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ABSTRACT 

In  r e c e n t  y e a r s  a number of papers and p a t e n t s  d e s c r i b -  

i n g  t h e  u s e  of i n t e r f a c i a l  r e a c t i o n s  as a means of microen- 

c a p s u l a t i o n  have been reported i n  t h e  l i t e r a t u r e .  

d i s c u s s e s  t h e  t e c h n i q u e  of mic roencapsu la t ion  by  i n t e r f a c i a l  

r e a c t i o n s  and t h e  effect of variables which may i n f l u e n c e  

t h e  i n t e g r i t y  of t h e  mic rocapsu le s .  V a r i a t i o n s  of t h e  basic 

i n t e r f a c i a l  po lymer i za t ion  t e c h n i q u e s  are described w i t h  

special r e f e r e n c e  to i n t e r f a c i a l  po lycondensa t ion ,  t h e  forma- 

t i o n  of polymer material by induced  c a t a l y z a t i o n ,  vapor depo- 

s i t i o n  t echn ique ,  and i n - s i t u  po lymer i za t ion .  Examples of 

some processes used  and/or  t h e  t y p e s  of r e a c t i n g  species are 

also inc luded .  

T h i s  paper 

1 

( c o a c e r v a t i o n )  appeared i n  volume 4 number 1 of THIS JOURNAL. 
P a r t  I of t h i s  paper d e a l i n g  w i t h  phase s e p a r a t i o n  
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290 MADAN 

The f e a s i b i l i t y  of us ing  i n t e r f a c i a l  r e a c t i o n  as a means 

of prepar ing  microcapsules  is  b e l i e v e d  t o  have r e s u l t e d  from 

a demonstrat ion of prepar ing  a nylon f i l m  by t h e  p r o c e s s  of 

i n t e r f a c i a l  po lymer iza t ion  (1). The b a s i c  chemis t ry  involved 

i n  i n t e r f a c i a l  r e a c t i o n s  is t h e  i n t e r a c t i o n  between a n  organic  

s o l u t i o n  of a n  a c i d  h a l i d e  w i t h  a n  aqueous s o l u t i o n  of a d i a -  

mine r e s u l t i n g  i n  t h e  product ion  of a f i l m  a t  t h e  i n t e r f a c e  

of t h e  two l i q u i d s .  

t h e  p r e p a r a t i o n  OP microcapsules ,  one simply i n c o r p o r a t e s  t h e  

core material i n  t h e  system. The basic des ign  of t h e  system 

may be cons idered  t o  be s i m i l a r  to  t h e  coacerva t ion  process 

i n  t h a t  t h e  p r e p a r a t i o n  of t h e  microcapsules  i n v o l v e s  t h e  

fo l lowing  t h r e e  s t e p s  : 

In o r d e r  t o  employ t h i s  t echnique  for  

1. Dispersion of t h e  material t o  be encapsula ted  i n  a 

v e h i c l e  c o n t a i n i n g  one of the  r e a c t a n t s  

2. Addit ion of t h e  second r e a c t a n t  

3. C o l l e c t i o n  of t h e  microcapsules  

The technology of p r e p a r i n g  microcapsules  u t i l i z i n g  

i n t e r f a c i a l  r e a c t i o n s  has  grown cons iderably  i n  r e c e n t  y e a r s  

and a number of v a r i a t i o n s  have been repor ted  i n  t h e  litera- 

t u r e .  These v a r i a t i o n s  have r e s u l t e d  p r i m a r i l y  due t o  t h e  

many d i v e r s e  a p p l i c a t i o n s  of t h e  microcapsules  and/or  because 

of t h e  specific n a t u r e  of t h e  material be ing  encapsula ted  

(Table  I ) .  S o m e  of t h e  common procedures  employed are dis-  

cussed  here. 
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292  

INTERFACIAL POLYMERIZATION 

MADAN 

The formation of a polymer at the interface between two 

liquids phases is known as interfacial polymerization ( 2 ) .  

The most common and widely used application of interfacial 

polymerization technique of microencapsulation is the inter- 

facial polycondensation reaction. 

The most popular illustration of microencapsulation by 

interfacial polycondensation is an example of the Schotten- 

Baumnn reaction of an acid halide with a compound containing 

an active hydrogen atom (-OH, -NH, -SH). The reaction is 

believed to take place by an SJ" (nucleophilic) mechanism to 
form a protonated amide from which a proton is rapidly eli- 

minated by the presence of an added base. An example of this 

reaction is the interaction of an acid dihalide with a diamine: 

0 0 
I I  I 1  

+ ClC(CH ) CC1 
H2N(M2)pZ 2 Y  

The resulting polymer (polyamide) is popularly known as nylon. 

