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Synopsis

The graft copolymerization of methyl methacrylate onto silk fibers initiated by a hydrogen per-
oxide-thiourea redox system was investigated under various conditions. The effects of monomer,
initiator, temperature, acidity of the medium, and solvent on the rate of grafting were studied. The
graft yield increases with the increase of monomer and initiator concentration. The graft yield also
increases with the increase of acid concentration upto 22.50 X 1072M and thereafter it decreases.
The effect of some inorganic salts on the rate of grafting has also been investigated, and a suitable
mechanism has been suggested.

INTRODUCTION

Graft copolymerization of vinyl monomers onto some natural fibers like wool,
silk, and cellulose and their characterization has received considerable attention
in recent years.1-8 It is difficult to distinguish between the ungrafted polymer
and grafted polymer formed within the fiber, since ungrafted polymer entangled
within the fiber matrix is not removed easily by the usual solvent extraction
techniques. Grafting of polymer to the fiber involves only a limited number of
grafting sites and analysis of possible sites of attachment is difficult because of
the complexity of the fiber molecule.

During the last few years, Nayak and co-workers have used thiourea coupled
with a large number of metal and nonmetal ions for the initiation of aqueous vinyl
polymerization.?-13 Thiourea has also been used as a reductant for the graft
copolymerization!4-17 of wool, silk, cellulose, and nylon. This communication
presents the result of graft copolymerization of methyl methacrylate onto silk
using a hydrogen peroxide-thiourea redox system as the cocatalyst.

EXPERIMENTAL

Mulberry silk fibroin was collected from Government Silk Factory, Jabalpur,
India. The raw silk fibers were purified by a method mentioned in our previous
paper.l* Methyl methacrylate (MMA) was washed with 5% sodium hydroxide
solution, dried with sodium sulfate (anhydrous), and distilled under nitrogen
and reduced pressure before use.

Hydrogen peroxide (30% w/v S.D.S.), thiourea (BDH), and HoSO4 (18M, AR,
BDH) were used. Water, distilled twice over alkaline permanganate and
deionized by passing through a Biodeminrolit resion (Permutit Co., U.K.) was
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used to prepare all solutions. A stock solution of hydrogen peroxide (0.08M in
distilled water) was used throughout the experiment. The concentration of
hydrogen peroxide in the experimental system was determined by titration with
permanganate.

The reactions were carried out in Pyrex flasks equipped with glass inlet and
outlet tubes. Dried and purified silk fibers were immersed in a solution of
thiourea [(0.5-7.5) X 10~3M], monomer (28.16-122.0M), sulfuric acid [(7.5-75.00)
X 1072M] at temperatures from 40 to 55°C. The required concentration of HyO-
[(2.00-27.70) X 10~3M] was added to the reaction mixture. The reaction time
was varied from 1 to 6 hr and the material-to-liquor ratio was 1:100. After the
desired reaction time, silk fibers were taken out and washed thoroughly with
water and acetone. Finally, the fibers were Soxhlet-extracted with benzene or
acetone until the homopolymer was completely removed. They were then dried
in an oven, cooled to room temperature, and weighed. The graft yield was cal-
culated as the percentage in weight over the original weight of the sample.

RESULTS AND DISCUSSION

Effect of Monomer Concentration

The graft copolymerization of methyl methacrylate onto silk was investigated
by varying the monomer concentration from 28.16 X 1072M to 122.0 X 1072M,
keeping the concentration of all other reagents constant. The results show that
with increasing monomer concentration the rate of grafting increases significantly
(Fig. 1). The higher rates of grafting observed by increasing the monomer
concentration could be ascribed to the following reasons: (1) complexation of
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Fig. 1. Effect of [MMA] on graft yields: [H202] = 27.70 X 103 mole/liter; [TU] = 2.5 X 10~3
mole/liter; [H*] = 22.5 X 10~2 mole/liter; temperature: 50°C; M:L = 1:100; [MMA] (mole/liter)
=(0)28.16 X 107% (@) 46.94 X 10~% (001) 65.72 X 1072 (A) 84.60 X 1072; (a) 103.27 X 102 (m) 122.00
X 102,
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silk with monomer which enhances its reactivity (it is more pronounced at higher
monomer concentration), thereby increasing the graft percentage; (2) possible
formation by the monomer molecule of some type of charge transfer complex
with the oxidant, which favors grafting; (3) gel effect, i.e., increase in viscosity
of the medium owing to solubility of poly(methyl methacrylate) in its own
monomer which would be more pronounced at higher monomer concentrations.
This causes hindrance in termination, particularly by coupling of growing
polymer chains. Gel effect also causes swelling of silk, thus facilitating diffusion
of monomer to growing chains and active sites on silk backbone, and enhancing
grafting.

