
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 25 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Journal of Macromolecular Science, Part A
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713597274

Polymers for Controlled Release of Organotin Toxin
R. V. Subramaniana; K. N. Somasekharana

a Department of Materials Science and Engineering Washington, State University, Pullman,
Washington

To cite this Article Subramanian, R. V. and Somasekharan, K. N.(1981) 'Polymers for Controlled Release of Organotin
Toxin', Journal of Macromolecular Science, Part A, 16: 1, 73 — 93
To link to this Article: DOI: 10.1080/00222338108082043
URL: http://dx.doi.org/10.1080/00222338108082043

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713597274
http://dx.doi.org/10.1080/00222338108082043
http://www.informaworld.com/terms-and-conditions-of-access.pdf


J. MACROMOL. SC1.-CHEM., A16(1), pp. 73-93 (1981) 

Polymers for Controlled Release of Organotin 
Toxin 

R. V. SUBRAMANIAN AND K. N. SOMASEKHARAN 

Department of  Mater ia l s  Science and Engineering 
Washington S t a t e  University,  Pullman, Washington 99164 

ABSTRACT 

A n  extensive inves t iga t ion  of  organotin polymers capable o f  
simultaneously providing long-term foul ing  r e s i s t a n c e  and use fu l  
engineering p rope r t i e s  i s  discussed. New syn the t i c  rou te s  have 
been developed f o r  organotin epoxy polymers u t i l i z i n g  ( i )  t h e  
c ros s l ink ing  r eac t ion  of diepoxides wi th  t h e  f r e e  carboxyl groups 
present  on a base polymer p a r t i a l l y  e s t e r i f i e d  wi th  t r i b u t y l t i n  
oxide (TBTo), (ii) t h e  polymerization o f  TBT a c r y l a t e  and TBT 
methacrylate wi th  v iny l  monomers ca r ry ing  func t iona l  groups 
capable of  c ross l ink ing ,  and (iii) simultaneous v i n y l  polymeriza- 
t i o n  and epoxide c ros s l ink ing  r eac t ions .  F l ex ib l e  polymers 
cur ing  under ambient condi t ions  have a l s o  been developed ( i v )  by 
f irst  prepar ing  epoxy-terminated prepolymers by r e a c t i n g  TBT 
e s t e r s  of w-amino ac ids  wi th  diepoxides,  and then  c ross l ink ing  
wi th  diethylenetriamine. Room-temperature-curable organot in  
polymers developed a l s o  inc lude  ( v )  urethanes,  ( v i )  a z i r i d i n e s  
and (v i i )  po lyes t e r s .  F ina l ly ,  ( v i i i )  an a b l a t i n g  polymer i s  
developed by copolymerizing methyl methacrylate wi th  TBT 
methacrylate.  

The network s t r u c t u r e  i s  var ied ,  and t h e  average sepa ra t ion ,  
l eng th  and type o f  c ros s l inks  o r  pendant organotin groups are 
a l t e r e d  by appropr ia te  changes i n  monomers and syn the t i c  routes .  
Resul tan t  changes i n  measured s t r eng th ,  f r a c t u r e  toughness and 
dynamic mechanical behavior of t h e  polymer systems have been 
co r re l a t ed  wi th  t h e  s t r u c t u r a l  va r i ab le s  employed. 

The s t r u c t u r e  and r e a c t i v i t y  of TBT carboxylate group have come 
under c a r e f u l  i nves t iga t ion .  The b i o a c t i v e  spec ies  r e l eased  from 
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7 4  SUBRAMANIAN AND SOMASEKHARAN 

these  polymers has been i d e n t i f i e d  as t r i b u t y l t i n  ch lor ide  by 
spectroscopic and chromatographic techniques.  The r e l e a s e  r a t e  
of t i n  has been determined i n  the  labora tory ,  and the  r e s u l t s  
f i t t e d  t o  mathematical models corresponding t o  the bulk  a b i o t i c  
bond cleavage. 

An important aspect of organotin compounds t h a t  has drawn 

c lose  a t t en t ion  i n  recent years  i s  t h e i r  b io log ica l  e f f e c t s  which 

have l e d  t o  t h e i r  widespread appl ica t ion  i n  b ioc ida l  compositions 

[l]. Inves t iga t ions  i n  t h i s  a r ea  have c l e a r l y  shown t h e  p o t e n t i a l  

of  organotin polymers fo r  use as an t i fou l ing  coatings.  In t h i s  

context,  not only the  synthes is  and cha rac t e r i za t ion  of organotin 

polymers, bu t  a l s o  the understanding of t he  mechanism of r e l ease  

of organotin tox in  from the  polymers assume importance. Current 

research leading t o  t h e  progressive understanding of s t ruc ture-  

property r e l a t ionsh ips ,  including the  b i o c i d a l  p rope r t i e s  of 

organotin polymers, i s  the re fo re  s t r e s s e d  i n  t h i s  review, 

Antifouling Coati rigs 

Fouling, i . e . ,  t he  growth of marine organisms on submerged 

sur faces ,  i s  one of t he  worst problems i n  marine environments; 

and prevention o f  fou l ing  is next i n  importance only t o  corrosion 

prevention i n  t h e  pro tec t ion  o f  sh ips '  bottoms 121. Fouling of 

t h e  sh ip  h u l l  l eads  t o  a l a r g e  increase  i n  f r i c t i o n a l  r e s i s t ance  

which, i n  t u rn ,  r e s u l t s  i n  a wastage o f  fuel. Fouling causes an 

unpredictable d i s t o r t i o n  i n  s igna l s  from immersed acous t i c  and 

e l ec t ron ic  navigational devices.  I n  many cases ,  t h e  foul ing  

organisms a l so  destroy t h e  an t icor ros ion  coa t ing  on marine 

equipment, l ead ing  t o  ser ious  corrosion damage t o  such sur faces .  

While many techniques have been t r i e d  i n  t h e  prevention of 

fouling such as u l t r a v i o l e t  i r r a d i a t i o n  [ 31, u l t r a son ic  v ib ra t ion  

[41 o r  covering by non-sticky s i l i c o n e  rubber coatings [ 5 ] ,  up t o  

now, the  use of  an t i fou l ing  pa in t s  has been t h e  only economically 

and t echn ica l ly  f e a s i b l e  p ro tec t ion  aga ins t  fou l ing  [2,31. Anti- 

fou l ing  pa in t s ,  whose mechanism of ac t ion  i s  t h e  leaching  o f  

tox icants ,  a r e  a t t r a c t i v e  because of easy appl ica t ion  and main- 
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ORGANOTIN TOXIN 75 

tenance. Their main drawback i s  the mechanism of ac t ion  i t s e l f ;  

it i s  based on the  r e l ease  of b ioac t ive  mater ia l s .  Whereas t h e  

an t i fou l ing  ac t ion  i s  needed mainly when the  sh ip  i s  i n  po r t ,  t h e  

important fou l ing  organisms being denizens of t he  sea shore ,  a 

very high percentage of b ioac t ive  ma te r i a l  i s  r e l eased  when the  

sh ip  i s  moving, due t o  the  turbulen t  conditions around it. 

Antifouling Toxicants 

Unt i l  now, the  most important an t i fou l ing  poison has been 

cuprous oxide [6-81. The c r i t i c a l  l eaching  r a t e ,  i . e . ,  t h e  r a t e  

required t o  keep o f f  a l l  foul ing ,  i s  10  pg/cm2/day for copper [ g ] .  