The nylon formed is identified by the reacting species in- 

volved. For example, if the reaction involved the polymeri- 

zation of 1 :6-hewnediamine [%N(M2)6NH2]and sebacoyl chlo- 

ride ~ClCO(~)8COC1] , the resulting polyamide would be called 
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MICROENCAPSULATION. I1 293 

nylon  6-10. The f irst  number i n  t h e  nylon  r e p r e s e n t s  t h e  

ca rbon  atoms of t h e  d iamine  and t h e  second number r e p r e s e n t s  

t h e  t o t a l  carbon atoms of t h e  acid d i h a l i d e .  

I n  o r d e r  t o  prepare t h e  ny lon  mic rocapsu le s  of a w a t e r -  

s o l u b l e  d r u g ,  a n  aqueous s o l u t i o n  o f  t h e  d i amine  c o n t a i n i n g  

t h e  d rug  is e m u l s i f i e d  i n  a n  o r g a n i c  l i q u i d  to form a water- 

i n - o i l  emuls ion .  The d i c a r b o x y l i c  a c i d  h a l i d e  is  d i s s o l v e d  

i n  t h e  o r g a n i c  l i q u i d  and added to t h e  w a t e r - i n - o i l  emulsion. 

The d i c a r b o x y l i c  a c i d  h a l i d e  is d i s s o l v e d  i n  t h e  o r g a n i c  

l i q u i d  and  added to t h e  w a t e r - i n - o i l  emuls ion  w i t h  c o n s t a n t  

s t i r r i n g  (Scheme I ) .  The nylon  w a l l s  of t h e  mic rocapsu le s  

are t h u s  formed due  to t h e  i n t e r f a c i a l  p o l y m e r i z a t i o n  r e a c t i o n  

between t h e  d iamine  and  t h e  acid d i h a l i d e .  

O r d i n a r i l y ,  one would expect that t h e  r e a c t i o n  between 

t h e  d iamine  and t h e  a c i d  d i h a l i d e  is  n o t  s u i t a b l e  fox po ly -  

m e r i z a t i o n  s i n c e  h y d r o l y s i s  of t h e  acid h a l i d e  g roups  would 

be expected to u p s e t  t h e  b a l a n c e  of the  f u n c t i o n a l  groups .  

However, t h e  s u c c e s s  of the r e a c t i o n  depends  on  t h e  fact tha t  

p o l y m e r i z a t i o n  t a k e s  place i n  t h e  o r g a n i c  p h a s e  and t h e r e f o r e  

t h e  p a r t i t i o n i n g  of t h e  components i nvo lved  i n  t h e  r e a c t i o n  

becomes impor t an t .  Thus ,  p o l y m e r i z a t i o n  w i l l  o c c u r  o n l y  i f  

t h e  rate of p o l y m e r i z a t i o n  g r e a t l y  exceeds  t h e  rate of par- 

t i t i o n i n g  of t h e  acid dihalide i n  t h e  aqueous  phase. In  

other words, b y  choos ing  a n  acid d iha l ide  which  i s  n e a r l y  

i n s o l u b l e  i n  water and t h e r e f o r e  w i l l  pa r t i t ion  o n l y  s lowly ,  

and  a w a t e r - s o l u b l e  d iamine  having  a n  appreciable p a r t i t i o n  
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MICROENCAPSULATION. I1 295 

c o e f f i c i e n t  towards t h e  o rgan ic  phase ,  one can  cause polyme- 

r i z a t i o n  t o  occur  nea r  t h e  i n t e r f a c e .  Experiments have shown 

t h a t  a n  a c i d  d i h a l i d e  having less t h a n  e i g h t  carbon atoms does 

n o t  produce s a t i s f a c t o r y  microcapsules  (3). For example, 

u s i n g  l:6-hexanediamine as  one of t h e  r e a c t i n g  components, it 

w a s  v i r t u a l l y  impossible t o  p r e p a r e  microcapsules  wi th  e i t h e r  

succ inoy l  c h l o r i d e  ( C10CH2CH2coC1) o r  a d i p o y l  c h l o r i d e  

(c10CH2CH2CH2~~2C1). 

Cml ]  gave permeable microcapsules  , t e r e p h  t h a  l o y l  c h l o r i d e  

( C 1 X  H C X 1 )  produced microcapsules  which had ve ry  s t r o n g  
6 4  

w a l l s .  

