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A B S T R A C T  

The use of mineral acid to enhance the radiation grafting of 
monomers to trunk polymers such a s  polyethylene is shown to 
be of value for the insolubilization of enzymes and the hetero- 
genization of catalytically active homogeneous complexes. 
Two general methods a r e  described showing how acid enhance- 
ment effects can be used in the immobilization reactions. In 
the first  technique, styrene is grafted, and the resulting co- 
polymer can be nitrated followed by subsequent chemical 
reactions to yield an appropriate substituent to which the attach 
ment processes can occur. Alternatively, p-nitrostyrene can 
be grafted directly. In the latter method, the acid enhancement 
is shown to be valuable, since the monomer is deactivating in 
radiation grafting and any technique for improving yields i s  
useful. The acid enhancement effect is also shown to be of 
value for grafting to polyethylene, since this backbone poly- 
mer is less susceptible to grafting than the other two trunk 
polymers studied, i. e., polypropylene and PVC. A novel 
mechanism for the acid effect is proposed. The grafting 
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88 GARNETT ET AL. 

of p-nitrostyrene is more satisfactory for the insolubilization 
reactions when compared with the alternative of styrene grafting 
followed by nitration. 

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

Radiation grafting to polymers is an attractive method of modifying 
these materials for use a s  insoluble supports for organic synthesis. 
Typical applications of these polymeric reagents are the immobiliza- 
tion of enzymes and the heterogenization of catalytically active 
homogeneous metal complexes. The polyolefins possess advantages 
[ 1, 21 for these insolubilization processes, especially when compared 
with crosslinked polystyrene derivatives which a r e  a c lass  of syn- 
thetic resins frequently used for this purpose. 

The principle of the technique is to radiation graft to a backbone 
polymer, a monomer which contains an appropriate functional group 
to which the organic reagent may be covalently attached. A suitable 
monomer for this purpose is p-nitrostyrene, since, once copolymer- 
ized, this nitro group can subsequently be reduced to the amine from 
which a suitable derivative can be prepared for the attachment reac- 
tion. The essential disadvantage with p-nitrostyrene is that it grafts 
only very slowly with ionizing radiation. 

An alternate method for introducing the nitro group in a radiation 
grafting process is to copolymerize styrene to the backbone polymer 
first ,  then nitrate the grafted styrene. This has a potential advantage 
for insolubilization reactions, in that styrene grafts much more 
efficiently than p-nitrostyrene. Thus significantly lower doses of 
ionizing radiation a r e  required to achieve comparable styrene grafts. 
This property i s  especially important for backbone polymers that a r e  
radiation- sensitive. Thus for p-nitrostyrene (and even with styrene 
grafting reactions), any method for enhancing radiation copolymeriza- 
tion would be valuable for insolubilization reactions. 

In previous work it has been found [ 3-71 that addition of mineral 
acid to a monomer solution enhances the radiation grafting of certain 
monomers to cellulose [ 3-51 and wool [ 6, 71. Solvents such a s  the 
low molecular weight alcohols which swell these naturally occurring 
macromolecules favor the acid enhancement reaction. Mechanistically 
this acid enhancement reaction with cellulose and wool has been 
attributed to reactions such as depicted in Eq. (l), which produce 
an increase in radiolytic hydrogen atoms [ 5, '71. Further work [ 81 
has also demonstrated 

that the effect of acid on the stability of the intermediate charge- 
transfer complex in the grafting is important. 
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ACID ENHANCEMENT EFFECTS a9 

In a recent preliminary communication [ 93, analogous acid en- 
hancement effects have been reported for the radiation grafting of 
styrene in methanol to the polyolefins. This reaction is significant, 
since methanol does not swell the polyolefins a s  it does wool and 
cellulose. The mechanism of the acid enhancement with the polyole- 
fins is thus extremely interesting. It i s  the purpose of this paper to 
report further, more detailed studies of this acid effect for the grafting 
of styrene (predominantly) and p-nitrostyrene in solution to poly- 
ethylene. A comparison of the two techniques for insolubilization has 
also been performed, i. e., grafting of styrene followed by nitration 
versus direct copolymerization of p-nitrostyrene. Preliminary studies 
of the use of polyethylene versus polypropylene and PVC for these 
insolubilization reactions a re  also reported. 

