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Redox-Initiated Grafting of Acrylic Monomers 
onto Poly(viny1 Alcohol) 

JAMES S. BATES* and ROBERT A. SHANKS 

Department of Applied Chemistry 
Royal Melbourne Institute of Technology 
Melbourne, Australia 

A B S T R A C T  

Loss of capacity of magnetic micro ion-exchange resins  has 
been suggested to be caused by cleavage of unstable linkages 
formed during the graft polymerization reaction. The nature 
of the grafting process was investigated by using a series of 
model compounds having the same structural features a s  the 
glutaraldehyde-crosslinked poly(viny1 alcohol) core matrix. 
These compounds were then subjected to hydrogen peroxide 
oxidation, followed by the addition of monomer in the presence 
of iron(I1). The identity and extent of peroxidation of the inter- 
mediate compounds was determined. In each of the peroxidation 
reactions the tert iary acetal hydrogen was oxidized to a hydro- 
peroxy derivative. Some of these derivatives were able to 
dimerize to form peroxy compounds. The reactions occurred 
rapidly at  room temperature when an acetal compound was 
shaken with hydrogen peroxide. Good yields could be obtained 
by precipitation of the sodium salts of the hydroperoxides. The 
hydroperoxy derivatives were shown to initiate polymerization 
of methyl acrylate, acrylic acid, and acrylamide when in the 
presence of iron(I1). 

*Present address: Division of Chemical Technology, Common- 
wealth Scientific and Industrial Research Organization, Australia. 
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138 BATES AND SHANKS 

FIG. 1. Structures possibly present in res in  core: (1) acetal 
structures; (2) residual hydroxy groups; (3)  residual acetate groups; 
(4) anomalous head-to-head type linkages; (5)  residual aldehyde 
groups; (6) oxidized groups? ketone groups, Not shown in diagram: 
(7)  noncyclic interchain acetal structures; (8) anomalous condensed 
glutaraldehyde resin species. The symbol + denotes an asymmetric 
carbon; each of these will  have two possible configurations. This is 
determined by the tacticity of the poly(viny1 alcohol) chain. 

I N T R O D U C T I O N  

Acrylic acid has  been grafted onto an inert polymeric core con- 
taining submicron particles of y-Fez03 [ 1, 21. The final material 
consists of a shell of essentially uncrosslinked weak acid polymer 
chains attached to the magnetic core and has been termed a "whisker 
resin." These resins  have been observed to show a reduced capacity 
after several months of pilot plant trials. This paper describes an 
investigation of the structure of these resins  with respect to the 
mechanism of the acrylic acid grafting. The method chosen to 
investigate the structure of the resin structure was to prepare model 
compounds having the same structural features a s  were expected to 
be present in the glutaraldehyde-crosslinked poly(viny1 alcohol) 
matrix. Structures probably present in the resin core  structure a r e  
shown in Fig. 1. 

resin core, to determine structural changes taking place during the 
graft copolymerization process. 

of methyl methacrylate in the presence of aqueous poly(viny1 alcohol) 
solution. 

The presence of a 1,2-glycol content in poly(viny1 alcohol) is 
reported [4 ,  51 and estimated at  0.6-2.2 mole % [ 61. Such 1,2-glycol 
units are oxidized more readily than the remaining head-to-tail poly- 
mer  repeat units [ 51, the mechanism (2) being given for oxidation 
in the presence of cerium(1V) [ 71. 

Carbonyl and carboxy endgroups a r e  reported to be formed by 

These compounds were then subjected to  the same reactions a s  the 

The mechanism (1) has been proposed [ 31 for the polymerization 
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REDOX-INITIATED GRAFTING 139 

H H  H H  
I I  I I  

I t  I 1  I 
OH OH 0 OH (2) 

ce4+ + - -c-C-- L__ Complex - -C + *c-+ ce3+ 

oxidation of poly(viny1 alcohol) [ 81. Keto groups a re  reported to be 
present at  the points where cleavage occurs 91. Graft initiating 
activity i s  observed due to the presence of initial carbonyl and/or 
residual acetate groups in the poly(viny1 alcohol) [ 101. One mole of 
methyl methacrylate graft was reported for every five moles of 
main chain cleavage of poly(viny1 alcohol) in an Fe3+-Hz0z aqueous 
solution. The "grafts" were considered to be due to main-chain 
cleavage and to be block copolymers. A water-soluble graft co- 
polymer of acrylic acid has been prepared by using aqueous cerium 
(IV) ammonium sulfate and poly(viny1 alcohol) [ 71. 