The poison l o s s  r a t e  by t h e  dt r e l a t i o n  is  the  main problem of 

an t i fou l ing  coatings.  I f  t h e  amount of poison needed were compar- 

ed with t h a t  used, it would be no more than  20%; thus  t h e  e f f i c i -  

ency of an t i fou l ing  pa in t s  i s  very low. On t h e  o the r  hand, t h e  

loss due t o  foul ing  is  s o  high t h a t  it i s  worthwhile wasting 

about 90% of t h e  poison i f  the  remainder se rves  t o  prevent foul ing  

[ 2 ] .  Researchers have always been looking f o r  more a c t i v e  poisons 

[6-8,10] which a r e  e f f e c t i v e  aga ins t  t h e  whole spectrum o f  foul- 

a n t s ,  because copper i s  somewhat d e f i c i e n t  i n  i t s  ac t ion  aga ins t  

a l g a l  fouling. 

Organoarsenic compounds a r e  very e f f e c t i v e ;  bu t  they a r e  a 

problem t o  apply because they i r r i t a t e  t h e  eyes and nasa l  membra- 

nes. Tr ibuty l lead  and t r iphenyl lead  compounds have similar tox i -  

c i t y  aga ins t  fou l ing  organisms as organotin compounds, bu t  t h e i r  

t o x i c  hazards on appl ica t ion  a r e  g rea t e r .  T r ibu ty l t i n  and tri- 

phenyl t in  r ad ica l s  a r e  very e f f e c t i v e  aga ins t  a l l  ty-pes of foul- 

i ng  and have been widely used. They a re  t o x i c  to man, but they  

a r e  not a hazard t o  him i f  some simple precautions are taken [ll]. 

Unlike organoarscnic, organolead and organomercury compounds, 

organotin compounds e a s i l y  degrade t o  nontoxic compounds i n  t h e  

environment. Among t h e  o the r  advantages claimed f o r  t h e  use of 

organotin tox ins  i n  an t i fou l ing  coatings is t h e  absence of corro- 

s ion  problem, which always occurs with conventional p a i n t s  

containing cuprous oxide [ 6 ] .  
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SUBRAMANIAN AND SOMASEKHARAN 

Extensive tox ico log ica l  evaluations o f  organotin compounds 

have l e d  t o  the  conclusion t h a t  t h e  t r i a l k y l t i n  de r iva t ives  are 

t h e  most e f f e c t i v e  tox ins  aga ins t  marine organisms [121. A 

comparison of t h e  t o x i c i t y  of a homologous s e r i e s  of t r i a l k y l t i n  

compounds has ind ica t ed  t h a t  t h e  t r i b u t y l t i n  de r iva t ives  represent  

t he  optimum balance between high t o x i c i t y  aga ins t  marine organisms 

and Lolerance toward m a m m a l s  [6]. Fie ld  tests have given t h e  bes t  

fou l ing  r e s i s t ance  when the  t r i b u t y l t i n  group is  e a s i l y  hydrolyz- 

ab le  [13]. Detailed inves t iga t ions  by Aldridge [ 1 4 ]  and Selwyn 

1151, of the  influence of organotin compounds on mitochondria1 

func t ions ,  support these  observations.  On t h e  b a s i s  of t hese  

considerations,  t r i b u t y l t i n  carboxylate has been t h e  s t r u c t u r a l  

f ea tu re  of choice i n  our syntheses of polymers for p o t e n t i a l  use 

i n  an t i foul ing  compositions. 

Improving Antifouling Coatings 

The p r a c t i c a l  p o s s i b i l i t i e s  t o  extend t h e  e f f e c t i v e  l i f e t i m e  

of an t i fou l ing  coatings are t o  increase  t h e  f i lm  th ickness ,  use 

more e f f ec t ive  b ioac t ive  mater ia l s ,  o r  t o  con t ro l  t h e  leaching 

rate of b ioac t ive  substances.  

Increasing f i l m  th ickness  i s  simple, bu t  t h i s  does not change 

t h e  it dependence of leaching r a t e .  As t h e  r a t e  of r e l e a s e  of 

poison has t o  be much higher i n  t h e  i n i t i a l  s t ages ,  t h e  accompany- 

ing  p e r i l s  l i k e  wastage and environmental hazard a r e  aggravated. 

The use of s t ronger  poisons, an approach which involves lower 

leaching r a t e s ,  i s  a good approach t o  t h e  so lu t ion  of t h e  short-  

l i f e  time problem. Hut they w i l l  also be more tox ic  t o  people, and 

t h i s  i s  t h e  main l i m i t a t i o n  of t h i s  technique. 

Several  methods have been t r i e d  for con t ro l l i ng  t h e  r e l ease  

r a t e .  One of them is t he  use of a s p e c i a l  t op  coat of water- 

inso luble  hydrophilic a c r y l i c  r e s i n  [ 161. A more recent  approach 

designed t o  so lve  t h e  excessive leaching problem is t h e  d e v e l o p  

ment of organometallic polymers [17], i n  which b i o c i d a l  organo- 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
5
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ORGANOTIN TOXIN 77 

meta l l i c  groups a r e  chemically a t tached  t o  t h e i r  backbones. Among 

t h e s e ,  organotin polymers a r e  l i k e l y  t o  have more p r a c t i c a l  appl i -  

ca t ion  than t h e  o ther  organometall ic polymers. It has been shown 

t h a t  t h e  organometallic polymer is optimally e f f e c t i v e  aga ins t  

fou l ing  organisms when the  organic r a d i c a l  of  t h e  organometall ic 

groups i s  e i t h e r  propyl o r  b u t y l  [6]. Also, s tud ie s  of t h e  b ioc i -  

d a l  ac t ion  of organometall ic compounds have s h a m  t h a t  no one of 

such compounds has e f f e c t i v e  ac t ion  aga ins t  all t he  sl iming 

b a c t e r i a  [ 171. 
Therefore, by chemically a t t ach ing  t h e  organometall ic group 

t o  a polymer backbone, two goals a re  aimed. F i r s t ,  and most 

important, it i s  poss ib le  t o  reduce t h e  leaching r a t e  i n  order  t o  

achieve longer an t i fou l ing  p ro tec t ion  as a result of t h e  chemical 

bond between t h e  b ioac t ive  group and t h e  polymer. Second, by 

incorpora t ing  two o r  more organometall ic groups i n t o  a r e s i n ,  a 

broadening of i t s  b ioc ida l  ac t ion  is achieved. Due to t he  good 

f i l m  c h a r a c t e r i s t i c s  genera l ly  exhib i ted  by a c r y l i c s ,  t h e  f i r s t  

polymers prepared were poly ( t r i b u t y l t i n  a c r y l a t e )  and p o l y ( t r i -  

b u t y l t i n  methacrylate [6]. However, t h e  f i l m  p r o p e r t i e s ,  mechani- 

c a l  p roper t ies  (impact r e s i s t ance ,  hardness,  adhesion, f l e x i b i l i t y )  , 
weatherabi l i ty ,  and r e s i s t ance  t o  heat and thermal shock of t he  

organotin a c r y l a t e  homopolymers a r e  not good enough f o r  applica- 

t i o n  i n  durable coatings.  

