id  m onolayer ( 19 ) .  He found t h a t  a  lo c a l  s u r f a c e  

p r e s s u re  p e r tu r b a t io n  a p p l ie d  i n  th e  p la n e  o f  a  m onolayer p ro p a g a te d  to  

th e  r e s t  o f  th e  m onolayer and tim e la g s  were d e te c ta b le  a t  d i f f e r e n t  

d i s ta n c e s  from  th e  p o in t  o f  p e r tu r b a t io n .  The e x p la n a t io n  g iv e n  was 

t h a t  when a  m ono layer i s  p e r tu rb e d ,  en e rg y  d i s s i p a t i o n  o c c u rs  in s id e  th e  

m onolayer a s  w e ll a s  i n  th e  u n d e r ly in g  s u b s t r a te  w hich i s  m e c h a n ic a lly  

co u p led  to  th e  m ono layer. T h is  e n e rg y  d i s s i p a t i o n  was accom plished  v i a  

th r e e  d i f f e r e n t  p ro c e sse s^  i .  e . , 1 )  r e l a x a t i o n  p ro c e s s  due to  a d s o rp t io n -  

d e s o rp t io n  exchange o f  s o lu b le  f i lm  fo rm in g  m o le c u le s , 2) e l a s t i c  d i s ­

s ip a t io n  p ro c e s s  where th e  change i n  s u r fa c e  a re a  was p ro p o r t io n a l  to  

th e  change i n  s u r fa c e  p re s s u re  , and 3 ) v is c o u s  d i s s ip a t io n  p ro c e s s e s  

w hich depended on th e  v i s c o s i t i e s  o f  th e  m onolayer and th e  s u b s t r a t e .

F or an in s o lu b le  m o n o layer, th e  f i r s t  p ro c e s s  i s  a b s e n t.  By com paring 

th e  p ro p a g a tio n  r a t e  o f  a  s u r fa c e  p re s s u re  p e r tu r b a t io n  i n  an e l a s t i c  

f i lm  w ith  t h a t  i n  a  v i s c o e l a s t i c  f i lm ,  he a n a ly zed  th e  v is c o u s  d i s s i ­

p a t io n  p ro c e s s e s  and s e p a ra te d  o u t  th e  v is c o u s  c o n t r ib u t io n  o f  th e  mono­

la y e r  from  th a t  o f  th e  s u b s t r a t e  (2 0 ) .  I t  appeared  to  u s  th a t  i f  P an a io ­

to v  ' s  a ssu m p tio n s  a re  c o r r e c t ,  h i s  method would p ro v id e  us a  means to  

s tu d y  th e  r o l e s  p la y e d  by m onolayer and s u b s t r a t e .

In  th e  f i r s t  phase o f  t h i s  s tu d y ,  P a n a io to v 's  ex p erim en t was t r i e d ,  

b u t th e  b a r r i e r s  f o r  m e asu rin g  s u r fa c e  p r e s s u r e s  were re p la c e d  by w e tta -  

b le  p la tin u m  b la d e s  w hich m easured s u r fa c e  te n s io n s .  I t  was found t h a t  

P a n a io to v 's  v e r t i c a l  g la s s  p l a t e  w hich was u se d  to  p e r tu r b  th e  m ono layer, 

d id  n o t g iv e  c o n s i s te n t  r e s u l t s ,  th e r e f o r e  i n  th e  second phase o f  t h i s  

s tu d y ,  th e  g la s s  p l a t e  was re p la c e d  by a  m ovable b a r r i e r  w hich p e r tu r b ­

e d , a t  c o n s ta n t  sp e e d , th e  m onolayer h o r iz o n ta l l y .
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I I .  E x p e rim en ta l

1) C om pression and E xpansion  S tu d ie s

The e x p e r im e n ta l a p p a ra tu s  f o r  m e asu rin g  s u r fa c e  p r e s s u r e s  c o n s i s t s  

Of a  p a r a f f i n  c o a te d  Langm uir m e ta l tro u g h  (65  x  14 x 2 cm ) equ ipped  

w ith  a  m ovable b a r r i e r  d r iv e n  by a  r e v e r s ib l e  m o to r, and a  s a n d -b la s te d  

p la tin u m  b la d e  suspended  from a  m ic ro fo rc e  t r a n s d u c e r - a m p l i f ie r  system  

(Model 511 A, The Sanborn Co, W altham, M a s s .) .  The s a n d -b la s te d  p l a t i ­

num b la d e  may be p la c e d  a t  any d is ta n c e  from  th e  movable b a r r i e r  such  

t h a t  th e  s u r fa c e  te n s io n  o f  a  f i lm  a t  t h a t  p o s i t i o n  may be m easured . The 

t r a n s d u c e r  o u tp u t i s  s e n t  c o n tin u o u s ly  to  an x -y  r e c o r d e r  ( Model 370, 

K e ith le y  In s tru m e n ts ,  I n c . ,  C le v e la n d , Ohio 44^39)• The s u r fa c e  te n s io n s  

a re  r e p ro d u c ib le  w ith in  + 0 .1  dyne.

The co m p ressio n  and e x p an s io n  r a t e s  were v a r ie d  betw een 0 .0 0 9  and

0 .1 0  c m /s e c ..  Iso th e rm s  were d e te rm in e d  by co m pressing  ( and ex p an d in g  ) 

f o r  s h o r t  d u r a t io n  o f  tim e and th e n  a llo w in g  th e  system  to  re a c h  e q u i l i ­

b rium .

An aqueous p r o t e i n  s o lu t io n  c o n ta in in g  0.5% 1- p e n ta n o l o r  s u r f a c t ­

a n t  i n  n -  hexane was d e p o s ite d  on th e  aqueous s u b s t r a te  w ith  an  A gla 

m icro m ete r s y r in g e  ( B urroughs Wellcome C o ., Tuckahoe, N. Y, ) .  The sub­

s t r a t e  and th e  f i lm  were r e ta in e d  i n  th e  p a r a f f i n  c o a te d  tro u g h . The 

s u r fa c e  te n s io n s  a t  d i f f e r e n t  p o s i t i o n s  on th e  m onolayer were m easured 

c o n tin u o u s ly  a s  a  f u n c t io n  o f  tim e w h ile  th e  b a r r i e r  was moving a t  a 

c o n s ta n t  r a t e .

The s u r fa c e  was c le a n e d  by d u s t in g  c a lc in a te d  ta lcum  powder on th e  

s u b s t r a t e  and rem oving  i t  w ith  th e  a id  o f  a  ho llow  g la s s  t i p  co n n ec ted  

to  an a s p i r a t o r .
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2) F ilm  T ra n s fe r  S tudy

An a p p a ra tu s  o r i g i n a l l y  d ev e lo p ed  by A b r ib a t ,  Rosano and V a i l l e t  

(21 ) f o r  s tu d y in g  th e  t r a n s f e r  o f  f i lm  ( d i s t i l a t i o n  iso th e rm e  s u p e r f i -  

c i e l l e )  was u se d  to  d e te rm in e  i f  th e  subphase  was a ls o  b e in g  d ragged  

w ith  th e  s u r fa c e  f i lm .  I t  c o n s is te d  o f  two tro u g h s  o f  w a te r  co n n ec ted  

by a  s e t  o f  g la s s  ro d s  b e n t a t  r i g h t  a n g le s  and i n  p a r a l l e l  c o n ta c t  

( f ig u r e  )•  To d e te rm in e  th e  amount o f  s u b s t r a t e  d ra g g e d , a  mono­

l a y e r  was sp re a d  on th e  s u b s t r a t e  i n  tro u g h  1. F o r o l e i c  a c id ,  d e c y l 

a lc o h o l and m ethy l l a u r a te  th e  e x c e ss  m a te r ia l  rem ained  a s  a  l e n s .  F o r 

bov ine  serum  a lb u m in , th e  p r o te i n  d e p o s i te d  on th e  s u r f a c e  was a  v e ry  

sm a ll q u a n t i ty  such  t h a t  o n ly  one m onolayer o f  ap p ro x im a te ly  16 dynes 

p e r  cm was form ed. S ince  tro u g h  2 was c o n tin u o u s ly  f lu s h e d  w ith  w a te r  

to  c le a n  th e  s u r f a c e ,  a  p r e s s u re  d i f f e r e n t i a l  e x i s t e d  betw een th e  two 

tro u g h s  w hich caused  th e  m onolayer to  t r a n s f e r  from th e  h ig h e r  s u r fa c e  

p r e s s u re  tro u g h  1 o v e r th e  g la s s  ro d s  to  tro u g h  2 ( ze ro  s u r fa c e  p re s ­

s u re  ) .  The s u r f a c e  p r e s s u r e s  w ere d e te rm in e d  by th e  W ilhelmy w e tta b le  

b la d e  te c h n iq u e  p r e v io u s ly  d e s c r ib e d .  The change i n  h e ig h t  o f  th e  sub­

s t r a t e  l e v e l  i n  tro u g h  1 was m easured  w ith  a  c a th e to m e te r  w hich co u ld  

r e a d  to  + 0 .0 2  mm. S in ce  th e  l e v e l s  o f  w a te r  i n  th e  two tro u g h s  w ere 

th e  sam e, h y d r o s ta t ic  p r e s s u re  was n e g l i g i b l e .  A c o r r e c t io n  f o r  th e  

e v a p o ra tio n  o f  s u b s t r a t e  was made.

5) R eagen ts

The aqueous p r o te in  s o lu t io n s  ( b o v ine  serum  album ine and /3 - c a s e in )  

w ere p re p a re d  i n  th e  same way a s  o u t l in e d  i n  c h a p te r  3* The f a t t y  a c id  

s o lu t io n s  were made by d i s s o lv in g  ab o u t 25 mg o f  th e  f a t t y  a c id  ( a r a c h i -  

d ic  a c id  from N u t r i t io n a l  B iochem ical c t r p o r a t io n ,  C le v e la n d , O hio;
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m y r i s t ic  a c id  from  Eastm an O rgan ic  C hem ical, R o c h e s te r , N. Y .)  p e r  25 ml 

s p e c tro g ra d e  n -  hexane ( F is h e r  S c i e n t i f i c  C o .) .  The sodium  e ic o s y l  s u l ­

f a t e  s o lu t io n  was o b ta in e d  hy d i s s o lv in g  ab o u t 16 mg o f  sodium  e ic o s y l  

s u l f a t e  ( S c h u c h a rd t, Munchen, Germany) i n  50 ml o f  m ix tu re  o f  n -  h ex an e , 

2 - p ro p an o l ( A l l ie d  C hem ical, M o rris to w n , N. J . )  and w a te r  ( 34 s 1 5 :  

1ml ) .

The s u b s t r a t e s  o f  c o n s ta n t  io n ic  s t r e n g t h  ( 0 .1 )  were p re p a re d  by 

m ix in g  0 .1  N HC1 s o lu t io n  w ith  0 .1  N NaOH s o lu t io n  to  th e  d e s i r e d  pH 

v a lu e s .  O th e r s u b s t r a t e s  u sed  f o r  s tu d y in g  th e  in f lu e n c e s  o f  io n i c  

s t r e n g th  o f  s u b s t r a t e  were 6 N u r e a ,  0 ,1  B N aCl, 0.01 N NaCl and 0 .001  N 

NaCl s o lu t i o n s .  F o r th e  a r a c h id ic  a c id  and th e  sodium e ic o s y l  s u l f a t e  

m o n o lay e rs , 0 .1  N 2 -am in o -1-b u ta n o l  (AB) and 0 .1  N 2 -a m in o -2 -m e th y l-1- 

p ro p a n o l ( AMP) w ere used  a s  th e  s u b s t r a t e s .  Both AB and AMP were 

p e rc h a se d  from  Commercial S o lv e n ts  C o ., N. Y .,N . Y. .

The p r o t e i n s ,  f a t t y  a c id s  and a l l  o th e r  r e a g e n ts  were u sed  w ith o u t 

f u r t h e r  p u r i f i c a t i o n .  The s u b s t r a ta  s o lu t io n s  and th e  d i s t i l l e d  w a te r  f o r  

th e  s u b a t r a t e s  were foamed i n  a  600 ml medium p o r o s i ty  s in t e r e d  g la s s  

f u n n e l ,  th e  foam was removed s e v e r a l  tim e s  by sw eeping  th e  s u r f a c e .

F or f i lm  t r a n s f e r  e x p e r im e n t, s o lu t io n  o f  o l e i c  a c id  ( N u t r i t io n a l  

B io ch em ica ls  C o rp o ra tio n , C le v e la n d , Ohio ) was p re p a re d  by d i l u t i n g  

1 ml o f  th e  o l e i c  a c id  w ith  49 ml o f  a b s o lu te  a lc o h o l ( Commercial S o l­

v e n ts  C o rp o ra tio n , T e rre  H an te , In d ia n a  ) .  Pure n -d e c y l a lc o h o l ( Bro­

th e r s  C hem ical C o ., O range, N. J .  ) and M ethyl l a u r a te  w ere u sed  w ith o u t 

d i l u t i o n .

I I I .  R e s u l ts

1) C om pression and D ecom pression S tu d ie s
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Bovine serum  album in was sp re a d  on an i s o e l e c t r i c  s u b s t r a te  (pH 5*3)

and i n i t i a l l y  com pressed to  a  p re s s u re  o f  5 dynes/cm . The moving b a r r i e r

- 2com pressed th e  m onolayer a t  a  c o n s ta n t  r a t e  o f  1 .96  x 10 cm /sec . f o r  

60 seconds w h ile  th e  s u r fa c e  p re s s u re  (TT) was re c o rd e d  a t  v a r io u s  

p o s i t i o n s  i n  th e  tro u g h . F ig u re  4 .2  d e s c r ib e s  th e  r e s u l t s  o f  TT v s .  tim e 

a t  v a r io u s  d i s ta n c e s  from th e  moving b a r r i e r .  The s u r fa c e  p r e s s u re s  

depend on th e  d is ta n c e  betw een th e  w e tta b le  b la d e  and th e  moving b a r r i e r  -

i .  e * , th e  f u r t h e r  from th e  b a r r i e r  th e  p r e s s u re  i s  r e c o rd e d , th e  sm a ll 

i s  th e  s lo p e  ( c^ T T /d T  ) .

