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Synopsis 

The radiation-induced grafting of methacrylic acid onto polyurethane has been carried out 
in the presence of solvents. The swelling of polyurethane was highest when the solubility 
parameter of the monomer solution was 11.0. The molecular weight of polyurethane did not 
change with the irradiation dose up to 30 Mrad in the absence of solvent. The irradiation in 
the presence of solvent, on the other hand, decreased the molecular weight. The grafting yield 
in CCl,, benzene, and n-hexane decreased monotonously with the decrease in monomer con- 
centration. The large decrease of the grafting yield in CCl, was proved to be due to the high 
possibility of chain transfer to CC1,. When such solvents as water, methanol, and DMF were 
used, on the other hand, a maximum grafting yield was obtained when the monomer concen- 
tration was ca. 75%. The hydrogen bonding among polyurethane, methacrylic acid, and solvent 
was found to affect both the swelling and the grafting yield. 

INTRODUCTION 

Polyurethane has been used as a trunk polymer for grafting of such 
hydrophilic monomers as hydroxyethyl methacrylate, acrylamide, N-vi- 
nylpyrrolidone, acrylic acid, and methacrylic acid mainly to obtain poly- 
urethanes with a better quality for biomedical  application^.'-^ 

In most cases with these studies, the swelling behavior of polyurethane 
with monomer or monomer solution was an important factor in controlling 
grafting behavior. However, it is not clear how the swelling of polyurethane 
and the grafting of the monomers are related to the polymer structure of 
polyurethane. Since polyurethane has urethane groups in its polymer struc- 
ture, it is extensively hydrogen-bonded. When the above-mentioned mon- 
omers and such solvents as water and methanol which have the ability of 
hydrogen bonding are added to polyurethane, the swelling behavior of 
polyurethane and the grafting yield of these monomers onto polyurethane 
are expected to be affected by hydrogen bondings among polyurethane, 
monomer, and solvent. 

In the present paper, the radiation-induced grafting of methacrylic acid 
was carried out in the presence of various kinds of solvents and the effect 
of solvent on both the swelling of polyurethane and the grafting yield of 
methacrylic acid onto polyurethane was studied and discussed in connection 
with hydrogen bondings. 
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EXPERIMENTAL 
A hard segment type polyurethane powder which was prepared by a 

solution polymerization of p,p'diphenylmethane diisocyanate (TDI) and bu- 
tanediol (BD) using N-methyl pyrrolidinone/dimethyl sulfoxide cosolvent 
system was supplied by Union Carbide. Methacrylic acid (Eastman) was 
purified before use by a usual distillation method. The solvents listed in 
Table I were used without further purification. 

The sieved polyurethane powder (ca. 28 mesh) was immersed in a mono- 
mer-solvent mixture for the prescribed period and was interposed with 
filter papers for a short period (less than 30 s). The contribution of solvent 
entrained between powder particles was minimized by scrubbing the par- 
ticles with filter papers.8 The weight decrease was followed with time by a 
microbalance. The degree of swelling was obtained from the extraporated 
weight at t = 0. 

About 1 g of polyurethane powder was introduced into a glass ampoule 
and was sealed under vacuum (ca. 1 X mm Hg). The irradiation was 
carried out in a 6oCo y-ray source at room temperature. The dose rate was 
0.2 x lo6 rad/h. The viscosity of the irradiated polyurethane dissolved in 
DMF was measured with an Ostwald-Fenske type viscometer at 25.0 & 
0.02"c. 

The mixture of polyurethane powder and methacrylic acid solutions in 
a glass ampoule was evacuated by repeating freeze-thaw cycles at least 
three times and was irradiated in a Co source. The homopolymer and the 
unreacted monomer were extracted by boiling the irradiated mixture with 
a large amount of water for at least 3 days. The grafting yield was obtained 
from the weight increase of the glass crusible which filtrated the water. 
The blank test showed no loss of polyurethane powder with this procedure. 

RESULTS AND DISCUSSION 

Swelling 
Figure 1 shows the degree of swelling of polyurethane expressed in per- 

cent by weight when the powder is immersed in various kinds of monomer- 

TABLE I 
Solubility Parameters of Methacrylic Acid (MA)/Solvent Mixturesa 

Solubility 
parametee 

No. MA/Solvent 8L (cal/cm3)" 

1 MA/ n-hexane 9.5 
2 MA/n-heptane 9.5 
3 MA/CCl, 10.0 
4 MA/ethylbenzene 10.1 
5 MA/benzene 10.2 
6 MA/tetrahydrofuran 10.3 
7 MA/acetone 10.6 
8 MA/DMF 11.7 
9 MA/methanol 13.0 

10 MA/water 18.3 

Concentration of M A  50 vol %. 
Calculated by eq. (1). 
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Fig. 1. 
1:l mixtures at room temperature. The numbers are the same as shown in Table I. 

solvent 1: 1 mixtures at room temperature. The swelling reaches equilibrium 
after the initial abrupt increase. It is apparent that both the rate and the 
equilibrium swelling depend on the solvent. DMF, acetone, and methanol 
are the solvents which cause swelling to more than 90%, while n-hexane, 
n-heptane, benzene, ethylbenzene, and CCll are the solvents which give the 
swelling less than 50%. 

