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Copolymerization of Tri-n-bu tyltin Acrylate 
and Tri-n-butyltin Methacrylate Monomers with 
Vinyl Monomers Containing Functional Groups 

B. K. GARG, J. CORREDOR, andR. V. SUBRAMAMAN* 

Department of Materials Science and Engineering 
Washington State University 
Pullman, Washington 99164 

A B S T R A C T  

A new approach to obtaining thermoset organotin polymers, 
which permits control of crosslinking site distribution and, 
through it, a better control of properties of organotin antifouling 
polymers, is reported. Tri-n-butyltin acrylate and tri-n- 
butyltin methacrylate monomers were prepared and copolgm- 
erized, by the solution polymerization method with the use of 
free-radical initiators, with several vinyl monomers containing 
either an epoxy o r  a hydroxyl functional group. The reactivity 
ratios were determined for six pairs of monomers by using the 
analytical YBR method to solve the differential form of the 
copolymer equation. For copolymerization of tri-n-butyltin 
acrylate (MI) with glycidyl acrylate (Mz), these reactivity 
ratios were r l  = 0.295 i 0.053, r2 = 1.409 rt 0.103; with 
glycidyl methacrylate (M2) they were rl = 0.344 rt 0.201, 
r2 = 4.290 f 0.273; and with N-methylolacrylamide (M2) they 
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1568 GARG, CORREDOR, AND SUBRAMANIAN 

were rl = 0.977 i 0.087, rz = 1.258 i 0.038. Similarly, for the 
copolymerization of tri-n-butyltin methacrylate (MI) with 
glycidyl acrylate (Mz) these reactivity ratios were rl = 1.356 
i 0.157, r2 = 0.367 f 0.086; with glycidyl methacrylate (Mz) 
they were x-1 = 0.754 i 0.128, rz  = 0.794 f 0.135; and with N- 
methylolacrylamide (Mz) they were r l  = 4.230 f 0.658, r2 = 
0.381 f 0.074. Even though the magnitude of e r ro r  in determi- 
nation of reactivity ratios was small, it was not found possible 
to assign consistent Q,e values to either of the organotin mono- 
mers  for all of its copolymerizations. Therefore, Q,e values 
were obtained by averaging all Q,e values found for the particu- 
lar monomer, and these were Q = 0.852, e = 0.197 for the tri-n- 
butyltin methacrylate monomer; and Q = 0.235, e = 0.401 for the 
tri-n-butyltin acrylate monomer, Since the reactivity ratios 
indicate the distribution of the units of a particular monomer in 
the polymer chain, the measured values are discussed in rela- 
tion to the selection of a suitable copolymer which, when cross- 
linked with appropriate crosslinking agents through functional 
groups, would give thermoset organotin coatings with an optimal 
balance of mechanical and antifouling properties. 

INTRODUCTION 

The polymers containing tri-n-butyltin es ters  of carboxylic acid 
as side chains have become increasingly important in recent years 
for control of fouling on ship hulls as well a5 other surfaces in con- 
tact with marine environments. Linear organotin polymers of this 
type generally have poor physical properties, even though they show 
acceptable antifouling performake.  Our approach to alleviate this 
problem has been to obtain thermoset, epoxy polymer-based organotin 
network structures [ 1-31. Typically, therefore, the 1:l copolymer of 
methyl vinyl ether with maleic anhydride was partially esterified 
with bis(tri-n-butyltin) oxide, followed by a crosslinking reaction of 
the free acid or anhydride groups with epoxide monomers. A great 
improvement in physical properties without any loss of antifouling 
performance has been achieved by this method. The mechanical 
properties of the thermosets were controlled mainly by the type and 
amount of the crosslinking epoxide monomer [ 21, 

To optimize the physical properties and antifouling performance 
even further, it was desired to control the crosslink site distribution 
to a much higher degree than is possible in random esterification of 
polydisperse, linear, carboxylic acid or anhydride-group-containing 
polymers. With this objective in mind, the copolymerization of tri-n- 
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ACRYLATE COPOLYMERS 1569 

butyltin acrylate (I) and tri-n-butyltin methacrylate (II) monomers with 
a number of vinyl monomers containing functional groups was studied 
[ 41. The reactivity ratios and Q,e values were determined for these 
copolymerization reactions. 

CH3 
I 

CHz =CH CHz=C 
I I 
c=o c=o 
I I 
0 0 
I I 

nBu-Sn-nBu nBu-Sn-nBu 
I I 

nBu nBu 

I I1 

These values are expected to be very useful in selecting a suitable 
copolymer for obtaining crosslinked antifouling coatings with optimum 
physical properties, It should also be noted that although the litera- 
ture contains many references to polymerization and copolymerization 
of tri-n-butyltin acrylate and methacrylate with various vinyl mono- 
mers  to obtain polymers for numerous applications [ 5-91, there are 
no reports of reactivity ratios and Q,e values for  the copolymeriza- 
tion reactions of these organotin monomers. Finally, organotin 
compounds are extensively used as W stabilizers [ 10, 111. There- 
fore, these data should be helpful in incorporation of these two 
organotin vinyl monomers, for the purpose of W stabilization, into 
other vinyl polymers through copolymerization. 