A f te r  th e  b a r r i e r  was com pressed f o r  60 s e c .  and th e n  s to p p e d , e s ­

s e n t i a l l y  h o r iz o n ta l  l i n e s  r e s u l t  ( f ig u r e  4*2 ) ;  th u s ,  th e  p re s s u re  

was c o n s ta n t  a t  each  p o s i t i o n .  At sm a ll d i s ta n c e s  from  th e  moving b a r r i e r  

( x= 5 and 10 cm ) a  s l i g h t  d e c re a se  i n  p r e s s u re  o c c u re d , b u t s h o r t l y  

le v e le d  o u t and rem ained  c o n s ta n t  d u r in g  o u r  o b s e rv a tio n s  ( 10 to  15 m in .) .  

The system  n e v e r  reac h ed  one e q u i l ib r iu m  p re s s u re  th ro u g h o u t th e  tro u g h .

A h y s te r e s i s  phenomenon was o b serv ed  when th e  m onolayer was expand­

ed a f t e r  60 s e c .  o f  co m p ressio n . I n c r e a s in g  th e  r a t e  o f  com pression  y ie ld s  

a  s e t  o f  Tl v s .  tim e cu rv es  s im i l a r  to  th o se  in  f ig u r e  4 .2  b u t w ith  l a r g e r  

s lo p e s  ^K/Dt . The r a t e  o f  com pression  had l i t t l e  o r  no e f f e c t  on th e  

p r e s s u re  when m easured a t  a  f ix e d  d is ta n c e  p ro v id in g  th e  m onolayer was 

com pressed to  th e  same a r e a .

F ig u re  4«3 d e s c r ib e s  th e  e f f e c t  o f  pH on th e  s u r fa c e  p r e s s u re  ('H ') 

o f  bov ine  serum album in m onolayers a t  v a r io u s  d is ta n c e s  from th e  moving

b a r r i e r .  Each r e a d in g  was ta k e n  a f t e r  th e  b a r r i e r  was com pressed a t  

- 21 .9 6  x 10 cm /sec . f o r  60 seco n d s . The i n i t i a l  p re s s u re  o f  th e  system  

was 5 dynes/cm . The pH was a l t e r e d  w ith  0.1  N HC1 and 0 .1  N NaOH, A l- 

th ro u g h  th e  pH was v a r ie d  th e  io n ic  s t r e n g th  was k e p t c o n s ta n t .  When th e
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io n i c  s t r e n g th  o f  th e  aqueous s u b s t r a t e  v a r ie d  from  0.001  to  0.1  ( by- 

ad d in g  NaCl ) ,  th e  e f f e c t  was ob v io u s i n  a l l  c a s e s ;  th e  g r e a t e s t  e f f e c t  

ap p ea red  a t  th e  lo w e s t io n ic  s t r e n g th .

S im ila r  e f f e c t s  were o b se rv ed  when /3 - c a s e in  sp re a d  on 0.001 N NaCl 

s o lu t io n  ( pH 5*05» 24.5  °C ; f ig u r e  4*4 ) o r  d i s t i l l e d  w a te r  (pH 5»5»

23•5  ° C ) i  b u t th e  e f f e c t s  were r e l a t i v e l y  s m a l le r  th a n  th o se  o b se rv ed  

f o r  th e  bov ine serum  album in m ono layer. A lso  a s  f o r  th e  bov ine  serum 

a lbum in  m ono layer, th e  e f f e c t s  become s m a l le r  a s  th e  io n i c  s t r e n g th  o f  

th e  s u b s t r a t e  in c re a s e d  (0 .001 to  0 .1  ) .  No e f f e c t  was o b se rv ed  when th e  

s u b s t r a t e  was 6 M u re a  ( pH 6 .5 ,  2 4 .5  ° C ) .  F ig u re  4 .5  shows th e  e f f e c t  

o f  pH o f  th e  s u b s t r a t e  on th e  s u r fa c e  p r e s s u re  ( JT ) o f  (3 - c a s e in  mono­

la y e r s .

When a  m onolayer o f  m y r i s t i c  a c id  s p re a d  on 0.01 N HC1 was u sed  o v e r 

th e  same p re s s u re  ran g e  ( 5 d y n e s / cm ) ,  th e  change i n  s u r fa c e  p r e s s u re  

on co m pression  and ex p an s io n  was in d e p en d en t o f  th e  p o s i t i o n  o f  th e  w et- 

t a b le  b la d e  from  th e  moving b a r r i e r .

A d d itio n  ex p e rim en ts  were conducted  on sodium  e ic o s y l  s u l f a t e  and 

a r a c h id ic  a c id  m onolayers sp re a d  o v e r  1 ) .  0 .1  N 2 - am ino-2-m ethy1 -1 -p ro ­

pan o l (pH 9 .65»  24 . 5 0 Q) and 2 ) .  0 .1  N 2 - am ino-1-b u ta n o l  s o lu t io n  (pH 8 .5»  

2 4 .5  ° C ) .  I n  a l l  c a se s  o f  com pression  o r  d eco m p ressio n , th e  m easured 

s u r fa c e  p r e s s u re s  were in d e p e n d e n t o f  th e  d is ta n c e  betw een th e  m e asu rin g  

d e v ic e  and th e  com p ressio n  b a r r i e r .

2) T ra n s fe r  o f  M onolayer Subphase

F ig u re  4 . 6  d e s c r ib e s  th e  changes i n  s u r f a c e  p re s s u re  and s u b s t r a t e  

l e v e l  a s  a  f u n c t io n  o f  tim e f o r  v a r io u s  m ono layers ( Four g la s s  ro d s  o f  

0 . d . 4 mm and t o t a l  le n g th  from  tro u g h  1 to  tro u g h  2 o f  6 .94  cm were 

u s e d . ) .  F or o l e i c  a c id ,  d e c y l a lc o h o l and m ethy l l a u r a te  th e  p re s s u re
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rem ained  c o n s ta n t  and e q u a l to  th e  c o l la p s e  p re s s u re  o f  th e  m onolayer 

a s  lo n g  a s  th e  le n s  was p r e s e n t .  T h e r e a f te r  th e  s u r fa c e  p re s s u re  d e c re a se d  

a s  th e  m onolayer was t r a n s f e r e d  from  tro u g h  1. For th e  p r o te in  m onolayer 

w hich i s  somewhat s o lu b le ,  no p la te a u  r e g io n  was o b se rv e d , b u t th e  change 

in  s u r fa c e  p r e s s u re  was g ra d u a l and f a i r l y  c o n s ta n t .

IV . I n te  r p r e  t a t i o n

The s u r f a c e  p r o p e r t i e s  o f  m acrom olecu les m ost l i k e l y  a r i s e  from  th e  

u n fo ld in g  o f  th e  lo n g  c h a in s  i n  th e  s u r fa c e  r e g io n .  F lo ry  and H uggins 

(2 2 -24 ) d ev e lo p ed  a  th e o ry  in  1942 f o r  polym er s o lu t i o n ,  and S in g e r  ( 25 ) 

l a t e r  a p p l ie d  i t  to  s u r fa c e  f i lm s .  S ince  th e n  F r is c h  and Simba (26) and 

S i lb e r b e r g  (2 7 ) p roposed  a d d i t io n a l  m odels w hich acco u n t f o r  th o se  p o r­

t i o n s  o f  th e  polym er c h a in  t h a t  a re  pushed in t o  th e  b u lk  p h a se , o r  even 

l i f t e d  o f f  th e  s u r f a c e ,  upon com pression .

In  p r o te in s  th e  u n fo ld in g  and c o i l i n g  o f  th e  c h a in s  a re  known as  

d e n a tu r a t io n .  The d e n a tu ra t io n  e f f e c t  i s  m ost l i k e l y  r e s p o n s ib le  f o r  th e  

r e s u l t s  i n  f i g u r e s  4 .2  and 4*4. As th e  m onolayer i s  com pressed , th e  lo n g  

c h a in s  o f  th e  p r o te in  r e o r i e n t  th em se lv es  i n  th e  m ono layer, th e re b y  a f f e c t ­

in g  th e  s u r fa c e  v i s c o s i t y .  S in ce  th e  g r e a t e s t  r e o r i e n t a t i o n  i s  n e a r  th e  

b a r r i e r ,  th e  m ost d ra m a tic  change in  th e  v i s c o s i t y  c o e f f i c i e n t  i s  i n  

t h i s  r e g io n .

F or c l a r i t y  c o n s id e r  each  in d iv id u a l  p r o te i n  m o lecu le  as  an e l a s t i c  

s p r in g  and a  d a sh p o t i n  p a r a l l e l  ( K e lv in  model ) .  As th e  b a r r i e r  i s  

com pressed a  fo rc e  d ev eloped  on th e  m echan ica l m odel. The d ash p o t com­

p re s s e s  and e x e r t s  a  r e s i s t i n g  fo rc e  — i . e . ,  an a lo g o u s  to  th e  s u r fa c e  

v i s c o s i t y  fo rc e  betw een th e  p r o te in  and b u lk  p h a se . As th e  p i s to n  i s  com­

p re s s e d  th e  s p r in g  w i l l  a ls o  su p p ly  a  fo rc e  — i . e . ,  an a lo g o u s to  th e  v i s ­
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c o s i ty  fo rc e  developed  w ith in  th e  p r o te in  m o lecu le  a s  i t  c o i l s .  F in a l ly  

a s  th e  e n t i r e  " K e lv in  s o l id "  i s  moved, th e  fo rc e  w i l l  be t r a n s f e r r e d  to  

th e  m odels beh ind  i t — i . e . ,  ana logous to  th e  v i s c o s i t y  w ith in  th e  mono­

la y e r  produced  by i n t e n s i t y  m odels. W ith t h i s  ty p e  o f  model th e  s u r fa c e  

p r e s s u re  w i l l  depend on p o s i t i o n .  T h is  model i s  a l s o  i n  agreem ent w ith  

th e  r e s u l t s  o f  B lank ( 28 ) who o b serv ed  th a t  bov ine serum  album in mono­

la y e r s  had a  p l a s t i c  component as  p a r t  o f  i t s  r h e o lo g ic a l  b e h a v io r .

From th e  above m odel, i t  may be assumed t h a t  th e  r e s i s t a n c e  to  th e  

m oving b a r r i e r  i s  caused  by a v i s c o s i t y  e f f e c t  w hich i s  developed  i n  th e  

fo llo w in g  ways:

1) The v i s c o s i t y  w ith in  th e  m onolayer i t s e l f  w hich can  be a t t r i b u t e d  

to  th e  c o i l i n g  o f  th e  m o lecu le  and p r o t e i n - p r o t e i n  i n t e r a c t i o n .

2) The v i s c o s i t y  d ev eloped  betw een th e  s h e a th  o f  w a te r  m o lecu le s  

bound to  th e  m onolayer and th e  b u lk  phase ( s u r fa c e  d ra g  v i s c o s i t y ) .

Numerous a u th o rs  s tu d ie d  t h i s  phenomenon by d e te rm in in g  th e  amount 

o f  s u b s t r a t e  c a r r i e d  by a  moving m onolayer— e . g . ,  D. J .  C risp  ( 18) and 

C. Y. Pak and N. L. G e rsh fe ld  ( 17 ) .  J .  H. Schulman and T. T e o re l l  (16) 

e s t im a te d  t h a t  th e  th ic k n e s s  o f  th e  aqueous b u lk  l a y e r  d ragged  w ith  a  

m oving m onolayer o f  o le i c  a c id  i s  around 0 .0 3  nan. H. L. Rosano ( 29 ) 

d e te rm in e d  f o r  a  0 .0 7  M N a S O ^ /l-b u ta n o l/w a te r  c e l l  t h a t  th e  d i f f u s io n  

l a y e r  a t  th e  i n t e r f a c e  i s  on th e  o rd e r  o f  300 m ic ro n s . W ith t h i s  co n cep t 

i n  mind th e  fo llo w in g  m a th em a tic a l model i s  p roposed  to  e x p la in  i f  th e  

phenomenon i s  caused  by th e  p r o te in  m onolayer o r  th e  s u r f a c e  d ra g  v i s ­

c o s i t y  e f f e c t .

A sm a ll and lo c a l  p re s s u re  change i s  p roduced  i n  a  m onolayer by 

com pression  a t  a  c o n s ta n t  r a t e .  The p ro p a g a t io n  o f  th e  s u r fa c e  p re s s u re  

i s  d e te c te d  a t  v a r io u s  d i s ta n c e s  from th e  p o in t  o f  s u r f a c e  p e r tu r b a t io n .
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C o n sid e r  a  sm a ll e lem en t o f  th e  m ono layer ( le n g th  M; w id th  d x ) 

p e r p e n d ic u la r  to  th e  ox a x ia .  At th e  tim e t  =0 th e  p e r tu r b a t io n  i s  p ro ­

duced  by th e  m oving b a r r i e r .  At tim e  t  th e  p e r tu r b a t io n  h a s  re a c h e d  th e  

sm a ll e lem en t o f  th e  m ono layer Max (w here M i s  a l s o  th e  w id th  o f  th e  

t r o u g h ) . L e t d j f  be th e  d i f f e r e n c e  i n  s u r f a c e  p r e s s u re  on each  s id e  o f  

th e  s u r f a c e  e lem en t M3x and u  th e  v e l o c i ty  o f  th e  p e r tu r b a t io n .  The 

f o r c e s  a c t i n g  on t h i s  sm a ll e lem en t o f  s u r f a c e  a r e :  th e  fo rc e  cau sed  by 

th e  s u r f a c e  p r e s s u r e ,

'd f f  = T>7TM (1 )

and th e  fo rc e  cau sed  by th e  tw o -d im en s io n a l s u r f a c e  v i s c o s i t y  and th e  

f r i c t i o n  betw een th e  s u r f a c e  f i lm  and th e  subphase  ( d f 2 )•  These two 

f o r c e s  e q u a l th e  i n e r t i a l  f o rc e  o f  th e  s u r f a c e  e lem en t o f  mass 'dm.