Effect of Initiator Concentration

The effect of initiator concentration on graft yield was studied by varying the
hydrogen peroxide concentration from 2.0 X 1073M to 27.70 X 10~3M, keeping
the concentration of all other reagents constant. The result shows that the graft
yield increases with the increase of hydrogen peroxide concentration (Fig. 2).

Evans and his school!® studied Fenton’s reagent (FeS04—H202) as a redox
initiator where OH is the initiating species. Haber and Weiss!9:20 demonstrated
that hydrogen peroxide could be activated by the presence of various reducing
agents. The formation of OH might be facilitated by the presence of thiourea
owing to one electron transfer with concomitant cleavage of the O—O bond. The
reaction scheme may be pictured as follows:

S, /ITIHz

H
S= == HS—C L
AN
NH, NH,
+ —
/NH2 HO OH .
K N k . .
H0, + HS—C H— NH, | & —C—
0, + HS N — S\c/ 2 | — H0 + OH + S—C N NH, (2)
NH, N NH,
NH,

From eq. (2) it is reasonable to assume that above free radicals

NH,
OH or S—C =R’

+

NH,

7\

might attack the silk molecule producing silk macroradicals which initiate the
graft copolymerization. Thus,

k
SH+R —>S + RH
Initiation:
ki
S+M—>SM

where S is silk and M is monomer.
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Fig. 2. Effect of [HyOs] on graft yield (mole/liter): [TU] = 2.5 X 1073; [MMA] = 46.94 X 10~%
[H*} = 15.00 X 10~% temperature = 50°C; M:L = 1:100; [H209] (mole/liter) = (@) 1.97 X 1073; (0)
3.90 X 10-3; (A) 7.90 X 1073; (A) 11.90 X 1073; (D) 19.80 X 10~3; (m) 27.70 X 1073,

Propagation:
k
SM: + M — SM;
; ko
SM;_; + M —SM,,
Termination:
ke
SM;, + SM;,, — graft polymer
Now
d{R
AR - Ky [1U)[1:04] - ko [SHIRT = 0
[R] = Kk; [TU][H205}/kq [SH] (3)
where TU = thiourea.
ASM] - ki (s10v) - [5Mik, =0
[SM,] = (k; [S1[M]/k,)1/2 (4)
Again
d[s
A 1sHIR] - ke (811 = 0

[ST] = kq [SH][R]/k;[M] (5)
Substituting the value of [R’] in eq. (5), we get
[S] = K ki [TU][H20,]/k: [M]
Substituting the value of [S] in eq. (4}, we get
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Fig. 3. Plot of R, vs. [M] for grafting MMA onto silk using HyO02-TU redox system.

[SM;.] = {(K k1/k:)[TU][Hz04]}"/2
R, = kp [SM;][M]
Thus,

k. K12 k11/2
t

Thus the linear plot of R, vs. [M] and [H202]'/2 favors the above reaction
scheme (Figs. 3 and 4).

Effect of Acid Concentration

Figure 5 shows the effect of acid concentration on graft yield. The grafting
reaction was carried out by varying the acid concentration from 7.5 X 1072M to
75.0 X 10~2M keeping the concentration of all other reagents constant. Itis
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Fig. 4. Plot of R, vs. [H205]/2 for grafting MMA onto silk using Hy02-TU redox system.
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Fig. 5. Effect of [H2S04] on graft yield (mole/liter): [Hy0g] = 27.70 X 1073, [TU] = 2.5 X 1073,
[MMA] = 46.94 X 10~2%; temperature = 50°C; [H2S04] (mole/liter) = (®) 7.5 X 10~ (0) 15.00 X
1072 (A) 22.5 X 107%; (a) 30.00 X 10~2; (O) 45.00 X 10~2; (m) 75.00 X 102,

observed that the graft yield increased by increasing the acid concentration up
to 22.5 X 10~2M, and thereafter it slowed down as the acid concentration was
increased. This observation may be explained basing on the following
points.

The initial increase in graft yield may be due to the fact that the decomposition
of the complex formed between the peroxide and thiourea [eq. (2)] proceeds much
faster at higher acid concentration since the reducing properties of thiourea is
higher at higher acid concentration,?! and eq. (1) is more shifted to the right-hand
side at higher acid concentration, thereby enhancing the formation of more
isothio-carbamido radicals that initiates grafting.