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

M a t e r i a l s  

Low-density polyethylene films of 0.01 mm thickness were supplied 
by Union Carbide. Styrene was donated by Monsanto (Aust.) Ltd., 
while all other monomers were purchased from Polysciences Inc. 
The grafting technique was  a modification of that previously used with 
cellulose [ 51, wool [ 71, and polypropylene [ 101. Monomers were 
purified by column chromatography on alumina, a procedure that has 
previously been satisfactory for radiation copolymerization [ 5, 71. 
High purity methanol (acetone-free, ACS reagent, code 12 12) was 
purchased from Allied Chemicals; the remaining alcohols, dimethyl- 
formamide, dimethyl sulfoxide, acetone, and dioxane were AR grade 
and used without further purification. These materials were satis- 
factory in earlier grafting reactions to cellulose 151 .  

I r r a d i a t i o n  P r o c e d u r e  

Grafting experiments were performed in Pyrex tubes, solvent 
being added first, followed by acid or  a concentrated solution of acid 
in the solvent, then monomer to a total volume of 20 ml. Polyethylene 
strips (25 mm X 37.5 mm) were then fully immersed in the monomer 
solutions. Only homogeneous solutions were used for grafting. This 
is important, especially with acid additives, since there is a limit of 
acid concentration before phase separation occurs. Irradiations of 
the lightly stoppered tubes containing the reagents were carried out 
in cobalt-60 or spent fuel element facilities a t  the Australian Atomic 
Energy Commission. At the completion of the irradiation, the grafted 
polymer film was quickly removed from the monomer solution, and 
soaked for two days in benzene to remove homopolymer. This film 
was then washed with methanol and dried a t  60°C to constant weight. 
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90 GARNETT ET AL. 

The grafting yield was the percent increase in weight of the original 
film. The degree of homopolymerization was determined by the fol- 
lowing modification of the Kline procedure [ 111. After irradiation, 
the grafting solution was poured into methanol (200 ml) to precipitate 
homopolymer. The sample tube was then rinsed with methanol (50 
ml). Any homopolymer which adhered to the polymer film and to the 
tube was dissolved carefully in dioxane (20 ml) and the dioxane solu- 
tion added to the methanol in a beaker, together with the benzene 
washings from the extraction of the original film. The beaker was 
heated on a steam bath with frequent st irring until al l  polystyrene 
coagulated. The mixture was cooled, filtered through a tared sintered 
glass crucible, washed three times with methanol (100 ml), and the 
crucible dried to constant weight a t  60°C. The percentage homo- 
polymer was calculated from the weight of homopolymer divided by 
the weight of monomer in solution. The grafting efficiency was the 
weight of graft divided by the weight of homopolymer plus the weight 
of graft. 

For the immobilization of the enzyme and the heterogenization of 
the catalytically active complexes, both low-density and high-density 
polyethylene powders were used. Some experiments were also 
carried out with polypropylene powder (from Shell) containing no 
additive and PVC powder (from ICI). For the polyethylene and poly- 
propylene work, powders (5 g) of these materials were irradiated in 
air  a s  a suspension in p-nitrostyrene (30% v/v) in N,N-dimethyl- 
formamide (6 ml) a t  2 X lo5 rad/hr to a total dose of 3 X lo6 rad. 
For the PVC run, methanol was used as  solvent. After irradiation, 
homopolymer was removed, and the nitro group reduced to the amine 
in which form it was suitable for the heterogenization of the catalyti- 
cally active complexes. Diazotization of the amino derivative and 
subsequent reaction yielded the chloro compound which was also 
used for heterogenization. Conversion of the amino derivative to the 
isothiocyanate material 1, 21 then permitted the covalent attachment 
of the enzyme, trypsin, by suspending the copolymer in a solution of 
trypsin in a bicarbonate buffer (pH = 9.6, 25 ml). The weight of 
protein bound to the polymer was determined by acid hydrolysis of 
the polymer-enzyme conjugate. The esterase activity of trypsin in 
the conjugate was determined using N-a-benzoyl- L-arginine ethyl 
ester, while the roteolytic activity was evaluated with N,N-dimethyl- 
hemoglobin [ 1, 2'3. 