Organotin Epoxide Polymers 

It is  i n  t h i s  context t h a t  w e  undertook t h e  synthes is  and 

cha rac t e r i za t ion  of thermoset polymers as a novel approach t o  

improve t h e  film-forming p rope r t i e s  and b ioc ida l  a c t i v i t y .  The 

syn the t i c  scheme adopted f o r  t h e  prepara t ion  of  t h e  polymers 

involves t h e  p a r t i a l  e s t e r i f i c a t i o n ,  with t r i b u t y l t i n  oxide (TBTO), 

o f  l i n e a r  base polymers containing carboxylic ac id  o r  anhydride 

groups as  t h e  f i rs t  s t ep .  The f r e e  carboxylic ac id  o r  anhydride 

groups of t h e  prepolymers a r e  then  cured with diepoxides [la]. 
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78 S U B W I A N  AND SOMASEKHARAN 

The p rope r t i e s  of t he  network s t r u c t u r e  obtained thus have 

been var ied  over a wide range by changing t h e  chemical s t r u c t u r e  

of  t h e  base polymer as wel l  as t h a t  of t h e  c ros s l ink ing  epoxy 

monomer. The t i n  content of t h e  polymer is a l t e r e d  by con t ro l l i ng  

the  degree of e s t e r i f i c a t i o n  of t h e  base polymer, which a l s o  

v a r i e s  t he  c ros s l ink  dens i ty  obtained i n  t h e  second s t e p .  Greater 

e s t e r i f i c a t i o n  with TBTO l eads  t o  fewer a v a i l a b l e  carboxyl groups 

for cross l ink ing  and, consequently, t o  l a r g e r  s epa ra t ion  between 

poin ts  of c ross l ink ing  on t h e  p r c p o l p e r .  Promotion of homopoly- 

merization at  high epoxy-to-anhydride r a t i o s  w i l l  have t h e  genera l  

e f f e c t  of extending t h e  l eng ths  of epoxy c ross l inks ;  t h i s  has been 

achieved by appropr ia te  choice of  c a t a l y s t s  f o r  t h e  cur ing  

r eac t ion  [la]. When t e r t i a r y  m i n e s  such a5 dimethylan i l ine  are 

employed, e s t e r i f i c a t i o n  i s  t h e  predominant r eac t ion  wi th  t h e  

epoxide; under these  condi t ions ,  the maximum amount of  epoxide 

incorporated i n  t h e  mat r ix  i s  l i m i t e d  by t h e  s to ich iometry  of one 

epoxide t o  one carboxylic ac id  un i t .  On the  o the r  hand, when homo- 

polymerization o f  t h e  epoxide i s  f a c i l i t a t e d  by t h e  presence of 

stannous oc toa te  or uranyl n i t r a t e ,  t h e  proportion of epoxide 

u n i t s  r eac t ing  with each carboxyl func t ion  i s  increased  over a 

h igher  range, wi th  a t tendant  improvements i n  mat r ix  s t r eng th  and 

toughness. 

The basr polymers employed include poly(styrene-co-maleic 

anhydride) [ SMA-1000A, ARC0 1 ,  poly(methy1 vinyl ether-co-maleic 

anhydride) [AN 139, General Ani l ine  & Film], poly(methy1 v iny l  

ether-co-maleic a c i d )  [AT 795,  General Ani l inc  & Film],  poly(1- 

hexene-co-maleic anhydride) [ PA-6, G u l f  ] and poly (l-decene-co- 

maleic anhydride) [PA-10, Gulf] .  The diepoxides used inc lude  

b i s  (3,4-epoxy-6-rnethylcyclohexylmethyl) ad ipa te  [ERL 4289, Union 

Carbide],  3,4-epoxycyclohexy3methyl 3,~-epoxycyclohexanecarboxylate 

[Em 4221, Union Carbide], 4-vinylcyclohexane d ioxide  [ERL 4206, 
Union Carbide], 2-( 3,4-epoxy)cyclohexyl-5,5-spiro( 3,b-epoxy)cyclo- 

hexane-rn-dioxane [EHL 4231b, Union Carbide 1 and d ig lyc idy l  e t h e r  

of bisphenol-A [EPON 828, S h e l l ] .  Uranyl n i t r a t e ,  stannous oc toa te ,  
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ORGANOTIN TOXIN 7 9  

dimethylaniline,  4-dimethylaminomethylphenol and 2 ,4 ,6- t r i s (d i -  

methylaminomethy1)phenol are some of t h e  c a t a l y s t s  employed [18,19]. 
The degree of e s t e r i f i c a t i o n  of base  polymers, t h e  s t r u c t u r e  

of t h e  epoxy monomers, and t h e  type  of c a t a l y s t  used have thus  

been var ied  i n  these  syn the t i c  schemes t o  e f f e c t  changes i n  t h e  

average separa t ion  between TBT groups and t h e  l eng th  of t h e  e p o q  

c ross l inks .  Resultant changes i n  measured s t r eng th ,  f r a c t u r e  

toughness and dynamic mechanical behavior of t h e  polymer systems 

have been co r re l a t ed  with t h e  s t r u c t u r a l  va r i ab le s  employed. 

Toughening by carboxyl-terminated l i q u i d  elastomers has a l s o  been 

s tudied ,  and t h e  improvement i n  f r a c t u r e  toughness co r re l a t ed  with 

t h e  average p a r t i c l e  s i z e  of t h e  dispersed elastomer phase. Of t h e  

various c a t a l y s t s  s tud ied ,  uranyl n i t r a t e  has caused t h e  h ighes t  

degree of c ross l ink ing .  The formation of domains i n  t h e  matrix 

with independent g l a s s  t r a n s i t i o n s  is ind ica t ed  by v a r i a t i o n s  i n  

l o s s  moduli; t hese  a l so  r e f l e c t  t h e  s t r u c t u r a l  e f f e c t s  of t h e  

bulky TBT groups and of t h e  d i f f e r e n t  epoxy monomers [la]. 

Many va r i a t ions  of t h i s  scheme have been inves t iga t ed ,  

including one which provided f o r  simultaneous v iny l  polymerization 

and carboxyl-epoxide reac t ions  [19]. Compositions of seve ra l  of 

t hese  organotin-epoxy coa t ings ,  t h e  method of preparing specimens 

f o r  an t i fou l ing  t e s t s  i n  marine environments and procedures f o r  

determining an t i fou l ing  performance have been repor ted  [19,20]. 

Fouling r e s i s t ance  upto 40 months has already been observed. The 

r e s u l t s  show t h a t  duration of foul ing  r e s i s t ance  i s  not  as much 

dependent on t h e  concentration of t i n  as it i s  on mat r ix  

c h a r a c t e r i s t i c s  [ 211. 

Controlled Release 

Performance t e s t s  i n  marine environments r evea l  t h a t  t h e  

r e s i s t ance  t o  foul ing  is  influenced by matrix c h a r a c t e r i s t i c s  [21]. 
P a r a l l e l  t e s t s  i n  the  labora tory  ind ica t e  t h a t  only a very small 

f r a c t i o n  of t he  ava i l ab le  t i n  i s  re leased  during the  se rv ice  l i f e  
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80 SUBRAMANIAN AND SOMASEKHARAN 

of t h e  coating [ 2 2 ] .  It  i s  thus  reasonable t o  i n f e r  t h a t  fou l ing  

commences when t h e  r a t e  of r e l ease  f a l l s  below t h e  c r i t i c a l  r a t e ,  

and not because of t he  complete deple t ion  of t i n  i n  these  systems. 

Matrix hydrophi l ic i ty  and permeabili ty seem t o  be t h e  f a c t o r s  

determining the  dura t ion  of fou l ing  r e s i s t ance .  