The graft substrate in the present study is an 86% hydrolyzed 
poly(viny1 alcohol) crosslinked by glutaraldehyde. Cyclic acetal 
groups a r e  formed a t  the si tes where crosslinking has occurred, 
and these groups are susceptible to oxidation. The autoxidation 
products of 1,3-dioxolanes have been used for initiation of vinyl 
polymerization [ 11, 121. The peroxide of 2-methyl- 1,3-dioxolane 
was obtained by room temperature autoxidation [ 131 [ Eq. (3)]. 

Oxygen in the presence of ultraviolet light [ Eq. (4)] was used to ob- 
tain the hydroperoxides of substituted 2-phenyl- 1,3-dioxolanes [ 141. 
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140 BATES AND SHANKS 

Hydrogen peroxide oxidation was also used to obtain the hydroperoxide, 
[ Eq. (4), where R = H] [ 15, 161, These compounds could be reduced 
[ Eq. (5)] to form glycol es ters  [ 14j.  

The cyclic acetal, 1,3-dioxane, structures in the crosslinked poly- 
(vinyl alcohol) were postulated to form analogous hydroperoxide 
derivatives in the presence of hydrogen peroxide. In the presence 
of iron(II), these would form radicals which could initiate graft 
polymerization. Ring-opening reactions similar to the reaction (5 )  
with NazS03 have been reported when Fez'  is  used a s  the reducing 
agent [ 12, 16b]. 

Thus the hydroperoxide of the cyclic acetal structures of the cross- 
links could either initiate polymerization after reduction with Fez +, 
or, the radical could undergo a ring-opening reaction before initiating 
polymerization [ Eqs. (6) and (7)]. 

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

P r e p a r a t i o n  of C y c l i c  A c e t a l s  

Essentially the same method was used in each of the preparations, 
so the preparation of 2,4,6-trimethyl- 1,3-dioxane will be used a s  an 
example. A mixture of 31.2 g of pentane-2,4-diol, 13.2 g of paralde- 
hyde, and 0.15 g of 40% sulfuric acid was heated a t  100°C for 6 hr. 
The solution was neutralized with aqueous potassium carbonate. Two 
phases separated, the upper organic phase was collected, and the 
lower aqueous phase was extracted twice with ether (2X, 25 ml). The 
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REDOX- INITIATED GRAFTING 14 1 

organic layer and the ether extracts were evaporated, and the oily 
residue was distilled using a short vigreaux column. 

In the case of 2-methyl-1,3 dioxane, the distillate contained impuri- 
ties as detected by the NMR spectrum. 

A further distillation was carr ied out by using a 25 cm fractionating 
column packed with glass rings. The fraction boiling a t  130- 134°C was 
collected in 64% overall yield. 

The corresponding glutaraldehyde derivatives were not a l l  dis- 
tilled but were purified by extraction with saturated aqueous sodium 
bisulfite solution. Infrared and NMR spectra before and after purifi- 
cation showed the residual free aldehyde reduced to a very small 
amount. Boiling points were determined on these glutaraldehyde 
derivatives by the Siwoloboff capillary tube method. Though the boil- 
ing points were very high, the compounds showed good stability with 
only very slight discoloration taking place. 

A c e t a l  of P o l y ( v i n y 1  A l c o h o l )  

Paraldehyde was reacted with Gelvatol 20-30, by adapting experi- 
ment 5.02 of Braun, Chedron, and Kern [ 171 dissolving the resultant 
polymer in hot methanol, and precipitating with water. The yield 
was 44% on the basis of poly(viny1 alcohol) taken = 100%. A firm, 
clear, moderately flexible film was obtained which was softened and 
swollen in water. 

H v d r o D e r o x i d a t i o n  R e a c t i o n s  

E x t r a c t i o n  M e t h o d .  A 1-g portion of the cyclic acetal and 
2 g of hydrogen p e r o m O % )  were mechanically shaken together 
for 1 hr. The mixture was diluted with 10 cm3 of water and extracted 
with ether ( 2 3  4 cm’). The combined extracts were dried over an- 
hydrous sodium sulfate and then the ether’ was evaporated. The 
residual hydroperoxide was stored in a refrigerator. 

were allowed to react a s  described above. 40% (w/w) aqueous sodium 
hydroxide was added dropwise, and the resulting precipitate was 
filtered under reduced pressure. The solid sodium salt of the hydro- 
peroxide was washed with ether, air dried and stored in a refrigerator. 