( 2)

t  = t im e . T h e re fo re ,

3 f l  -  '&f2~  f  (3 )

s u b s t i t u t i n g  and d iv id in g  by M3x

"dTT -
9X M9x M2?x t>t 

b u t 9 m/Max e q u a ls  th e  s u r f a c e  d e n s i ty  ( & ) ;  th u s

2 2  _  'd f 2 _ c 2H
'7>x Mdx 'dt ( 4 )

o r

Y = - g  (5)
From th e  c o n t in u i ty  e q u a t io n  i t  can be shown th a t

a*  , a f r u )  0 
a t  a *
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. $ £ ,. , C 7>u n  zrr + r —u + 0 — u3t 7)x x̂

f o r  a  sm a ll p e r tu r b a t io n  th e  s u r fa c e  f i lm  d e n s i ty  rem a in s  p r a c t i c a l l y  

c o n s ta n t  and

+ C = 0
a t  d dx

o r

B lnS  _ Bu / / \
^ t  ?>x ( '

G ibbs (30) n o te d  an  e l a s t i c i t y  a s s o c ia te d  w ith  a  l i q u i d  f i lm  i f  th e

s u r fa c e  te n s io n  v a r i e s  w ith  th e  a r e a  o f  th e  s u r f a c e ;  f o r  a  t h i n  l i q u i d

f i lm  o f  a r e a  s ,  th e  Gibbs e l a s t i c i t y  i s  g iv e n  by

e  -  <r

where E i s  th e  f i lm  e l a s t i c i t y ,  O 'th e  m o le c u la r  a r e a ,  t  th e  s u r fa c e  

te n s io n ,  and k th e  s u r fa c e  d e n s i ty .  S ince

c- = 1 /&

b u t

T h e re fo re

E = -  1 c.2 ^
I s T s, h  r $

3 )T *  -  D7T

E = b T T /a in S

By in t r o d u c in g  Gibbs* e l a s t i c i t y  c o e f f i c i e n t  E , w hich e q u a ls  

^ / " S l n S  i n  e q u a t io n  6 , one o b ta in s

1 arr  ̂u
E 3 t  3 x  (7 )

T h e re fo re ,



E xperim ental D eterm ination  o f  Y ( Table IV .1 )

The e l a s t i c i t y  c o e f f i c i e n t  ( E ) and th e  s u r f a c e  d e n s i ty  (&> ) a re  

d e te rm in e d  d i r e c t l y  from  th e  com pression  is o th e rm  (7r v s .  ( r  ) .  The m onola­

y e r  i s  com pressed from  a  g iv e n  s u r f a c e  p r e s s u re  w ith  th e  p o s i t i o n  o f  th e  

w e tta b le  b la d e  a t  d is ta n c e  x from  th e  co m pression  b a r r i e r — i . e . ,  com press­

ed  from  5 .0  to  5 .5  dynes /  cm. G raphs o f  n  v s .  tim e axe p lo t t e d  f o r  

v a r io u s  p o s i t i o n s  o f  th e  b la d e  ( d is ta n c e  x ) co m p ressin g  o v e r th e  same 

a r e a .  F ig u re  4 .2  and 4 .4  r e p r e s e n t  a  fa m ily  o f  c u rv e s  f o r  bov ine serum  a lb u ­

min and . /3 -c a s e in  r e s p e c t iv e l y .  Curve f i t t i n g  o f  th e  r e s u l t s  o f  BSA le a d s  

to

7T ( X, t  ) = ( .264  ) + X ( ‘ *152 ^

w hich can  be u sed  to  so lv e  f o r

d?T, 3fr and 3u  
•a t c>x c)t

S o lv in g  E q u a tio n  5 f o r  th e  f r i c t i o n a l  s h e a r  g iv e s :

Y = -  .0401 + x ( “ 1*152 ) -  S> (0 .2 6 4 ) d x „  - .1 5 2
E *3t

I f  i t  i s  assumed th a t  th e  lo c a l  v e l o c i ty  g r a d ie n t  d e c re a s e s  l i n e a r l y  p e r ­

p e n d ic u la r  to  th e  i n t e r f a c e  ( N ew tonian p r o f i l e  a t  each  p o in t  x ) ,  th e
o

a v e ra g e  th re e -d im e n s io n a l  v i s c o s i t y  f o r  a  f i lm  th ic k n e s s  o f  E = 50 A and

46 0E = 5 x  10T A may be com pared. In  th e  fo rm er c a s e ,  i t  i s  assumed th a t  

th e  m ono layer and o r ie n te d  s u b s t r a t e  a re  o n ly  50 A th i c k ;  th e  l a t t e r  num­

b e r  i s  based  on a  much l a r g e r  o r ie n te d  subphase ( 16, 29 ) .  In  th e  f i r s t  

c a se  th e  c a lc u la te d  v i s c o s i t y  v a r i e s  betw een 7 .07  x 10 and 5.41  x 10“4 

c p s ; i n  th e  second  case  i t  v a r i e s  from  54 to  8 c p s . ( w ith  in c r e a s in g  

d is ta n c e  from th e  b a r r i e r ) .  From th e  c a l c u la t io n  o f  v i s c o s i t y ,  th e  assum p-



39

T able I V .1 Bovine Serum Albumin on W ater (pH 5 .2 ,  2 4 .0 °C ).

I n i t i a l  P r e s s u r e ,  9 .3  dynes/cm

Y = 50A 1 b = 5 x 10-2cm

(cm) (d y n e /cm2) dynes
cm2

(dyne/cm 2 ) (c p s ) (c p s )

6 .4 -6 .1 6  x  10"2 10’ 11 6 .1 6  x 10"2 5.41  x 10“ 4 54.1

10 .7 -3 .8 1  x  10"2 10"11 6 .1 6  x 10"2 3 .4 4  x 10“ 4 34.1

18 .5 - 7 .84  x  1 0 '3 10‘ 11 7 .8 4  x 10“ 5 8 .8 3  x 10"5 8.83

2 7 .7 - 4 .4 5  x  10"3 10“ 11 4 .4 5  x ID” 3 7 .07  x 10-5 7 .0 7
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t i o n  t h a t  E= 5 x 10 ^  A i s  more r e a s o n a b le .

V. D isc u s s io n

In  l i g h t  o f  th e  ex p e rim en ts  on th e  co m pression  and ex p an s io n  o f  

th e  m onolayer and th e  c a l c u la t io n  on th e  d e p th  o f  th e  d rag g ed  s u b s t r a t e ,  

th e  fo l lo w in g  c o n c lu s io n s  a re  s u g g e s te d . F i r s t  th e  s t r u c t u r e  o f  th e  

s h e a th  o f  bound w a te r  below  th e  m onolayer and th e  e x te n t  to  w hich i t  

i s  bound to  th e  m onolayer a f f e c t  th e  s u r fa c e  v i s c o s i t y .  S econdly  th e  

c o i l i n g  o f  th e  p r o te in  m onolayer i s  an im p o r ta n t o b serv ed  e f f e c t .  Thus 

th e  fo llo w in g  h y p o th e s is  o f  a  n o n - s t r u c tu r e d  and s t r u c tu r e d  subphase 

i s  advanced .

F o r exam ple, i n  th e  ca se  o f  m y r i s t i c  a c id  and e i c o s y l  sodium  s u l ­

f a t e  sp re a d  on aqueous s u b s t r a t e s  and s u b s t r a t e s  c o n ta in in g  a lk y l  am ines , 

th e  subphase i s  o r ie n te d  b ecau se  o f  d ip o le - d ip o le  i n t e r a c t i o n  b u t s t i l l  

i s  i n  th e  l i q u i d  s t a t e .  T h is  o r i e n t a t i o n  h as  been  acco u n ted  f o r  i n  many 

m onolayer s tu d ie s  concerned  w ith  s u r fa c e  p o t e n t i a l  (31—3 4 ) . Upon com­

p r e s s io n ,  th e  s u b s t r a t e  m o le c u le s , a lth o u g h  o r i e n t e d ,  can  s l i p  o r  be 

squeezed  in to  th e  b u lk ; th u s  th e  t r a n s m is s io n  o f  th e  s u r f a c e  p re s s u re  

w i l l  be in s ta n ta n e o u s  and in d e p en d en t o f  th e  p o s i t i o n  o f  th e  d e v ic e  f o r  

m e asu rin g  th e  s u r fa c e  p r e s s u r e . I n  th e  case  o f  th e  p r o te i n  m onolayers 

th e  subphase  i s  bound s t r o n g ly  to  th e  p r o te in ( 3 5 )  and p ro d u ces  a  

" pseudo g e l  " phase  as  d e s c r ib e d  by C o la c ic c o  e t  a l .  ( 3 6 ) .  T h is  h e lp s  

e x p la in  o u r  o b se rv ed  phenomenon, s in c e  on com pression  th e  g e l w i l l  de­

form  and d ra g  a lo n g  w ith  th e  m o no layer. T h is  id e a  o f  a  s t r u c tu r e d  sub­

phase  e x p la in s  why p r o te in  s o lu t i o n s ,  a lth o u g h  n o t  n e c e s s a r i ly  good 

foam ing a g e n ts ,  a re  u s u a l ly  good foam s t a b i l i z e r s .  B lank and Lee (37 ) 

a l s o  r e p o r te d  s u r fa c e  te n s io n  g r a d ie n ts  when s tu d y in g  f i lm s  o f  lu n g  

e x t r a c t s .
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The o b s e rv a t io n  o f  a  l a r g e r  v i s c o s i t y  e f f e c t  f o r  bov ine  serum  a lb u ­

min i s  i n  agreem ent w ith  B oyd 's m easurem ent t h a t  BSA m onolayer i s  c o n s i­

d e ra b ly  more v is c o u s  th a n  /3 - c a s e in  m onolayer ( 38 ) .  I t  ap p e a rs  t h a t  th e  

p re se n c e  o f  a  c o n tin u o u s  tw o -d im en sio n a l netw ork  i n  a  BSA m onolayer ( 3 6 , 

38 ) may cause maximal i n t e r a c t i o n  betw een th e  m onolayer and w a te r ,  and 

enhance th e  fo rm a tio n  o f  co n tin u o u s  s t r u c tu r e d  w a te r  u n d e rn e a th  th e  

m ono layer.

In  a d d i t io n  th e  d e c re a se  i n  th e  e f f e c t  w ith  bov ine serum album in 

above and below th e  i s o e l e c t r i c  p o in t  i n d i c a te s  t h a t  as  th e  p r o te in  be­

comes io n iz e d ,  th e  g e l  subphase b re a k s  down and becomes s im i la r  to  t h a t  

o f  th e  m y r i s t i c  a c id  su b p h ase .

To f u r t h e r  s u b s t a n t i a t e  th e  th e o ry  on th e  r o l e  o f  th e  subphase 

s t r u c t u r e  and s u r f a c e  v i s c o s i t y ,  th e  r e s u l t s  o f  th e  is o th e rm a l s u r fa c e  

d i s t i l l a t i o n  te c h n iq u e  m ust be exam ined ( F ig u re  4 . 6  ) .  For o l e i c  a c id ,  

d e c y l a lc o h o l and m ethy l l a u r a te  more th a n  one m onolayer was u sed  ( s in c e  

a  le n s  form ed on th e  s u r fa c e  ) to  d ra g  th e  s u b s t r a te  from tro u g h  1 

to  tro u g h  2 . The th ic k n e s s  o f  th e  s u b s t r a t e  d ragged  by one m onolayer 

can  be d e te rm in e d  r e a d i l y  s in c e  th e  t o t a l  number o f  m o lecu le s  p la c e d  on 

th e  s u r fa c e  and th e  a r e a  p e r  m o lecu le  a t  th e  c o l la p s e  p re s s u re  a re  known. 

C o n s id e r in g  t h i s  c o r r e c t io n ,  th e  th ic k n e s s  o f  s u b s t r a te -d ra g g e d  p e r  

m onolayer i s :  o l e i c  a c id  = 3*28 x 10” ^ cm, d ecy l a lc o h o l = 2 .15  x 10"^cm, 

m e thy l l a u r a t e  = 1 .2 8  x 10” ^ cm. F o r th e  B S A,, th e  r e s u l t  i s  ta k e n  

d i r e c t l y  from  F ig u re  4*6: 1 .2 5  x 10” ^ cm s in c e  o n ly  one m onolayer was 

form ed and th e  o p e r a t in g  p re s s u re  was low enough to  p re v e n t d e s o rp t io n .  

Thus, i t  i s  o b v ious t h a t  th e  p r o te in  d ra g s  a  c o n s id e ra b le  amount o f  sub­

s t r a t e  compared w ith  th e  s m a l le r  m o lecu le s  s tu d ie d  a lth o u g h  eac h  mono-, 

l a y e r  s tu d ie d  w i l l  d ra g  th e  su b p h ase .
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V I. C o n c lu sio n

A phenomenon h a s  heen  o b se rv ed  on o n ly  p r o te in  m o n o lay ers . A hypo­

t h e s i s  i s  p ro p o sed  th a t  n o t o n ly  i s  th e  p r o te in  m onolayer r e s p o n s ib le  

f o r  th e  e f f e c t  b u t th e  subphase s t r u c t u r e  a ls o  p la y s  an im p o rta n t r o l e .