Antifouling performance of these  organoLin c a r b o w l a t e  poly- 

mers ind ica t e  t h a t  t h e i r  mode of ac t ion  corresponds t o  t h e  bulk 

a b i o t i c  bond cleavage model [13]. We have ca re fu l ly  considered 

a l l  t he  con t ro l l i ng  f a c t o r s ,  v i z . ,  

(1) d i f fus ion  of water (and poss ib ly  ch lo r ide )  

i n t o  t h e  polymer matrix from s e a  water; 

( 2 )  hydrolysis of t r i b u t y l t i n  carboxylates 

t o  produce TBTO ( o r  TBTCl)  ; 

( 3 )  d i f fus ion ,  from t h e  matrix t o  t h e  sur face ,  

of  t h e  mobile spec ies  (TBTO o r  TBTC1) produced; 

(4) phase t r a n s f e r  of t h e  organotin spec ies ;  

( 5 )  i t s  migration across  t h e  boundary l aye r ;  and 

( 6 )  poss ib le  mechanical l o s s  of t h e  t r i b u t y l t i n  

species from the  sur face .  

NMR s tudies  have revealed t h a t  t h e  TBT group undergoes f a s t  

chemical exchange, and hence a hydro ly t ic  equilibrium i s  rap id ly  

es tab l i shed  between TBT carboxylates and TBTO [ 231. Laboratory 

determination of t h e  r e l ease  r a t e ,  under laminar flow condi t ions ,  

shows t h a t  t h e  phase t r a n s f e r  and migration across  t h e  boundary 

l aye r  a re  a l s o  r e l a t i v e l y  f a s t  [ 2 2 ] .  Thus we have come t o  t h e  

conclusion t h a t  d i f fus ion ,  from t h e  matrix t o  t h e  su r face ,  of t h e  

mobile t r i b u t y l t i n  spec ies  produced, i s  t h e  f a c t o r  con t ro l l i ng  

the r a t e  of r e l ease  i n  epoxy systems. 

A s  t h e  mobile spec ies  produced d i f fuses  ou t ,  t h e  hydro lys is  

i s  expected t o  proceed a t  a concentration-dependent r a t e .  The 

model developed by Godbee and Joy f o r  p red ic t ing  t h e  l e a c h a b i l i t y  

of radionuclides from cemcntitious grouts [ 24 ] c lose ly  represents  

t h i s  s i t u a t i o n .  Based on t h e i r  equations,  t he  r a t e  of r e l e a s e  of 

t i n  ( i n  g/cm2/sec) from t h e  sur face  should be: 
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ORGANOTIN TOXIN 81 

where C 

D i s  t h e  e f f e c t i v e  d i f f u s i v i t y  i n  t h e  matrix i n  cm2/sec, 

K i s  t h e  concentration-dependent hydrolysis r a t e  i n  sec- l ,  and 

t i s  t h e  time i n  see.  

i s  t h e  concentration o f  t h e  mobile spec ies  i n  g/cm3, m 

The most s a l i e n t  f ea tu re  of t h i s  model i s  t h a t  when K t  

becomes l a r g e ,  e r f  ( K t  ) approaches un i ty ,  and t h e  rate becomes 

independent of time. This zero order r a t e  i s  t h e  coveted charac- 

t e r i s t i c  of cont ro l led  r e l ease  systems. However, w e  have not been 

able t o  r e a l i z e  t h i s  i d e a l  behavior i n  t h e  epoxy systems. This may 

p a r t l y  be due t o  t h e  t i g h t  mat r ix  i n  t h e s e  epoxy systems. 

The epoxy compositions discussed s o  f a r  a r e  h ighly  c ross l ink-  

ed  [18] and have g l a s s  t r a n s i t i o n  temperatures around 1 4 O o C .  Their  

f r e e  volumes and segmental mob i l i t i e s  are very low. It i s  known 

t h a t  t hese  f a c t o r s  decrease the  d i f f u s i v i t y  (D) i n  t h e  matrix [251. 
Fur ther ,  t h e  magnitude of decrease i s  g r e a t e r  t h e  l a r g e r  t h e  

d i f fus ing  molecule [ 2 5 ] ;  TBTO is  a r e l a t i v e l y  l a r g e  molecule. 

Equation (1) pred ic t s  g rea t e r  r a t e  of r e l e a s e  when C i s  m 
higher;  t h e  concentration of t h e  mobile spec ies  i s  expected t o  be  

higher i n  hydrophilic matrices.  

Crosslinking o f  Organotin Copolymers 

Since it has become apparent t h a t  mat r ix  hydroph i l i c i ty  and 

permeabili ty a r e  t h e  f a c t o r s  determining con t ro l l ed  r e l e a s e  from 

organotin carboxylate polymers, a new scheme f o r  ob ta in ing  thermo- 

set p l a s t i c s  t h a t  permits c lose r  con t ro l  of c ros s l ink ing  s i t e s  i s  

pursued. An optimum balance between f i lm  p rope r t i e s  and b ioc ida l  

ac t ion  is  expected by t h e  incorpora t ion  i n t o  the  polymer, by means 

of copolymerization, of epoxy ( o r  hydroxyl) groups and subsequent 

c ross l ink ing  [ 261. 

Organotin monomers are obtained by e s t e r i f i c a t i o n  of a c r y l i c  

a c i d  and methacrylic a c i d  wi th  TBTO. These monomers a r e  copoly- 
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82 SUBRAMANIAN AND SOMASEKHARAN 

merized w i t h  g l y c i d y l  a c r y l a t e  and g l y c i d y l  methacry la te  (which 

c o n t a i n  epoxy groups)  and with N-methylolacrylmide ( t h a t  c a r r i e s  

a hydroxyl group) .  The monomer r e a c t i v i t y  r a t i o s  o f  t h e  s i x  p a i r s  

are determined, and t h e  exper imenta l  v a l u e s  used t o  d e r i v e  i n f o r -  

mation on t h c  d i s t r i b u t i o n  of t h e  u n i t s  of a p a r t i c u l a r  monomer 

i n  t h e  copolymer chain.  Thus, a s u i t a b l e  copolymer c o n t a i n i n g  

e i t h e r  t h e  blocks o f  o r g a n o t i n  monomer units, o r  randomly d i s t r i -  

b u t e d  u n i t s  of e i t h e r  monomer can be s e l e c t e d  as d e s i r e d .  Varying 

c r o s s l i n k  d e n s i t y  and r i g i d i t y  are achieved  w i t h  c r o s s l i n k i n g  

agents  l i k e  a l i p h a t i c  and aromat ic  m i n e s  and a l s o  w i t h  c a t a l y s t s  

l i k e  uranyl  n i t r a t e  [ 2 6 ] .  The copolymers from t h e  o r g a n o t i n  mono- 

mers and N-methylolacrylamide may be  c r o s s l i n k e d  w i t h  d i i socya-  

n a t e s  t o  produce polyurethane c o a t i n g s .  

Information on b i o t o x i c i t y  i s  o b t a i n e d  by s t u d y i n g  t h e  i n h i -  

b i t i o n  of' marine and s o i l  b a c t e r i a  and of a s o i l  fungus [ 2 6 ] .  The 

n a t u r e  and degree of  c r o s s l i n k i n g  have a s i g n i f i c a n t  e f f e c t  on t h e  

s i z e  of t h e  i n h i b i t i o n  zone; t h e  t i g h t e r  t h e  c r o s s l i n k e d  network, 

t h e  smaller i s  t h e  i n h i b i t i o n  zone. 

