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Abs t rac t 

The effect of silicone polymer backbone structure on the 

permeability of progesterone and testosterone through silicone 

membranes was investigated in the capsule-type drug delivery 

system at 25, 37 and 50°C, respectively. Three types of 

polymer were studied: 
(Me2Si-C H -SiMe 0) 6 4  2 x' 
n=2, 6 and 8. 

(I) (Me2SiCH2)x, (11) 
and (111) [Me2Si(CH2)nSiMe20]x, where 

Permeabilities of progesterone in these polymers were 

found to decrease in the following order: Polyner (111) > 
Polymer (I) > Polymer (11). The same order was also observed 

for the permeabilities of testosterone, but their values were 

one order of magnitude lower than those of progesterone. 

Incorporation of the phenylene group in the polymer backbone 

in Polymer (11) caused a significant decrease in the 

diffusion coefficient but an increase in the solubility 

coefficient. The net effect is a 50% decrease in the 
permeability with respect to (Me SiO) . This effect was found 

to be less pronounced with alkylene group in Polymer (111). 
2 x  
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370 L E E ,  U L M A N ,  A N D  L A R S O N  

The a c t i v a t i o n  e n e r g i e s  of permeation f o r  proges te rone  through 

these  polymers were found t o  be i n  the  range of 12-21 

kcal/mole.  

INTRODUCTION 

Many p u b l i c a t i o n s  have evolved from t h e  e v a l u a t i o n  of 

drug permeation through polydiorganosi loxane rnembrane~ l -~ ;  

however, very  few, i f  any,  papers  have been publ ished on t h e  

e f f e c t s  of po lys i loxane  backbone s t r u c t u r e  on t h e  r a t e  of 

drug r e l e a s e .  Chemical and p h y s i c a l  p r o p e r t i e s  of s i l i c o n e  

polymers a r e  known t o  be dependent upon not  on ly  t h e  

s u b s t i t u e n t s  on s i l i c o n e  but  a l s o  t h e  polymer backbone 

s t r u c t u r e .  For example, i f  t h e  o rgan ic  s u b s t i t u e n t s  on 

s i l i c o n e  are he ld  cons t an t ,  e. g . ,  Me, and t h e  oxygen i n  t h e  

s i l oxane  cha in  i s  rep laced  by o t h e r  l i nkages ,  profound 

changes i n  g l a s s  t r a n s i t i o n  temperature  (Tg) and mel t ing  

temperature (Tm) t ake  p lace .  This  can be i l l u s t r a t e d  by 

rep lac ing  every o t h e r  oxygen atom i n  t h e  polydimethyls i loxane 

(PDMS) cha in ,  (Me2SiO) 

(Me S i C H  CH SiMe 0) which r e s u l t s  i n  a Tg inc rease  from 
2 2 2  2 x  

wi th  a - CH2CH2- l i nkage ,  i. e. ,  
X’ 

-123°C (PDMS) t o  -88°C. I f  every  o t h e r  oxygen atom i s  

replaced wi th  a p-C H l i nkage ,  even l a r g e r  changes i n  t h e  6 4- 
phase t r a n s i t i o n  temperature  t ake  p lace” .  

become -18 and 148”C, r e s p e c t i v e l y ,  as compared t o  -123 and 

-40°C r e s p e c t i v e l y  f o r  PDMS . 

The Tg and Tm 

The l a r g e  changes i n  phys i ca l  p r o p e r t i e s ,  r e s u l t i n g  from 

the  change i n  polymer backbone s t r u c t u r e  i l l u s t r a t e d  above, 

sugges ts  t h a t  drug pe rmeab i l i t y  of s i l i c o n e  polymers can be 

s i g n i f i c a n t l y  changed by modifying t h e  backbone s t r u c t u r e  of 

t h e  polymer. 

i n v e s t i g a t e  t h e  e f f e c t  of polymer backbone s t r u c t u r e  on t h e  

The o b j e c t i v e  of t h i s  work w a s  t o  s y s t e m a t i c a l l y  
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SILICONE ELASTOMERS. IV. 3 7 1  

permeability of drug, using progesterone and testosterone 

as model drug compounds. 

were held constant, i. e., dimethyl groups, in order to 

eliminate the substituent effect. 

of polymer were investigated: 

The organic substituents on silicon 

The following three types 

Polymer (I): 

(Me2 SiCH2Ix 
Polymer (11) : 

(Me2Si-p-C6H4-SiMe 0 )  and (Me2Si-m-C6H4-SiMe 0) 

[Me2Si(CH ) SiMe20Ix, where n = 2 ,  6 ,  and 8 

2 x  2 x  
Polymer (111) : 

2 n  
Preliminary results are reported in this paper. 

