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Abstract
A novel approach to uniformly bulk graft modification of pre-existing polymer materials without ungrafted homopolymers was achieved at
relatively low temperature by means of gamma (g)-rays pre-irradiation-induced ‘‘grafting-from’’ polymerization with supercritical carbon
dioxide (scCO2) both as solvent and as swelling agent. The polymer substrates were first irradiated with g-rays originated from cobalt-60
resource under nitrogen atmosphere at ambient temperature, and thereby leading to uniform formation of trapped radicals on polymer backbone.
Then, the produced polymer-trapped radicals were utilized to initiate graft polymerization of vinyl monomers dissolved in scCO2 within polymer
substrates. A combination of transmission electron microscopy, scanning electron microscopy and elemental analysis shows that side graft
chains covalently bonded to polymer substrate backbone in nanometer scale are uniformly dispersed within polymer membranes with a thickness
of 5 mm. Altering the experimental conditions can easily control the grafting yield with regard to side graft-chain length. This method can also
be applied to various functional polymer chains covalently attached to different polymer substrates, even with high viscosity or limited solubility.
The novel graft-polymer materials produced by this method are not formed in the absence of scCO2 and are impossible to prepare by conven-
tional methodologies.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction initiate polymerization upon exposure to a monomer solution
Chemical modification of pre-existing polymer materials by
functional monomers has always been an object of great interest
as it offers an effective route to address some low cost commod-
ity shaped materials to higher added value applications [1e4].
Most of these studies have focused on surface modification by
means of either ‘‘grafting-to’’ or ‘‘grafting-from’’ techniques
[5e12]. ‘‘Grafting-to’’ involves the bonding of a preformed
end-functionalized polymer chains to the reactive surface
groups on the substrate. The limitation in this technique is that
the attachment of a small number of chains significantly hinders
diffusion of additional polymer chains to the surface, thereby
leading to very low grafting density. In the grafting-from tech-
nique, initiator species on the substrate surface are used to
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under appropriate conditions, so that high grafting density
can be achieved. Usually, the formation of reactive species on
a polymer substrate is carried out by several methods such as
decomposition of chemical initiator, ultraviolet light radiation,
plasma treatment and high energy radiation [12e14]. Among
them, radiation-induced graft polymerization of pre-existing
polymer materials is well known for its merits and potential
in modifying the surface properties of pre-existing polymer ma-
terials without changing their inherent properties [2]. In sharp
contrast to most focuses on surface modification, little attention
has been paid to uniformly bulk graft modification of pre-exist-
ing polymer materials, which has great potential application in
preparing impact-resistant plastics, thermoplastic elastomers,
and polymer electrolyte membranes suitable for uses in fuel
cells, batteries and sensors [15,16].

Recently, supercritical fluids (SCF), especially supercritical
carbon dioxide (scCO2), have unique mass transport proper-
ties, which are expected to provide a powerful means for the
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Fig. 1. Schematic representation of uniformly bulk graft modification of vinyl monomers to g-rays activated pre-existing polymer materials with scCO2 as both

solvent and swelling agent.
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development of polymer synthesis and polymer processing
based on green chemistry [17,18]. Apart from their tunable
physical properties and environmental advantages, the low
viscosity of supercritical fluids and their ability to plasticize
glassy polymers have implications on polymer processing
[19e21]. In addition, the use of a low viscosity supercritical
fluid as medium is beneficial to decrease solvent cage effects
in free-radical initiator decompositions [22]. The unique prop-
erties associated with scCO2 stimulated McCarthy and
colleagues to develop an elegant method for preparing polymer
blends with scCO2 as a solvent [23e25]. Then, a number of
blends of different polymers have been produced by this meth-
odology [26e36]. The general procedure involved in the
use of scCO2 as both a swelling agent and a solvent for
impregnating a CO2-insoluble polymeric host with a mixture
of monomers and an initiator. Polymerization is then initiated
thermally (up to 120 �C) within the host polymer to form
a blend, either in the presence of scCO2 or after venting the
CO2 replacement with N2. Unfortunately, no evidence of graft-
ing was observed, and transmission electron microscopy (TEM)
revealed that the formed polystyrene (PS) homopolymer existed
as discrete phase-segregated regions throughout the thickness
of the polymer substrates [24]. A attempt of gamma (g)-rays ra-
diation-induced maleation of polypropylene was carried out by
charging maleic anhydride and dicumyl peroxide into polypro-
pylene matrices using scCO2 and then through g-rays radiation
at atmosphere of 0.1 MPa and 25 �C, but the homopolymers
predominately formed and the grafting yield is very low [37].