F ilm  t r a n s f e r  ex p erim en ts  d em o n stra te  t h a t  th e r e  i s  alw ays a  s h e a th  

o f  subphase  a s s o c ia te d  w ith  th e  m onolayer. However, when th e  m onolayer 

i s  com pressed o r  decom pressed i n  an e n c lo se d  a r e a ,  th e r e  w i l l  be a  c e r ­

t a i n  d eg ree  o f  s l ip p a g e  a t  th e  m o n o lay er/ subphase i n t e r f a c e .  When th e  

subphase  w a te r  m o lecu le s  a re  s t r o n g ly  bound to  th e  m ono layer, as  f o r  a  

p r o te i n  m ono layer sp re a d  on an aqueous s u b s t r a t e  a t  i t s  i s o e l e c t r i c  

p o in t ,  l i t t l e  s l ip p a g e  e x i s t s ,  and th e  phenomenon in  F ig u re  4*2 and 4 .4  

a re  o b se rv e d . F o r m onolayer sy stem s where th e r e  i s  s u b s t a n t i a l  s l ip p a g e  

a t  th e  m onolayer /su b p h ase  i n t e r f a c e  th e  e f f e c t  w i l l  n o t be o b serv ed  

d u r in g  co m pression  o r  decom pression  e x p e r im e n ts . T h is  e f f e c t  h e lp s  ex­

p l a in  why p r o te in s  a re  u sed  w ith  o th e r  s u r f a c t a n t s  to  s t a b i l i z e  em u lsion  

and foam fo rm u la tio n s  ( 2 8 , 39 )•

N e v e r th e le s s ,  no m a tte r  how one i n t e r p r e t s  th e  th e o ry ,  th e  im p lic a ­

t i o n s  o f  t h i s  ex p erim en t a re  more im p o rta n t and sh o u ld  be u n d e rs to o d  and 

u sed  f o r  f u tu r e  work on m acrom olecu lar m onolayer sy s te m s . I t  i s  s u g g e s t­

ed  t h a t  an  a d d i t io n a l  v a r i a b le — th e  d is ta n c e  o f  th e  s u r fa c e  p re s s u re  

m e asu rin g  d e v ic e  from  th e  p o in t  o f  p e r tu r b a t io n  i s  to  be in c lu d e d  in  

m acrom olecule m onolayer work to  e n su re  ac c u ra c y  and r e p r o d u c i b i l i t y .



CHAPTER FIVE

S u rface  I n t e r a c t i o n  o f  E ic o s y l  Sodium S u lf a te

M onolayers w ith  G e la t in s  and Bovine Serum Albumin
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I .  Background

The s tu d y  o f  f a t t y  a c id - p r o te in  b in d in g  i s  im p o r ta n t i n  th e  u n d er­

s ta n d in g  o f  th e  p r o p e r t i e s  and b e h a v io r  o f  many fo o d s ( 1 ) ,  l i p i d  

t r a n s p o r t  p ro c e s s e s  ( 2 - 4 ) ,  and th e  s t r u c t u r e  and fu n c t io n  o f  b io lo g ic a l  

membrane (5 -9 )•  However, th e  n a tu re  o f  th e  above in t e r a c t i o n s  i s  s t i l l  

im p e r f e c t ly  u n d e rs to o d .

V ario u s  te c h n iq u e s  have been u sed : Putnam and N eu ra th  (1 2 -14 ) 

have employed v i s c o s i t y ,  e l e c t r o p h o r e s i s  and d i f f u s io n  m ethods to  i n ­

v e s t i g a t e  th e  i n t e r a c t i o n  betw een p r o te in  and sodium  d o d ecy l s u l f a t e .  

E lk e s ,  F r a z e r ,  Schulman and S tew ard  (16 ) u sed  an em u ls io n  te c h n iq u e  

w hich e s tim a te d  th e  amount o f  p r o te in  ad so rb ed  a t  th e  s u r fa c e  o f  d ro p s . 

These w orkers have a t t r i b u t e d  th e  p r o te in  complex fo rm a tio n  to  e l e c ­

t r o s t a t i c  fo rc e  betw een o p p o s i te ly  charged  g ro u p s . B oyer, B a llo n  and 

Luck (1 0 , 11) by means o f  e l e c t r o p h o r e t i c  m o b i l i ty  and v i s c o s i t y  mea­

su re m e n ts , have observ ed  th e  s t a b i l i t y  e f f e c t  o f  f a t t y  a c id  on p r o te in  

a g a in s t  d e n a tu r a t io n  in c r e a s e s  w ith  in c r e a s in g  c h a in  le n g th  o f  th e  

f a t t y  a c id ,  and concluded  t h a t  th e  s p e c i f i c  a f f i n i t i e s  o f  th e  f a t t y  

a c id s  to  p r o te in s  cou ld  n o t be a t t r i b u t e d  to  e l e c t r o s t a t i c  a s s o c ia t io n  

a lo n e . A pply ing  an a n a l y t i c a l  m ethod, P an k h u rs t has s tu d ie d  th e  compo­

s i t i o n  o f  com plexes form ed betw een g e l a t i n  and sodium  d o d ecy l s u l f a t e  

(1 5 ) .  T h e ir  s tu d y  a t t r i b u t e d  th e  complex fo rm a tio n  to  io n - d ip o le  and 

e l e c t r o s t a t i c  a s s o c ia t io n .

In  1935* Schulman and Hughes ( 17) d ev e lo p ed  a  m onolayer p e n e t r a t io n  

te c h n iq u e  w hich has  s in c e  been  a p p l ie d  to  s tu d y  th e  i n t e r a c t i o n s  o f  

v a r io u s  p r o te in s  w ith  s u r f a c t a n t s  (1 8 -2 0 , 5 - 7 ) .

M atalon and Schulman (20) perfo rm ed  p e n e t r a t io n  ex p e rim en ts  a t
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c o n s ta n t  a r e a  as  w e ll as  a t  c o n s ta n t  s u r f a c e  p r e s s u r e .  I n  th e  ca se  o f  

c o n s ta n t  a r e a ,  th e  sp re a d  in s o lu b le  s u r f a c ta n t  m onolayers were k e p t 

a t  c o n s ta n t  a r e a  and a  p r o te in  p re v io u s ly  d is s o lv e d  in  a  b u f f e r  s o lu t i o n  was 

i n j e c t e d  in to  th e  s u b s t r a t e  u n d e r th e  m ono layer. When th e  charge  o f 

th e  in s o lu b le  m onolayer had an o p p o s ite  s ig n  to  t h a t  o f  th e  s o lu b le  

p r o t e i n ,  enhanced a d s o rp tio n  o f  p r o te in  in to  th e  in s o lu b le  m onolayer 

was n o te d . These adso rb ed  p r o te in  m o lecu le s  d eso rb ed  as  th e  s ig n  o f  

t h e i r  n e t  charg e  r e v e r s e d  by ch an g in g  th e  pH o f  th e  s u b s t r a t e .

In  th e  c o n s ta n t  p re s s u re  p e n e t r a t io n  e x p e rim e n t, th e  p r o t e i n s ,  

h a v in g  o p p o s ite  s ig n s  to  th e  in s o lu b le  m ono layer, were in j e c te d  in ­

to  a  s u b s t r a te  k e p t a t  c o n s ta n t  s u r fa c e  p r e s s u r e .  The p e n e t r a t io n  

Was o b se rv ed  a s  an in c re a s e  o f  s u r fa c e  a r e a  and a  change in  s u r fa c e  

p o t e n t i a l .  A pp ly ing  th e  above m ethods to  s tu d y  th e  i n t e r a c t i o n  o f  

s u r f a c t a n t s  l i k e  c a r d i o l ip i n ,  C^gH^SO^Na and S te a ry lc h o l in  w ith  

p r o t e i n s ,  M atalon  and Schulman have concluded  t h a t  p r o t e i n - s u r f a c t a n t  

i n t e r a c t i o n s  a re  m a in ly  e l e c t r o s t a t i c .

E ley  and Hedge (5*6) i n v e s t ig a t e d  q u a n t i t a t i v e l y  th e  i n t e r a c t i o n s  

o f  s t e a r i c  a c id ,  c h o le s t e r o l  and o th e r  more complex l i p i d s  l i k e  

d i s t e a r i n ,  c e p h a l in  and l e c i t h i n  w ith  bov ine serum album in and i n s u l i n .

In  th e s e  s tu d ie s  v a r io u s  q u a n t i t i e s  o f  p r o te in  s o lu t io n s  were in j e c te d  

u n d e r l i p i d  m ono layers a t  c o n s ta n t  a r e a .  The e s ta b l i s h e d  s u r fa c e  i s o ­

therm s showed two marked d i s c o n t i n u i t i e s  w hich were i n t e r p r e t e d  as  

c o rre sp o n d in g  to  th e  fo rm a tio n  o f  th e  f i r s t  s u b la y e r  o f  adso rbed  

d e n a tu re  p r o te in s  and th e  second s u b la y e r  o f  adso rb ed  n a t iv e  p r o te i n s .

I t  was d e s c r ib e d  t h a t  th e  f i r s t  s u b la y e r  o f  adso rb ed  p r o te in s  combined 

w ith  s t e a r i c  a c id ,  c h o l e s t e r o l ,  d i s t e a r i n  and c e p h a lin  m o lecu le s  th ro u g h
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th e  p e p t id e  bo n d s, p ro b ab ly  by means o f  hydrogen bond ing  o r  io n -d ip o le  

a s s o c ia t io n .  However, w ith  l e c i t h i n  w hich h as  bu lky  ch arg ed  g roups th e  

i n t e r a c t i o n  was m a in ly  i o n i c .

F o llo w in g  th e  same m onolayer approach  and s tu d y in g  l ip id -p o ly p e p -  

t i d e  i n t e r a c t i o n s ,  C h a te la in ,  e t  a l .  (21 ) concluded  t h a t  th e  a d s o rp tio n  

o f  p o ly p e p tid e s  to  a  l i p i d  m onolayer i s  due to  e l e c t r o s t a t i c  i n t e r a c t i o n ,  

w h ile  th e  i n t e r a c t i o n  betw een l i p i d  and p o ly p e p tid e  m o lecu le s  i n  th e  

p la n e  o f  th e  i n t e r f a c e  i s  e s s e n t i a l l y  h y d ro p h o b ic . I n  a d d i t io n ,  he 

co n cluded  t h a t  th e  a d s o rp tio n  o f  p o ly p e p tid e  w ith  h e l i c a l  co n fo rm a tio n  

to  th e  s u r fa c e  was h in d e re d  by th e  p re se n c e  o f  a  l i p i d  m onolayer and 

th e  l i p id - w a te r  i n t e r f a c e  d id  n o t in d u ce  a  change o f  th e  co n fo rm a tio n  

o f  th e  ad so rb ed  p o ly p e p tid e .

In  s p i t e  o f  th e s e  s tu d ie s  , th e  fo llo w in g  problem s a re  s t i l l  n o t 

co m p le te ly  e x p la in e d :

1) Does th e  p r o te in  and s u r f a c ta n t  form a  m o le c u la r  a s s o c ia t io n  

o r  s im p ly  a  tw o -d im en sio n a l s o lu t io n ?

2) I s  th e  k i n e t i c s  o f  th e  i n t e r a c t i o n  p r im a r i ly  caused  by s o lu b i ­

l i t y  o r  e l e c t r o s t a t i c  f a c t o r s  ?

To o b ta in  a  b e t t e r  u n d e rs ta n d in g  o f  th e  above p ro b lem s, p r o te in -  

s u r f a c t a n t  i n t e r a c t i o n s  were c a r r i e d  o u t a t  a i r / l i q u i d  i n t e r f a c e s ,  

u s in g  m onolayer p e n e t r a t io n  te c h n iq u e . S u r f a c ta n t  m o lecu le s  such  as  

a r a c h id ic  a c id ,  b eh en ic  a c id  and sodium  e ic o s y l  s u l f a t e  were sp re a d  

on a  l i q u id  s u r fa c e  and com pressed to  a  s p e c i f i c  s u r fa c e  p re s s u re  

W hile k e e p in g  th e  s u r fa c e  p re s s u re  c o n s ta n t ,  an  aqueous s o lu t io n  o f  

bov ine  serum  album in or g e l a t i n  was in j e c t e d  u n d er th e  m ono layer. The 

i n t e r a c t i o n s  were re c o rd e d  a s  th e  r a t e  o f  change in  s u r fa c e  a r e a  and 

s u r f a c e  p o t e n t i a l .  The io n ic  p r o p e r t i e s  o f  th e  v a r io u s  p r o te in s  and



46

s u r f a c t a n t s  w ere m o n ito red  by ch ang ing  th e  pH o f  th e  s u b s t r a t e s .

I n  o rd e r  to  d e te rm in e  th e  n a tu re  o f  th e  p e n e t r a t io n  p ro d u c ts ,  th e  

p e n e t r a te d  s u r f a c ta n t  m onolayer was s u b se q u e n tly  com pressed , y i e ld in g  

s u r f a c e  iso th e rm s  o f  th e  p r o t e i n - s u r f a c t a n t  f i lm .  These s u r fa c e  i s o ­

the rm s w ere th e n  compared w ith  th o s e  o f  th e  com ponents.

B lank e t  a l .  (2 2 ) ,  s tu d y in g  th e  a d s o rp t io n  k i n e t i c s  o f  ovalbum in 

m o n o lay e rs , found t h a t  th e  a d s o rp tio n  r a t e  changed w ith  th e  pH o f  th e  

s u b s t r a t e  and was maximum a t  th e  i s o e l e c t r i c  p o in t  o f  th e  p r o te i n .  In  

th e  case  o f  o u r  s tu d y ,  th e  a d s o rp t io n  r a t e  o f  th e  bov ine  serum album in 

o r  th e  g e l a t i n  to  th e  a i r / w a te r  i n t e r f a c e  p ro b a b ly  p la y  a  r o l e  i n  th e  

k i n e t i c s  o f  s u r fa c e  i n t e r a c t i o n s  w ith  th e  m ono layer. To c l a r i f y  t h i s  

p o in t ,  a d s o rp tio n s  o f  g e l a t i n  and bov ine  serum  album in to  a i r / w a te r  

i n t e r f a c e s  w ere c a r r i e d  o u t a t  s u b s t r a t e s  o f  d i f f e r e n t  pH v a lu e s .