EXPERIMENTAL 

(A) Materials 

(1) Progesterone, testosterone (both purchased from Sigma 

Chemical Co.), and polyethylene glycol (PEG 400) (purchased 

from Fisher Scientific), were used as received. 

( 2 )  Silicone Polymers Preparation 

(a) Polymer(1) - (Me2SiCH2)x 
To prepare the silmethylenesiloxane polymer, 

1 , 1,3,3-tetramethyl -1,3- disilacyclobutanell was first 
synthesized followed by platinum catalysis12 as shown below: 

P H 2 \  Pt/C (Me2 SiCH2)x 

\CH2' 
SiMe2 -> 

Polymer (11) - [Me2Si-(C H )-SiMe 01 

M /THF C1CH2Me2 Sic1 .L} Me Si 

(b) 
To prepare the silphenylenesiloxane polymers, the 

6 4  2 x  

required intermediates were synthesized by the "in-situ " 

Grignard reaction shown below: 

HMe2SiC1 + C1C6H4C1 g M /THF HMe2Si(C6H4) SiMe2H 
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3 7 2  L E E ,  ULMAN, AND LARSON 

The intermediate was hydrolyzed to the diol and 
with a condensation catalyst to give polymer (11) . Both 

poly(tetramethy1-p-silphenylene-siloxane) and 

poly(tetramethy1-m-silphenylene-siloxane) were prepared in 
this manner. 

polymerized 
13 

(c) Polymer (111) - [Me2Si(CH2)n SiMe 01 where n = 2, 2 x  
6, and 8. The intermediates for polymer (111) were prepared 
by the hydrosilation reaction shown below: 

(ViMe Si) 2O + HMe2SiC1 2) (C1Me2SiCH2CH2SiMe2) 2O 
2 

CH =CH(CH2)xCH=CH2 + 2 
These chloro si lanes 
SiMe 01 H, which was 

polymers. 
2 Y  

HMe2 S iC 1 --% C 1Me Si ( CH2) x+4S iMe 2C 1 
were hydrolyzed to give HO-[Me Si(CH ) 

further condensed to give the desired 
2 2 x  

( 3 )  Membrane Fabrication 
The polymers thus prepared were crosslinked with an 

organic peroxide to give the desired membranes. It was found 
that if the membrane was flexible and too thin, it had a 

tendency to bow in the permeation cell thus changing its 

surface area during the experiment. The data thus generated 

were found to be erratic. To avoid this problem the thickness 
of the membrane was kept above 0.146 cm (with the exception of 

poly(tetramethy1-p-silphenylene-siloxane) which was very rigid 
at very thin thicknesses and was evaluated at 0.0128 cm.). 

(B) Permeability, Diffusivity and Solubility Measurements 

Permeability of progesterone and testosterone through the 

silicone membranes was investigated in the capsule-type 
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SILICONE ELASTOMERS. IV. 373 

d e l i v e r y  system u s i n g  t h e  a p p a r a t u s  developed by Ghannam - 
Chien14'15. 

measurements was d e s c r i b e d  i n  t h e  companion paper  16. 

exper iments  were c a r r i e d  out  i n  40/60 v / v  PEG 400/water  

s o l u t i o n  a t  25, 37 and 5OoC,  r e s p e c t i v e l y .  The 

i n t r i n s i c  release rate ,  (dQ/dt), was c a l c u l a t e d  from t h e  

a p p a r e n t  release rate ,  (dQ/dt),,  u s i n g  t h e  f o l l o w i n g  e q u a t i o n :  

where y = 1 - 2d (dQ/dt ) a /  ShRDRCs 

The e x p e r i m e n t a l  p rocedure  f o r  t h e  p e r m e a b i l i t y  

The 

¶ 

(dQ/dt) ,  = (dQ/dt),/Y (1) 

(2) 
DR = d i f f u s i o n  c o e f f i c i e n t  of drug in t h e  r e c e p t o r  phase 

(9.81 x 10-7cm2/sec. f o r  b o t h  p r o g e s t e r o n e  and 

t e s t o s t e r o n e  i n  40/60 v / v  PEG 400/water a t  37°C). 

