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SYNOPSIS

The molecular weight distribution of poly-methyl methacrylate (poly-MMA) chains sep-
arated from MMA-grafted silk fibers obtained by using potassium persulfate (KPS) and
tri-n-butylborane (TBB) as initiator of the graft-copolymerization reaction have been
examined by gel permeation chromatography ( GPC). GPC elution pattern of poly-MMA
chains shows a bimodal molecular weight distribution. The two peaks have been identified
as heavy and light component. The average molecular weight of the heavy component
ranges from 48.5 to 200 kD for poly-MMA copolymerized by the KPS reaction system and
from 336 to 816 kD for the poly-MMA copolymerized by the TBB reaction system. The
light component has an average molecular weight lower than 1,000 D and its value is almost
similar in all the samples examined. Scanning electron microscopy (SEM) analysis revealed
the presence of MMA oligomers formed on the fiber surface during grafting. The molar
ratio between poly-MMA chains and silk fibroin attains a constant value that seems to be
specific for a certain reaction system. A linear correlation has been observed between the
weight gain and the average molecular weight of the poly-MMA chains. These findings
suggest the effect of grafting parameters on the molecular weight and molecular weight
distribution of the grafted polymer, as well as its influence on the physical properties and

textile performances of MMA-grafted silk fibers.

INTRODUCTION

Graft-copolymerization of vinyl monomers!? onto
silk fibers and chemical modification of silk? have
been the subject of many investigations during the
last several years and has attracted considerable ac-
ademic and practical interest. Grafting has been
suggested as a potentially effective means of im-
proving some characteristics of silk fiber, i.e., wrinkle
recovery,® wash and wear (W&W ) properties, and
light resistance, without affecting the handling, lus-
trous appearance, and outstanding physicomechan-
ical properties of this fiber.
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Graft copolymerization of methyl methacrylate
{MMA) onto silk fibers has been extensively stud-
ied.}® The reaction of MMA with silk, using either
chemical or photochemical initiation, ® rate of graft-
ing, and weight gain were investigated by varying
the concentration of monomer and initiator, tem-
perature, reaction medium, etc. The textile perfor-
mances as well as the physical properties and struc-
tural characteristics of MMA -grafted silk fibers were
elucidated in relation to the weight gain.

Recently, the molecular weight distribution of the
polymers and/or copolymers separated from the
grafted substrate was studied by gel permeation
chromatography (GPC).® However, a detailed in-
vestigation of the molecular weight of the poly-MMA
separated from grafted silk fibers has not yet been
carried out. In our opinion, the evaluation of the
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characteristics of the grafted chains is of importance
from the point of view of elucidating either the re-
action mechanism of MMA grafting onto silk or
the physicochemical properties of the grafted silk
polymer.

Potassium persulfate (KPS) has been extensively
used as water-soluble initiator for grafting MMA
onto silk fibers. The weight gain usually does not
exceed 80% and the grafting conditions adopted
sometimes affect the physical and mechanical prop-
erties of silk fibers because of the high-temperature
reaction system (about 70-80°C).!

The use of tri-n-butylborane (TBB) as initiator
has been recently reported as a useful method to
prepare MMA -grafted silk fibers with a very high
weight gain under relatively mild grafting conditions
(reaction temperature about 37°C).1%!! The authors
emphasized the role played by the pretreatment with
FeCl; in enhancing the graft yield.!}!?

This article focuses on the characterization of
poly-MMA separated from MMA -grafted silk fibers
obtained by using either KPS or TBB as initiator.
The molecular weight distribution of poly-MMA
separated from grafted silk fibers was analyzed
by GPC.

We think these results would contribute to im-
prove our understanding of the effect of grafting pa-
rameters on the characteristics of the MMA polymer
grafted onto silk fibers, as well as provide new tools
for evaluating the physical properties of the graft
copolymer.

EXPERIMENTAL

MMA -grafted silk fibers were prepared according to
two different initiator mixture systems:

1. KPS system: Degummed Bombyx mori silk fi-
bers were immersed in a solution of aqueous
KPS (0.1%) as initiator that contained MMA
monomer as the grafting agent emulsified by
nonionic surfactant at a temperature of 75—
80°C for 1-4 h. The graft mixture system was
intermittently stirred. The material-to-liquor
ratio of 1 : 100 was maintained.