I I .  E x p e rim en ta l

1. A p p ara tu s  and P ro ced u re

The a p p a ra tu s  f o r  m easu rin g  s u r fa c e  p re s s u re  and s u r fa c e  p o t e n t i a l  

h as  been  d e s c r ib e d  i n  c h a p te r  3« To m a in ta i  a c o n s ta n t  s u r fa c e  p r e s s u re  

th ro u g h o u t th e  e x p e rim e n t, th e  m ic ro fo rc e  t r a n s d u c e r  a m p l i f i e r  sy stem  

w hich m easured s u r fa c e  te n s io n s ,  was r e p la c e d  by a  Rosano te n s io m e te r  

( B io la r  Corp. Worth G ra f to n , M a s s . ,)  eq u ipped  w ith  a  p la tin u m  m ercury  

c o n ta c t  t h a t  would a c t iv a t e  a  r e v e r s ib l e  m otor to  d r iv e  a  b a r r i e r  f o r ­

ward o r  backw ard when i t  was c lo s e d .  T h is a llo w ed  th e  s u r fa c e  a r e a  to  

c o n t r a c t  o r  expand a u to m a tic a l ly .

The p e n e t r a t i o n  was c a r r i e d  o u t i n  a  fu se d  s i l i c a  tro u g h  (3 1 .2  x

1 3 .0  x 2 .6  cm) w hich c o n ta in e d  an aqueous s u b s t r a t e .  A s u r f a c ta n t
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s o lu t io n  was d e p o s ite d  on th e  aqueous s u r fa c e  w ith  an A gia m icrom eter 

s y r in g e  ( B urroughs Wellcome C o ., Tuckahoe, N. Y. ) .  A f te r  th e  in s o lu b le  

m ono layer was com pressed to  a  d e s i r e d  s u r fa c e  p r e s s u r e ,  a  sm a ll volume 

o f  a  p r o te in  s o lu t io n  was in j e c te d  in t o  th e  s u b s t r a t e  u n d e r th e  mono­

la y e r  w ith  a  p i p e t .  The s u b s ta te  was s t i r r e d  c a r e f u l ly  by w ith d raw in g  

and b low ing  th e  s u b s t r a t e  w ith  th e  p ip e t  f o r  a  few t im e s . The p e n e t r a t io n  

o f  th e  p r o te in  in t o  th e  in s o lu b le  m onolayer was re c o rd e d  as  th e  change 

i n  f i lm  a r e a  and s u r fa c e  p o t e n t i a l  v s .  tim e u n t i l  th e  a r e a  rem ained  

p r a c t i c a l l y  c o n s ta n t .

A d so rp tio n  ex p erim en ts  o f  p r o te in s  were perfo rm ed  i n  a  400 ml 

c r y s t a l l i z i n g  d is h  ( 50 x 100 ) .  250 ml aqueous s u b s t r a t e  was r e ta in e d  

in  th e  d is h  and an aqueous p r o te in  s o lu t io n  c o n ta in in g  1 .224  mg BSA o r  

4 .782  mg p ig s k in  g e l a t i n  o r  5»110 mg c a l f s k i n  g e l a t i n  was d e l iv e r e d  

in t o  th e  s u b s t r a t e  from a  b u re t  w ith  i t s  end im mersed i n  th e  s u b s t r a te  

and ex ten d ed  to  th e  bottom  o f  th e  d i s h .  The s u b s t r a t e  was s t i r r e d  gen­

t l y  w ith  a  m ag n e tic  s t i r r e r  d u r in g  th e  a d d i t io n  o f  p r o te i n  s o lu t io n .

The a d s o rp tio n  was d e te rm in ed  from  th e  s u r fa c e  te n s io n  m easurem ent 

w hich was made c o n tin u o u s ly  f o r  h a l f  an h o u r.

2 , R eag en ts

The bov ine  serum album in  c r y s t a l s ,  a r a c h id ic  a c id  and beh en ic  a c id  

were p u rch ased  from N u t r i t io n a l  B io ch em ica ls  C o rp o ra tio n , C le v e la n d ,

O hio. The p u r i f i e d  p ig s k in  g e l a t i n  and c a l f s k i n  g e l a t i n  w ere from  Eastm an 

Kodak C o ., R o c h e s te r , N. Y . , and th e  e ic o s y l  sodium  s u l f a t e  was from  

S c h u c h a rd t, M unich, West Germany. A ll th e  re a g e n ts  were u sed  w ith o u t 

f u r t h e r  p u r i f i c a t i o n .

The aqueous bov ine serum album in  s o lu t io n  was p re p a re d  by d i s s o lv in g
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bov ine  serum  album in  c r y s t a l s  i n  f r e s h ly  d i s t i l l e d  w a te r .  I n  p r e p a r in g
{>

aqueous g e l a t i n  s o lu t i o n ,  th e  s o lu t io n  was h e a te d  to  ab o u t 60 C. The 

s u r f a c t a n t  s o lu t io n s  were made by d i s s o lv in g  25 mg o f  f a t t y  a c id  i n  

25 ml n -hexane and d i s s o lv in g  5 mg o f  e ic o s y l  sodium s u l f a t e  i n  3*2 

m ix tu re  o f  n -hexane and 2 -p ro p a n o l w ith  a  few d ro p s  o f  d i s t i l l e d  w a te r .

I I I .  R e s u l ts

1. E f f e c t  o f  C o n c e n tra tio n  o f  P r o te in  on P e n e t r a t io n

F ig u re  5*1 d e s c r ib e s  th e  r e s u l t s  o f  th e  p e n e t r a t io n  o f  bovine 

serum  album in  in to  e ic o s y l  sodium  s u l f a t e  m onolayers when v a r io u s  amounts 

o f  BSA s o lu t io n s  were in j e c t e d  in t o  th e  s u b s t r a t e  a t  th e  i s o e l e c t r i c  

p o in t  ( 4 .7  ) o f  th e  p r o te in .  The f i lm  was k e p t a t  a  c o n s ta n t  s u r fa c e  

p re s s u re  o f  20 dynes/cm . I t  app ea red  th a t  th e  in c re a s e  i n  s u r fa c e  po­

t e n t i a l  and th e  ex p an sio n  o f  th e  m onolayer w ere p ro p o r t io n a l  to  th e  ■ 

amount o f  th e  p r o te in  i n j e c t e d .  S im ila r  r e s u l t s  w ith  a  s m a l le r  ex p an sio n  

w ere o b serv ed  when p ig s k in  g e l a t i n  s o lu t io n s  were in j e c te d  u n d e r th e  

e ic o s y l  sodium  s u l f a t e  m ono layers a t  th e  same c o n d i t io n  ( 20dynes/cm , 

pH 9*1 ) .  I n  a d d i t io n ,  th e  p e n e t r a t io n s  o f  p r o te in s  in to  b eh en ic  a c id  

m ono layers w ere found to  be more d i f f i c u l t  even a t  a  lo w er s u r fa c e  

p r e s s u r e .

2* E f f e c t  o f  S u rfa c e  P re s su re  on F ilm  P e n e t r a t io n

F ig u re  5*2 d e m o n s tra te s  t h a t  th e  p e n e t r a t io n  o f  p ig s k in  g e l a t i n  

i n t o  th e  e ic o s y l  sodium s u l f a t e  m onolayer d e c re a se s  c o n s id e ra b ly  w ith  

in c r e a s in g  th e  s u r fa c e  p re s s u re  from 15 to  20 dynes/cm . The same e f f e c t  

was o b serv ed  when b eh en ic  a c id  m onolayers were p e n e t r a te d  by th e  bovine
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serum  album in  o r  p ig s k in  g e l a t i n .

5* E f f e c t  o f  Bulk PH on F ilm  P e n e t r a t io n

P e n e t r a t io n  cu rv es  a t  v a r io u s  pH w ere e s s e n t i a l l y  s im i la r  i n  shape 

to  th o se  shown i n  F ig u re s  5*1 and 5 .2 .  The e f f e c t  o f  pH on p e n e t r a t io n

o f  bov ine  serum  album in  and g e l a t i n  in to  e i c o s y l  sodium s u l f a t e  mono­

la y e r s  i s  shown i n  F ig u re  5«3« The s u r fa c e  p o t e n t i a l  and th e  e x te n s io n  

o f  th e  f i lm  a t  each  pH were ta k e n  a f t e r  th e  f i lm  was p e n e t r a te d  f o r  

50 m in u te s . The pH was a l t e r e d  w ith  0 .1  N NaOH and 0 .1  N HC1. A lthough 

th e  pH was v a r i e d ,  th e  io n ic  s t r e n g th  was k e p t c o n s ta n t .

4 . S u rfa c e  Iso th e rm  o f  P e n e tra te d  M onolayer

The com p ressio n  s u r fa c e  iso th e rm s  o f  bov ine  serum  a lb u m in , e ic o s y l  

sodium  s u l f a t e  and e ic o s y l  sodium  s u l f a t e  a f t e r  p e n e t r a t io n  by bov ine 

serum album in  f o r  30 m in u tes  a re  shown i n  F ig u re  5 .4 .  Upon co m p ress io n , 

th e  p e n e t r a te d  m onolayer was s t a b l e  and a b le  to  s u s t a in  a  s u r fa c e  

p r e s s u re  o f  39 dynes/cm  b e fo re  c o l la p s e .  At th e  c o l la p s e  p o in t ,  th e  

s u r f a c e  p o t e n t i a l  o f  th e  f i lm  was abou t 100 mV above t h a t  o f  th e  p u re  

e i c o s y l  sodium  s u l f a t e  m o n o lay er, in d i c a t i n g  th e  bov ine  serum  album in  

was somehow a s s o c ia te d  to  th e  in s o lu b le  m ono layer.

F ig u re  5*5 d e s c r ib e s  th e  co m pression  o f  p e n e t r a te d  a r a c h id ic  a c id

m o n o layer. In  t h i s  c a s e ,  th e  bov ine serum album in  was squeezed  o u t o f  

th e  m onolayer a t  th e  c o l la p s e  p re s s u re  o f  th e  p r o t e i n ,  th e n  th e  i s o ­

therm  o v e rla p e d  w ith  t h a t  o f  th e  p u re  a r a c h id ic  a c id  m ono layer. S im i la r  

r e s u l t  was n o te d  from th e  co m pression  o f  p ig s k in  g e l a t i n - a r a c h id i c  a c id  

m onolayer sy stem .

When th e  e ic o s y l  sodium  s u l f a t e  m onolayer p e n e t r a te d  by p ig s k in  

g e l a t i n  was com pressed , th e  m onolayer s u s ta in e d  a  s u r fa c e  p re s s u re  o f
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69 dynes/cm  and became a  g e l .

5» A d so rp tio n  o f  P ro te in

The s u r fa c e  te n s io n s  o f  v a r io u s  s o lu t io n s  o f  bov ine  serum a lbum in , 

p ig s k in  g e l a t i n  and c a l f s k i n  g e l a t i n ,  30 m in u tes  a f t e r  i n j e c t i o n  o f  

p r o te in  a re  p lo t t e d  on F ig u re  5 .6 .  F o r each  p r o te in ,  maximum a d s o rp tio n  

o ccu red  around i t s  i s o e l e c t r i c  p o in t .

IV . D is c u s s io n

From th e  above e x p e rim e n ta l r e s u l t s  f i lm  p e n e t r a t io n  p ro cee d s  

p ro b a b ly  th ro u g h  th e  fo llo w in g  s t e p s :

1) A d so rp tio n  o f  p r o te in  o n to  th e  ch arged  m ono layer.

T h is  a d s o rp tio n  i s  enhanced  by th e  e l e c t r i c a l  a t t r a c t i o n  be­

tw een th e  m onolayer and th e  adso rb ed  p r o te in  w hich i s  p o s i t i v e ly  

charged  below i t s  i s o e l e c t r i c  p o in t .  Above th e  i s o e l e c t r i c  p o in t ,  th e  

a d s o rp tio n  i s  ham pered by th e  e l e c t r i c a l  r e p u ls io n  betw een th e  nega­

t i v e l y  charged  p r o te in  and m onolayer.

2) E l e c t r i c a l  n e u t r a l i z a t i o n  o f  th e  m ono layer.

The adso rb ed  p r o te in  r e a c t s  w ith  th e  m ono layer m o le c u le s . At 

th e  same tim e th e  p r o te in  u n fo ld s  and ex poses i t s  hyd ro p h o b ic  s id e  

c h a in s  w hich p e n e t r a te  in to  th e  i n t e r f a c e .

3) F u r th e r  a d s o rp tio n  o f  p r o t e i n .

G e n e ra lly  th e  p r o te in  in j e c t e d  in to  th e  s u b s t r a t e  i s  i n  e x c e s s ,  

th u s  f u r th e r  a d s o rp tio n  o f  p r o te in  to  th e  s u r f a c e  i s  p o s s ib le .  However, 

th e  p re se n c e  o f  th e  f i r s t  adso rbed  p r o te in  l a y e r  may s e t  up an en e rg y  

b a r r i e r  and made th e  f u r t h e r  a d s o rp t io n  o f  p r o te in  d i f f i c u l t .  As a
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co n seq u en ce , hydrophob ic  s id e  c h a in s  o f  p r o te in  p e n e t r a te  w ith  d i f f i ­

c u l ty  in to  th e  m onolayer.