C = c o n c e n t r a t i o n  of s a t u r a t e d  drug s o l u t i o n  i n  t h e  

donor phase (204ug/ml f o r  p r o g e s t e r o n e  and 

432pg/ml f o r  t e s t o s t e r o n e  a t  37°C i n  40/60 v / v  PEG 

400/water ) .  

S 

d = l e n g t h  o f  t h e  magnet ic  b a r  ( 2 . 5 4  cm) 

Sh = Sherwood number (379 a t  425 r.p.m. s t i r  rate in R 
40/60 v / v  PEG 400 w a t e r  a t  37°C) 

To c o r r e c t  f o r  t h e  d i f f e r e n c e  i n  t h i c k n e s s  from one 

membrane t o  a n o t h e r ,  t h e  (dQ/dt)o, t h u s  o b t a i n e d  was m u l t i p l i e d  

by t h e  membrane t h i c k n e s s ,  R. 
Two methods were employed t o  de te rmine  t h e  d i f f u s i v i t y  

c o e f f i c i e n t  of  polymer, D , i . e . ,  capsule- type release method 

and mat r ix- type  r e l e a s e  method as d e s c r i b e d  p r e v i o u s l y 1 6 .  I n  

t h e  former case, t h e  f o l l o w i n g  e q u a t i o n  was used t o  c a l c u l a t e  

P 

D .  
P 

D = k 2 / 6 t l  
P (3) 

where R i s  t h e  membrane t h i c k n e s s  and t 

t h e  l a t t e r  method D was c a l c u l a t e d  from t h e  f o l l o w i n g  
P 

i s  t h e  t ime-lag.  I n  1 

e q u a t i o n .  
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314 LEE, ULMAN, AND LARSON 

where: Q = Amount of drug permeated/unit area of membrane at 

time, t 

Q, = Total amount of drug perrneated/unit area of 

menib fane 

R = Membrane thickness 

Equation ( 4 )  can be applied only when O<Q/Qw<O.6 

The solubility coefficient, C , was calculated from the 
P 

intrinsic rate of permeation and diffusion coefficient, D , as 
shown be low : 

P 

C P = (dQ/dt),'R/Dp (5) 
where R is the membrane thickness. 

RESULTS AND DISCUSSION 

( A )  Effect of Crystallinity 

The drug permeability of (Me Si-p-C6H4-SiMe20)x was found 2 
to be extremely low. Negligible amount of progestrone 

permeated through the membrane even after seven days. 

(MeZSi-m-C H -SiMe 0) 
permeability. Crystallinity was responsible for such a marked 

difference. The former was a highly crystalline material, 

whereas the latter was amorphous at room temperature. Thus 

only the latter was studied further in Polymer (11) series. 

Polymers (I) and (111) were all amorphous materials. 
(B) Effect of Polymer Backbone Structure 

on the other hand, gave reasonable 6 4  2 x' 

The intrinsic rate of permeation, D and C obtained with 
P P 

progesterone and testosterone at 37°C are summarized in 

Table 1. Data obtained with (Me SiO) are also included for 2 x  
comparison purposes. 

(1) Diffusion Coefficient, D 
The D of progesterone and testosterone in these 

P 
P 

polymers was about the same order of magnitude and both were 
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SILICONE ELASTOMERS. IV. 

TABLE 1 

375 

INTRINSIC RATE OF PERMEATION, DIFFUSION COEFFICIENT, 
SOLUBILITY COEFFICIENT AND PARTITION COEFFICIENT AT 37°C 

P 
(dQ/dt)'% D (x107) C 

P 
K* - Polymer ( X I 0  1 (cmZ/s) (mcg/cm3) 

(mcg/cm-s) 

(A) Progesterone 

(Me2SiCH2Ix (1) 2.98 1.08 2,760 . 0 7 4  

(Me2Si-m-C H SiMe 0) (11) 2.77 0.28 9,870 .021 6 4  2 x 
[Me2Si(CH2),SiMe2OIx (111) 

n = 2  4.78 2.65 1,800 ,113 
n = 6  4.63 1.61 2,876 .071 
n - 8  3.93 1.66 2,367 .086 