F l e x i b l e  h>oxy P l a s t i c s  

The extremely low d i f f u s i v i t y  of  t r i b u t y l t i n  s p e c i e s  i n  t h e  

polymer mat r ix  is p a r t l y  due t o  t h e  t i g h t n e s s  o f  t h e s e  epoxy m a t r -  

i c e s  [P2]. Past  systems have o n l y  cons idered  TBT c a r b o x y l a t e  group 

l i n k e d  d i r e c t l y  t o  t h e  backbone o f  t h e  polymer. Therefore ,  by 

vary ing  t h e  length o f  t h e  s i d e c h a i n  h o l d i n g  t h e  TBT moiety,  g r e a t -  

er m o b i l i t y  of the TBT group i s  t o  b e  expec ted .  To accomplish 

t h i s ,  d i g l y c i d y l  e t h e r  of bisphenol-A (DGEBA) i s  f i r s t  modif ied 

by r e a c t i n g  with TBT esters of w-amino a c i d s ;  t h e  r e s u l t i n g  pre- 

polymers are t h e n  cured  w i t h  d i e t h y l e n e t r i a m i n e  (DETA) a t  room 

temperature .  A lower T i s  a c t u a l l y  observed as t h i s  c h a i n  i s  

extended,  which means lower a c t i v a t i o n  energy f o r  t h i s  motion. 

The decrease  i n  m a t r i x  c o n s t r a i n t s  a l lowing  t h i s  motion may a l s o  

result i n  decreased  r e s i s t a n c e  t o  t h e  d i f f u s i o n  of TBTO. The syn- 

t h e s i s  and c h a r a c t e r i z a t i o n  o f  t h e s e  systems have bccn t h e  next  

63 
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ORGANOTIN TOXIN 83  

s t eps  i n  pursuing the  idea l i zed  con t ro l l ed  r e l ease  from epoxy 

systems [27,28]. 

TBT e s t e r s  of glycine,  4-aminobutmoic ac id ,  6-aminohexanoic 

a c i d  and 11-aminoundecanoic a c i d  a re  f i r s t  synthesized. The pre- 

polymer i s  then prepared by d isso lv ing  EPON 828 ( S h e l l  DGEBA) i n  

a benzene so lu t ion  of t h e  TBT e s t e r ,  followed by removal of t h e  

so lvent .  Epoxide assay shows t h e  p r e p o l p e r s  t o  have epoxide equi- 

va l en t s  ranging from 344 t o  370 (Table 1). The r a t i o  of TBT e s t e r  

t o  DGEBA i s  ad jus ted  t o  g ive  a cons i s t en t  number of pendant groups 

of TBT moiety per  gram of t h e  cured r e s i n  (Table 1). The prepoly- 

mers a r e  mixed with DETA and cured a t  room temperature [27,28].  

The loading of t i n  i n  the  f i n a l  cured polymer is nominally 5% 
(w/w) .  This value va r i e s  s ince  it i s  t h e  number of pendant organo- 

t i n  chains which i s  kept constant (Table 1). The small v a r i a t i o n  

i n  t h e  dens i ty  of pendants i s  due t o  t h e  s l i g h t  homopolymerization 

of t h e  epoxide during drying, which changes t h e  amount of DETA 

requi red  for curing; t h e  va r i a t ion  i s  not  g rea t  [ 2 7 , 2 8 ] .  

It is expected t h a t  t h e  addi t ion  of t h e  TBT e s t e r s  would have 

a p l a s t i c i z i n g  e f f e c t ;  previous work [I81 with TBT e s t e r s  g ives  

precedence f o r  t h i s .  I n  f a c t ,  t h e r e  i s  a l a r g e  v a r i a t i o n  i n  t h e  

p l a s t i c i z i n g  e f f e c t  as t h e  chain i s  lengthened (Table 2 ) .  The 

g l a s s  t r a n s i t i o n  va r i e s  from 92OC with TBT g lyc ina te  t o  68°C with  

TABLE 1. Epoxy Equivalents and Pendant-chain Concentrations.  

Epow Equiv. Moles of Pendant 
of Prepolymer, Chains per Gram 

Polymer g/equiv. o f  Polymer 

TBT GlycinatejDGEBAIDETA 365 5.1 10-4 

TBT 4-Aminobutanoate/DGEBA/DETA 344 4.9 10-4 

TBT 6-Aminohexanoate/DGEEiA/DETA 345 5 . 0  

TBT 11-Aainoundecanoate/DGEBA/DETA 370 5.0 
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a4 SUBRAMANIAN AND SOMASEKHARAN 

TABLE 2. T e n s i l e ,  F l e x u r a l  and Glass T r a n s i t i o n  Values f o r  t h e  

Modified Epoxy Polymers. 

T e n s i l e ,  Kg/cm? Fl.exura1, Kg/cm2 

Polymer' E S E S T O C  
g '  

~~ 

GLYIDGEBAIDETA 33,368 288 25,170 879 ( 5 0 )  92 
BUT/DCEBA/DETA 39,302 626 33,663 logo ( 5 5 )  90 

HEX/DGEBA/DETA 30,000 619 27,497 893 (54) 80 
(55) 68 UND/DGEBA/DETA -- --- --- -- --- -__ 

*GLY = TBT g l y c i n a t e ;  BUT = TBT I+-aminobutanoate; 

ImX = TBT 6-aminohexanoate; UND = TBT 11-aminoundecanoate. 

TBT 11-aminoundecanoate. The r e d u c t i o n  i n  s t r e n g t h  and modulus i s  

also apparent ,  except  i n  t h e  case of  g l y c i n a t e  which h a s  a v a l u e  

lower t h a n  expected [ 27,281 , 

Room-Temperature-Curable Organot in  Polymers 

There e x i s t s  a need f o r  more methods of p r e p a r i n g  a n t i f o u l i n g  

c o a t i n g s  t h a t  can be cured  a t  room tempera ture  t h a n  t h e  one descr-  

i b e d  above. Our r e s u l t s  on t h e  i n c o r p o r a t i o n  of o r g a n o t i n  groups 

i n t o  room-temperature-cured u r e t h s n e s ,  a z i r i d i n e s  and p o l y e s t e r s  

have been r e p o r t e d  [21,29]. Urethanes and p o l y e s t e r s  are a l s o  

a t t r a c t i v e  from t h e  p o i n t  of view of t h e i r  g r e a t e r  hydrophi l . i c i ty  

and segmental m o b i l i t y .  There i s  evidencc i n  t h e  l i t e r a t u r e  t o  

b e l i e v e  t h a t  v i n y l  and ure thane  polymers would release o r g a n o t i n  

s p e c i e s  a t  a g r e a t e r  rate [ l o ] .  
Urethanes.  TBT ester o f  t a r t a r i c  a c i d  i s  f irst  s y n t h e s i z e d  

from TBTO and t a r t a r i c  a c i d .  TBT tartrate (a  dihydroxy monomer) i s  

t h e n  r e a c t e d  w i t h  excess  tolylene-2,4-diisocyanate ( T D I )  t o  

produce t h e  NCO-terminated prepolymers. The prepolymers are cured  
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86 SUBRAMANIAN AND SOMASEKHARAN 

added t o  t h e  r eac t ion  mixture toward t h e  end. Gel time can be 

cont ro l led ,  by con t ro l l i ng  t h e  addi t ion  of t h e  acce le ra to r s .  The 

mixtures cure a t  room temperature t o  hard, nontacky s o l i d s  1291. 

Ablating Organotin Polymers [ 3 0 ]  

A s  pointed out  e a r l i e r ,  t he  coveted c h a r a c t e r i s t i c  of contr- 

o l l e d  r e l ease  systems i s  t h e  zero order  de l ivery  of t h e  a c t i v e  

agent.  It i s  acknowledged t h a t  r e se rvo i r  devices,  e spec ia l ly  when 

membrane encapsulated, a r e  capable of s teady-s ta te  r e l ease .  Erodi- 

b l e  devices of proper geometry can a l s o  approach a cons tan t  r a t e  

of de l ivery .  Matrix devices,  however, a r e  genera l ly  expected t o  

show it r e l a t i o n  i n  the  r e l ease  p r o f i l e .  We have shown [31] t h a t  

a time-independent r a t e  o f  r e l ease  of organotin i s  poss ib l e  from 

polymer monoliths i n  which t r i a l k y l t i n  c a r b o w l a t e  groups are 

chemically a t tached  t o  t h e  polymer network; t h i s  p red ic t ion  has 

y e t  t o  be r ea l i zed .  