The a b i l i t y  o f  p r o te in  to  p e n e t r a te  in to  an in s o lu b le  m onolayer 

seems to  depend on th e  a v a i l a b i l i t y  o f  n o n p o la r - s id e  c h a in s  i n  th e  

p r o te i n .  F o r exam ple, g e l a t i n  w hich i s  l e s s  s u r fa c e  a c t iv e  th e n  bov ine 

serum  a lbum in , b u t composed o f  more th a n  50 p e rc e n t  n o n -p o la r  r e s id u e s ,  

p e n e t r a te s  in to  th e  e ic o s y l  sodium s u l f a t e  m cno layer as  e a s i l y  as  th e  

bov ine serum  album in .

Once th e  p r o te in  p e n e t r a te s  in to  th e  m ono layer, th e y  may form  

s t r o n g  o r  weak a s s o c ia t io n  w hich ap p ea rs  to  depend m ain ly  on th e  chemi­

c a l  p r o p e r t i e s  o f  th e  m onolayer m o le c u le s . F o r in s ta n c e ,  th e  e ic o s y l  

sodium  s u l f a t e  bound b o th  p e n e t r a te d  bov ine serum album in  and g e l a t i n  

s t r o n g ly .  A lthough in  th e  case  o f  th e  a r a c h id ic  a c id  w hich c o n ta in e d  

a l s o  20 ca rbon  a tom s, s t r o n g  a s s o c ia t io n  was n o t o b se rv e d .

A m onolayer o f  a  lo n g  c h a in  s u l f a t e  rem ain s  io n iz e d  and n e g a t iv e ly  

ch arg ed  o v e r a  wide pH ra n g e . I f  lo n g  c h a in  s u l f a t e / p r o t e i n  i n t e r a c t i o n  

i s  p r im a r i ly  e l e c t r o s t a t i c  in  n a tu r e ,  i n t e r a c t i o n  w i l l  be maximum below 

th e  i s o e l e c t r i c  p o in t  o f  th e  p r o te in  when th e  p r o te in  i s  s t i l l  p o s i ­

t i v e l y  ch a rg e d . However, i t  was o b serv ed  th a t  i n t e r a c t i o n  was maximum 

a t  th e  i s o e l e c t r i c  p o in t  w hich le a d s  us to  a n o th e r  p o s s ib le  e x p la n a t io n .  

At th e  i s o e l e c t r i c  p o in t  th e  r a t e  o f  a d s o rp t io n  o f  th e  p r o te in  i s  m axi­

mum and e l e c t r o s t a t i c  i n t e r a c t i o n  a re  s t i l l  p o s s ib le .  Below th e  i s o e l e c ­

t r i c  p o in t  th e  p r o te in  becomes more s o lu b le ,  th e  r a t e  o f  a d s o rp tio n  

d e c r e a s e s ,  b u t th e  e l e c t r o s t a t i c  i n t e r a c t i o n  in c r e a s e s .  Above th e  i s o ­

e l e c t r i c  p o in t  th e  p r o te in  s o l u b i l i t y  in c r e a s e s ,  b u t th e  a d s o rp tio n  and 

e l e c t r o s t a t i c  i n t e r a c t i o n  b o th  d e c re a s e . T h e re fo re ,  i t  seems t h a t  th e
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a d s o rp t io n  o f  p r o te i n  in t o  th e  m onolayer i s  more im p o r ta n t i n  c a u s in g  

th e  p r o t e i n / s u r f a c t a n t  i n t e r a c t i o n .

M atalon  and Schulman (20) found t h a t  th e  d e s o rp t io n  o f  p r o te in  

from  a  p e n e t r a te d  m onolayer a t  c o n s ta n t  a r e a  and th e  e j e c t i o n  o f  

p r o te in  from a  p e n e t r a te d  m onolayer a t  c o n s ta n t  p r e s s u r e ,  by r e v e r s in g  

th e  ch arg e  o f  th e  p r o t e i n ,  w ere alw ays in c o m p le te . These r e s u l t s  a re  

n o t s u r p r i s in g ,  s in c e  th e  i n t e r a c t i o n  betw een th e  p r o te i n  and monola­

y e r ,  i s  n o t m a in ly  due to  th e  e l e c t r o s t a t i c  f a c t o r  as  th e y  have sug­

g e s te d ,  b u t i s  m a in ly  due to  th e  s o l u b i l i t y  o f  th e  p r o te i n  and th e  

hy d rophob ic  bond betw een th e  p r o te in  and th e  sp re a d  m ono layer. Our 

c o n c lu s io n s  a re  c lo s e r  to  E ley  and H edge 's  ( 5 ) .  These in v e s t i g a t o r s  

found  t h a t  h yd rophob ic  b u t n o t e l e c t r o s t a t i c  f a c t o r  c o n t r ib u te d  

p r im a r i ly  to  th e  p r o t e i n / l i p i d  i n t e r a c t i o n .

I n  th e  com plex fo rm a tio n  betw een th e  sodium  d o d ecy l s u l f a t e  and 

g e l a t i n ,  P a n k h u rs t has  a t t r i b u t e d  th e  a d s o rp t io n  o f  sodium d o decy l 

s u l f a t e  to  g e l a t i n  above th e  i s o e l e c t r i c  p o in t  to  an io n - d ip o le  mecha­

n ism  th ro u g h  th e  k e to - im id e  g roups i n  th e  backbone o f  th e  p o ly p e p tid e  

c h a in s .  He e x p la in e d  t h a t  l e s s  a d s o rp tio n  below th e  i s o e l e c t r i c  p o in t  

was due to  th e  p re se n c e  o f  th e  H+ io n  i n h i b i t i n g  th e  fo rm a tio n  o f  th e  

k e to - im id e  re so n an ce  n e c e s s a ry  f o r  th e  fo rm a tio n  o f  th e  d ip o le .  T h is  

i s  n o t l i k e  in  o u r c a s e , . s i n c e  th e  p e n e t r a t io n  o f  th e  p r o te in  i n t o  th e  

in s o lu b le  m onolayer i s  c o n s id e ra b ly  l a r g e r  below th e  i s o e l e c t r i c  p o in t  

o f  th e  p r o te in .

To check o u r  th e o ry  w hich  em phasizes r a t e  o f  a d s o rp t io n  and e le c ­

t r i c a l  i n t e r a c t i o n  a  m ix tu re  o f  5 &/1 p ig s k in  g e l a t i n  (IE P = 9 .1 ) and 

1 g / l  sodium  d o d ecy l s u l f a t e  s o lu t io n s  a t  v a r io u s  pH were foamed.
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Maximum fo a m a b il i ty  was o b serv ed  a t  pH = 6 .6  . T h is  r e s u l t  can  be 

e x p la in e d  as fo llo w s : i t  i s  assumed t h a t  co m p le te ly  io n iz e d  sodium 

d o d ecy l s u l f a t e  m o lecu le s  i n t e r a c t  w ith  c a t io n ic  g roups on th e  g e l a t i n .  

The e f f e c t i v e  i s o e l e c t r i c  p o in t  o f  th e  g e l a t i n  w i l l  be s h i f t e d  tow ard  

lo w er pH ( from  pH = to  pH = 6 . 6  ) .



CHAPTER SIX

G en era l C o n c lu sio n s
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I n t e r f a c i a l  p r o p e r t i e s  o f  bov ine  serum a lb u m in , ^ - c a s e i n  and 

g e l a t i n  can be s tu d ie d  by m onolayer te c h n iq u e s .  An a i r - l i q u i d  i n ­

t e r f a c e  p ro v id e s  a  s im p le  and m anageable i n t e r f a c i a l  r e g io n  where a  

g aseo u s o r  condensed p r o te in  m onolayer may be formed e a s i l y . by sp re a d ­

in g  an aqueous p r o te in  s o lu t io n  from  th e  a i r  p h a se . The m easurem ents 

o f  s u r fa c e  p h y s ic a l  p a ra m e te rs  e .  g ., s u r f a c e  te n s io n ,  s u r fa c e  p r e s s u re  

and s u r fa c e  p o t e n t i a l  a llo w  one to  c h a r a c te r i z e  th e  p r o te in  m ono layer, 

d e te rm in e  s u r fa c e  p r o p e r t i e s  and s tu d y  v a r io u s  s u r fa c e  phenomena.

The charge  o f  th e  p r o te in  i n  th e  m onolayer may be v a r ie d  conve­

n i e n t l y  by chan g in g  th e  pH o f  th e  s u b s t r a t e ,  th u s  th e  io n ic  o r  e l e c t r o ­

s t a t i c  p r o p e r t i e s  o f  th e  p r o te in  a t  th e  i n t e r f a c e  can be i n v e s t ig a t e d .  

G e n e ra lly  s u r fa c e  p r o p e r t i e s  o f  p r o te in s  a re  m arkedly  a f f e c te d  by th e  

s ig n  and m agnitude o f  th e  n e t  ch a rg e s  o f  th e  p r o te in  m o lecu le s  i n  th e  

m onolayer.

1 . M o lecu la r W eight and C o -su rfa c e

M o lecu la r w e ig h ts  and c o - s u r f a c e s  o f  bov ine serum album in  and 

/J  - c a s e in  have been e s tim a te d  from  th e  s u r fa c e  c o n c e n tr a t io n s  and th e  

s u r fa c e  p r e s s u re s  o f  th e  g aseous p r o te in  m o n o lay ers , u s in g  G u a s ta l l a 's  

tw o -d im en sio n a l gaseous e q u a t io n .  The e s t im a te d  v a lu e s  v a ry  w ith  th e  

pH o f  th e  s u b s t r a te  on w hich th e  p r o te in  i s  s p re a d . Only th e  v a lu e s  

a t  th e  i s o e l e c t r i c  p o in t  o f  th e  p r o te in  a re  i n  agreem ent w ith  th o se  

v a lu e s  o b ta in e d  by o th e r  m ethods w hich a re  re p o r te d  in  th e  l i t e r a t u r e .  

T h e re fo re  i t  i s  concluded  th a t  th e  tw o -d im en sio n a l gaseous e q u a tio n  

s a t i s f a c t o r i l y  d e s c r ib e s  th e  p r o te in  m onolayer a t  i t s  i s o e l e c t r i c  p o in t  

and may be used  to  c a l c u la te  th e  m o le c u la r  w eig h t and th e  c o -s u r fa c e  

o f  p r o te in  a t  t h a t  c o n d i t io n .  At o th e r  pH th a n  th e  i s o e l e c t r i c  p o in t
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o f  p r o t e i n ,  th e  G u a s t a l l a 's  method o f  m o le c u la r  w eig h t and c o -s u r fa c e  

e s t im a t io n  i s  n o t  v a l i d ,  s in c e  th e  tw o -d im en sio n a l g aseous e q u a tio n  

does n o t s a t i s f a c t o r i l y  d e s c r ib e  th e  p r o t e i n  m onolayer due to  th e  

e x is te n c e  o f  th e  r e p u ls iv e  fo rc e  betw een charged  p r o te in  m o le c u le s .

2 . S p re a d in g

S p read in g  o f  p r o te in  depends on th e  q u a n t i ty  and n a tu re  o f  s u r fa c e  

a c t iv e  a g e n ts  su ch  as n ~ p e n ta n o l, n -p ro p a n o l and e th a n o l ,  added in to  

th e  s p re a d in g  p r o te in  s o lu t io n .  The i n i t i a l  s u r f a c e  a r e a ,  th e  pH and 

io n ic  s t r e n g th  o f  th e  s u b s t r a te  on w hich th e  p r o te in  i s  s p re a d , a ls o  

a f f e c t  th e  s p re a d in g  o f  p r o te in .  A r e l a t i v e l y  expanded m onolayer can 

be o b ta in e d  by s p re a d in g  an aqueous p r o te in  s o lu t io n  c o n ta in in g  0 . 5% 

n -p e n ta n o l on a  s u f f i c i e n t l y  la r g e  s u r fa c e  a r e a  o f  aqueous s u b s t r a t e .  

D e so rp tio n  o f  p r o te in  in to  th e  s u b s t r a t e  d u r in g  and a f t e r  sp re a d in g  

may be avo ided  o r  m inim ized by u s in g  an aqueous s u b s t r a te  a t  th e  i s o ­

e l e c t r i c  p o in t  o f  th e  p r o te in .  A s a l t  s o lu t io n  can a ls o  be u sed  a s  a 

s u b s t r a t e  to  m inim ize th e  d e s o rp t io n  o f  p r o te in .

3 . S u rf ace V is c o s i ty

I t  has  been  o b serv ed  t h a t  s u r f a c e  te n s io n  o f  a  p r o te in  m onolayer 

v a r i e s  w ith  th e  d is ta n c e  betw een th e  m e asu rin g  d e v ic e  and th e  com pres­

s io n  b a r r i e r ;  th e  c lo s e r  i s  th e  m e asu rin g  d e v ic e  to  th e  b a r r i e r ,  th e  

s m a l le r  i s  th e  s u r fa c e  te n s io n .  A h y p o th e s is  i s  p roposed  t h a t  n o t o n ly  

i s  th e  p r o te in  m onolayer r e s p o n s ib le  f o r  th e  e f f e c t ,  b u t th e  subphase 

s t r u c t u r e  a ls o  p la y s  an im p o rta n t r o l e .

I t  i s  found th a t  th e re  i s  alw ays a s h e a th  o f  subphase a s s o c ia te d  

w ith  th e  m ono layer. However, when th e  m onolayer i s  com pressed o r  de­
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com pressed  i n  an e n c lo se d  a r e a ,  a  c e r t a i n  d eg ree  o f  s l ip p a g e  a t  th e  

m onolayer /  suhphase i n t e r f a c e  w i l l  o c c u r . When th e  subphase w a te r  

m o lecu le s  a re  s t r o n g ly  bound to  th e  m o n o layer, as  f o r  a  p r o te in  mono­

l a y e r  sp re a d  in  an aqueous s u b s t r a t e  a t  i t s  i s o e l e c t r i c  p o in t ,  l i t t l e  

s l ip p a g e  e x i s t ,  and th e  phenomenon d e s c r ib e d  i n  th e  l a s t  p a ra g ra p h  i s  

o b se rv e d . F o r m onolayer system  where th e r e  i s  s u b s t a n t i a l  s l ip p a g e  a t  

th e  m onolayer /  subphase in t e r f a c e  th e  e f f e c t  i s  n o t o bserved  d u r in g  

com pression  and decom pression  e x p e r im e n ts . T h is  e f f e c t  h e lp s  e x p la in  

why p r o te in s  a re  u sed  w ith  o th e r  s u r f a c t a n t s  to  s t a b i l i z e  em ulsion  

and foam fo rm u la tio n s .