While sebacoyl  c h l o r i d e  [Clo( CX2) 6- 

polyamide is  o n l y  one of t h e  many polymers used i n  t h e  

i n t e r f a c i a l  polycondensat ion r e a c t i o n s .  

used chemical classes of polymers used i n  microencapsulat ion 

by i n t e r f a c i a l  polycondensat ion are l i s t e d  i n  Table 11. 

Some of t h e  commonly 

In g e n e r a l ,  t he  i n t e r f a c i a l  polycondensat ion r e a c t i o n s  

are v e r y  r a p i d  chemical r e a c t i o n s  and t h e  rate c o n s t a n t s  of 
2 6 -1 -1 

t h e  order of 10 t o  10 liters mole sec are no t  uncommon 

(4).  However, t h e  rate of r e a c t i o n  dec reases  as t h e  polymer 

precipitates and g r e a t e r  t h e  polymer formed, g r e a t e r  i s  t h e  

r educ t ion  i n  t h e  rate of r e a c t i o n .  The polymer y i e l d ,  poly- 

m e r  q u a l i t y ,  and t h e  molecular weight of t h e  polymer formed 

depend on v a r i o u s  parameters, inc lud ing  t h e  c o n c e n t r a t i o n  of 

t h e  r e a c t a n t s ,  t h e  c h o i c e  of t h e  s o l v e n t s ,  t h e  rate of stir- 

r i n g ,  t h e  a d d i t i v e s  p r e s e n t ,  etc. ( 5 ) .  By c a r e f u l l y  c o n t r o l -  

l i n g  t h e  manufacturing v a r i a b l e s ,  one can p r e p a r e  microcap- 
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MICROENCAPSULATION. I1 297 

s u l e s  having  a s u f f i c i e n t l y  narrow range  of particle s ize ,  

anywhere from abou t  2 microns  t o  abou t  3 mm. A number 

of reports d e s c r i b i n g  t h e  process and  t h e  effect of v a r i o u s  

v a r i a b l e s  on  t h e  release and/or  properties of t h e  microcap- 

s u l e s  have been  r e p o r t e d  i n  t h e  l i t e r a t u r e  (7-10). 

(6). 

POLYMERIZED MONOMER MATERIAL 

A process for making minute  s u b s t a n t i a l l y  s p h e r i c a l  

i n d i v i d u a l  p r e s s u r e - r u p t u r a b l e ,  o i l - c o n t a i n i n g  mic rocapsu le s  

h a s  been  described (11) i n  which t h e  c a p s u l e  w a l l s  are of 

sol id  a r t i f i c i a l  polymer material formed of polymer ized  mo-  

nomer material. 

is polyrner izable  t o  a so l id ,  is d i s s o l v e d  i n  a n  o i l  i n  w h i c h  

A t  least one  selected monomer material, which 

t h e  so l id  polymer material  i s  i n s o l u b l e .  The s o l u t i o n  is  

d i s p e r s e d  as  d r o p l e t s  i n  a polar l i q u i d ,  such  as water, 

where  p o l y m e r i z a t i o n  of t h e  monomer material t a k e s  place 

unde r  t h e  i n f l u e n c e  of a c a t a l y s t .  

be i n t r o d u c e d  i n t o  t h e  o i l ,  i n t o  t h e  monomer material before 

s o l u t i o n ,  i n t o  t h e  monomer s o l u t i o n ,  i n t o  t h e  polar l i q u i d ,  

or i n t o  t h e  d i s p e r s i o n .  The f o r m a t i o n  of t h e  polymer mate- 

r ia l  i s  induced  by  c a t a l y z a t i o n .  Because  t h e  polymer is  i n -  

s o l u b l e  i n  t h e  o i l ,  it d e p o s i t s  a t  t h e  i n t e r f a c e  of t h e  o i l  

droplets and  polar l i q u i d ,  and  t h u s  forms a n  i n d i v i d u a l  solid 

w a l l  a round each  o i l  droplet. 

crete p r e s s u r e - r u p t u r a b l e ,  s u b s t a n t i a l l y  s p h e r i c a l ,  o i l -  

c o n t a i n i n g  mic rocapsu le s .  

The c a t a l y s t  may e i t h e r  

The r e s u l t i n g  p roduc t  is d i s -  D
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298 MADAN 

A variety of monomers, catalysts, and emulsifying agents 

may be used to achieve microencapsulation by this method. 

These are listed in Table 111. 