R E S U L T S  

Grafting to polyethylene films is facile in the presence of the 
normal alcohols up to heptanol (Table 1) with a maximum occurring 
at approximately 30-40% styrene concentration. The results a r e  thus 
similar to those obtained previously by Odian and co-workers 1 121 
with methanol, the only solvent used by these ear l ier  authors. The 
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ACID ENHANCEMENT EFFECTS 93 

TABLE 3. Effect of Acid on Homopolymerization during Radiation 
Grafting of Styrene in Methanol to Polyethylenea 

Grafting yield Homopolymeri- Grafting 
(% ) zation (%) efficiency (%) 

Styrene No 0.1 M No 0.1 M No 0.1 M 
(%V/V)  H2S04 H2Ss4 HzS04 H2SG4 H2S04 H2S04 

20 13 44 0.6 1.3 30 45 
40 80 109 1.6 1.5 40 45 
60 65 75 1.4 1.7 26 27 
70 - 73 - 1.7 - 22 
80 52 - 1.6 - 16 - 

Total dose of 0.2 X lo6 rad at 0.032 X lo6 rad/hr. a 

grafting yields at  30-40% styrene in n-decanol a r e  relatively poor, 
indicating that there is  a limiting chain length of the alcohols beyond 
which the gel accelerating effect is inoperative. DMF and DMSO a r e  
efficient solvents for this radiation grafting; however the Tromms- 
dorff peak occurs at  SO-SO% in these materials (Table 2). Acetone 
and 1,4-dioxane increase the grafting continuously with increasing 
monomer concentration (Table 2) whereas chloroform (Table 2) and 
hexane (Table 1) retard copolymerization such that no grafting i s  
observed at concentrations of styrene below 4Wo. The homopolym- 
erization of styrene which accompanies grafting to polyethylene 
also increases with higher styrene concentration. In general, the 
effect of solvents in the radiation grafting of styrene is similar for 
both polyethylene and polypropylene [ 9, 10, 131. 

The effect of 0.2 M HzS04 in the styrene grafting solutions i s  
shown in Tables 1-3,The solvents chosen to demonstrate the effect 
must be sufficiently polar to keep 0.2 M HzS04 in homogeneous phase 
in solutions up to 70% monomer conce&ation. All grafting condi- 
tions reported for the acid effects a r e  identical to those which were 
used in the absence of acid. The data show that the inclusion of 
0.2 M H2S04 improves the yields in all solvents. In the alcohols, 
the gel effect is still observed at  30-40% styrene; however a higher 
percentage acid enhancement in yield is found at  50-70% monomer 
with the higher alcohols than occurs in the lower molecular weight 
materials. The Trommsdorff peak in DMF and DMSO in acid still 
occurs at  about 60% monomer. With acetone and dioxane, significant 
acid enhancement a t  the gel peak is observed, particularly with the 
latter solvent at  50-60'31 monomer. Unfortunately, in the presence 
of acid, homopolymerization is  also increased; thus the grafting 
efficiency is only slightly improved by the presence of acid. 

The effect of acid structure on the radiation induced grafting of 
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94 GARNETT ET AL. 

TABLE 4. Effect of Various Acids in Grafting Styrene in Methanol 
to Polyethylenea 

Graft (%) 
Styrene 
(% v/v) No acid In HCOOHb In HClb In HZSOlb In HNOsb 

20 17 26 31 36 55 
30 34 47 65 94 110 
40 52 46 53 118 127 
50 42 32 36 108 109 
60 34 26 28 98 100 

aTotal dose of 0.2 X lo6 rad at  0.08 X lo6 rad/hr. 
b O . l  - N acid. 

styrene in methanol to polyethylene film is shown in Table 4. Formic 
acid shows a small but significant enhancement a t  the lowest mono- 
mer concentrations. Hydrochloric acid raises  the yield further, 
while sulfuric and nitric acids give an enhancement of over 30@0 in 
some solutions. The gel peak remains a t  40% monomer; thus inclu- 
sion of acid markedly increases the intensity of this peak. 

Because sulfuric acid was one of the best acids for the enhance- 
ment effect, further studies with this acid were carr ied out. These 
included level of acidity (Table 5) and dose-rate effect (Table 6). In 
the study of the influence of sulfuric acid concentration on the styrene 
grafting in DMF (Table 5), there is a continuous improvement in 
yield with increasing acidity at any concentration of styrene. Concen- 
trations of styrene in DMF a re  possible up to 90% with to 10.' 
- M HzS04, up to 75% with lo-' M HzS04, and up to 45% with 5 X 10'' 
- M HzS04 before phase s e p a r a t h  occurs. A maximum grafting yield 
still is observed a t  around SO-SO% styrene in DMF a t  concentrations 
of HzS04 from to lo-' M, but shifts to the highest possible con- 
centration of styrene at  5 X m-'  M (i. e., 45%). 