4 . P r o te in - g u r f a c ta n t  I n t e r a c t i o n

S u rface  i n t e r a c t i o n  betw een p r o te in  and s u r f a c ta n t  can be in v e s ­

t i g a t e d  by m onolayer p e n e t r a t io n  te c h n iq u e . I t  i s  found t h a t  th e  pene­

t r a t i o n  o f  p r o te in  in t o  an in s o lu b le  s u r f a c t a n t  m onolayer depends on 

th e  s o l u b i l i t y  and h y d ro p h o b ic i ty  o f  th e  p r o t e i n ,  p lu s  an e l e c t r o s t a t i c  

f a c t o r .  Among th e se  f a c t o r s , t h e  s o l u b i l i t y  o f  p r o te in  ( o r  th e  ad so rp ­

t i o n  o f  p r o te in  o n to  th e  i n t e r f a c e  ) i s  found to  be th e  m ost im p o r ta n t 

f a c t o r  in  d e te rm in in g  th e  k i n e t i c s  o f  f i lm  p e n e t r a t io n .

The n a tu re  o f  th e  p e n e t r a te d  m onolayer can be exam ined by com press­

in g  th e  m onolayer. When th e  p r o te in  i s  a b le  to  form a  s t r o n g  a s s o c ia t io n  

w ith  th e  in s o lu b le  m onolayer m o le c u le , th e  p e n e t r a te d  m onolayer w i l l  

s u s t a in  a  h ig h e r  s u r fa c e  p re s s u re  th a n  th e  c o l la p s e  p r e s s u re  o f  p r o te in ;  

such  phenomenon was observ ed  i n  b o th  th e  B SA -eicosyl sodium s u l f a t e  and 

p ig s k in  g e l a t i n - e i c o s y l  sodium  s u l f a t e  sy stem . On th e  o th e r  h and , when 

th e  p r o te in  does n o t b ind  o r  o n ly  w eakly b in d s  to  th e  in s o lu b le  monola­

y e r  m o le c u le ,th e  p r o te in  w i l l  be squeezed  o u t a t  i t s  c o l la p s e  p r e s s u re  

on co m p ressio n ; t h i s  was o b se rv ed  i n  p r o te in - a r a c h id ic  a c id  sy stem .
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Appendix I

T ab le  A-I Amino A cid C om position  o f  Bovine 

and G e la t in

1 2 Amino Acid R esidue B S A - c a s e in

A lan ine  39 5

Asp o r  Asn 8

C y ste in e  32 0

A s p a r t ic  a c id  • 37 4

G lutam ic a c id  58 17

P h e n y la la n in e  20 9

G ly c in e  12 5

H is t id in e  14 5

I s o le u c in e  12 10

L ysine 65 11

L eucine 51 22

M eth ion ine  4 6

A sparag ine  6 5

P ro l in e  27 35

G lutam ine 11 22

A rg in in e  17 4

S e rin e  26 11
T hreon ine 32 9

V a lin e  29 19

T ryptophan  1 1

T y ro s in e  14 4

Glu o r  Gin 14

P h o sp h o se rin e  5

Hydroxy P ro l in e

T o ta l Amino Acid 529 209

3. C a lc u la te d  to  1 6 ,0 ’fo N itro g e n

Serum A lbum in, (3 -c a s e in

G e la tin ^

10

0.1

8 .5

5 .4  
2 .0

2 3 .6  

1 .0+0.1  

1 .7
4 3 .0 + 0 .2

3 .7 + 0 .5  
0 . 8

1 5 .3+ 0 .4

7 .6+ 0 .1
1 .5
3 .3

2 .5  
0.0  
0 . 2

13 .0

104.5/3
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Appendix I I

I .  T o rs io n  modulus ( E ) and moment o f  i n e r t i a  ( I  ) o f  t o r s io n  w ire ^ a

The to r s io n  modulus o f  th e  t o r s io n  w ire  i s  a  fu n c t io n  o f  th e  l e n g th ,  

d ia m e te r  and n a tu re  o f  th e  w ire .  I f  a  t o r s io n  pendulum o s c i l a t e s  i n  a i r ,  

th e  p e r io d  o f  th e  system  may he r e l a t e d  to  th e  t o r s io n  modulus and mo­

ment o f  i n e r t i a  o f  th e  sy stem .

By ad d in g  an i n e r t i a l  e lem en t to  th e  sy stem , th e  e q u a t io n  becomes

where t  : p e r io d  o f  th e  sy stem  w ith o u t added i n e r t i a l  e le m e n t, i n  a i r .
Si

I  : moment o f  i n e r t i a  o f  th e  system  w ith o u t added i n e r t i a l
Si

e le m e n t, i n  a i r .

T : p e r io d  o f  th e  sy stem  w ith  added i n e r t i a l  e le m e n t, i n  a i r .

I  moment o f  i n e r t i a  o f  added e lem en t,a

E^ : t o r s io n  m odulus o f  th e  w ire .

S o lv in g  e q u a t io n s  1 and 2 and e le m in a t in g  E^

t  .  27T ( i s  ) 1 /2
a  E

1

r

Ta  = 2

a a

By e le m in a tin g  I_dl

4
a  a
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o r  from eq u a tio n  1

K  = 4 J f 2 I s .  =

In  th e  above e q u a t io n s ,  i t  was assumed th a t  any c o n t r ib u t io n  by 

th e  w a te r  s u b s t r a t e  to  1^ and E^ was c o n s id e re d  n e g l ig ib l e  ( i . e . ,

Tr  )•

2 . Sample c a l c u la t io n s  o f  t o r s io n  m odulus ( E_ ) and moment o f  i n e r t i a

( I  ) o f  t o r s io n  w ire

E qual w e ig h ts  a re  p la c e d  a t  th e  ends o f  a  10 cm b a r  suspended

from  a  to r s io n  w ire  w hich i s  tw is te d  in t o  r o ta r y  harm onic m o tio n . I f  
2

I a ' = m r  , and m i s  th e  t o t a l  w e ig h t suspended  i n  gram s, E^ i s  c a lc u ­

l a t e d  from  e q u a tio n  4 .

; 2 Ea  r

- \  t  2 ,  2 s) (g  cm / s e c .  )

165.3 

169.6 

168.0 

169.9  

165.5

170.4

2 2The av e rag e  v a lu e  o f  E^ in  th e  above exam ple i s  168.1 g cm /  s e c .

2 2 I f  T& i s  p lo t t e d  a g a in s t  I a ' and e x t r a p o la te d  to  = 0 ,

( l a ) o = -  550 g  cm2 .

m I  * = m r 2 T ™ 2 Ta T 2 -a a a

(gram ) (g  cm2 ) ( s e c . ) ( s e c . 2 ) /( s e c .

0 0 11 .4 i ? o .o ( = ta 2 )

3 300 14.2 201 .6 71 .6

5 500 15 .7 246 .5 116.5

10 1000 19.1 364 .8 234 .8

20 2000 24 .4 595 .4 465 .4

30 3000 29.1 846 .8 716.8

40 4000 32 .5 1056.0 926 .0
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Appendix I I I

S u rfa c e  mi cromanome t e r

1. C h a r a c t e r i s t i c  o f  a p p a ra tu s

The te n s io n  o f  th e  cu rved  th re a d  i s  TT r .  T h is  te n s io n  i s  e q u a l ,s

i n  a b s o lu te  v a lu e ,  to  th e  a p p l ie d  te n s io n  t ,

t  =7T3 r

w here “jp % s u r f a c e  p re s s u re

r  : r a d iu s  o f  c i r c l e .  ( f ig u r e  A*1 \

In  a  c i r c l e  whose a rc  i s  th e  th r e a d ,  from  geom etry ,

K = 2 * 2 2 ' ) 1/2r  -  ( r  -  f  ) 2j

o r  2
f  ( 2 r  -  f  ) = | -  1

where f  i s  th e  d isp la c e m e n t o f  th e  c e n te r  o f  th e  th r e a d .  For sm a ll

c u rv a tu r e ,  f  i s  n e g l ig ib l e  compared to  th e  d ia m e te r  2 r  and th e  le n g th

o f  th e  s i l k  th re a d  S y K .  T h e re fo re ,

f  ( 2 r  ) = £
4

32o r  r  = —
8 f

and "If = * _ 8 f t

S 2  3

From e q u a t io n  1 , th e  e x a c t v a lu e  o f  r  may be c a lc u la te d  a s  :

r a x a c t = 2 f  [ f 2 + ( |  )21

From th e  s im p l i f ie d  r e l a t i o n ,  e q u a tio n  2 , th e  app rox im ate  v a lu e  o f  r

i s j

r  =_L ( 32 )
app ro x . 2f  4
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F or a  g iv en  s u r fa c e  p r e s s u r e ,  th e  r a t i o  betw een th e  s u r fa c e  p re s s u re  

re a d  on th e  a p p a ra tu s  and th e  t r u e  s u r fa c e  p re s s u re  w i l l  be e q u a l to ;

( chord  A Bn ) 
 ̂ a r c  A B )

S in ce  Chord A B =2.r s in  o<-

a rc  A B = a rc  ( ^ r ^ )  = 2 r a rc  oC

th e r e f o r e  'I f  s  , .1 approx  _ ( s in

T ls e x a c t ( a r o “ <) 2 

where ^  i s  one q u a r t e r  o f  th e  an g le  AOC ( f ig u r e  A .1 ) .  Assuming

Tf 3 /rrs  w i l l  n o t be l e s s  th a n  0 .9 9 ,  w hich means t h a t  th eapprox  e x a c t  ’

s im p l i f ie d  assum ption  o f  e q u a t io n  2 does n o t le a d  to  an e r r o r  g r e a t e r

th a n  1 th e n

( s in  ^ ) = 0 .995
( a rc  o c )

C o n seq u en tly , ^  10? F or -j C = 101" , th e  r i s e  o f  th e  th r e a d ,  f ,  i s  e q u a l

to ;  f  = r  -  r  cos 2fK= 0 .0 6  r  and th e  le n g th  o f  an a rc  o f  4'-^ =40*
£

i s  3 = 0 .7 0  r .  Thus th e  e r r o r  n e v e r  ex ceed s 1 fo i f  th e  r a t i o  ( — ) r e ­

m ains l e s s  th a n  ( ) The le n g th  o f  th e  th re a d  u sed  w ith  t h i sU * (\J •

d e v ic e  i n  c h a p te r  1 , i s  13 .8  cm. The d isp la c e m e n t o f  th e  c e n te r  o f  th e  

s i l k  th re a d  i s  u s u a l ly  below  10 .6  mm, th e r e f o r e  th e  e r r o r  does n o t 

exceed  0 .9

2 » S e n s i t i v i t y  o f  a p p a ra tu s

The a p p a ra tu s  was a d ju s te d  so t h a t  one m ill id y n e  /  cm, was m easured
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by a  d isp la c e m e n t o f  one m i l l im e te r  on th e  s c a le (  f ig u r e  1.1 ) .  The 

s e n s i t i v i t y  was o b ta in e d  by a p p ly in g  a  te n s io n  to  th e  s i l k  th r e a d .  The 

te n s io n  i s  r e l a t e d  to  th e  t o r s io n  an g le  (-»̂ - ) i n  r a d ia n s  by:

E j l
t  = -------------------------------------------------------------------------------------5

where b = th e  le n g th  o f  th e  h o r ia o n ta l  t o r s i o n  b a r  

E = th e  t o r s io n  m odulus o f  w ire  

t  = a p p l ie d  te n s io n  

Com bining e q u a t io n s  3 and 5s

8 f  E -Jl

ITB =  f
s  b 3

The r a d ia n  m easured  i s  c o n v e r te d  to  100 u n i t s  p e r  2 7 T ra d ia n s , a s  fo llo w s :

J >  T s s 2 b  ( J § 2 ,
' f8  E

To o b ta in  f ,  m easure th e  a m p l i f i c a t io n  f a c t o r :  

a c tu a l  w id th  o f  a  g la s s  ro d  = 5*91 nun 

a m p lif ie d  w id th  o f  th e  g la s s  ro d  = 5 6 .0  mm 

a m p l i f i c a t io n  f a c t o r  = 5 6 .0  / 5.91  = 9 .4 8  

T h e re fo re ,  d isp la c e m e n t o f  th r e a d  ( f  ) o b se rv ed  as  one m i l l im e te r  i s  

e q u iv a le n t  to  1 /  9 4 .8  cm.