2. TBB system.: Degummed silk fibers, 0.8 g, were
immersed in 30 mL water at 25°C for 5 min
and subsequently in solutions of FeCl; at dif-
ferent concentration at 25°C for 1 min. To this
were added 5 g MMA and 0.4 mL TBB as ini-
tiator at a temperature of 35-37°C for 1 h.
The reaction was stopped by pouring the mix-
ture into 250 mL. methanol.

After the desired reaction time, silk fibers were
taken out and washed thoroughly with water three
or four times. The washed and air-dried samples
were dried in a forced air oven at 100-105°C to
achieve a constant weight, placed in a dessicator over
silica gel for 30 min, and weighed, the correction
being made for the weight increase upon treatment
with the MMA solution alone; thus, the weight gain
was obtained. If necessary, the grafted silk samples
were extracted with acetone at 55°C for different
periods of time to remove unreacted MMA oligomers
formed during the copolymerization reaction.

The grafted MMA chains were separated from
the MMA-grafted silk fibers by acid hydrolysis.
About 0.3 g MMA -grafted silk fibers were hydrolyzed
in the 6 N HCl/acetic acid mixture system (6/1 v/
v) at 110°C for 24 h. Fibrous precipitate thus ob-
tained was dissolved in tetrahydrofuran (THF).

Gel permeation chromatograms were recorded
with a Tosoh HLC-802A equipment with refractive
index (RI) detector. The liquid chromatograph con-
sists of a series of four TSK-GEL columns: G1000H,
G2000H, G3000H, and G4000H so a wide range of
molecular weights may be studied. THF was used
as eluent and was purified by refluxing for 48 h over
potassium metal followed by vacuum distillation.
The purity of the eluent was examined by refraction
meter. The GPC columns were calibrated with
known standards of polystyrene samples supplied
by Tosoh. For each experiment, 3 mg/mL of sample
were used. The flow rate of the eluent was 1 mL/
min. The standard program provided by Tosoh CP-
8000 along with the molecular weight distribution
data analyzer was used for the determination of the
molecular weight data.

Infrared spectra were measured with a Japan
Spectroscopic Co., Ltd. spectrophotometer (IR-G)
in the spectral region 1900-400 cm™'. KBr pellets
of the MMA -grafted silk fibers with weight gain of
56% obtained using KPS as initiator were prepared
for the IR measurement.

The surface of grafted silk fibers was examined
before and after acetone extraction with a JEOL
JAX-333S scanning electron microscope (SEM) at
15 kV acceleration voltage after gold coating.

RESULTS AND DISCUSSION

SEM and IR Spectroscopy Analyses

The scanning electron micrographs of MMA -grafted
silk fibers with a relatively low weight gain, i.e., those
obtained with the reaction initiated by KPS after
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Figure 1l Scanning electron microscopic observation of MMA-grafted silk fiber prepared
by grafting using KPS with weight gain of 56%. (a), before acetone extraction; (b) and
(c), after acetone extraction for 20 min and 90 min, respectively.

water washing, show the presence of several small
granules adhering to the fiber surface [Fig. 1(a)].
This observation is in agreement with the results of
the morphological characteristics of MMA-grafted
silk fiber already reported in a previous paper.!
These granules probably consist of unreacted MMA
oligomers formed during the graft-copolymerization
reaction.

After a 20-min extraction with hot acetone [Fig.
1(b)], almost all granules were removed from the
surface of the grafted silk fiber and after 1.5 h of
extraction the fiber surface appeared as smooth as
that of the ungrafted silk [Fig. 1(c¢)].

MMA-grafted silk fibers with a weight gain of
56%, obtained by using KPS as initiator, were an-
alyzed by infrared spectroscopy before and after
acetone extraction [Figs. 2(b) and (c)]. It is inter-
esting to note that MMA -grafted silk fibers, either
before or after acetone extraction, show sharp ab-
sorption bands at around 1728, 1192, 1628 (amide
I), and 1512 em™ (amide II), the two latter ab-
sorption bands being characteristic of the §-struc-
ture of silk fibroin'® as appears from the IR spectrum
of the control silk [Fig. 2(a)]. It is reasonable that

the absorption band at 1728 cm™! is attributed to
the carbonyl group of the side chains of the MMA
polymer in the silk fiber. Since MMA-grafted silk
fibers after acetone extraction do not show the pres-
ence of MMA oligomers on their surface (Fig. 1),
these IR spectra give evidence that the MMA poly-
mer is grafted inside the fiber and not on the fiber
surface.