(Me 2 s 10) 5.67 9.03 628 ,325 

(B) Testosterone 
(Me2SiCH2)x (1) 0.243 .66 368 1.17 

[Me2Si(CH2)nSiMe20]x (111) 

(Me2Si-m-C6H4SiMe20)x(II) 0.681 .26 2,560 .17 

n = 2  0.457 2.56 179 2.41 

n = 6  0.531 1.54 344 1.26 
n = 8  0.538 1.34 411 1.05 

0.555 6.55 85 5.08 
X 

(Me S i 0 )  

*K = Cs/C , Cs = 204 mcg /cm3 for progesterone and 432 
P 

mcg /cm2 for testosterone 
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376 LEE, ULMAN, AND LARSON 

found t o  decrease  i n  t h e  fol lowing order :  

(Me2SiO)x > [Me2Si(CH2)nSiMe20]x, (111) > (Me2SICH2)x, (I) > 
(Me2Si-m-C H -SiMe 0) (11) 

Replacement of every o t h e r  oxygen atom i n  (Me SiO) with 

a m- phenylene l inkage  [Polymer ( I I ) ]  caused a decrease  i n  D 
P 

by a t  least  one o rde r  of magnitude. When every o t h e r  

oxygen atom was rep laced  wi th  an a lky lene  l i nkage ,  t he  e f f e c t  

was not  as  pronounced as the  phenylene l inkage .  

i n t roduc t ion  of phenylene l inkage  t o  t h e  s i loxane  backbone 

apparent ly  induced more r i g i d i t y  t o  t h e  s i l oxane  cha in  than  

the  a lkylene  l inkage.  When a l l  oxygen atoms i n  (Me SiO) were 

replaced wi th  a methylene l inkage  [Polymer ( I ) ] ,  t h e  polymer 

chain became as  r i g i d  as Polymer (II) ,  r e s u l t i n g  i n  a very  low 

6 4  2 x’ 

2 x  

The 

2 x  

D value.  The D of  (Me SiCH ) w a s  almost one o rde r  of P P 2 2 x  
magnitude lower than  t h a t  of (Me SiO) . 2 x  

I n  the  companion paper ,  an a t t e m p t  was made t o  i n t e r p r e t  

t he  D 
P 

c o r r e l a t i o n  was obta ined  between D and compress ib i l i t y  of 

(MeRSiO )x. To v e r i f y  whether o r  no t  t h e  same c o r r e l a t i o n  

he ld  i n  the  t h r e e  c l a s s e s  of polymer s tud ied  i n  t h i s  work, D 

va lues  were p l o t t e d  a g a i n s t  t h e  compress ib i l i t y .  Data 

obtained wi th  (MeRSiO) were a l s o  included f o r  comparison 

purposes.  Resu l t s  are shown i n  F igures  1 and 2 f o r  

progesterone and t e s t o s t e r o n e .  The l i n e a r  c o r r e l a t i o n  

c o e f f i c i e n t s  f o r  progesterone and t e s t o s t e r o n e  were found t o  

be 0.94 and 0.96 r e spec t ive ly .  

good c o r r e l a t i o n  between D 

s i l i c o n e  polymers i n v e s t i g a t e d  so f a r .  More work on the  

i n t e r p r e t a t i o n  of D 

t he  molecular model’ are  planned. 

i n  terms o f  t h e  f r e e  volume model16. A good 

P 

P 

X 

Thus t h e r e  appears  t o  be a 

and compress ib i l i t y  of t h e  
P 

based on the  f r e e  volume r n ~ d e l ~ ~ ’ ~ *  and 
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SILICONE ELASTOMERS. I V  . 3 7 7  

2 .  

0 1  
3 4 5 6 

6 2  POLYMER COMPRESSIBILITY (x10 I N  /LB) 

FIGURE 1 

Diffusion coefficient (D ) of Progesterone at 3 7 O C  vs. 
polymer compressibility. P 

(2) Solubility Coefficient, C 

The solubility coefficients, C , of both progesterone 
P 
P 

and testosterone were found to increase in the following 

order: 

(Me2Si0 ) < [Me2Si(CH ) SiMe20Ix, (111) % (Me2SiCH2)x, (I) 
X 2 n  

<< [Me2Si-m-C6H4-SiMe 0 )  (11) 2 x’ 

The absolute values of C for testosterone, however, were 
P 

lower than those of progesterone. This was the major 
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8 -  

6 .  