2 2F or a  s i l k  th re a d  le n g th  o f  13 .8  cm, b =24 .5  cm, = 168.1 g cm / s e c  , 

e q u a t io n  6 g iv e s :

S L  = ( 1Q"3 ( 13 .8  ) 2 ( ,2,4.5 ) ( 100 )
(8 )  ( 1 /9 4 .8  ) (168 .1  ) ( 2 )  (3 .1 4  )

= 5*24 u n i t s
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Appendix IV

5
1. Fowkes1 E quation  o f  S ta te

1.1 F o r n o n - io n iz e d  gaseous m onolayers

The m o lecu le s  o f  in s o lu b le  m onolayer ( 1) sp re a d  on w a te r  a re  con­

s id e r e d  to  be lo c a l i z e d  by means o f  a  sem iperm eable membrane, b u t th e  

m o lecu le s  o f  w a te r  ( 2 )a re  f r e e  to  d i f f u s e  th ro u g h  th e  membrane. The

where th e  second  te rm  on th e  r i g h t  i s  th e  work r e q u ir e d  to  ex ten d  th e  

s u r f a c e .  S im i la r ly ,  f o r  th e  b u lk  phase

d G2 = K T d In  c2 f 2 2

where i f  = s u r fa c e  te n s io n ,  d T  =-d 71 = -  ( -  f  )

x2 ' c2 = mo^e f rac-t io n s  o f  w a te r  m o lecu le s  i n  th e  s u r fa c e  and th e

2 f 2 = a c t i v i t y  c o e f f i c i e n t s  o f  w a te r  m o lecu le s  i n  th e  s u r fa c e  and

G ibbs f r e e  en erg y  o f  w a te r  m o le c u le s  e n t e r in g  th e  s u r f a c e , Gg , can  be 

d e s c r ib e d  as

1

b u lk  phase  r e s p e c t iv e ly

th e  b u lk  phase r e s p e c t iv e ly .

C7~2 = p a r t i a l  m o le c u la r  a r e a  o f  w a te r  i n  s u r fa c e  = ( )
d  n2

A = t o t a l  a r e a  o f  system

n_j = m o lecu le s  o f  in s o lu b le  m onolayer 

n2 = m o lecu le s  o f  w a te r  i n  s u r fa c e  

5T = s u r fa c e  te n s io n  w ith o u t in s o lu b le  m onolayer 

71 = s u r fa c e  p re s s u re

At e q u i l ib r iu m  f o r  th e  w a te r  m o lecu le s

d G, s = d G ,2 2
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o r  K T d In  x2 4 ‘2+ d ] [  = K 'T  d In  c g f ?

F o r d i l u t e  s o lu t io n  o f  s u r f a c ta n t  i n  w a te r  ( in s o lu b le  gaseous mono­

la y e r  ) ,  th e  te rm  ( K T d In  c ? f 2 ) i s  assumed to  be n e g l ig ib ly  s m a l l .  

F u r th e r ,  Fowkes assum es id e a l  d i l u t e  s u r f a c e  s o lu t i o n ,  so  t h a t  ^  = 1 .  

T h e re fo re  K T d In  ^  dlT= 0

where 0 ~ 2 = C^_( n ; ) .

By i n t e g r a t i o n ,  a f t e r  d e f in in g  th e  s ta n d a rd  s t a t e  7 7 ^  » !

7 t  -  K T ,
X2

-  J/ 2  ( 70 a Tt
where t ,  0 =--- —----------------  i s  th e  av e ra g e  v a lu e .

K -  0

F o r w a te r  C ^ is  v i r t u a l l y  in d e p en d en t o f  f i lm  p r e s s u r e ,  so t h a t  ^

° 2
( 9 .7  A ) may be u sed  f o r  t-/2 .

_ r_JL 2  x 4
G~2

To d e r iv e  th e  p e r f e c t  gas e q u a t io n ,  th e  I n  x ? te rm  i s  expanded; 

f o r  a  b in a ry  s o lu t io n  f i lm  :

In  x 2 = In  ( 1 -  x 1 ) 

and th e  s e r i e s  e x p a n s io n , u s in g  o n ly  th e  f i r s t  te rm  i f  x^ i s  v e ry  sm a ll 

( f o r  g aseous m onolayer ) le a d s  to  s 

I n  ( 1 -  x 1 ) x 1

S in ce

n 1 _ n2 
X1 "  n 1 + n2 * x2 n 1 + n 2

by s u b s t i t u t i o n  i n t o  e q u a tio n  4 »

' J T -  K T K T t n l \
CZ  X1 Q -2  ̂ n„ + n„ ^
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R earran g e

( n 1 + n 2 ) C ^  n ^  + n j C ^

~ ( ^ 2  -  ^1 ** -  i : n 1

and d e f in e  = m o le c u la r  a r e a  o f  th e  s u r f a c t a n t ,

n i ct  ^  n g t ? r  _ a _
1 -  n , n

th e n

( n ! + ” 2 ) 0 2

n1
o r

"(l fA 1 -  ( (Tr, -  C - 2  )  ( =  K T 6

F or v e ry  d i l u t e  m o n o lay e rs , ( ^  -  (̂ "  ) becomes v e ry  sm a ll r e l a t i v e  

to  , th u s  e q u a t io n  6 re d u c e s  to  th e  id e a l  case

7C A 1 =  K T 7

The Fowkes e q u a t io n  o f  s t a t e  can  be u sed  to  o b ta in  m o le c u la r  w eig h t 

o f  th e  f i lm  m o lecu le  i n  th e  g aseous m ono layer. I f  m i s  th e  mass o f  th e  

s o lu te  sp re a d  on s u r fa c e  a r e a  As

j l  = H ii = ni (n  "i °T
m “ m m ^ n ^ m  8

I f  M i s  th e  m o le c u la r  w e ig h t , and N i s  th e  A vogad ro 's  num ber,

N m
n 1 M

S ince  x„ = n 1 1
i in =  i i ■» x

n 1 + n 0 n~ 2 ,  e q u a t io n  4 may be r e -
1 + _ £

1

a rra n g e d  in to

t t  -  K T _ , . 1 \
X  -  c -  ln  ( 1 -  -i ^  n2 )

n 1

F or each  v a lu e  o f  7T , a  v a lu e  o f  n2 /  n^ can  be c a lc u la te d  from  e q u a t io n
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9 and p lo t t e d  v s .  A/ m. Prom e q u a t io n  8 , th e  s lo p e  ( n^ m) = ^  N/ M

a llo w s  a  c a l c u la t io n  o f  M, and th e  i n t e r c e p t  n ^ C ^ j/ m = 6 ^ (  u /  M ) 

g iv e s  a  v a lu e  f o r  Fowkes c la im s  t h a t  t h i s  method o f  c a l c u la t io n  o f

m o le c u la r  w eigh t i s  s u p e r io r  to  th e  method u sed  by B u ll and G u a s ta l l a ,  

s in c e  a  s lo p e  i s  more a c c u r a te ly  m easured th a n  an i n t e r c e p t .  A lso , i n ­

fo rm a tio n  on n^ /  n^ i s  v a lu a b le ,  s in c e  i t  i n d i c a te s  th e  maximum s u r ­

fa c e  p re s s u re  a t  w hich s o lu te  m o lecu le s  can be s e p a ra te d  by s o lv e n t  

m o le c u le s .

1 .2  F o r io n iz e d  m onolayer

The Fowkes t r e a tm e n t  can be ex ten d ed  to  io n iz e d  g aseo u s  m onolayers 

by d e f in in g "  z " a s  th e  number o f  d i s s o c ia te d  p a r t i c l e s  p e r  m olecu le  

o f  s o lu t e .  Thus e q u a t io n  5 becomes

A1 ” ^  + ( > 2 10

From e q u a t io n  4 ,  s o lv in g  f o r  x 2

- 11*2 
= e -K T = 1 -

-  J % /  K T n2
x 2 x2 e 2' n -|z + n2 n2

*1 1 '  * 2  ,  . f c / K ,  ~  " l A  11
1 -  e 2' n „z  + n,.

The is o th e rm  th e n  becom es:

-  r< % / K T
A = 0 - + z   ) 12

1 2 i .  e- T V KT
T h is  e q u a tio n  i s  u sed  to  e s t im a te  " z " and from  th e  s lo p e  and th e  

i n t e r c e p t  o f  Â  v s .  n ^ /  n^z p l o t .

Combine e q u a t io n  10 and 11, and so lv e  f o r  x 2

—  = ( — - ) * 1
x 2  A1 -  1 5
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S u b s t i t u t e  e q u a t io n  13 in to  e q u a t io n  4 and so lv e  f o r  Jl , w h ile  r e t a i n i n g  

th e  a c t i v i t y  c o e f f i c i e n t

15

F or i d e a l  d i l u t e  s o lu t io n  4 ^  = 1.

2 , E q u a tio n  o f  S ta te  D erived  From The S t a t i s t i c a l  M echanical P a r t i t i o n  

F u n c tio n  o f  a  Two-Dim ensional I d e a l  Gas ^

In  a  tw o -d im en sio n a l s u r f a c e  sy stem , a t  v e ry  low s u r fa c e  c o n c e n tra ­

t i o n  where th e  s u r f a c ta n t  i s  c o n s id e re d  to  be i n  a  " gaseous " s t a t e ,  

th e  p a r t i t i o n  fu n c t io n  f o r  th e  s u r fa c e  m o lecu le s  may be d e te rm in ed  by 

s t a t i s t i c a l  m echan ics and used  to  c a l c u la te  a  " s u r fa c e  p re s s u re

A tw o -d im en sio n a l p e r f e c t  gas w hich s a t i s f i e s  c o r r e c te d  Boltzm an 

s t a t i s t i c s  i s  assumed to  be c o n s tr a in e d  i n  a  r e c ta n g u la r  a re a  A = x y ,  

w ith  c o o rd in a te  x and y ,  and i t  p o s s e s s e s  two d e g re e s  o f  t r a n s l a t i o n a l  

freedom . The en e rg y  l e v e l s  o f  a  monatomic tw o -d im en sio n a l p e r f e c t  gas 

a re  g iv e n  by

E -  h 2 + Iy2
“  I t  < - f  —  > 16x y

where h = P I ancles' c o n s ta n t

m = mass p e r  m o lecu le

1 , 1  = i n t e g r a l  quantum numbersx y

E^r = in d iv id u a l  en ergy  l e v e l  f o r  t r a n s l a t i o n .

The t o t a l  m o le c u la r  en erg y  i s

E = E. + E. .t r  i n t

where i s  th e  i n t e r n a l  e n e rg y , in c lu d e s  r o t a t i o n a l ,  v ib r a t i o n a l

and e l e c t r i c a l  e n e r g ie s .  The m o le c u la r  p a r t i t i o n  f u n c t io n  q i s  d e f in e d
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6
as  a  summation o v e r a l l  th e  quantum s t a t e s  .

, = Z e - V K T  17

The t o t a l  m o le c u la r  p a r t i t i o n  fu n c t io n  i s  th e n

qt o t a l  q t r  X qi n t  

F o r a  monatomic g a s ,  1 • T h is  r e l a t i o n  can  a l$ o  be u sed  f o r  a  po­

ly a to m ic  g a s ,  i f  th e  m o le c u la r  m otion  i s  assumed to  be t r a n s l a t i o n a l

o n ly . From e q u a t io n s  16 and 17
 ____-  E , /  K TST „ t r  '

qt r  = „ , 2  . 2« 2 1 1

= 2  1E_ e~8 m K T "  ̂ *2  + — Z 2~  )

- Y ? l  2/8mKTx2 - h 2l  2/8mKTy2
= A ~~0~   ̂ 3  9 p ) (  ® 9 2  ^2

- h  i  / 8mKTx -h  i  /8mKTy
= U =E Ie X ) ( J l  e y )

= q qx H y
o o

I f  h /  8mKTx A A  1} a s  i s  ty p i c a l  f o r  a  g a s .  we can r e p la c e  th e  sum by 

an i n t e g r a l

( * *  - h 2l  2/8mKTx2 „ . /o
qx ( e X ) d l x  = (2 TTmKT/h ) ^ *x

qy  = ( 27T mKT/ h2 ) 1/ 2 * y

^ r  = ( 2/TmKT/ h2 ) xy = ( 27TmKT/ h2 ) A

I f  N i s  th e  number o f  m o lecu le s  on th e  s u r f a c e ,  th e  t o t a l  p a r t i t i o n

fu n c t io n  f o r  a  g a s ,  Q i s  g iv e n  by^

a 1 N
Q “  N! qt r

The H elm holtz  f r e e  en erg y  i n  te rm  o f  Q. i s

F = -  KT In  Q

F or an  e q u i l ib r iu m  system  c o n ta in in g  a  s u r fa c e  p h a se , any v a r i a t i o n  

from e q u i l ib r iu m  i s  d e s c r ib e d  by s

d F = -  S dT -  7TS dA +/H.dNm 1g
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where S = e n tro p y

71 = s u r fa c e  p re s s u re

/U ,  -  Chem ical p o t e n t i a l

= m oles o f  any s p e s ie s  i n  s u r fa c e  phase

A = m onolayer a re a

At c o n s ta n t  T and N , /T i sm s

_ , N 19m m
7r _ _ ( -L H )  _ K t ( ^ ln  ^  )

s ?  A T, N v ^  A T,m

where Q= ^  q ^  = ( 2 ^mKTA/ h 2 )N

( NU sing  th e  S t i r l i n g  fo rm u la - fo r  la rg e  N, N! ------‘r; , so th a t
(•. >"

l n  Q = -  W l n  N + N + N In  qt r

l n  q = N l n  ( 2tnjiKT _£ e   ̂ 2Q
h

From e x p e r im e n ta l s u r fa c e  p ressu re7 T  , th e  m o lar p a r t i t i o n  f u n c t io n  can
3

be c a lc u la te d  a t  a  g iv e n  s u r fa c e  a r e a  A, and th e  c a lc u la te d  and th e  ex ­

p e r im e n ta l  v a lu e s  o fT t can be com pared.s

I f  B = ^ e , e q u a tio n  20 becomes
h

l n  q = N l n  ( )

A / A B J  o r  Q, = (— )

I f  th e  f a c t o r  " z " i s  u sed  to  r e p r e s e n t  th e  d eg ree  o f  d i s s o c i a t i o n  o f  

th e  s u r fa c e  m o le c u le , s im i la r  to  th e  usage o f  Fowkes, e q u a t io n  19 becomes

TT s
* In  ( V )

d A

A

z K T 21
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I f  N/A = s u r fa c e  c o n c e n tr a t io n  i n  m o lecu le s  p e r  cm, th e  in t e g r a te d  

e q u a t io n  21 re d u c e s  to

TTg = z£ K T 22
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