T H E O R E T I C A L  

For the present study, the analytical method of Yezrielev, Brokhina, 
and Roskin (YBR method) [ 123, based on the differential form of the 
copolymer equation, was selected as the most appropriate for  calcu- 
lating reactivity ratios of the free-radical binary vinyl polymerization. 
In a recent review, Joshi [ 131 has pointed out that the linear YBR 
method and the nonlinear Tidwell and Mortimer method (TM method) 
[ 141 are the two outstanding present-day methods for calculating 
reactivity ratios. Of these, the TM method is more accurate in 
matching copolymer composition, but the YBR method gives a very 
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1570 GARG, CORREDOR, AND SUBRAMANIAN 

balanced average reactivity ratio in spite of any stray experimental 
error.  Also, the YBR method utilizes a symmetrical form of the 
copolymer equation which ensures that the reactivity ratios calcu- 
lated from normal and inverted data a re  the same. Finally, the YBR 
theoretical line is  situated evenly between the experimental points 
of positive and negative error .  This leads to a determination of 
reactivity ratios that a r e  kinetically more accurate than those obtain- 
able by the use of the TM method. 

The relevant equations for calculating reactivity ratios by the YBR 
method a r e  given below. 

The differential form of the copolymer equation is 

where F1 = 1 - FZ = mole fraction of monomer MI in the copolymer, 
f l  = 1 - f z  = mole fraction of monomer Ml in the initial monomer 
mixture, rl, r z  = reactivity ratios for monomers MI and Mz , respec- 
tively, and a re  defined as the ratios of the rate constants for a given 
radical adding its own monomer to that for i ts  adding the other 
monomer. Equation (1) can be rearranged into the YBR equation: 

where 

x = f l / f Z  

k = F$z/Fzfl 

(3) 

(4) 

The YBR equation (2) is completely symmetrical with respect to rl 
and r2. If n experiments corresponding to various compositions of 
the monomers in the feed a r e  performed, then Eq. (2)  can be solved 
by linear least-squares method to give 

-rln + raAz = Cz (6 1 

where 
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ACRYLATE COPOLYMERS 

n 
A1 = xi/ki 

i= 1 

n 
A2 = ki/xi 

i= 1 

157 1 

(7) 

and x., k. a re  the values of x and k for the i-th experiment. 

r2: 

1 1  

The solution of Eqs. (5) and (6) gives the expressions for r l  and 

r 1 = (A2C1 +nC2)/(A1A2 - n2) (11) 

r 2 = (A1C2 + nC1)/(A1A2 - n2 ) (12 )  

2 Similarly, the mean-square e r ro r  in the determination of r1 and r 
can be calculated a s  

n 

i= 1 
A2 = mean-square e r ror  of the experiment = Af /(n - 2) (13) 

A' = mean-square e r ro r  in determination of rl 
rl 

= A ~ / ( A ~ A ~  - n2 ) (15) 
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1572 GARG, CORREDOR, AND SUBRAMANIAN 

d = mean-square e r ro r  in determination of r2 
r2 

Combining these equations, we obtain 

r l  = [ (A2C1 + nC2)/(AIA2 - n2 )] f d A2/(A1A2 - n2 ) (17) 

r2 = [ (A1C2 + nC1)/(AlA2 - n2 I] i A’ Al/(A1A2 - n2 ) (18) 

The basic procedure employed to calculate reactivity ratios was 
to solution-copolymerize the organotin monomer with the desired 
functional-group-containing vinyl monomer using free-radical cata- 
lysts. The conversion of the monomers to polymers was limited to 
less  than 10% by trial  and error .  The copolymer formed was isolated 
and its composition determined by calculating the amount of tin in 
the copolymer. When the yield of the copolymer was less than lo%, 
i ts  composition was taken as approximately equal to an instantaneous 
composition of the copolymer forming from the initial monomer feed. 
After carrying out these experiments for a number of compositions 
of the initial monomer feed, the reactivity ratios were calculated by 
using Eqs. (17) and (18). 

From the reactivity ratios, the Q,e values were calculated by 
using the Alfrey and Price equations [ 151 : 

The Q,e values which represent resonance and polar effects in a 
monomer and its radical a r e  extensively tabulated by Young [ 161 
from earlier copolymerization data. Thus, by using tabulated Q2,e2 

values for the functional-group-containing vinyl monomer, the r 1,r2 
values determined in the present study, and setting the product 
rlr2 = 1 whenever it is greater than 1, the unknown Q e values for 1’ 1 
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ACRYLATE COPOLYMERS 1573 

the organotin monomer could be calculated by use of Eqs. (19) and 
(20). These Ql,el  values would be very useful for estimating the 
reactivity ratios in copolymerization of organotin monomers with a 
number of vinyl monomers through use of Eqs. (19) and (20). 