The sodium salt of 2,4,6-trimethyl- 1,3-dioxane-2-hydroperoxide 
was obtained a s  white flakes in 50% yield and melted with decomposi- 
tion at  63-69°C. The sodium salt of 2,2-trimethylenebis( 1,3-dioxane)- 
2-hydroperoxide was obtained a s  white crystals in 43% yield and melted 
with decomposition a t  62-65°C. 

peroxide was removed from the extracts. Some blanks were per- 
formed with the use of alkane solvent (bp 100- 110°C) to simulate the 
substrate, Tests with iodide and starch solutions were negative for 

S o  d i u m S a 1 t M e t h o d .  The acetal and hydrogen peroxide 

B l a n k s .  Blanks were performed to determine if all hydrogen 
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142 BATES AND SHANKS 

the blanks, indicating that activity of the acetal products was due to 
the corresponding hydroperoxide only. 

I n i t i a t i o n  of P o l y m e r i z a t i o n  b y  t h e  H y d r o p e r o x i d e s  

W i t h  A c r y l i c  A c i d .  A 2 . 5  g portion of 86% aqueous acrylic 
acid was dissolved in a solution of 0.2 g of iron(II) sulfate hepta- 
hydrate in 10 cm3 of distilled water. The solution was shaken with 
0.2 g of hydroperoxidized 2-methyl-l,3-dioxane for 30 min. An 
immediate exothermic reaction took place, and the solution turned 
an orange-brown color. The solution was made acid with hydrochloric 
acid and after standing the supernatant liquid was decanted and the 
residue washed with methanol. After drying, a yield of 45% was 
obtained and verified as poly(acry1ic acid) by infrared spectroscopy. 

W i t h  M e t h y l  A c r y l a t e .  The same quantities a s  described 
above for acrylic acid were mixed, the hydroperoxide being added 
last. The mixture again showed an immediate exothermic reaction 
and orange-brown coloration. The mixture was mechanically shaken 
for 1 hr, then extracted with ether. The ether extract was poured 
into hexane and the precipitated polymer was collected. After drying, 
a yield of 35% was obtained and verified a s  poly(methy1 acrylate) by 
infrared spectroscopy. 

The same procedures were used to test the other hydroperoxides 
and to evaluate other monomers for potential grafting activity. 

RE SULTS AND DISCUSSION 

A ser ies  of model acetal compounds (I - X) was synthesized for test- 
ing in reactions with hydrogen peroxide. These included 2-methyl-1,3- 
dioxolane (I), 2 -methyl- 1,3- dioxane (II), 2,4,6 - tr ime thyl- 1,3 - dioxane 
(111), 2,2-trimethylene(l, 3- dioxolane) (IV), 2,2'-trimethylenebis(l, 3- 
dioxane) (V), 2,2'-trimethylenebis(4,6- dimethyl - 1,3- dioxane) (VI), 
acetaldehyde poly(viny1 alcohol) acetal (VII), 2-propyl- 173-dioxane 
(VIII), 2-benzyl- 173-dioxane (IX), and triethylidenemannitol (X). 

Compounds I and I1 differ in ring size, which is an important 
consideration in the stability of cyclic acetals [ 181.. The five- 
membered ring structure could be formed only when head-to-head 
polymerization occurred in the poly(viny1 alcohol). In structure 111 
the methyl groups at  positions 4 and 6 represent the points of attach- 
ment of the polymer chain and provide two additional tert iary hydro- 
gens. Structure III has four possible isomers, a s  does the acetal ring 
structure in crosslinked poly(viny1 alcohol). The structures a re  
formed from the isomers of pentane-2,4-diol as shown. Steric effects 
would cause the methyl groups to preferentially occupy equatorial 
positions. Inversion of the ring must be slow, since the NMR of the 
proton at position 2 gives two well-separated quartets. The one most 
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REDOX- INITIATED GRAFTING 143 
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144 BATES AND SHANKS 

llla L 

v 3  
H-C-OH 
H - ~ ~ O H  CH2 

trimethyl. 1.3-dioxane 

l l lb 
meso-pentane-2,4-dioI 

CH3 
HO-~-H CH3 

D-pentane-2,4-diol 
I l k  

CH3 
H-C-OH I 

HO-C-H 
CH3 

H 
CH3 

CH2 * c H 3 E o f  CH3 "Id 

I 
2-r-trans(4), cis(6)-trimethyl-l, 3 dioxane 

L-pentane-2.4-diol 

downfield was ascribed to an equatorial hydrogen and the other to an 
axial hydrogen [ 19, 201. The starting material was a mixture of the 
isomeric pentane-2,4-diols. Resolution of the products was not 
attempted. 