Herein, we describe a green and versatile route to bulk graft
modification of pre-existing polymer materials by means of
‘‘grafting-from’’ polymerization with scCO2 both as solvent
and as swelling agent (Fig. 1). Thus, the polymer substrate
was first irradiated with g-rays originated from cobalt-60
resource under nitrogen atmosphere at ambient temperature
and then uniformly formed trapped radicals on polymer
backbone, which can be stably existed w15 days at the low
temperature of less than �25 �C. In the following step, the
produced polymer-trapped radicals were utilized to initiate
graft polymerization of vinyl monomers dissolved in scCO2

within polymer substrates. Finally, the un-reacted monomers
trapped in polymer matrix were further removed via scCO2

extraction. Our strategy takes advantage of the fact that g-
ray has high penetration depth to various polymers and will
lead to a uniform distribution of radical initiating sites on
polymer backbone throughout the thickness of the irradiated
samples. On the other hand, a key advantage of the use of
scCO2 is that the low viscosity of scCO2 and its ability to
plasticize glassy polymers are of benefit for the diffusion of
vinyl monomers to the internal layers of pre-existing polymer
materials [38e40]. In addition, the presence of CO2 does not
interfere with the chain-growth process during polymerization
[41].

2. Experimental
2.1. Materials
Polypropylene (PP) (w65% crystallinity) and low-density
polyethylene (LDPE) without any additive were kindly pro-
vided by Liaoyang Petrochemical Corporation Ltd. Silicone
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rubber membrane was received from Dalian Plastic Factory and
was washed twice with ethanol. PP and LDPE membranes with
a thickness of 4e5 mm were prepared by melt-pressed film
method at 180e230 �C. Styrene, methylmethacrylate (MMA),
N-vinylpyrrolidone (N-VP) and 2-hydroxyethyl methacrylate
(HEMA) were distilled under reduced pressure and stored at
nitrogen atmosphere. Carbon dioxide (99.995%) was purchased
from Dalian Institute of Special Gases and further purified by
removing O2 prior to use.
2.2. Representative graft-polymerization procedure
The grafting reaction was carried out in an autoclave of
60 mL as shown in Fig. 2. A representative procedure is
described as follows: the weighed polymer samples were first
treated under vacuum for 24 h and then filled with nitrogen
gas. The samples were put into a glass ampoule at nitrogen at-
mosphere and irradiated in cobalt-60 resource of 1� 105 Ci
with a dose rate of 6 kGy/h for 10 h. After irradiation, the sam-
ples were rapidly stored at the low temperature of less than
�25 �C prior to the grafting reaction. The irradiated samples
were removed into the autoclave at nitrogen atmosphere, and
then vinyl monomer (such as styrene) and liquid CO2 were
filled into it. Then, the autoclave was heated to 35 �C and
maintained at the constant temperature and pressure. After
a desired period, the un-reacted monomers together with
CO2 was removed from the autoclave, and then fresh CO2

was put into it for extracting the un-reacted monomers trapped
in polymeric substrate.