A s  mentioned e a r l i e r ,  NMR s tud ie s  prove that t h e  TBT group 

undergoes f a s t  chemical exchange [23,22]. A s  a consequence, even 

the  i n t e r f a c i a l  r eac t ion  between TBT carboxylates and sodium 

chlor ide  i s  very f a s t  [23,22]. Thus, i f  poly(methy1 methacrylate- 

co-TBT methacrylate) i s  used as a coa t ing  i n  marine environments, 

TBT ch lor ide  would be r ead i ly  re leased  from t h e  sur face  f o r  an t i -  

fou l ing  ac t ion .  A s  t h e  hydrolysis proceeds, t h e  hydrolyzed groups 

become hydrophilic and the  polymer molecules at  t h e  su r face  would 

erode. Fresh sur face  would be exposed, and an t i fou l ing  performance 

would not be con t ro l l ed  by d i f fus ion  process.  

It i s  known t h a t  a r a t e  of r e l ease  of 0 .5  pg Sn/cm2/day is  

s u f f i c i e n t  p ro t ec t ion  aga ins t  barnacles [32]. 5 pg Sn/cm2/day 

would be s u f f i c i e n t  p ro t ec t ion  aga ins t  any form of fou l ing ,  i n  any 

environment. A 

t h e  r a t e  of ab la t ion  i s  about 3 x lo-'' cm/sec and i f  t h e  copoly- 

mer containing 205 t i n  i s  used. If  t h e  coa t ing  th ickness  i s  1 m, 

it nay be expected t o  provide pro tec t ion  f o r  about 11 yea r s .  

r e l ease  r a t e  of 5 pg/cm2/day can be expected i f  
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ORGANOTZN TOXIN 85 

by cross l ink ing  with cas to r  o i l  ( a  trihydroxy compound). The 

approach guaranteed t h e  completion of t h e  r eac t ion  between TBT 

tartrate and TDI, ensuring t h e  complete incorpora t ion  of t h e  

organotin moiety i n t o  t h e  crosslinked s t r u c t u r e .  The cured poly- 

m e r s  a r e  f l e x i b l e ;  they are charac te r ized  [ 2 9 ] .  

A noteworthy f ea tu re  o f  t h i s  scheme is  t h e  fast r eac t ion ,  

even at room temperature, between isocyanate and hydroxyls i n  t h e  

presence of TBT carboxylates.  T r i a l k y l t i n  groups can, i n  f a c t ,  be 

expected t o  ca ta lyze  t h e  urethane reac t ion ;  t h e  isocyanate group 

can coordinate wi th  t i n ,  g e t t i n g  more polar ized  and exposing t h c  

isocyanate carbon f o r  nuc leophi l ic  a t t a c k  by t h e  hydrowl  oxygcn. 

Aziridines . Poly( s tyrene-cmale ic  a c i d )  is prepared from 

commercially ava i l ab le  poly( styrene-c0-maleic anhydride),  and thcn 

p a r t i a l l y  e s t e r i f i e d  by r eac t ing  with TBTO. The f r e e  a c i d  groups 

of these  p a r t i a l  e s t e r s  are found t o  r e a c t  with a poly thnc t iona l  

a z i r i d i n e  [ U - 2 ,  Cordova], curing t o  a nontacky s o l i d  a t  room 

temperature; t h e  cured p l a s t i c s  a re  charac te r ized .  Because of t h e  

l o w  molecular weight of t h e  base polymer used [SMA-lOOOA, ARCO], 
a s ign i f i can t  f r a c t i o n  of  t h e  p r e p o l p e r  molecules does not  become 

incorporated i n  t h e  network s t r u c t u r e  when t h e  degree of e s t e r i f i -  

ca t ion  is  high, and t h e  s o l  f r a c t i o n  becomes consequently l a r g e .  

However, heavy loading of t i n  i n  t h e  c ross l inked  polymer i s  

poss ib le  i n  t he  aziridine-cured systems; w i t h  base polymers of 

higher molecular weight and d i f f e r e n t  compositions, it should be 

poss ib le  t o  extend t h e  range o f  modifications of t h e  network 

s t r u c t u r e  even fu r the r .  

Polyes te rs .  Organotin v iny l  monomers, such as TBT ac ry la t e  

and TBT methacrylate, are mixed with unsaturated polyes te rs  [WEP- 

661 of Ashland, P-43 of Rohm & Haas] and cured with a f r ee - r ad ica l  

i n i t i a t o r .  Benzoyl peroxide or methyl e t h y l  ketone peroxide i s  

capable of cur ing  t h e  mixture, with t h e  a i d  of dimethylaniline and 

/or cobalt  naphthenate. However, t h e  organotin group i s  found t o  

i n t e r f e r e  with t h e  a c t i v i t y  of cobalt  naphthenate. Hence, i f  

coba l t  naphthenate i s  t o  be used as an acce le ra to r ,  it should be  
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ORGANOTIN T O X I N  87 

A d e t a i l e d  study of  t h e  copolymerization of methyl methacry- 

l a t e  and TBT methacrylate has revealed t h a t  they  form an i d e a l  

copolymer system [30,33]. I n  cont ras t  t o  t he  poor f i l m  p rope r t i e s  

of poly(TBT methacrylate) and poly(TBT a c r y l a t e ) ,  poly(methy1 

methacrylate-co-TBT methacrylate) i s  found t o  have exce l l en t  f i l m  

c h a r a c t e r i s t i c s ,  even when the  t i n  loading is a s  high as 25%. The 

f i lms  are c l e a r ,  with non-sticky sur face ;  they have good adhesion 

t o  metals [ 301. 
It has t o  be pointed out  here  t h a t  s p e c i a l  precautions a r e  

requi red  i n  t h e  determination of t h e  monomer r e a c t i v i t y  r a t i o s ,  

because of t h e  chemical exchange e x i s t i n g  i n  TBT carboxylates [22].  
Thus they a r e  r ead i ly  hydrolyzable, and unless anhydrous so lvents  

a r e  used i n  t h e  polymerization of t r i a l k y l t i n  carboxylate monomers, 

erroneous values of '1 and 1-2 might r e s u l t .  

Organotin Polymers i n  Wood Preservation 

Since some adverse e f f e c t s  o f  conventional preserva t ives  l i k e  

pentachlorophenol, c reosote ,  copper, chromium and a r sen ic  have 

given r i s e  t o  misgivings about t h e i r  continued use i n  t h e  long- 

t e r m  p ro tec t ion  of wood aga ins t  biodegradation, we have undertaken 

t h e  in situ copolymerization o f  organotin monomers i n  wood. T r i -  

a l k y l t i n  has a broad spectrum o f  a c t i v i t y ;  t h e  impregnation tech- 

nique minimizes t h e  environmental hazards and a l so  improves o the r  

p rope r t i e s  of wood a t  t h e  same time [34].  
Vinyl monomers l i k e  maleic anhydride o r  g lyc idy l  methacrylate 

a r e  copolymerized in situ with TBT methacrylate i n  grand f i r  wood. 