The surface of silk fibers grafted by the TBB ini-
tiator system appears almost completely covered by
a layer of MMA polymer. MMA oligomers, if pres-
ent, should be trapped by this material looking like
a rubbery mass, as suggested in a previous paper.!!

GPC Analysis

The average molecular weight and the molecular
weight distribution of poly-MMA separated from
grafted silk fibers with different weight gain were
determined by GPC. Figure 3 shows the GPC chro-
matograms of poly-MMA chains separated from silk
fibers copolymerized with the KPS reaction system.
The GPC pattern clearly shows two kinds of peaks:
The major peak (heavy component) at the lower-



2200 TSUKADA ET AL.

Percent transmission

1 I
1800 1600 1200 1 800
Wavenumber (cmt)

Figure 2 Infrared spectra of the MMA-grafted silk fi-
bers prepared by grafting using KPS with weight gain of
56%. (a), control silk fiber; (b), before acetone extraction;
(c), after acetone extraction for 1.5 h.

count region becomes broader and displaces to
higher molecular weight values as the weight gain
increases, while the minor peak (light component)
corresponding to the higher-count region presents
constant elution properties despite the different
graft yield of the four samples examined. Figure 4
shows the GPC results of poly-MMA chains sepa-
rated from silk fibers grafted using TBB as initiator.
Also in this case, the elution pattern presents a bi-
modal molecular weight distribution. The major and
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Figure 3 Gel permeation chromatograms of poly-MMA
chains separated from silk fibers copolymerized in the KPS
reaction system with different values of weight gain.
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Figure 4 Gel permeation chromatograms of poly-MMA
chains separated from silk fibers copolymerized in the
TBB reaction system with different values of weight gain.

minor peaks are still present, but their relative in-
tensity is different from that observed in the other
samples. Moreover, the heavy component is eluted
at lower counts, compared to the corresponding
component in Figure 3. The average molecular
weight of the poly-MMA chains was calculated on
the basis of calibration with polystyrene standards
and is listed in Tables I and II with the correspond-
ing weight gain values and the poly-MMA /silk
molar ratio. The average molecular weight of the
poly-MMA heavy component initiated by TBB is
noticeably higher than that of the corresponding
component initiated by KPS, even for the sample
with a weight gain of only 40%. The former shows

Table I Effect of Weight Gain on the Molecular
Weight of the MMA Polymer Separated from
the MMA-Grafted Silk Fibers

Molecular Weight
Weight Gain Heavy Light PMMA/Silk
(%) Chain Chain (mol ratio?)
14 48,500 845 0.9
30 63,100 600 1.5
56 126,000 935 1.5
82 200,000 935 1.3

Obtained by the copolymerization using potassium persulfate
as the initiator.

¢ The value of PMMA/silk can be calculated by using an as-
sumed value of 330,000 for molecular weight of silk fibroin.



Table II Effect of Weight Gain on the Molecular
Weight of the MMA Polymer Separated from
the MMA-Grafted Silk Fiber

Molecular Weight
Weight Gain Heavy Light PMMA/Silk
(%) Chain Chain (mol ratio)
40 336,000 — 0.4
489 637,000 825 2.5
582 816,000 829 2.4
480 782,000 869 2.1
428 564,000 897 2.5

Obtained by the copolymerization using tri-n-butylborane as
the initiator.

molecular weight values ranging from 336 to 816
kD, while the latter attains a maximum value of 200
kD for the sample with a weight gain of 82%. From
the quantitative point of view, the relative amount
of heavy and light components is different between
the two groups of samples examined. The poly-MMA
obtained by using the KPS system shows a higher
amount of light component compared to the polymer
separated from silk grafted with TBB as initiator.
These data suggest the effect of grafting parameters,
i.e., concentration of monomer, type and concentra-
tion of initiator, temperature, time, reaction me-
dium, on the molecular weight and molecular weight
distribution of poly-MMA grafted onto silk. At the
same time, they contribute useful information to
better understand the different physical properties
of the two kinds of grafted silk fibers already re-
ported in previous papers.''! The poly-MMA light
component has an average molecular weight lower
than 1,000 D and its presence should be related to
the MMA oligomers observed by SEM analysis on
the surface of the fibers grafted using KPS as ini-
tiator. This hypothesis has been confirmed by the
GPC analysis of the MMA polymer separated from
the grafted silk fiber after acetone extraction, which
revealed that the light component almost completely
disappeared from the GPC elution pattern (these
results will be reported elsewhere). The GPC data
also confirm the presence of MMA oligomers on silk
fibers grafted by the TBB initiator system. Their
molecular weight distribution is similar to that of
the corresponding component obtained using KPS
as initiator for the graft-copolymerization reaction.