The dose-rate effect (Table 6)Ts particularly significant. Thus, 
without acid, at monomer concentrations less than 500/0 in methanol, 
there is a continuous decrease in copolymerization yield with increas- 
ing dose-rate from 1.17 to 5.46 X 10 rad/hr. However, at  higher 
monomer concentrations there is a decrease in graft to 2.79 X lo5 rad/ 
hr, but at  5.46 X lo5 rad/hr the yield is  doubled although, in absolute 
terms, the yield i s  still low. Addition of acid leads to yields which 
a r e  virtually independent of dose-rate at  50- 70% monomer concentra- 
tion. However, the important feature of the results is that a t  the 
maximum, the difference in grafting yield between acid and the 
corresponding non-acid solutions increases with increasing dose-rate. 
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ACID ENHANCEMENT EFFECTS 95 

TABLE 5. Effect of Sulfuric Acid Concentration on Grafting of 
Styrene in DMF to Polyethylenea 

10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
90 

14 

31 

50 50 

75 74 

86 88 

88 89 

87 93 
82 82 

15 

3 1  

56 

79 

88 

94 

94 
86 

27 
38 

15 75 
85 

38 124 
135 

65 82 149 
92 146 

88 100 
108 

103 120 
120 

10 1 123 
123 

103 
89 

Total dose of 0.5 X lo6 r ad  a t  0.08 X lo6 rad/hr. a 

Further, the addition of acid induces a Trommsdorff peak especially 
at  the highest dose rate  whereas previously, acid enhanced the in- 
tensity of the gel peak which was already present. 

These acid enhancement effects discussed for styrene grafting 
can be extrapolated to the copolymerization of other monomers 
[ 8, 91. Preliminary studies [ 141 show that the enhancement can 
also be achieved with p-nitrostyrene which is an extremely useful 
monomer for enzyme insolubilization (Table 7) and heterogenization 
of catalytically active homogeneous complexes (Table 8). In the 
former system, the data in Table 7 show that polypropylene and 
PVC powders graft p-nitrostyrene more efficiently than does poly- 
ethylene. However the last trunk polymer is satisfactory and, with 
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ACID ENHANCEMENT EFFECTS 97 

TABLE 7. Reactivity of p-Nitrostyrene-Grafted Polymers in Trypsin 
Immobilizationa 

Protein 
p-Nitrostyrene bound Esterase 

Backbone polymer graft (%) (mg/g) activity 

Low-density polyethylene 4 
High-density polyethylene 3 
Polypropylene d 30 
PVCf 15 

b C 

b C 

6.9 3 le 

25 e 

Total dose 3 X lo6 rad at  2 X lo5 rad/hr. a 
bProtein bound but quantitative reproducibility of determination 

low. 
CFinite esterase activity but not determined quantitatively. 
dunstabilized polypropylene powder used. 
eRelative to an equal weight of soluble trypsin (100%); protease 

fPVC insoluble during grafting. 
activity 13%. 

acid enhancement, is suitable for the insolubilization reactions. The 
same conclusions apply to the heterogenization process (Table 8). 
Although these data only use polypropylene, preliminary studies [ 141 
show that polyethylene is satisfactory for this purpose. 

DISC USS I 0  N 

E f f e c t  of S o l v e n t  i n  G r a f t i n g  

Solvent effects a r e  extremely important in radiation grafting to 
polyethylene (Tables 1 and 2) since, not only is the efficiency of the 
copolymerization affected, but also the possible appearance of a 
Trommsdorff peak can give high yields for comparable radiation 
doses. Methanol has been one of the most frequently used solvents 
in this reaction particularly since this solvent appreciably accelerates 
grafting. The research groups of Odian [ 121 and Silverman [ 151 have 
attributed the accelerating effect of methanol in styrene grafting to 
polyethylene to the physical changes in the system caused by meth- 
anol. These authors did not consider possible contributions from the 
radiation chemistry of the grafting reaction. Little attention has 
also been directed to the effect of other solvents in this grafting 
system, although the effect of a large number of solvents, including 
methanol, has been studied for analogous grafting to cellulose [ 51 
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98 GARNETT ET AL. 