VAPOR DEPOSIT ION 

The vapor deposition technique of microencapsulation 

differs from the conventional methods of preparing microcap- 

sules in that while most microencapsulation methods (12) 

employ liquid techniques (phase separation, coacervation, 

interfacial polymerization, spray-drying etc .) , vapor depo- 
sition of polymeric materials is usually accomplished dry in 

vacuum environment without a liquid carrier. Microencapsu- 

lation of the material is accomplished by tumbling it with- 

in an evacuated cylinder. In the case of liquids, the ma- 

terial is formed in droplets, frozen, and held at tempera- 

tures below the melting point. Deposition of the polymer 

from the reactive monomer due to the polymerization of the 

shell forming capsule membrane upon dispersed frozen droplets 

or suspended solid particles takes place until the reaction 

ceases due to the build up of a chemically impervions layer. 

The tumbling particles are thus uniformly coated and form 

the microcapsules. 

A procedure using vapor deposition technique and employ- 

ing the poly-p-xylenene family of polymers was first reported 

by Szwarc (13) who used xylene as the starting material. 

Later it was shown that improved polymer quality and process 
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c o n t r o l  cou ld  be achieved by vacuum p y r o l y s i s  of di-p-xylylene.  

Various chemical  d e r i v a t i v e s  of di-p-xylylene have been syn- 

t h e s i z e d ,  many of which can be  conve r t ed  t o  polymer i n  a si- 

milar manner. Examples of t h e  r e a c t i o n s  are shown i n  Fig.  1. 

In a n o t h e r  p r o c e s s  (14), so l id  particles are c o a t e d  by 

vapor i z ing  t h e  c o a t i n g  material i n  a body of ho t  moving gas.  

The c o a t i n g  material is t hen  condensed o n t o  t h e  s o l i d  p a r t i -  

cles w h i c h  a r e  maintained i n  a f l u i d i z e d  bed. For example, 

copper particles (abou t  100 microns)  are c o a t e d  w i t h  alumina 

which  e n t e r s  t h e  f l u i d i z e d  bed through a g e n e r a t o r  a t  about  

2OOoC. 

of t h e  c o a t i n g  i n f l u e n c e s  t h e  i n t e g r i t y  of t h e  microcapsules  

ob ta ined  . 

I t  is  claimed t h a t  t h e  temperature  of a p p l i c a t i o n  

The p h y s i c a l  properties of t h e  mic rocapsu le s  p repa red  

by vapor d e p o s i t i o n  make them a t t r a c t i v e  choices f o r  u s e  

where chemical  r e s i s t a n c e ,  l o w  moi s tu re  p e r m e a b i l i t y ,  and 

high u s e  t empera tu re  are impor t an t .  Most t e c h n i q u e s  pro- 

duce microcapsules  which are i n s o l u b l e  i n  o r g a n i c  s o l v e n t s  

a t  o r d i n a r y  t empera tu res  and are n o t  a f f e c t e d  by most a c i d s  

and alkalis. In a d d i t i o n ,  t h e  p r o c e s s  can  produce micro- 

c a p s u l e s  ranging f r o m  about  200 microns t o  abou t  2,000 

microns (6) having a w a l l  t h i c k n e s s  which c a n  be made t o  

range f r o m  a few angstroms to  abou t  100 microns.  

IN-SITU POLYMERIZATIaS 

I n - s i t u  po lymer i za t ion  is  a v a r i a t i o n  of t h e  chemical 

vapor d e p o s i t i o n  technique.  H e r e  also t h e  core particles 
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can be either solid or liquid, but lower temperatures are 

generally employed. In this process the polymerization of 

an elofin, usually ethylene, is conducted directly upon the 

particle surface. Briefly, the process involves the dis- 

persion of the particles in a liquid vehicle, such as toluene 

followed by the addition of a catalyst. The function of the 

catalyst is to create activated sites on the particles to be 

encapsulated. An olefin, such as ethylene, is then bubbled 

into the mixture to cause polymerization. Polymerization 

takes place directly on the surface of the core material and 

as polymerization proceeds, the polymer gradually surrounds 

the nucleus material (15). As shown in Fig. 2, the process 

can be made continuous (15). 

A somewhat similar process has been described for en- 

capsulating aerosol particles by in-situ polymerization (16). 

This process utilizes the aerosol as the condensation nuclei 

upon which organic monomers polymerize. In yet another 

variation of in-situ polymerization, a cyclic di-p-xylelene 

is pyrolyzed to form reactive diradicals which can be made 

to polymerize on the surface of moving core particles (17-20). 
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