4 .  

L E E ,  ULMAN, AND LARSON 

7 I 
L 

/e- 
0 

. 
O ;  4 5 6 

6 2  POLYMER COMPRESSIBILITY (x10 I N  /LB) 

FIGURE 2 

Diffusion coefficient (D ) of testosterone at 37OC vs. 
polymer compressibility P 

contributing factor to the reduced permeability of 

testosterone when compared to progesterone (by an order of  

magnitude) in the polymers we investigated. 
In the (MeCnH2n+lSiO)x series, it was shown that the C 

P 
of both progesterone and testosterone increased linearly 

with the number of carbons in the pendent alkyl group16. 
question arose as to whether or not the same relation held in 
polymer (ITI), in which an alkylene linkage was incorporated 
into the polymer backbone. 
the number of carbons in the alkylene linkage. 

data obtained with (MeC,H2n+lSiO)x were included for 

comparison purposes. Although the data showed some scatter in 

A 

Figure 3 shows a plot of C vs. 
P 

Experimental 
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SILICONE ELASTOMERS. IV. 379 

C, (MCGJCM 3 ) 

PROGESTERONE 

TESTOSTERONE 

NUMBER OF CARBONS ( N 

FIGURE 3 

Effec t  of number of carbons i n  a l k y l / a l k y l e n e  group on C 
-0- backbone a lky lene  group: [Me2Si(CH2)nSiMe20]x 
--- 0 --- pendent a l k y l  group: (MeCnH2n+lSiO)x 

t h e  progesterone ser ies ,  t h e  r e s u l t s  confirmed t h a t  C d i d  

inc rease  l i n e a r l y  wi th  t h e  number of carbons i n  both backbone 

a lky lene  group, as  w e l l  as pendent a l k y l  group. Thus C w a s  

expressed e m p i r i c a l l y  by: 

P 

P 

c = c  + A N  
PYn P , O  

where C w a s  t h e  s o l u b i l i t y  c o e f f i c i e n t  i n  t h e  n t h  

congener of t h e  polymer, C w a s  t h e  s o l u b i l i t y  c o e f f i c i e n t  
P 9 0  

i n  t h e  h y p o t h e t i c a l  zero cha in  l eng th  and A w a s  a cons t an t  

whose magnitude w a s  dependent upon t h e  pene t r an t .  Figure 3 

shows t h a t  t h e  va lue  of C a s s o c i a t e d  wi th  backbone 
P ¶ O  

a lky lene  l inkage  i s  h igher  than  t h a t  a s s o c i a t e d  wi th  t h e  

pendent a l k y l  group. 

P Yn 

( 3 )  Permeabi l i ty  

The i n t r i n s i c  r a t e  o f  permeation, (dQ/dt>;k, f o r  t h e  

progesterone series decreases  i n  t h e  fol lowing o rde r :  
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(Me2SiO)x > [Me2Si(CH2)nSiMe20], (111) > (Me2SiCH2)x, ( I )  ) 

(Me2Si-m-C H -SiMe 0) (11) 6 4  2 x’ 
The d i f f e r e n c e  between t h e  p e r m e a b i l i t y  of (Me2SiO) 

t h a t  of  Polymer (11) is o n l y  about  5 0 % ,  which i s  much less  

t h a n  the d i f f e r e n c e s  observed w i t h  D and C . This  i s  caused 

by t h e  f a c t  t h a t  t h e  p e r m e a b i l i t y  i s  t h e  product  of  D and C , 
P P 

and t h e  m o d i f i c a t i o n  of  polymer backbone s t r u c t u r e s  a f f e c t s  D 
P 

and C i n  o p p o s i t e  ways. That i s ,  t h e  replacement  of  e v e r y  

o t h e r  oxygen atom w i t h  a phenylene l i n k a g e  c a u s e s  a marked 

d e c r e a s e  i n  D , but  a s i g n i f i c a n t  i n c r e a s e  i n  C by about  t h e  
P P 

same o r d e r  of  magnitude. The g a i n  i n  C compensates f o r  t h e  

d e c r e a s e  i n  D , r e s u l t i n g  i n  a margina l  change i n  t h e  

i n t r i n s i c  r e l e a s e  rate i n  Polymer (11). T h i s  was a l s o  found 

t o  be t h e  case i n  t h e  Polymer (I)  and (111) s e r i e s .  