TABLE 8. Hydrogenation of Cyclohexene on p-Nitrostyrene-Grafted 
Polypropylene 

Metal 
on 
surface Temp Hydrogenation 

Polymera (%) ("C) (%IC 
p-NST/PP/RhCls 0.01 50 0 
p-AST/PP/RhCls 0.43 50 100 

p-NST/PP/RhH(CO)( PhsP)s 0.04 50 100 

~ -AST/PP/R~H(CO)(P~SP)~  0.12 50 100 

p-CIST/PP/RhCl(CO)(Ph3P)z 120 100 

p-CIST/PP/RhCl(CO)( PhsP)z 50 36 

ap-NST = p-nitrostyrene; p-AST = p-aminostyrene; p-CIST = p- 

bHydrogenation temperature (4 days). 
CApproach to equilibrium. 

chlorostyrene; PP = polypropylene. 

and wool [ 71. The wetting and swelling behavior of these solvents, 
a s  well a s  their radiation chemistry, were all considered to be im- 
portant for grafting to these backbone polymers since such solvents 
permitted access of monomer to the cellulose s i tes  even though the 
monomer itself did not wet or  swell the trunk polymer. Thus only 
hydrophilic solvents, particularly methanol and ethanol, were useful 
for grafting styrene and related monomers to cellulose and wool, 
whereas butanol was not. By contrast, for grafting to polyethylene, 
especially with styrene, swelling and wetting effects of solvents a r e  
not necessary, since this backbone polymer is extensively swollen 
by the monomer. 

T h e  G e l  E f f e c t  

One of the important observations in the grafting of styrene to 
polyethylene is the appearance of a maximum at a particular mono- 
mer concentration. Odian and co-workers [ 121 have suggested that 
the presence of this peak, especially in methanol, is a Trommsdorff- 
type effect and occurs because this solvent is a precipitant of poly- 
styrene. While the grafted polystyrene chains a r e  precipitated, they 
become immobilized or curled up. Thus further collisions with the 
precipitated polystyrene are inhibited; hence, the termination ra te  
is reduced while there is essentially no reduction in the initiation 
rate, and rate  of grafting is thus increased. It is emphasized that 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
1
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ACID ENHANCEMENT EFFECTS 99 

the termination rate  in the grafting of undiluted styrene i s  already 
very hindered because of the high viscosity of the grafting medium 
(mainly amorphous polyethylene, according to these authors), but 
the hindrance is further increased in the presence of methanol, due 
to the precipitating effect. Thus, the Trommsdorff effect which 
already exists in the system is enhanced by the presence of methanol. 
This mechanism of the accelerating effect of methanol in the grafting 
of styrene to polyethylene is also applicable to all alcohols due to 
their similar precipitating effect on polystyrene. Thus, Chapiro [ 161 
observed that, in the polymerization of styrene in different alcohols 
by radiation, the polymer is precipitated into powder particles at  
high dilution (e. g., at  90 mole % methanol, 85 mole % n-propanol, 
80 mole % n-butanol, or 60 mole % n-octanol, all these being 70% 
alcohol by volume). In the present work, these concentrations of 
alcohols were also found to give maximum grafting yields. 

marginal Trommsdorff effect was obtained with this solvent. The 
observed accelerating effect of DMF with a maximum value a t  60% 
styrene cannot be explained by the previous theories, because DMF 
dissolves polystyrene. When a solvent has a good solubility for 
polystyrene, the grafted chains a r e  not immobilized so that the 
termination rate is not decreased and there will  be no accelerating 
effect. Instead, the grafting rate  will  decrease with dilution of 
styrene by the solvent a s  the rate  is now directly proportional to the 
monomer concentration [ 171. This is the case with 1,4-dioxane, 
which is a good solvent for polystyrene. However, the data show a 
marginal gel peak at  80% monomer. Acetone is only a weak solvent 
for polystyrene, but again a marginal Trommsdorff effect is observed 
at  80% monomer. Hexane does not dissolve polystyrene but does not 
accelerate grafting, probably because it does not precipitate poly- 
styrene grafted chains in the presence of styrene. 

In general, the Trommsdorff- type effect proposed by Odian and 
co-workers [ 121 can be used to explain most of the observed results 
in all solvents used, with the limitations discussed in the preceding 
paragraph. However, the Odian model also fails to explain satis- 
factorily grafting data obtained in preliminary studies [ 81 with addi- 
tional solvents other than those reported in this paper. 