into the models. For compound VI, considering isomer possibilities 
for compound 111, there will be 10 possible isomers. Thus the 
glutaraldehyde-crosslinked poly(viny1 alcohol) wil l  have 10 isomeric 
crosslinks. 

hyde form) to the acetal which had an infrared spectrum a s  indicated 
by Lindemann [21]. This preparation was then used to study the 
peroxidation reaction in a polymeric system having solubility, although 
with the possibility of some intermolecular acetalization [ 221. 

Low yields were obtained when isolating some of the peroxidized 
derivatives of the acetals, so structures VIII and IX were synthesized. 
The propyl and benzyl groups made the hydroperoxy derivatives 
easier to extract from hydrogen peroxide solution. Triethylidene 
mannitol (X) was a solid of high melting temperature and low water 
solubility; i ts  hydroperoxy derivative was able to be isolated a s  an 
insoluble solid. Physical properties for the compounds a re  listed 
in Table 1. 

Compounds N ,  V, and V I  introduce the variable of glutaldehyde 

Poly(viny1 alcohol) was reacted [ 171 with acetaldehyde (paralde- 
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REDOX- INITIATED GRAFTING 147 

TABLE 2. Hydroperoxide Content of Oxidation Products 

Starting compound 
H ydr oper oxy content 
(mole Oz/mole product)a 

2 -Methyl- 1,3 - dioxolane 0.67 
2-Methyl- 173-dioxolane 0.15 

2,4,6 - Tr  imethyl- 1,3 -dioxane 0.66 
0.11 

2,2'-Trimethylenebis( 1,3- dioxolane) 0.04 

2,2'- T r  imethylenebis( 1,3- dioxane) 0.42 

Triethylidene mannitol 0.30 
Poly(viny1 alcohol) acetaldehyde acetal 0.07 

2 - Pr opyl- 1 , 3 - dioxane 

Mean of from two to five determinations; accuracy f 10% mainly a 

due to difficulty in achieving a consistent degree of hydroperoxidation. 

H y d r o p e r o x i d a t i o n  R e a c t i o n s  

Each of the acetal model compounds was subjected to treatment 
with hydrogen peroxide. Some of the compounds were soluble in 30% 
hydrogen peroxide and so no physical change was observed during 
1 hr  a t  room temperature. Others, such a s  2,4,6-trimethyl-1,3- 
dioxane, formed a cloudy suspension which gradually cleared to a 
colorless solution within 1 hr, indicating that a reaction had taken 
place. 

After an extraction procedure the products were analyzed for 
hydroperoxy content. In each case the product contained a quantity 
of starting material. Another method used to obtain the products 
was by precipitation of the sodium salt of the hydroperoxide with 40% 
sodium hydroxide solution. This yielded a relatively pure hydro- 
peroxide, whereas extraction always provided a mixture. The 
hydroperoxide content of the products is  shown in Table 2. The 
analyses were carried out essentially a s  described by Mil le r  and 
Mayo [ 251. 

Though the hydroperoxidation appeared to occur very readily a 
surprising observation of the selectivity of the reaction was made 
with 2,4,6-trimethyl- 1,3-dioxane. The NMR spectra of this compound 
and the oxidation product (Fig. 2) showed that isomers with 2-H in an 
equatorial position did not show a proton in the product spectrum 
while those with an axial 2-H were present in the product spectrum. 
Only the less  hindered equatorial position i s  oxidized to a hydro- 
per oxy group. 
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148 BATES AND SHANKS 

h 
3 

FIG. 2. NMR spectra of (top) 2,4,6-trimethyl- 1,3-dioxane and 
(bottom) i ts  oxidation product. 

These geometric isomers correspond to the tacticity of the poly- 
(vinyl alcohol) chain as well a s  the orientation of the acetal cross-  
links. It can be concluded that not all the tert iary acetal hydrogens 
in the crosslinked resin will be oxidized to hydroperoxy groups. 
Thus the available sites for grafting will  be restricted by the axial 
or equatorial orientation of this hydrogen. 