The fall in graft yield beyond 22.5 X 10~2M might be due to the coagulation
of colloidal homopolymer in solution and within fibers which increases during
grafting. This retards the diffusion of both monomer and initiator into the silk
matrix for grafting to occur.

Effect of Reaction Time

The effect of reaction time on the graft yield may be realized from Figures 1,
2,and 5. Inmitially the graft yield increases with increase of time, and at a later
stage it decreases. This could be due to depletion in monomer and initiator
concentrations as well as reduction in the available active centres on the substrate
backbone as the reaction proceeds. Similar observations have been noted by
others.22-25

Effect of Temperature

The graft copolymerization of MMA onto silk using HoOo—thiourea cocatalyst
was also investigated at four different temperatures ranging from 40 to 55°C.
It is observed that the graft yield increases significantly with the increase of
temperature up to 50°C, beyond which it decreases (Fig. 6). The increase of the
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Fig. 6. Effect of temperature on graft yield (mole/liter): [H2Os] = 27.70 X 1073; [TU] = 2.5 X
1073; [H*] = 22.5 X 10~2; [MMA] = 46.94 X 10~2; M:L = 1:100; temperature (°C) = (0) 40; (®) 45;
(a) 50; (A) 55.

percentage of grafting with temperature upto 50°C could be ascribed to a greater
activation energy.

As the temperature increases the solubility of monomer in the reaction me-
dium, its diffusion from the solution phase to the fiber phase and swellability
of the fiber are greatly enhanced. Hence the complexation of monomer with
silk matrix and its activity are increased, resulting in the graft on increase.
However, beyond 50°C the decrease in graft yield might be due to the greater
possibility of combination rates of radicals at higher temperature.

From the Arrhenius plot of logR, vs. 1/T, the overall activation energy was
found to be 12.00 kcal/mole (Fig. 7). Using the values of E, — 3 E; = 4-5 kcal/
mole given by Tobolsky?® et al., where E,, and E, are energies of propagation and
termination, respectively, the activation energy of initiation Ey can be calculated
from the following values:

L "
215 32
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Ypxid

Fig. 7. Arrhenius plot of 1/T vs. logR, for grafting MMA onto silk using Hs02-TU redox
system.
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Fig. 8. Effect of solvents on graft yield (mole/liter): [Hs02] = 27.70 X 10~3; [TU] = 2.5 X 10~

[H*] = 22.5 X 10~2; temperature = 50°C; [MMA] = 46.94 X 10~2 mole/liter; [solvent] = 10%; M:L

= 1:100; (@) methyl alcohol, (O) ethyl alcohol, (A) propanol, (C1) butanol, (B) formic acid, (®) acetic
acid, (Q) nil.

-]

E;=2E, - 2E, - E,)

where E, is the overall activation energy and E; = 15.00 kcal/mole for total
conversion reaction of MMA to PMMA.

Effect of Reaction Medium

The reaction medium plays an important role in graft copolymerization re-
action. The reaction medium might affect the swelling properties of silk. Any
change in silk swellability would be reflected on the behavior of silk toward
grafting, since diffusion of monomer and initiation, availability of functional
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Fig. 9. Effect of salts on graft yield (mole/liter): [H20o] = 27.90 X 1073; [TU] = 2.5 X 10~3; [H*]
= 22.5 X 10~% temperature = 50°C; [MMA] = 46.94 X 10~2 mole/liter; [salt] = 0.01 mole/liter; M:L

= 1:100; (®) Na2SOy, (a) MgS0y, (0) MnS0Oy, (&) KC], (0) nil.
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Fig. 10. Effect of [CuSOQ4] on graft yield (mole/liter): [H202] = 27.70 X 1073, [TU] = 2.5 X 1075;
[H*] = 22.5 X 10~%; temperature = 50°C; [MMA] = 46.94 X 10~2 mole/liter; Time = 6 hr; M:L =
1:100.

groups (sites of grafting), propagation and termination of graft, etc., would de-
pend to a considerable extent on the swelling properties of silk. The results of
various solvents affecting the percentage of grafting follow the order (Fig. 8):
formic acid > propanol > butanol > acetic acid > ethyl alcohol > methyl al-
cohol.