Machi, Kamel, and Silverman [ 151 did not agree with the above 
mechanism of the Trommsdorff effect. These authors analyzed 
mixtures of styrene and methanol which were absorbed in polyethylene 
films prior to grafting. They found that the methanol fraction in the 
mixture was very low (5 4%), and was not enough to precipitate the 
polystyrene grafted chains. Therefore, they proposed a new mech- 
anism for the Trommsdorff effect based on the concentration of the 
occluded styrene in polyethylene and the viscosity of the amorphous 
region of polyethylene which is swollen by styrene, In terms of this 
mechanism, methanol reduces the concentration of the occluded 
styrene in polyethylene; hence, the swelling of polyethylene decreases, 
and the viscosity of the grafting medium increases. At low styrene 

DMSO is also a nonsolvent for polystyrene, although only a 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
1
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



100 GARNETT ET AL. 

concentrations, the initiation rate  and the propagation rate  are low 
and increase with increasing styrene concentration, while the termi- 
nation rate i s  also low because of the high viscosity of the medium. 
At high styrene concentrations, the propagation ra te  tends to increase, 
but the termination rate  also increases due to the decreased viscosity 
of the swollen polymer. Therefore, there is an optimum styrene con- 
centration at  which the grafting rate is a maximum. The mechanism 
proposed by Machi, Kamel, and Silverman [ 151 can be used to suc- 
cessfully explain the accelerating effect of the alcohols, DMF and 
DMSO a s  these solvents do not swell polyethylene. According to this 
mechanism, when a solvent swells a polymer the grafting rate  should 
decrease continuously with the dilution of the monomer by the solvent, 
because there is no Trommsdorff effect. However, the mechanism 
cannot account for the acetone results which showed no accelerating 
effect despite the fact that the solvent does not swell polyethylene. 
Further preliminary studies [ 81 with additional solvents in this 
system also indicate that this second model is not completely satis-  
factory for explaining all aspects of the solvent effect in the grafting. 
Thus both Odian and Silverman mechanisms a r e  deficient in certain 
respects. 

T h e  R a d i a t i o n  C h e m i s t r y  E f f e c t  

The fact that the radiolysis products of solvent (particularly) and 
monomer may influence the grafting process should also be considered 
in any complete mechanistic scheme. It is acknowledged that initia- 
tion of a grafting site on polyethylene by y-radiation is usually by 
carbon-hydrogen bond scission a s  in Eq. (2). 

Y 
PH - P' + H '  

Hydrogen abstraction reactions by free radicals, usually H', derived 
from the radiolysis of the appropriate solvent, also lead to grafting 
sites, i. e., Eqs. (3) and (4), where S' is solvent radical. 

The importance of the reaction of nonpolymeric radicals with trunk 
polymer to form grafting sites has been discussed previously. In 
particular, reactions (3)  and (4) have been used to explain the effect 
of different solvents on the grafting of styrene to cellulose [ 51, 
wool [ 71, and in very preliminary studies, the polyolefins [ 91 based 
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on the G(H) of solvents. In this earlier work [ 181, styrene in the 
styrene-methanol system was considered to be a radical scavenger 
in the same way that benzene is in the radiolysis of benzene-methanol 
solutions [ 191. Radical scavenging was presumed to occur preferen- 
tially on the benzene ring of styrene by addition reactions [ Eq. (5)] 
and also by radical attack on the double bond in the side chain. 

H R  
h X H  

( 5 )  
R-l, scavenging 

R ' =  products  
CH20H ,H ' 

I 

Thus, for the grafting of styrene to cellulose, a mechanism for the 
accelerating effect of methanol was suggested based on the relative 
numbers of styrene molecules and methanol radicals. At low concen- 
trations of styrene, styrene wil l  essentially scavenge methanol radi- 
cals  while at  high concentrations of styrene, the styrene will scavenge 
other styrene radicals. Thus, homopolymerization is preferred to 
grafting in both cases. However, in the middle range of styrene con- 
centrations, a compromise is attained where there is sufficient 
styrene to scavenge all methanol radicals, yet a slight excess of 
styrene is still available for grafting by the charge-transfer mech- 
anism proposed by Dilli and Garnett [ 181. 

methanol and pyridine-methanol suggest that hydrogen atoms play a 
predominant role in product formation, especially since small addi- 
tions (5%) of benzene and pyridine significantly reduce the G(H2 ) 
yield from methanol by scavenging H atoms. Above 5% additive the 
G(Hz ) is further reduced but at a slower rate. By analogy, in the 
styrene-methanol grafting solution for the present polyethylene 
copolymerization, although G(H) is reduced by the presence of 
scavenger styrene, there remains a sufficient concentration of H 
atoms compared with other radicals to explain the accelerating effect 
of methanol by abstracting hydrogen from the backbone polymer to 
give additional grafting sites [ Eq. (3)] .  Thus the enhancement of the 
initiation rate  by methanol decreases with increasing styrene concen- 
tration. Simultaneously, the propagation rate  increases with increas- 
ing styrene [ 171. Between these two extremes, there is a concentra- 
tion of styrene where grafting is maximized. 