and 
X 

P P 

P 

P 

P 

The p e r m e a b i l i t i e s  of t e s t o s t e r o n e  through t h e s e  

polymers were found t o  be about  one o r d e r  of magnitude lower 

t h a n  t h o s e  of  p r o g e s t e r o n e .  T h i s  was p r i m a r i l y  caused by t h e  

lower s o l u b i l i t y  c o e f f i c i e n t s  of t e s t o s t e r o n e  when compared t o  

t h o s e  of p r o g e s t e r o n e ,  as shown i n  t h e  (Me(C H S i O )  c a s e  

r e p o r t e d  e l sewhere  16. 
n 2n+l X 

The e f f e c t  o f  backbone s t r u c t u r e  on t h e  p e r m e a b i l i t y  of  

t e s t o s t e r o n e  fol lowed t h e  same p a t t e r n  as t h a t  of  

proges te rone .  

(C) E f f e c t  of Temperature 

The a c t i v a t i o n  energy ,  AE, o f  permeat ion  f o r  

proges te rone  through t h e s e  t h r e e  classes of polymer a r e  

shown be low : 

Polymer AE ( Kcal / mol ) 

(Me2Si-m-C 6 4  H SiMe20)x 14.5 
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(111) [Me2Si(CH2),SiMe20Ix 

n = 2  

n = 6  

n = 8  

14.6 

17.7 

21.5 
Incorporation of an alkylene group into the polymer 

backbone [i.e., Polymer (III)] resulted in much higher A E s  

than those obtained with the pendent alkyl group [i.e., 
(MeCnH2n+lSi0 ) ] reported earlier16. 
be low : 

These are compared 
X 

AE ( kcal /mole) 
n = 2  n = 6  n = 8  

[Me2Si(CH2),SiMe20Ix 14.6 17.7 21.5 
SiO] 12.5 15.6 15.8 iMeCnH2n+l X 

Interpretation of these data in terms of mathematical models 

will be attempted in the future. 

CONCLUSIONS 

The effect of  silicone polymer backbone structure on 

the permeability of progesterone and testosterone through 

the following three types of silicone membranes was 
investigated: (I) (Me2SiCH2)x, (11) (Me2Si-C6H4-SiMe20)x, and 
(111) [Me2Si(CH ) SiMe20Ix, where n = 2, 6 and 8. 2 n  

Permeabi li t ies o f progesterone through these polymers 

were found to decrease in the following order: 
Polymer (111) > Polymer (I) > Polymer (11). The same order 
was also observed for the permeabilities of testosterone, but 
their values were one order of magnitude lower than those of  

progesterone . 
Incorporation of the phenylene group in the polymer 

backbone [Polymer (II)] caused a significant decrease in the 
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d i f f u s i o n  c o e f f i c i e n t  b u t  a n  i n c r e a s e  i n  t h e  s o l u b i l i t y  

c o e f f i c i e n t .  The n e t  e f f e c t  was a 50% d e c r e a s e  i n  t h e  

p e r m e a b i l i t y  w i t h  r e s p e c t  t o  (Me SiO) . Such a n  e f f e c t  was 

found t o  be less  pronounced w i t h  a l k y l e n e  groups i n  Polymer 
2 x  

(111). 

A good l i n e a r  c o r r e l a t i o n  between D and c o m p r e s s i b i l i t y  
P 

of Polymers ( I ) ,  (11), (111) and (MeRSiO) w a s  e s t a b l i s h e d .  

This  s u g g e s t s  t h a t  t h e  f r e e  volume model might be a p p l i c a b l e  

i n  i n t e r p r e t i n g  t h e  e f f e c t  of polymer s t r u c t u r e  on D . 
X 

P 
The a c t i v a t i o n  e n e r g i e s  o f  permeat ion f o r  p r o g e s t e r o n e  

through t h e s e  polymers were found t o  be i n  t h e  range of  

12-21 k c a l  /mole. 
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