It has been reported that the degree of swelling of a polymer in liquid is 
closely related to the difference in solubility parameter between the polymer 
and the liquid.* The smaller the difference, the larger the swelling. Although 
the solubility parameters of pure substrates are known: those for monomer- 
solvent mixtures are not known. The solubility parameters for these mix- 
tures are calculated by 

where sM, and as are the solubility parameters of the mixture, monomer, 
and solvent, respectively, and and +2 represent the volume fractions of 
monomer and solvent, respectively. The calculated solubility parameters of 
the monomer-solvent mixtures used in this study are listed in Table I. 

Figure 2 shows the equilibrium swelling plotted against these calculated 
solubility parameters of various kinds of methacrylic acid-solvent mixtures. 
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The highest swelling is observed at the solubility parameter of ca. 11.0. 
According to the previous works? the solubility parameter of polymer is 
defined as the same as that of liquid in which the maximum swelling is 
observed. Thus, the solubility parameter of the polyurethane, which has 
not previously been reported, was determined as 11.0. 

The solubility parameter of polymer can also be obtained by calculation. 
The sum of the molar attraction constants, ZG, for all the atoms and group- 
ings in the repeating unit of the polymer is related to the solubility pa- 
rameter by 

6 = d Z G / M  

where 6 ,  d,  and Mare the solubility parameter of the polymer, density, and 
molecular weight of the repeating unit, respectively. By adopting the molar 
attraction constants of Hoy,l0 ZG was estimated as 3080.82. The calculated 
solubility parameter of polyurethane by inserting ZG, d (1.201, and M 
(340.41) into eq. (2) is 10.9, which is quite comparable to the determined 
value. 

The solubility parameter of polyurethane is close to that of methacrylic 
acid (6 = 11.2). However, the closeness in solubility parameters between 
polymer and liquid does not directly mean the high solubility of the polymer 
in the liquid. In the case of polyurethane, for example, it was not dissolved 
in methacrylic acid in spite of the small difference in solubility parameter 
between polyurethane and methacrylic acid. The only solvent which could 
dissolve polyurethane was DMF (aDMF = 12.1) among the solvents used in 
the present study. When DMF was mixed with an equal amount of meth- 
acrylic acid, on the other hand, the mixture (6 = 11.7) did not dissolve 
polyurethane. 

Molecular Weight Change with Irradiation 

The irradiation of polymer changes its molecular weight through the 
scission and/or the crosslinking of polymer chains. Solvents affect these 
reactions by providing radicals and ionic species.” In spite of a large amount 
of works about the irradiation of polymers, little is known about the effect 
of solvents on the molecular weight change of the irradiated polyurethane. 

The molecular weight of polyurethane did not change when irradiated 
in the absence of solvent as shown in Figure 3. This result indicates that 
the radicals produced by the irradiation in the polyurethane were consumed 
by the recombination. When polyurethane was irradiated in the presence 
of any solvent, on the other hand, the decrease in molecular weight was 
observed. The decrease observed in methanol was almost the same as that 
observed in DMF. In this case, the results are explained as follows: The 
swelling induced by the solvents in the polyurethane allowed more chain 
mobility and therefore decreased the probability of chains held in rigid 
crystalline structures “healing” their breaks by direct radical recombina- 
tion. 
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Fig. 3. The change in reduced viscosities of polyurethane with irradiation in the presence 
of (A) no solvent, (0) DMF, and (0) methanol. 

Grafting 

The grafting of methacrylic acid onto polyurethane in the presence of 
solvents was carried out by changing the monomer-solvent ratio. The graft- 
ing yield increased with the irradiation dose and attained equilibrium at 
about 2 Mrad of dose. When such solvents as n-hexane, benzene, and CC1, 
which were located at the left-hand side of the curve in Figure 2 were used, 
a nonlinear decrease in grafting yield with the decrease in monomer con- 
centration was observed as shown in Figure 4. 

The grafting yield G is the product of the number of graft chains Nand 
the average degree of polymerization X,. N depends on the probability for 
trunk polymer radicals to react with monomer. On the other hand, X, de- 
pends on the probability for growing radicals to react with monomer. Hence, 
the change in grafting yield is the result of the changes in these probabilities 
with the change in monomer concentration. 