A similar explanation for accelerative effects observed in grafting 
with other solvents can be advanced. Thus the higher straight chain 
alcohols [ 201 give radicals with yields similar to methanol, especially 
G(H). As the carbon chain length of the alcohols increases, the radi- 
cal products tend to include smaller amounts of those characteristic 

Recent studies [ 81 on the radiolysis of binary mixtures of benzene- 
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102 GARNETT ET AL. 

of the alcohol group, and more of those resulting from the bond- 
breaking of the hydrocarbon chain, the grafting yield then dropping 
when the chain length reaches a certain limit. With respect to DMSO 
and DMF, G(H) in the two solvents a r e  lower [ 21, 221 than in the 
alcohols and a lower graft is observed. No significant accelerating 
effect was found with acetone consistent with the low G(H) from this 
solvent reported by Holroyd [ 203. It thus appears that solvents with 
high G(H) do participate in accelerated grafting and the radiolysis 
pathway is a contributing mechanism to the overall copolymerization 
react ion. 

A c i d  E n h a n c e m e n t  E f f e c t  i n  G r a f t i n g  

The significance of the preceding discussion of the role of hydrogen 
atoms in radiation grafting becomes more evident when acid is util- 
ized as an additive. Acid, at  the levels used, should not markedly 
affect the precipitation of the polystyrene grafted chains o r  the swell- 
ing of the polyethylene. Thus the effect of acid would appear to be 
due predominantly to a radiation chemistry phenomenon consistent 
with the observation by Baxendale and Mellows [ 231 that addition of 
acid to methanol increases G(Hz ) appreciably. The precursors of the 
additional hydrogen were suggested to be hydrogen atoms from ther- 
malized electron capture reactions of the type depicted in Eq. (6). 
Acid enhancement in the radiation 

C H ~ O H ~ +  + e  - CH~OH* + H  (6) 

grafting of styrene in methanol to cellulose [ 51 and wool [ 71 has pre- 
viously been proposed a s  being predominantly due to such reactions. 
A similar explanation has also been advanced for analogous acid 
effects found in very preliminary studies by the present authors for 
radiation grafting to the polyolefins [ 91. 

Such radiolytic H atom formation appears to be of importance in 
the current acid enhancement grafting work. However further work 
[ 81 has shown that the mechanism of the acid effect is more compli- 
cated. Thus the role of intermediate radicals (I, 11, 111) formed 

R H  

Ck=CH2 CH- CHZ R 

11 I11 
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by styrene scavenging reactions (either addition, I, o r  substitution, 
11) of the solvent fragments is significant. At low styrene concentra- 
tions in methanol, these intermediates (MR') will predominantly react 
with other available solvent radicals by addition o r  disproportiona- 
tion processes. The probability of MR' reacting with another styrene 
molecule in this region is low and hence homopolymerization is low 
in this region, as  is the grafting (Table 3). At high styrene concen- 
trations, MR' wil l  react mainly with other available styrene mole- 
cules to give homopolymer, consistent with the observed increasing 
homopolymer formation with increasing styrene concentration in 
methanol (Table 3). Homopolymerization decreases again in undiluted 
styrene because of lack of solvent radicals as initiators. 

hydrogen atom from the adjacent polymer chain to give a olymer 
radical [ Eq. (7)] is high, and as discussed previously [ 187 grafting 
can thus be induced in the "cage" [ Eq. (8)]. Therefore, the grafting 
yield is a maximum in the medium range of styrene concentrations. 

a 

Between these two extremes, the probability of M R  abstracting a 

PH + MR' - P' + MRH (7) 

P' +MRH [ P'-MRH] - PMRH' 

This mechanism, involving reaction of styrene- solvent radicals M R  
is supported by the fact that the yields of the predominant scavenging 
products in the radiolysis of benzene-methanol, like cyclohexadiene- 
methanol or  anisole [ 191, or, in the radiolysis of the pyridine- 
methanol, like pyridylmethanol or  methylpyridine [ 81, always displayed 
maximum values at approximately 20-30% aromatic in methanol, the 
same region where the Tromm_sdorff peak appears for the present 
grafting of styrene in methanol to polyethylene. 