Wood samples a r e  f i r s t  impregnated with a so lu t ion  o f  t h e  monomers 

and c a t a l y s t s ,  and then heated t o  i n i t i a t e  t h e  r eac t ion .  I n  addi- 

t i o n  t o  t h e  v iny l  polymerization, g r a f t i n g  of t h e  polymer t o  wood 

a l s o  proceeds by t h e  r eac t ion  between t h e  hydroxyls o f  wood and 

t h e  func t iona l  groups (epoxide o r  anhydride) i n  the  polymer [34]. 
Specimens containing varying amounts of polymers a r e  prepared 

and t e s t ed .  The macrodistribution o f  t h e  polymer i n  t h e  t r e a t e d  
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wood i s  determined by scanning e l ec t ron  microscopy. The micro- 

d i s t r i b u t i o n  i s  determined by microprobe ana lys i s  fo r  t i n  atoms; 

a s ign i f i can t  amount of t h e  polymer i s  loca ted  i n  t h e  c e l l  w a l l .  

I n  t he  longi tudina l  as w e l l  as i n  t h e  t ransverse  d i r ec t ion ,  

t h e  u l t imate  f l e x u r a l  s t r eng th ,  f l e x u r a l  modulus of e l a s t i c i t y  and 

impact s t rength  of t r e a t e d  wood increase  s i g n i f i c a n t l y ,  compared 

t o  those  of un t rea ted  wood. The swel l ing  and water absorption of 

t r e a t e d  wood a re  subs t an t i a l ly  l e s s  than those  f o r  un t rea ted  wood 

i n  a l l  cases. The r e s i s t ance  t o  degradation i s  e s t ab l i shed  by 

exposing specimens of t r e a t e d  wood t o  brown-rot, white-rot and 

sof t - ro t  fungi,  as wel l  as t o  a marine bacterium [34] .  

Summary and Conclusions 

An extensive inves t iga t ion  of organotin polymers capable of 

simultaneously providing long-term foul ing  r e s i s t ance  and use fu l  

engineering proper t ies  i s  discussed. New syn the t i c  rou te s  have 

been developed f o r  organotin epoxy polymers u t i l i z i n g  (i) t h e  

c ross l ink ing  reac t ion  of diepoxides wi th  t h e  f r e e  cttrboxyl groups 

present  on a base polymer p a r t i a l l y  e s t e r i f i e d  with TBTO, (ii) t h e  

polymerization o f  TBT a c r y l a t e  and TBT methacrylate with v iny l  

monomers car ry ing  fknc t iona l  groups capable of c ros s l ink ing  and 

(iii  ) simultaneous v inyl  polymerization and epoxy c ross l ink ing  

reac t ions .  F lex ib le  polymers cur ing  under ambient conditions have 

a l s o  been developed ( i v )  by f i r s t  preparing epoqr-terminated pre- 

polymers by r eac t ing  TBT e s t e r s  of w-amino ac ids  with diepoxides,  

and then c ross l ink ing  with amine curing agents .  Room-temperature- 

curable organotin polymers developed a l so  include ( v )  urethanes , 
( v i )  az i r id ines  and ( v i i )  po lyes te rs .  F i n a l l y ,  ( v i i i )  an a b l a t i n g  

polymer is  developed by copolymerizing methyl methacrylate wi th  

TBT methacrylate. 

The network s t r u c t u r e  i s  var led ,  and t h e  average separa t ion ,  

length  and type of c ross l inks  o r  pendant organotin groups a r e  

a l t e r e d  by appropriate changes i n  monomers and syn the t i c  routes .  

Resultant changes i n  measured s t r eng th ,  f r a c t u r e  toughness and 
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dynamic mechanical behavior of  t h e  polymer systems have been cor- 

r e l a t e d  with t h e  s t r u c t u r a l  va r i ab le s  employed. Many of t h e  compo- 

s i t i o n s  show prolonged foul ing  r e s i s t ance  i n  marine environments; 

some have exce l l en t  composite p rope r t i e s  i n  f ibe rg la s s  laminate 

composites [ 3 5 , 2 8 ] .  

The s t r u c t u r e  and r e a c t i v i t y  of TBT carboxylate groups have 

come under ca re fu l  i nves t iga t ion .  The b ioac t ive  spec ies  r e l eased  

from these  polymers has been i d e n t i f i e d  as t r i b u t y l t i n  ch lor ide  by 

spectroscopic and chromatographic techniques [ 231 ; Aldridge [ 1 4 1  
and Selwyn [15] have a l ready  shown t h a t  TBT ch lor ide  deranges t h e  

mitochondria1 functions.  The r e l ease  r a t e  of t i n  has been de ter -  

mined i n  t h e  labora tory ,  and the  results f i t t e d  t o  mathematical 

models corresponding t o  bulk a b i o t i c  bond cleavage 1221. The 

attainment of zero order r e l ease  of organotin tox in  from polymers 

can be expected t o  be r e a l i z e d  wi th  f u r t h e r  d e t a i l e d  s t u d i e s  of 

t h e  modification of  polymer p rope r t i e s  and of t h e  mechanism of 

t r anspor t  of t h e  organotin spec ies  i n  t h e  polymer matrix.  

In conclusion, re ference  must be made t o  various e t h e r  types  

of organotin polymers repor ted  i n  recent  years  [ 3 6 ]  whose bioche- 

mica l  a c t i v i t y  and b ioc ida l  p rope r t i e s  a r e  under var ious  s t ages  of  

i nves t iga t ion  and confirmation. P a r t i c u l a r l y  noteworthy among 

t h e s e  a r e  t h e  novel c l a s ses  of organotin polymers, incorpora t ing  

t i n  atoms i n  t h e  backbone of  t h e  polymer chain,  which have been 

synthesized by Carraher and coworkers [37-46] and many of which 

would prove t o  have d iverse  and i n t e r e s t i n g  app l i ca t ions .  

ACKNOWLEDGEMENTS 

It i s  a p leasure  t o  acknowledge t h e  cont r ibu t ions  of our co- 

workers, Madhu h a n d ,  Jaime Corredor, B r i j  Garg, Jim Jakubowski, 

Jorge  Mendoza & R .  Sam Williams, formerly graduate s tuden t s  i n  

t h i s  Department, whose work from t h e  c i t e d  re ferences  forms a 

l a r g e  p a r t  of t h i s  review. P a r t i a l  support f o r  various p a r t s  of 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
5
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



90 SUBRAMANIAN AND SOMASEKHAMN 

t h i s  research w a s  provided by the  Davjd W. Taylor Naval Ship Hesc- 

arch & Development Center. 

REFERENCES 

111 J. J .  Zuckerman, Ed., Organotin Compounds: W a d  Chemistry and 
Applications, American Chemical Soc ie ty ,  Washington, D . C . ,  
1976. 

[ ? ]  Woods Hole Oceanographic I n s t i t u t i o n ,  Marine Fouling and I t s  
Prevention, U.S. Naval I n s t i t u t e ,  Annapolis, MD, 1952. 

[ 3 ]  P. H .  Benson, D.  L.  Brining nnd D.  W .  P e r r i n ,  Mar. lechnol . ,  
- 10 (I), 30 (1973).  

[ 4 ]  D. M. James i n  Treatise on Coatings, Vol. 4,  R. R. Myers and 
J. S. Long, N d s . ,  M .  Dekker, New York, 1975, Chapter 8. 

[ > ]  A. M.  van Londen, S. Johnsen and G .  J. Govers, J .  Paint 
Techrwl., 4'J (6001, 62 (1975).  

A .  T. P h i l l i p ,  Prog. Org. Coat. , 1, 159 (1973).  

A. M. van  Londen, A Study of Ship Bottom Paints, i n  Particular 
Pertaining t o  the Behavior and Action o f  Anti-fouling Paints ,  
Report No. 54C,  Netherlands' Research Centre T.N.O.  f o r  Ship- 
bu i ld ing  and Navigation, Del f t  , September 1963. 