E X P E R I M E N T A L  

M a t e r i a l s  

The epoxy group-containing vinyl monomers, namely, glycidyl 
methacrylate and glycidyl acrylate, were obtained from the Borden 
Chemical Co., Philadelphia, Pennsylvania and were purified by 
vacuum distillation before use. A hydroxyl group-containing vinyl 
monomer, N-methylolacrylamide, was provided by the American 
Cyanamid Co., Wayne, New Jersey, a s  a 60% aqueous solution. It 
was dried and recrystallized from ethyl acetate to obtain solid 
crystals of mp 73-74°C before use. The acrylic acid and methacrylic 
acid monomers were obtained from the Aldrich Chemical Co., 
Milwaukee, Wisconsin, and used in as-received condition. 

The toxicant bis(tri-n-butyltin) oxide was obtained from M & T 
Chemicals, Rahway, New Jersey, and a free-radical initiator, benzoyl 
peroxide, was obtained from the Fisher Scientific Co., Fair Lawn, 
New Jersey, and used in as-received condition. Finally, all  solvents 
used were of reagent grade and obtained from the Mallinckrodt 
Chemical Co., St. Louis, Missouri. 

P r e p a r a t i o n  of O r g a n o t i n  M o n o m e r s  

The tria-butyltin methacrylate and tri-n-butyltin acrylate mono- 
mers  were prepared according to the method of Montermoso et al. 
[ 71. The experimental procedures used a re  described below. 

A 103.8-g portion (0.174 
mole) of bis(tri-n-butyltin) oxide was added to 300 ml  benzene in a 
1-liter three-necked flask. Next, 30 g (0.348 mole) methacrylic acid 
was added very slowly to the solution while cooling down the flask to 
maintain reaction mixture temperature to below 25" C. After acid 
addition, the flask was placed in a heating mantle and provided with 
an azeotropic distillation head connected to a reflux condenser, a 
thermometer to read reaction solution temperature, and a dropping 
funnel with benzene. The solution was stirred with a magnetic s t i r re r  

T r  i - n - b u t  y l  t i n  M e t  h a c  r y l a  t e .  
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1574 GARG, CORREDOR, AND SUBRAMANIAN 

and pump vacuum applied. The heating rate and the vacuum were so 
adjusted that the reaction solution refluxed at  30°C for 4 hr, at the 
end of which 3.1 ml of water had been collected in the azeotropic 
distillation head. The reaction solution w a s  now transferred to 
another flask and benzene removed with the aid of a rotary evaporator, 
while taking precaution that the reaction solution temperature never 
rose to higher than 30°C. Spontaneous polymerization of this mono- 
mer occurred if the temperature was allowed to r i se  above 30°C. 
The resulting pale yellow viscous liquid was  diluted with 150 ml 
petroleum ether and then cooled to -20°C. This temperature was 
maintained for 2 hr, at  the end of which the product separated as 
long, thick, transparent crystals, having a melting point of 18.1- 
18.3"C (lit. [ 71 mp, 18°C). The tin content of this product was 
determined by gravimetry through oxidation of a sample to tin 
oxide using sulfuric acid and a few drops of nitric acid in accord- 
ance with the Gilman and Rosenberg method [ 171. The tin content 
(Sn) was found to be 31.4%, against a calculated value of 31.7% for 
tri-n-butyltin methacrylate monomer. The yield approached the 
stoichiometric value. 

T r i - n - b u t y l t i n  A c r y l a t e .  The procedure for preparing 
this monomer was similar to the one described above except that it 
was not necessary to maintain a low temperature. Thus 25.1 g 
(0.348 mole) of acrylic acid and 103.8 g (0.174 mole) of bis(tri-n- 
butyltin) oxide were mixed together in 300 ml benzene. The reaction 
solution was heated to reflux at  atmospheric pressure. The reflux- 
ing was continued for 4 hr, at  the end of which 3.0 ml of water had 
been collected in the azeotropic distillation head. Solvent benzene 
was now removed with the aid of a rotary evaporator and the result- 
ing product purified by crystallization from petroleum ether. The 
tri-n-butyltin acrylate monomer separated out as needlelike crystals 
having a melting point of 74.0-74.5"C (lit. [ 71 mp 74.5-75°C). The 
tin content (Sn) was found to be 32.7% against a calculated value of 
32.9%. The yield was almost stoichiometric. 

C o p o l y m e r i z a t i o n  

The copolymers were obtained by the solution polymerization 
method with the use of benzoyl peroxide as a free-radical initiator. 
A suitable solvent for carrying out the copolymerization reaction 
and a nonsolvent for isolating the copolymer from its monomers 
were determined initially by trial and er ror  for every copolymer. 
Since the differential form of the copolymer equation was to be 
used for calculating reactivity ratios, it was necessary to limit 
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ACRYLATE COPOLYMERS 1575 

conversion to less  than 10% in every case, again by trial  and error .  
The composition of the copolymer obtained, when the yield was less  
than lo%, was calculated by determining its tin content through oxida- 
tion of the sample to tin oxide. The ratios of monomers in the initial 
reaction mixture were varied over as wide a range as possible, and 
the corresponding approximate instantaneous compositions of the 
copolymers formed were determined. The individual copolymeriza- 
tion procedures a r e  described below. 