For the purposes of this discussion, styrene and pyridine a r e  
structurally somewhat analogous, since the aromatic ring of styrene 
is complemented by the electron rich -CH=CHz group, while pyridine 
has the nitrogen lone pair. Acid effects observed in the pyridine- 
methanol system can thus be extrapolated to styrene-methanol. In 
preliminary studies [ 81 it has been shown that the yields of gaseous 
products Hz, CHI from methanol, which were already reduced consid- 
erably when pyridine was added, did not change further with the addition 
of acid. More importantly, the quantities of scavenging products, i. e., 
pyridylmethanol and methylpyridine, were increased appreciably and, 
in place of pyridylethanol, some unidentified acid-induced products 
were formed. The mechanism whereby acid increases the yield of 
scavenging products has not been completely clarified [ 81, especially 
the role of the anion. However, a plausible interpretation i s  that 
acid enhances the disproportionation of the aromatic-methanol 
radicals [ Eqs. (9) and (lo)] to give more scavenging products due to 
the greater migration of electrons from the ring to a more positive 
environment, thus facilitating the severance of the C-H bond in the 
disproportionat ion react ions. 
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104 GARNETT ET AL. 

The effect of acid in the styrene-methanol grafting system may 
well be similar. Thus it is proposed that acid facilitates the hydrogen 
abstraction reaction from an adjacent polymer molecule by styrene- 
methanol radicals MR' to give more grafting sites [ Eq. (1 l)] . 

H' 
P H  + M R '  - P' +MRH 

The styrene-methanol radicals M R  can also simultaneously react 
more efficiently with monomer in the presence of acid to give higher 
homopolymer yields, consistent with the present observations 
especially at  low monomer concentrations. At high styrene concen- 
trations, the acid effect on homopolymer yield is marginal, probably 
because homopolymer is already significant without additive. 

Although nitric and sulfuric acids enhanced the grafting yield more 
significantly than hydrochloric, the presence of all three strong acids 
led to an appreciable increase in copolymerization at  certain mono- 
mer concentrations. There thus appears to be a predominant common 
mechanism for this acid effect, i. e., acid facilitates hydrogen abstrac- 
tion from trunk polymer molecules by styrene-solvent intermediates. 
Such an explanation is also consistent with Silverman's observations 
[ 151 concerning the small amounts of methanol which were found in 
swollen polymer. Once the polyethylene is swollen by the monomer, 
a dynamic equilibrium could be established such that intermediates 
MR. could diffuse to trunk polymer si tes and graft, 

The acid enhancement effect, especially at  high dose rates, is 
obviously of preparative importance. However mechanistically the 
concept is complicated. Radiolytically produced hydrogen atoms a r e  
obviously present in the system and affect the grafting rate. However 
the more recent scavenging experiments suggest that the acid effect 
on the subsequent reaction of the MR. species is the predominant 
pathway. 

A p p l i c a t i o n  of t h e  A c i d  E f f e c t  i n  R e a g e n t  I m m o b i l i -  
z a t i o n  

The data (Tables 7 and 8) show that p-nitrostyrene is extremely 
useful a s  a grafted monomer for immobilizing enzymes and 
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heterogenizing catalytically active homogeneous metal complexes. 
The fact that, in preliminary studies, acid enhanced grafting has been 
observed is particularly important for the present polyethylene work. 
This monomer is slow to graft, particularly to polyethylene (Table 7), 
so any method of enhancement is  valuable for the studies. The en- 
hancement is extremely useful for attachment to those trunk polymers 
which a re  radiation-sensitive, since the lower the total dose required 
for grafting the better the physical properties of the final copolymer. 
Also, acid in the grafting medium does not appear to affect the reac- 
tivities of the insolubilized reagents whether the backbone polymer 
is polyethylene (Table 7) or  polypropylene (Tables 7 and 8). Finally, 
recent work [ 141 has shown that grafting of styrene followed by 
nitration gives a different type of copolymer from that obtained by 
direct grafting of p-nitrostyrene. Certain of the advanta es of using 
the latter technique have previously been discussed [ 1, 27. However 
these later results [ 141 show that if the nitro groups from the former 
grafting process a re  reduced and then diazotized, subsequent internal 
coupling tends to reduce the effectiveness of this method for insolu- 
bilization. No such competing process is found with the analogous 
diazo derivative from the p-nitrostyrene graft. This observation is 
significant, since the diazo derivative is an important intermediate 
for the preparation of copolymers containing specific substituents 
such a s  C1, CNS, etc. The direct p-nitrostyrene grafting procedure 
is thus better than the alternative of grafting styrene followed by 
nitration and is  to be preferred for the immobilization reactions. 
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