All of the acetal model compounds oxidized readily when shaken 
with 30% hydrogen peroxide at  room temperature. It would appear 
that this same reaction also occurs in the resin core and provides 
hydroperoxy sites which a r e  the initiators of grafting. Some of the 
hydroperoxides a r e  capable of dimerizing to form peroxides but this 
is not likely to occur in the resin core  since such groups are not free 
to come together because of the rigid matrix formed by dense cross-  
linking, 
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REDOX- INITIATED GRAFTING 149 

The presence of y-FezO3 in the hydrogen peroxide agitation stage 
did not cause any difference in the yield or NMR of the product ob- 
tained using 2-methyl- 1,3-dioxane. The site of hydroperoxidation 
was verified by reduction with aqueous sodium sulfite. The result 
of this is  a ring-opening reaction to give the corresponding glycol 
ester. Thus 2-propyl- 1,3-dioxane was oxidized with hydrogen 
peroxide to form the hydroperoxide. The hydroperoxide was not 
isolated, but the reaction mixture was allowed to react with sodium 
sulfite. The solution was acidified with dilute sulfuric acid and 
refluxed for 6 hr  to hydrolyze the glycol ester. Ether extraction 
gave a material which had an odor strongly suggesting butanoic 
acid and infrared and NMR spectra identical with those of an authentic 
sample of butanoic acid. This is  the product expected from hydro- 
peroxidation of the 2-position. 

I n i t i a t i o n  of A c r y l a t e  P o l y m e r i z a t i o n  b y  t h e  
H y d r o p e r o x i d e s  

The ability of the acetal hydroperoxides to initiate polymerization 
was tested using methyl acrylate and acrylic acid. The hydroperoxides 
were found to be active initiators in the presence of iron(I1). For 
example, when 2,4,6-trimethyl- 1,3-dioxane-2-hydroperoxide was 
added to an aqueous solution of acrylic acid containing a small quan- 
tity of iron(I1) sulfate, an exothermic reaction accompanied by an 
intense orange-brown color was immediately observed. The poly- 
mers  could be isolated and verified by infrared spectroscopy. 

When hydroperoxidized poly(viny1 alcohol) acetaldehyde acetal 
was treated with methyl acrylate in the presence of iron(I1) a 56% 
increase in mass  was obtained after washing with methanol and 
drying . 

Acrylamide was also found to polymerize rapidly, while meth- 
acrylic acid polymerized only slowly a s  indicated by reaction exo- 
therms. N,N-Dimethylaminoethyl methacrylate and 2-vinylpyridine 
showed no observable reaction. 

were also active in initiating grafting. However several hours were 
required for the reaction with hydrogen peroxide, and in the case of 
poly(viny1 alcohol) much chain scission occurred, significantly 
lowering the viscosity molar mass  [ 91. 

Hydrogen peroxidized poly(viny1 alcohol) and poly(viny1 acetate) 

C O N C L U S I O N  

The site of grafting is predominantly the tert iary acetal carbon 
arising from the crosslink structure. This forms either an ortho 
ester structure or rearrangement may take place, at  the radical 
stage prior to initiation, to provide an ester graft linkage. Other 
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150 BATES AND SHANKS 

graft si tes may occur due to oxidative cleavage of the main poly(viny1 
alcohol) chain. Essentially block copolymer would form if cleavage 
occurs. The linkage in this case would be an ether or carbon-carbon 
bond which would yield a more stable graft but at  the expense of 
degradation of the poly(viny1 alcohol) core. 

That the predominating graft linkages a r e  ortho ester or  es ter  
structures would render them susceptible to hydrolysis. Extraction 
experiments with dilute hydrochloric acid have shown that acrylic 
acid grafts can be removed from samples of the resin. 

By analogy with 2,4,6-trimethyl- 1,3-dioxane, the si te of grafting 
is stereospecific. The tert iary acetal hydrogen only reacts  when in 
an equatorial position in the six membered acetal ring. This requires 
the two acetalized hydroxyls on the poly(viny1 alcohol) backbone to be 
in the same configuration (isotactic) and the crosslink chain to  be 
trans to each of them. 

the presence of the hydroperoxides and iron(I1). Methyl acrylate, 
acrylic acid, and acrylamide reacted rapidly; methacrylic acid to 
much lesser extent; and N,N-dimethylaminoethyl methacrylate and 
2-vinylpyridine showed no reactivity. 

A number of monomers were tested for ability to polymerize in 
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