C b p o l y m e r i z a t i o n  of T r i - n - b u t y l t i n  A c r y l a t e  w i t h  
G l y c i d y l  M e t h a c r y l a t e  a n d  w i t h  G l y c i d y l  A c r y l a t e .  
Predetermined amounts of tri-n-butyltin acrylate and glycidyl meth- 
acrylate (or glycidyl acrylate) were charged into a small glass bottle 
and benzene, a s  solvent, was added to obtain a concentration of total 
monomer equal to 1.57 mole/liter of solution. The solution was next 
flushed with nitrogen for 10 min, and benzoyl peroxide (1 mole % 
based on total monomer moles in solution) was  added a s  a free- 
radical initiator. The bottle was capped with a serum stopper and 
placed in a constant- temperature oil bath maintained at  75 f 0.1" C. 
Vapors produced from the reaction solution and expanded air were 
allowed to escape with the help of a syringe needle inserted through 
the stopper. After 5 min, when the temperatures of the reaction 
solution and the oil bath were in equilibrium, the syringe needle was 
removed. The polymerization was  allowed to proceed and, after 
some known time interval, when a slight change in viscosity was 
observed, the bottle was taken out of the oil bath and i ts  contents 
poured into a beaker containing 200 ml methanol. The copolymer 
formed precipitated out, while the unreacted monomers remained in 
solution. The precipitate was isolated by centrifugation, washed with 
fresh methanol, dried under vacuum, and weighed. If the copolymer 
yield was more than lo%, the experiment was disregarded and a 
repeat run was made for a shorter period of time. If the copolymer 
yield was less than lo%, the composition of the copolymer was calcu- 
lated by determining its tin content. 

The tin content was determined through oxidation of the sample 
to tin oxide according to the method of Gilman and Rosenberg [ 171. 
Thus, approximately 0.2 g of the organotin copolymer sample was 
placed in a 30-ml fused silica crucible. To this were added, with 
caution, 3 ml of concentrated sulfuric acid and 3-5 drops of nitric 
acid. The crucible was heated slowly over a flame until the sample 
turned black, and then cautious heating was maintained until the 
excess acid was removed, Subsequently, the carbonaceous material 
formed by the action of the acid was completely calcined for 1 h r  
over high heat, leaving the stannic oxide as  a pale yellow solid residue. 
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1576 GARG, CORREDOR, AND SUBRAMANIAN 

From the weight of this residue, the tin content of the copolymer 
sample was calculated and the copolymer composition determined. 

w i t h  G l y c i d y l  M e t h a c r y l a t e  a n d  w i t h  G l y c i d y l  
Ac r y 1 a t  e . 
temperature, it was not necessary to add benzene to obtain a homo- 
geneous solution. Use of benzene was also precluded by the fact 
that it was insoluble in the precipitant to be used to isolate the 
copolymer. The copolymerization was conducted at  75 f 0.1" C, 
and the procedure was exactly the same a s  described above. A 
methanol-water mixture was used to precipitate the copolymer from 
the reaction solution. 

C o p o l y m e r i z a t i o n  of N - m e t h y l o l a c r y l a m i d e  w i t h  
T r i - n - b u t y l t i n  M e t h a c r y l a t e  a n d  w i t h  T r i - n - b u t y l t i n  
Ac r y 1 a,t e . The temperature of copolymerization was reduced to 
65 f 0.1 C because the copolymerization of these pairs of monomers 
proceeded too rapidly at  75" C. Methanol was used as the reaction 
medium, and the copolymerization procedure was the same a s  
described above. The method of isolating the copolymer was to pour 
the reaction mixture into water. The precipitate, which was free of 
N-methylolacrylamide monomer, was separated, dried, and redis- 
solved in methanol. Benzene was next added to this solution to 
isolate the copolymer, free of i ts  monomers, a s  a precipitate. 

C o p o l y m e r i z a t i o n  of T r i - n - b u t y l t i n  M e t h a c r y l a t e  

Since tri-n-butyltin methacrylate is liquid a t  room 

R E S U L T S  AND DISCUSSION 

O r g a n o t i n  M o n o m e r  s 

The infrared spectra of the tri-n-butyltin acrylate and tri-n- 
butyltin methacrylate monomers were recorded by using a Perkin- 
Elmer model 621 grating infrared spectrophotometer and are shown 
in Figs. 1 and 2, respectively. The more characteristic peaks of 
these spectra a re  the ones corresponding to the -COOSn= group at  
1640 cm-' and a t  1580 cm-l. The 1640 cm-' peak, which is most 
characteristic of the -COOSns group, was determined by comparing 
the infrared spectrum of a linear polymer containing carboxylic acid 
groups (1: 1 copolymer of methyl vinyl ether with maleic acid) with 
the infrared spectrum of the same linear polymer after complete 
esterification with bis(tri-n-butyltin) oxide. However, in the present 
case, the 1640 cm-' peak superimposes on the absorbance for vinyl 
double bonds. 
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FIG. 1. Infrared spectrum of tri-n-butyltin acrylate monomer. 