The relation between X, and the monomer concentration [S] is given ad2 

I 
0 20 40 60 80 100 

[MAC] , V O ~ - %  

Fig. 4. The relation between grafting yield and monomer concentration in the presence of 
(0) benzene, (A) n-hexane, and (0) CC14. 
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Fig. 5. Plots of 1/G vs. [S]/[M]. The symbols are the same as shown in Figure 4. 

where (X,),, and C, represent degree of polymerization without solvent and 
chain transfer constant to solvent, respectively. By substituting Z, with G 
(G = X , * N ) ,  

If N is independent of [S]/[M], the plot of 1/G vs. [S]/[M] becomes linear 
and CJN is obtained from the slope. 

Figure 5 shows the plots of 1/G vs. [S]/[M'j when such solvents as shown 
in Figure 4 are used. The straight lines in Figure 5 assure the assumption 
that Nis independent of [S]/[M]. This result may be related to the fact that 
the solubility parameter difference between polyurethane and methacrylic 
acid is smaller than that between polyurethane and solvent. That is, the 
contact between polymer radicals and methacrylic acid is little interfered 
by solvents. 

Table I1 shows the relative values of C,/ N when C,/ N in benzene is taken 
as unity. The chain transfer to CC14 is more than 10 times that to benzene, 
which is a similar tendency observed in the ordinary polymerization? 

When such solvents as water, methanol, and DMF which are located at 
the right-hand side of the curve in Figure 2 were used, the changes in 
grafting yield with monomer concentration were quite different from those 
as shown in Figure 4. Figure 6 shows a maximum when the monomer 

TABLE I1 
CJN in Grafting of Methacrylic Acid onto Polyurethane 

Solvent CJN ( a d  

Benzene 1 
n-Hexane 2.1 
CCl4 11.3 
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Fig. 6. The relation between grafting yield and monomer concentration in the presence of 
(0) DMF, (0) methanol, and (A) water. 

concentration is ca. 75%. By reference to the results in Figure 2 the order 
of the maximum value of the grafting yield depends on the difference in 
solubility parameter between polyurethane and monomer solution. A higher 
monomer concentration in polyurethane was obtained when the polyure- 
thane and monomer solutions had similar solubility parameters. However, 
this is not specific to polyurethane-monomer-solvent system. In the case 
of polyurethane, the polar structure of polyurethane should be considered.2 
When a polar monomer such as methacrylic acid is supplied to a polar 
polymer such as polyurethane, the monomer is coupled with the polar 
groups in the polymer, and the grafting is affected by the dipolar coupling. 

MacKnight et al. pointed out that about 8 0 4 5 %  of the N-H groups in 
polyurethane are hydrogen-bonded.13 The N-H groups of the urethane 
serves as the proton donor, while the acceptor group is the carbonyl and 
adjacent oxygen atom in the urethane group. The structure of polyurethane 
containing hydrogen bonding may be indicated as 
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Fig. 7. Percent swelling and percent grafting plotted against B h  of solvent. 

The added methacrylic acid may also act as a proton acceptor due to carboxyl 
groups: 

CH, 
I 

CH2=C- C- OH 
II 

H 0 
II 

0 

- c - cH2+ y - c - 0 - w,), - o - 
II 
0 H 

When a solvent is added, therefore, these hydrogen-bonded structures are 
changed in a different manner according to the ability of hydrogen bonding 
of the solvent. 

According to Hansen,', the solubility parameter 6 of solvent has three 
components ad, 6, and 6 h  due to dispersion forces, polar forces, and hydrogen 
bonding, respectively. When a solvent has a high hydrogen bonding ability, 
6 h  is large. On the other hand 6 h  is small or zero when the hydrogen bonding 
ability is small. For example, 6 h  of water is 16.7, while 6 h  of CCl, is 0.9 

Figure 7 shows the effect of 6 h  value of solvent on both the swelling of 
polyurethane and the grafting yield of methacrylic acid onto polyurethane. 
Both the swelling and the grafting yield are largest when 6 h  is about 5. A 
higher 6 h  was not effective to obtain a high swelling and a large grafting 
yield. Probably, when the 6 h  of a solvent is too large, the hydrogen bondings 
between polyurethane and the solvent as well as between methacrylic acid 
and solvent are predominant, which limits the hydrogen bonding between 
polyurethane and methacrylic acid. When 6 h  is too small, on the other hand, 
the hydrophobic solvent interferes with the hydrophilic contact between 
polyurethane and methacrylic acid. These bring about the decrease in mono- 
mer uptake and the resultant decrease in grafting yield. Thus, it is con- 
cluded that the hydrogen bonding among polymer, monomer, and solvent 
is an important factor in controlling both the swelling of polymer and 
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grafting when a polar monomer such as methacrylic acid is grafted onto a 
polar polymer such as polyurethane in the presence of solvents. 
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