The molar ratio between poly-MMA chains and
silk fibroin in the copolymerized polymer has been
calculated on the basis of GPC data and assuming
a value of 330 kD for the molecular weight of silk

POLY-MMA-GRAFTED SILK FIBER 2201

fibroin. It is important to note that as the weight
gain increases the poly-MMA /silk ratio attains a
constant value that seems to be specific for a certain
reaction system. This observation is quite interest-
ing, suggesting that after the initial stages of the
copolymerization reaction the growth of poly-MMA
chains already reacted with the silk fiber plays the
most important role in enhancing the graft yield.

The type and number of active sites formed dur-
ing MMA grafting of silk fibers, as well as the phys-
ical and chemical interactions between the growing
poly-MMA chains and the substrate, have not been
clearly elucidated yet. For this reason, the interpre-
tation of the constant value attained by the poly-
MMA /silk molar ratio as a sort of “saturation”
value requires further investigations. Nevertheless,
it is of interest to note that these results may con-
tribute new tools to improve our knowledge of the
graft copolymerization reaction between MMA and
silk fiber.

As summarized in Tables I and 1I, it is obvious
that there is a straight correlation between the
weight gain and the average molecular weight cor-
responding to the heavy component of the poly-
MMA separated from grafted silk fiber prepared in
the KPS system (Fig. 5) and in the TBB system.
This observation is important not only from the
fundamental point of view but also because it pro-
vides useful information for better control of grafting
processes. In fact, the physical properties and the
textile performances of the grafted silk fibers depend
on the extent of grafting as well as on the average
molecular weight and molecular weight distribution
of the grafted polymer chains.

The results reported in this article draw our at-
tention to different important aspects related to the
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Figure5 Relationship between the values of weight gain
and the average molecular weight of the poly-MMA chains
separated from silk fibers grafted in the KPS reaction
system.
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copolymerization reaction of MMA with silk fibers.
First, we should emphasize the importance of the
selection of the initiator and the composition of the
reaction system in determining the rate and extent
of grafting, as well as the molecular weight distri-
bution of the grafted MMA polymer. The KPS sys-
tem permits a good control of the weight gain at a
relatively low extent of grafting by varying the re-
action time, while the TBB system enables us to
attain a very high weight gain, especially after pre-
treatment with FeCl;.''2 In addition, the TBB sys-
tem is safer as concerns the mechanical properties
of silk because the copolymerization reaction is car-
ried out at a very low temperature (37°C) and for
a short time.

Besides the type of initiator, there are other pa-
rameters related to the composition of the reaction
medium whose effect on the activation of fibrous
substrate and on the growth of MMA polymer chains
should be further investigated. We refer to the extent
of fiber swelling, which influences the penetration
and diffusion of MMA monomer and initiator, as
well as to the contribution of the solvent system to
the stages of activation and/or termination of the
copolymerization reaction.

Another important aspect emerging from our re-
sults relates to the MMA oligomers detected by GPC
analysis in poly-MMA chains separated from silk
grafted either by the KPS or TBB initiator system,
even if the former shows more evidence of this phe-
nomenon. MMA oligomers begin to appear on the
fiber surface only after that a certain weight gain
has been attained (usually 40-50%) and are easily
removed by acetone extraction. This behaviour gives
evidence that MMA oligomers are not chemically
bonded to the silk fiber but only adsorbed to its sur-
face and that the copolymerization reaction takes

place preferably inside the fiber. Only when the
space inside the fiber, namely in the amorphous re-
gions, has been almost completely filled by the
growing poly-MMA chains do oligomers start form-
ing also in the solution medium and are physically
attached to the boundary layer of silk fiber.
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