4 0 0 0  3 0 0 0  2 0 0 0  1 0 0 0  2 0 0  
WAVE NUMBER ICM-11 

FIG. 2. Infrared spectrum of tri-n-butyltin methacrylate 
monomer. 

Both monomers are soluble in most organic solvents. The tri-n- 
butyltin methacrylate monomer polymerizes spontaneously in the 
absence of added catalysts at temperatures higher than 30°C to 
give an elastomeric product that is insoluble in methanol. However, 
in the absence of added catalysts, the tri-n-butyltin acrylate mono- 
mer homopolymerizes, only with difficulty, upon long exposures to 
temperatures much higher than 30" C. 

R e a c t i v i t y  R a t i o s  i n  C o p o l y m e r i z a t i o n  of T r i - n -  
b u t y l t i n  A c r y l a t e  ( M I )  w i t h  G l y c i d y l  A c r y l a t e  (Mz) 

The copolymerization Of tri-n-butyltin acrylate with glycidyl 

Table 1 gives the experimental conditions and results of the 
acrylate can be represented by Eq. (21). 
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1578 GARG, CORREDOR, AND SUBRAMANIAN 

CHz =CH 
I 
co 

I 
0 

I 
nBu-Sn-nBu 

I 
nBu 

+ CHz=CH - 
I 
co 

I 
0 
I 

CHz 
I 
CH 

0 'I 

MW = 360.7 MW = 128 (2 1) 

copolymerization of tri-n-butyltin acrylate (monomer MI) with glycidyl 
acrylate (monomer Mz). In this table the instantaneous copolymer 
composition is tabulated as a function of the composition of the initial 
monomer mixture. Thus f l ,  f z  a r e  mole fractions of monomers M1,M2 
in the initial monomer mixture excluding other components, and F1,F2 
are mole fractions of the units of monomers M1,Mz in the copolymer. 
The copolymer composition was calculated from the tin content of 
the copolymer as follows: 

A material balance for tin in reactants and products can be ex- 
pressed as 

wC xSC = W  C N X  SE + W  C ( 1 - N ) X S G  (22) 

where N, 1 - N = weight fractions of M I  and Mz monomer units in 
the copolymer, respectively, W - weight of copolymer sample, and C -  
Xsc, XsE, XsG = % Sn by weight in the copolymer and the monomers 

M1 and M2 respectively. 
XsG = 0 (Le., no tin in monomer M2), we obtain 

Rearranging terms and observing that 

1 = % Sn in copolymer/%Sn in monomer M 
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Therefore, the mole fraction F1 i s  given by 

N/mol. wt. of M1 

(N/mol. wt. of M I )  + [ ( I  - N)/mol. wt. of Mz] 
F1 = 

and 

Thus, by using the experimental data given in Table 1 and on apply- 
ing Eqs. (7)-( 18) of the analytical YBR method, the reactivity ratios 
of monomer tri-n-butyltin acrylate (MI) with monomer glycidyl 
acrylate (Mz ) were calculated to be 

r l  = 0.295 f 0.053 

r z  = 1.409 f 0.103 

An illustration of the calculation scheme i s  given in Table 2. The 
experimental e r rors  in r l  and r2 are within a small range and, 
therefore, these values are of excellent reliability, as can also be 
judged from Fig. 3. In this figure, the theoretical copolymer compo- 
sition curve, F1 vs. f l ,  i s  plotted by generating F1 vs. f l  data from 
calculated r l  and r z  values and Eq. (1). In the same figure, the 
experimental Fl vs. f l  values from Table 1 are also plotted and, as 
can be seen, the theoretical curve closely represents the experi- 
mental data. Finally, since r z  is high compared to 1, the resulting 
copolymer should contain blocks of glycidyl acrylate units. 

R e a c t i v i t y  R a t i o s  i n  C o p o l y m e r i z a t i o n  of T r i - n -  
b u t y l t i n  A c r y l a t e  ( M 1 )  w i t h  G l y c i d y l  M e t h a c r y l a t e  

The experimental conditions and results of copolymerization of 
tri-n-butyltin acrylate with glycidyl methacrylate a re  given in 
Table 3. As before, the reactivity ratios for this pair of monomers 
were calculated to be 
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fl 

FIG. 3. Copolymer-initial monomer mixture composition for the 
copolymerization of tri-n-butyltin acrylate (MI ) with glycidyl 
acrylate (Mz ): ( 0 ) experimental values; (-) curve calculated from 
the copolymer equation using reactivity ratios determined by the YBR 
method for this system. F1 and f l  a r e  mole fractions of M1 in the 
copolymer and in the initial monomer mixture, respectively. 

r l  = 0.344 f 0.201 

rz = 4.290 i 0.273 

Figure 4 shows the matching of experimental data with the theoretical 
curve determined by using calculated rl,rz values. The ra tes  of 
copolymerization for this pair of monomers dropped sharply at  
f l  > 0.5 and hence the copolymer composition data for f l  > 0.5 were 
not obtained. 