Effect of Neutral Salts

The effect of the addition of certain neutral inorganic salts on the graft co-
polymerization reaction has been studied. The result shows that the addition
of KCl, NasSO,, and MgSQ, depresses the rate of grafting than without any
neutral salts (Fig. 9). The order of their effect on graft yield is Nil > KCI >
Na2804 > MgSO4 > MnSO4. '

A probable explanation for the depression of their graft yield is the ionic dis-
sociation of the added electrolyte which interferes with the usual polymerization
reaction, resulting in the premature termination of the growing chains.

The effect of CuSQO,4 concentration on graft yield has also been studied. Upon
increasing the CuSQ, encentration up to 3 X 1073M, the graft yield increases,
but thereafter it decreases with the further increase of the CuSO4 concentration
(Fig. 10). The initial increase in graft yield might be due to the creation of free
radical species under the influence of Cu?* ions which would be in the proximity
of silk thus assisting the formation of silk macroradicals. The drop of graft yield
beyond 3.0 X 1073M of copper sulfate concentration is due to (1) the termination
of free radicals in solution, on polymer and/or on silk, the Cu?* ions seem to act
as radical trap, and (2) a particular concentration of Cu2* ions favors complex-
ation of monomer with silk and beyond this concentration of Cu2* ions perturb
such complexation.

This study was financed by C.S.I.R., New Delhi, by Project No. 14(12)/76-EMR-II. One of the
authors (G.P.) is thankful to C.S.L.R. for a Junior Fellowship.



784

L

:>mmg*u*u~u*ocz~u*otc>>m:x:x

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22,
23.
24,
25.
26.

01O U W~

PANDA, PATI, AND NAYAK

References

. L. Nayak, J. Macromol. Sci. Rev. Macromol. Chem., 14, 193 (1976).
. L. Nayak, J. Macromol. Sci. Rev. Macromol. Chem., C17(2), 267 (1979).
. C. Watt, J. Macromol. Sci. Rev. Macromol. Chem., 5,176 (1970).

=g

. Arai, Block Graft Copolym., 1,193 (1973).

. Arai, M. Negishi, S. Komino, and K. Takeda, App!l. Polym. Symp., 18, 545 (1971).

. L. Needles and W. L. Wasley, Text, Res. J., 39, 17 (1969).

. Hebeish and A. Bendak, J. Appl. Polym. Sci., 18,1305 (1974).

. Hebeish S. H. Abdel-Fattach, and A. Bendak, Angew. Makromol. Chem., 37, 11 (1974).
Singh, T. R. Mohanty, and P. L. Nayak, Eur. Polym. J., 12, 371 (1976).

Nayak and R. K. Samal, J. Polym. Sci., 15, 2603 (1977).

Nayak, R. K. Samal, and M. C. Nayak, J. Macromol. Sci. Chem., 12, 827 (1978).
Pati, S. Lenka, P. L. Nayak, and T. R. Mohanty, J. Polym. Sci., 16, 343 (1978).
Dash, T. R. Mohanty, and P. L. Nayak, J. Macromol. Sci. Chem. 11(11), 2029 (1977).
ayak, S. Lenka, and N. C. Pati, J. Appl. Polym. Sci., 22, 3301 (1978).

ayak, S. Lanka, and N. C. Pati, Angew. Makromol. Chem., 85, 29 (1980).

ayak, S. Lenka, and N. C. Pati, J. Appl. Polym. Sci., 23, 1345 (1979).

ayak, S. Lenka, and M. K. Mishra, J. Polym. Sci., to appear.

Evans, Trans. Faraday Soc., 42, 155 (1946).

. Haber and J. Weiss, Naturwissenschaften, 20, 948 (1932).

. Haber and J. Weiss, . Proc. R. Soc. London, Ser. A, 147, 332 (1934).

. R. Mukherjee, R. P. Mitra, A. M. Biswas, and S. Maitai, J. Polym. Sci., 5, 135 (1967).
R. Y. M. Huavg and P. Chandramouli, J. Polym. Sci. Part A-1, 7, 1393 (1969).

D. Namasivaya, B. K. Patnaik, and R. T. Thampy, Makromol. Chem., 105, 144 (1967).
G. Gabara and S. Poryko, J. Polym. Sci. Part A-1, 5, 1547 (1967).

Z. Deyes, M. L. Huggins, and C. R. Russelt, J. Polym. Sci., Part C, 23, 401 (1968).

A. V. Tobolsky, J. Colloid Sci., 12, 325 (1957).

.C.
.L.
.L.
.C.
.D.
.L.N
.L.N
.L.N
.L.N
.G.

Received September 17, 1979
Accepted January 30, 1980