[ 6 ]  

[71 

[81 F. H. De L a  Court and H. J .  De Vr ie s ,  Prog. Org. Coat. ,  1, 
375 (1973). 

[91 B. H .  Ketchum, J .  D.  Fer ry ,  A .  C .  Redf ie ld  and A .  E. Burns, 
Ind. Eng.  C%ern., 3, 456 (19115). 

- 49, 928 (1966).  
[lo] H. F. Bennett and R .  J .  Zedler,  J .  oil CoZour Chem. Assoc. , 

[Ill C .  J. Evans, Tin  I t s  Uses, g, 7 (1970).  

[12] M. W. Cooksley and D. N.  Parham, Surf .  Coat., 2, 280 (1966). 

1131 V. J. C a s t e l l i  and W. L. Yeager i n  Controlled Helease Poly- 
meric FormZations, D.  R .  Paul and F. W .  Harris, Eds., 
American Chemical Soc ie ty ,  Washington, D . C . ,  1976, p .  239. 

[14] W. N .  Aldridge i n  Organotin Compounds: New Chemistry and 
AppZications, J.  J. Zuckerman, Ed., American Chemical Soc ie ty ,  
Washington, D . C . ,  1976, p. 106. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
5
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ORGANOTIN T O X I N  91 

[15] M. J. Selwyn i n  Organotin Compounds: New Chemistry and 
Applications, J.  J. Zuckerman, Ed., American Chemical Soc ie ty ,  
Washington, D.C.  , 1976, p. 204. 

[16] A .  M. van Londen, "A Study on t h e  Importance of  t h e  Ships '  
H u l l  Condition: An Approach t o  Improving t h e  Economy of 
Shipping," 3rd In t e rna t iona l  Congress on Marine Corrosion 
and Fouling, Gaithersburg, MD, 1972. 

[17] E. J. Dyckman and J. A. Montemarano, Am. Paint J., 58 (51, 
66 (1973). 

[IS] R. V. Subramanian and M. Anand i n  Chemistry and Properties 
of Crosslinked Polymers, S .  S .  Labana, Ed.,  Academic Press ,  
N . Y . ,  19'77, p. 1. 

[lg] R .  V. Subramanian and B. K .  Garg i n  Pmc. In t .  Controlled 
Release Pestic. Symp., R. L. Goulding, Ed., Oregon S t a t e  
University,  Corva l l i s ,  Oregon, Aug. 22-24, 1977, p .  IV-154. 

[20] R. V. Subramanian, B. K. Garg, J .  J. Jakubowski, J.  Corredor, 
J. A. Montemarano and E. C .  F i scher ,  Am. Chem. SOc., Div. 
Org. Coat. Plast. Chem., Pap. , 36 (21, 660 (1976). 

Chem.Soc., iXv.Org.Coat.Plast.Chem., Pap., 3, 572 (1978). 
[21] R. V. Subramanian, B. K. Garg and K. N .  Somasekharan, h. 

[22] K. N. Somasekharan and R. V. Subramanian i n  Modification O f  
Pozymers, C. Carraher and M. Tsuda, Eds., American Chemical 
Society,  Washington, D . C . ,  1980, p .  165. 

[23] K. N. Somasekharan and R. V. Subramanian, Am. &em. soc., 
Div. Org. Coat. Plast. &em., Pap., &, 167 (1979). 

[24] H. W. Godbee and D.  S .  Joy, Assessment of  the Loss of Radio- 
act ive  Isotopes from Waste Solids to the Environment, Part 1: 
Background and Theory, O a k  Ridge National Laboratory, Oak 
Ridge, Tennessee, 1974. 

[25] V.  S tannet t  i n  Diffusion i n  Polymers, J.  Crank and G .  S. 
Park, Eds., Academic Press ,  N . Y . ,  1968, Chapter 2.  

[261 R. V. Subramanian, B. K.  Garg and J .  Corredor i n  Organometal- 
lic Polymers, C. E. Carraher, J.  E. Sheats and C .  U.  Pittman, 
Eds. , Academic Press ,  N . Y . ,  1978, p .  181. 

[271 R .  V. Subramanian, R .  S. W i l l i a m s  and K .  N. Somasekharan, Am. 
Chem. Soc.. Div. Org. Coat. Plast. Chem., P a p . ,  2, 38 (1979). 

[28 ]  R .  S. W i l l i a m s ,  Ph.D. Thesis,  Washington S t a t e  Univers i ty ,  
Pullman, WA, 1980. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
5
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



92 SUBRAMANIAN AND SOMASEKHARAN 

[2y] R. V .  Subramanian and K .  N .  Somasekharan i n  Proc. 7th I n t .  
Symp. Controlled Release o f  Bioactive Materials,  D .  H.  Lewis, 
Ed., Ft. Lauderdale, F lo r ida ,  Ju ly  28-30, 1980. 

[30] K. N .  Somasckharan and R .  V. Subramaninn, unpublished r e s u l t s .  

[31] K .  N. Somasekharan and R .  V .  Subramanian i n  Controlled 
Release of Bioactive Materials,  R .  W .  Baker, Ed., Academic 
Press ,  N . Y . ,  1980 ( i n  press). 

[32] 8. M. Mi l l e r ,  I d .  Eng. Chem. Prod. Rec;. Dev., 3 ( 3 ) ,  226 
(1964). 

[33] N .  A .  Ghancm, N .  N .  Messihn, N .  E. Ika ld ious  and A. F. 
Shaaban, Eur. Polym. J .  G, 823 (1979). 

[341 R .  V.  Subramanian, J .  A. Mendoza and B. K.  Garg i n  Proc. 5 t h  
In t .  Symp. Controlled Release o f  Bioactive Materials,  
Gaithersburg, MD, Aug. 14-16, 1978, p. 6.8. 

[35] R. V .  Subramanian, J.  J. Jakubowski and R .  S.  W i l l i c u n s ,  SPE 
Annual Technical Conference: Technical Papers, S e a t t l e ,  WA, 
Aug. 10-12, L976, p. 111. 

[ 3 h ]  R .  V.  Subramanian and B. K .  Garg, Polym.  P h t .  Teehnol. Eng.,  
- 11 (11, 81 (1978). 

[37] C.  E. Carraher and R .  L. Damneier, Makromoz. &ern. m, l o 7  
(1970). 

[38] C .  E .  Carraher and G .  Scherubel,  J .  Polym.  Sci., A-1,  2, 983 
(1971). 

[39] C. E. Carraher and D. 0.  Winter, Makromol. Chem. 1111, 237 
(1971). 

[ h O ]  C .  E .  Carraher and G .  Scherubel,  Makromol. Chem., 152, 61 
(1972). 

[ b l ]  C.  E .  Carraher and R .  L. D m e i e r ,  J .  PoZym. S c i . ,  A - 1 ,  lo, 
413 (1972).  

[42] C.  E. Carraher,  Iaorg. Mukromol. Retr. ,  1, 271 (1972).  

[ h 3 ]  C.  E. Carraher and D.  0.  Winter, Makromol. Chem., 152, 5 5  
(1972). 

[441 C .  E. Carraher and G .  A .  Scherubel, Makromol. Chem., 160, 
259 (1972). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
5
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ORGANOTIN TOXIN 93 

[45] C. E. Carraher, S. Jorgensen and P. J. Lessek, J .  A p p l .  Polym. 
Sci . ,  2255 (1976). 

[46] C. E. Carraher, D. J. Giron, W. K. Woelk, J. A. Schroeder and 
M. F. Feddersen, J. A p p l .  Polym. S&, 23, 1501 (1979). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
5
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1