Since r2 >> 1 in this case, the copolymer of tri-n-butyltin acrylate 
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FIG. 4. Copolymer-initial monomer mixture composition for the 
copolymerization of tri-n-butyltin acrylate (M, ) with glycidyl meth- 
acrylate (Mz): ( 0 ) experimental values; (-) curve calculated from 
the copolymer equation using reactivity ratios determined by the YBR 
method for this system. F1 and f l  a r e  mole fractions of MI in the 
copolymer and in the initial monomer mixture, respectively. 

with glycidyl methacrylate wi l l  contain large blocks of glycidyl 
methacrylate units. Also, since the glass transition temperature 
of glycidyl methacrylate homopolymer is much higher than that of 
the corresponding homopolymer of tri-n-butyltin acrylate, the co- 
polymer should behave like a reinforced elastomer. 

R e a c t i v i t y  R a t i o s  i n  C o p o l y m e r i z a t i o n  of T r i - n -  
b u t y l t i n  A c r y l a t e  ( M 1 )  w i t h  N - M e t h y l o l a c r y l a m i d e  
(M2) 

a re  very different from those of N-methylolacrylamide monomer, 
Because the solubility characteristics of tri-n-butyltin acrylate 
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1586 GARG, CORREDOR, AND SUBRAMANIAN 

it  was found difficult to locate a suitable reaction medium. None of 
the solvents or solvent mixtures tried gave a homogeneous single- 
phase reaction solution over the entire range of compositions of the 
initial monomer mixture. The best results were obtained with 
methanol, which gave a single-phase reaction solution for values of 
mole fraction f l  of tri-n-butyltin acrylate in the initial monomer 
mixture varying between 0 and 0.5. Beyond an f l  value of 0.5, a 
second phase appeared by the precipitation of the copolymer formed 
during the reaction, thus invalidating the use of the copolymer 
equation for data corresponding to f l  > 0.5. 

CHz=CH + CHz=CH - - 
I I 
co co 
I I 
0 NH 

I I 

I I 
nBu OH 

nBu- Sn-nBu CH z nBu- Sn- nBu 

nBu 
Fi  

I 

I 
OH 

The method of separating the copolymer from its monomers, 
selected after much trial and error ,  was to pour the reaction mixture 
in water, which precipitated the copolymer and unreacted tri-n-butyltin 
acrylate monomer leaving behind N-methylolacrylamide monomer in 
solution. Next the precipitate was recovered, washed with fresh 
water, and redissolved in methanol. Benzene was then added to this 
solution to precipitate the copolymer which was isolated, dried and 
i ts  composition determined by tin analysis. 

Table 4 shows the experimental conditions and the results of the 
copolymerization of tri-n-butyltin acrylate with N-methylolacryl- 
amide. From these data the monomer reactivity ratios were corn- 
puted by using the YBR method as discussed above. These ratios 
were found to be 

rl = 0.977 f 0.087 

r z  = 1.258* 0.038 
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FIG. 5. Copolymer-initial monomer mixture composition for the 
copolymerization of tri-n-butyltin acrylate (MI ) with N-methylolacryl- 
amide (Mz): ( o ) experimental values; (-) curve calculated from the 
copolymer equation using reactivity ratios determined by the YBR 
method for this system. F1 and f l  a r e  mole fractions of MI in the 
copolymer and in the initial monomer mixture, respectively. 

Figure 5 shows the match between computed F1 vs. f l  curve and 
experimental F1 vs. f l  data. Finally, in the present case, since 
rl = r 2  Z 1, a random distribution of the units of N-methlolacryl- 
amide and tri-n-butyltin acrylate along the copolymer chain can be 
expected. 

R e a c t i v i t y  R a t i o s  i n  C o p o l y m e r i z a t i o n  of T r i - n -  
b u t y l t i n  M e t h a c r y l a t e  (MI) w i t h  G l y c i d y I  A c r y l a t e  
( M z )  

Because of the difficulties in devising a suitable method of separat- 
ing this copolymer from its monomers, and the fact  that tri-n-butyltin 
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methacrylate and glycidyl acrylate monomers are liquid a t  room 
temperature and completely miscible with each other, it was decided 
to conduct the copolymerization reaction in the absence of added 
solvents. The copolymer was separated from its monomers by 
precipitation using a methanol-water mixture (80:20 by volume) a s  
nonsolvent. 

of this pair of monomers a r e  given in Table 5. The corresponding 
values of the reactivity ratios were calculated to be 

The conditions and results of experiments for the copolymerization 

r l  = 1.356 * 0.157 

r z  = 0.367 * 0.086 

By using these values of rl and r2 , the copolymer composition curve 
FI vs. f l  was calculated and is shown in Fig. 6 along with the experi- 
mental data. Since rl > 1, the copolymer would be expected to 
contain blocks of tri-n-butyltin methacrylate units along the chain. 

R e a c t i v i t y  R a t i o s  i n  C o p o l y m e r i z a t i o n  of T r i - n -  
b u t y l t i n  M e t h a c r y l a t e  ( M I )  w i t h  G l y c i d y l  M e t h a c r y -  
l a t e  ( M a )  

The conditions and results of experiments for the copolymerization 
of this pair of monomers [ Eq. (27)] a r e  given in Table 6. The 

CH3 CH3 
I I 

CHz=C + CHz=C 
I I 
co co 
I I 
0 0 
I I 

nBu / CH 

nBu- Sn-nBu CHz 
I I 

0 1  
' CH2 
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FIG. 6. Copolymer-initial monomer mixture composition for the 
copolymerization of tri-n-butyltin methacrylate (MI) with glycidyl 
acrylate (M2): ( 0 ) experimental values; (-) curve calculated from 
the copolymer equation using reactivity ratios determined by the YBR 
method for this system. F, and f l  a r e  mole fractions of M1 in the 
copolymer and in the initial monomer mixture, respectively. 

corresponding values of the reactivity ratios, calculated by using the 
YBR method, were found to be 

rl = 0.754 * 0.128 

r2 = 0.794 * 0.135 

Since both r1 and r2 < 1, the copolymer would be expected to contain 
a significant amount of alternating monomer unit sequences along the 
polymer chain. 
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FIG. 7. Copolymer-initial monomer mixture composition for the 
copolymerization of tri-n-butyltin methacrylate (M1) with glycidyl 
methacrylate (Ma): ( 0 ) experimental values; (-) curve calculated 
from the copolymer equation using reactivity ratios determined by 
the YBR method for this system. FI and f l  a r e  mole fractions of 
MI in the copolymer and in the initial monomer mixture, respectively. 

Using the calculated r l  and r2 values and Eq. (l), the theoretical 
copolymer composition curve, FI vs. f l y  was calculated and is shown 
in Fig. 7 along with the experimental data. As can be seen, most 
experimental points agree with the theoretical curve, but the points 
at  f l  = 0.5 and 0.8 deviate significantly from the theoretical curve. 
Further, the points in the region f l  = 0.5 to 0.8 fall on a plateau. This 
suggests that the terminal model of binary copolymerization, on which 
Eq. (1) is based, is probably not valid for the present copolymeriza- 
tion reaction. Existence of a plateau region in the F1 vs. f l  experi- 
mental data strongly indicates the participation of ,the charge transfer 
complex between the two monomers in copolymerization. 

The theoretical curve F1 vs. f l  c rosses  the line representing 
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1594 GARG, CORREDOR, AND SUBRAMANIAN 

F1 = f l  as expected, since both rl and r2 a r e  less than unity. The 
intersection point represents the azeotropic composition, i.e., the 
composition at  which the copolymer has the same composition as the 
composition of monomers in the initial monomer mixture. This 
composition can also be calculated by substituting F1 = f l  in Eq. (I): 

= 0.46 for the present case. (28) 

R e a c t i v i t y  R a t i o s  i n  C o p o l y m e r i z a t i o n  of T r i - n -  
b u t y l  t i n  Me t h a c r y l a t e  (M1)  w i t h  N -  Me t h y l o l a c r y l -  
a m i d e  (Mz) 

The copolymerization behavior of this pair of monomers was  very 
similar to the tri-n-butyltin acrylate-N-methylolacrylamide pair. 
The reaction medium was methanol, and the copolymer was separated 
from its monomers by precipitation with water followed by reprecipi- 
tation by benzene. Also, the homogeneous single-phase copolymeri- 
zation occurred only when f l  was less than 0.5. Above this value the 
copolymer formed precipitated out during reaction. 

erization of tri-n-butyltin methacrylate with N-methylolacrylamide. 
Based on these data, the reactivity ratios were calculated to be 

Table 7 shows the experimental conditions and results of copolym- 

r l  = 4.230 f 0.658 

r2 = 0.381 f 0.074 

Figure 8 shows the theoretical F1 vs. f l  curve based on these reactiv- 
ity ratios a s  well as the experimental F1 vs. f l  data, Since r l  >> 1, 
the copolymer will have blocks of tri-n-butyltin methacrylate units. 

Q , e  V a l u e s  i n  C o p o l y m e r i z a t i o n  of T r i - n - b u t y l t i n  
A c r y l a t e  a n d  T r i - n - b u t y l t i n  M e t h a c r y l a t e  M o n o m e r s  
w i t h  V a r i o u s  V i n y l  M o n o m e r s  

The Q,e scheme is very useful in estimating the reactivity ratios 
for the copolymerization of monomers for which no experimental 
reactivity ratio data exist, Thus the Q,e values for tri-n-butyltin 
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FIG. 8. Copolymer-initial monomer mixture composition for the 
copolymerization of tri-n-butyltin methacrylate (M1) with N-methylol- 
acrylamide (Mz ): ( 0 ) experimental values; (-1 curve calculated 
from the copolymer equation using reactivity ratios determined by 
the YBR method for this system. F1 and f l  are mole fractions of M I  
in the copolymer and in the initial monomer mixture, respectively. 

acrylate and tri-n-butyltin methacrylate monomers were obtained by 
using the Alfrey-Price equations (19, 20) and the reactivity ratio 
data discussed in earlier sections. The QZ ,ez values for the 
vinyl comonomers were obtained from the compilation by Young [ 161. 
As is the usual practice, the product rlrz was set  equal to 1 whenever 
it was greater than 1 so that Eq. (19) could be solved. The results are 
summarized in Table 8. It is apparent from Table 8 that no Ql ,e l  
values could be assigned to either tri-n-butyltin acrylate or tri-n- 
butyltin methacrylate monomers which would be consistent for all  
of the copolymerization reactions of each monomer. This is in spite 
of the fact that e r ro r  in determination of reactivity ratios itself is 
small. Under the circumstances, averages of Ql,el values which 
match most closely with each other for each of the organotin monomers 
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1598 GARG, CORREDOR, AND SUBRAMANIAN 

were obtained. These average Ql,el values for tri-n-butyltin acrylate 
and tri-n-butyltin methacrylate monomers a r e  very comparable to 
the Q,e values reported in the literature [ 161 for other es ters  of 
acrylic and methacrylic acids. 

SUMMARY AND CONCLUSIONS 

The importance of crosslinking reactions in improving mechanical 
properties of antifouling coatings, without a significant reduction in 
antifouling effectiveness, has been well established in our earlier 
investigations. In the research reported here, a different approach 
to obtaining thermoset organotin antifouling polymers, which permits 
a control of the distribution of crosslinking sites and hence a much 
better control of the physical properties of the resulting polymers, 
was explored in detail. Thus, tri-n-butyltin acrylate and tri-n- 
butyltin methacrylate monomers were copolymerized, by solution 
polymerization using free-radical initiators a s  catalysts, with vinyl 
monomers containing a crosslinkable functional group. Two epoxy 
group-containing vinyl monomers, namely glycidyl acrylate and 
glycidyl methacrylate, and one hydroxyl group-containing monomer, 
viz., N-methylolacrylamide, were used a s  comonomers. Conversions 
were limited to less  than 10% by trial and error .  The reaction 
medium for conducting copolymerization reactions and the method 
of isolating the copolymer from its monomers were arrived at  after 
extensive screening of many solvents and nonsolvents in every case. 
The instantaneous copolymer composition versus composition of 
initial monomer mixture data was developed using wide variations 
in the composition of the initial monomer mixture for every pair of 
monomers copolymerized, 

The reactivity ratios for six pairs of organotin vinyl monomers/ 
functional- group- containing vinyl monomers were determined by 
using the differential form of the copolymer equation based on the 
terminal model of binary copolymerization and the analytical YBR 
method of calculating reactivity ratios. The reactivity ratio data a r e  
summarized in Table 9, along with the estimates of e r ro r s  in their 
determination, which were found to be small in every case. 

The Q,e values were calculated for copolymerization of each of 
the organotin monomers using the Alfrey-Price equation, but it was 
not possible to assign $,e values to either of the organotin monomers 
which were consistent for all of its copolymerizations. Therefore, 
the Q,e values were obtained by averaging all Q,e values calculated 
for the particular organotin monomer. These were Q = 0.852, e = 0.197 
for tri-n-butyltin methacrylate; and Q = 0.235, e = 0.401 for tri-n-butylin 
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acrylate. These values a r e  comparable to Q,e values reported for 
other es ters  of acrylic and methacrylic acids in the literature. 

The copolymerization of tri-n-butyltin methacrylate with glycidyl 
methacrylate was found to show azeotropic copolymerization at  46:54 
mole ratio. For this particular copolymerization, the experimental 
results deviated significantly from the terminal model of binary 
copolymerization. The nature of deviation indicated that there was a 
significant a1 ternat ing copolymerization, presumably through charge- 
transfer copolymerization, occurring in this case. It is indicated, 
thus, that the participation of organotin vinyl monomers in charge 
transfer copolymerizations should be further investigated. Such 
studies a r e  underway in our laboratories. 

Since the reactivity ratios indicate the distribution of the units of 
a particular monomer in the polymer chain, a suitable copolymer 
containing either blocks of organotin monomer units, blocks of vinyl 
monomer units containing functional-groups, alternating o r  random 
distributions of units of both monomers can be selected as desired. 
The presence of blocks of organotin monomer units, because of their 
elastomeric character, would lead to improved impact strength. 
Similarly, an improvement in tensile strength can be achieved by 
selecting the copolymer containing blocks of epoxy or hydroxyl group- 
containing vinyl monomer units. Finally, the copolymers containing 
an alternating or  random distribution of the two comonomers might 
give the slowest leaching rate. The copolymer selected could sub- 
sequently be crosslinked with suitable crosslinking agents such as 
aliphatic or aromatic amines, Lewis acid6 or bases, epoxides, or 
diisocyanates to obtain thermoset organotin coatings with an optimal 
balance of mechanical and antifouling properties. Detailed results 
of these aspects of our investigation will be published separately. 
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