For a systematical comparison, the grafted samples (such as
the styrene-grafted-PP) were further extracted by benzene or
benzene/scCO2 mixture for removing the possibly formed
ungrafted polystyrene homopolymer. The samples were dried
in an oven at 50 �C under vacuum and the grafting yield
was calculated from the following equation:
CO2 monomer

Polymer substrate

Magnetic stirrer

Fig. 2. Schematic view of the experimental instrument.
Grafting yield
�
%
�
¼
�
Wg�W0

��
W0� 100

where W0 and Wg are the weights of the original and the
grafted samples, respectively.

The grafting yield of inner (w2.5 mm central region for the
membranes of 5 mm thickness) or outer layer (surface region
of 0.1 mm) of the styrene-grafted-PP samples was based on
elemental analysis and calculated from the following equation:

Grafting yield ð%Þ ¼ ðC� 0:8562Þ=ð0:9226�CÞ � 100

where C is the carbon content in the styrene-grafted-PP
samples determined by elemental analysis; 0.8562 is mass
fraction of carbon element in the original PP sample; 0.9226
is mass fraction of carbon element in the neat polystyrene.

Safety warning: the high-pressure equipment such as that
required for these experiments should be equipped with a relief
valve and/or (preferably) a rupture disk for minimizing the risk
of personal injury.
2.3. Instrument and characterization
Differential scanning calorimetric (DSC) analyses of all
resulted polymers were performed on NETZSCH DSC 204,
with a heating rate of 10 K/min from 0 to 200 �C. The element
components of the polymer membranes at various depths were
determined in a Vario El III Element Analyzer. Scanning elec-
tron microscopic (SEM) experiments were performed using
a KYKY-2800B SEM (KYKY Technology Development
Co., China). The phase morphological characteristics of the
grafted samples were observed by means of transmission elec-
tron microscopy (TEM) (Tecnai 20, FEI Co., USA). Prior to
the examination, cryoultrathin films (in cross-section, Fig. 3)
were cut using an ultramicrotome and they were chemically
stained in OsO4 vapor for 24 h.

3. Results and discussion

For the system of CO2, styrene (as model vinyl monomer)
and polymer, the fluid phase (CO2estyrene mixture) is homo-
geneous under the experimental conditions (35e55 �C, 9.0e
13.0 MPa), according to the reported phase behavior data for
the CO2estyrene system [25]. During the grafting process,
the important role of CO2 is its plasticizing effect on the poly-
mer substrate, which results in the lowering of the polymer’s
glass transition temperature [38e40]. The monomer infuses
the polymer substrate with the aid of scCO2 until an equilibrium
Fig. 3. Schematic diagram showing the microtoming of the grafted samples.



Table 1

Free-radical polymerization of styrene from various g-rays’ activated polymer

membranes of 5 mm thicknessa

Run Polymer

substrate

Styrene

concen.

(mol/L)

Temp.

(�C)

Time

(h)

Grafting yield (%)

Average Inner

layerb
Outer

layerb

1 PP 0.29 35 12 15.0 13.5 14.8

2 PP 0.68 35 12 25.4 21.6 26.5

3 PP 0.68 35 24 35.6 32.5 36.8

4 PP 1.44 35 12 33.8 23.7 46.2

5 PP 0.68 55 12 32.9 29.6 35.1

6 PP 0.68 55 24 55.1 57.7 53.2

7c PP 2.16 35 24 19.9 0 240.8

8 LDPE 0.29 35 12 16.1 16.9 15.8

9 SRd 0.29 35 12 18.3 18.4 18.9

10 SR 1.44 35 12 40.1 38.5 40.7

a Reactions were carried out in an autoclave of 60 mL at 9.0e13.0 MPa.

Prior to the grafting reaction, the samples were irradiated in a total dose of

60 kGy with a dose rate of 6 kGy/h.
b The experiment was repeated for 3e5 times and an average value was ob-

tained on the basis of elemental analysis.
c Reaction was carried out in a glass ampoule at nitrogen atmosphere with

methanol as solvent along with the formation of ungrafted polystyrene homo-

polymer of up to 22.5% with regard to polymer substrate.
d Silicone rubber.
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of the monomer distributing between the polymer substrate and
the CO2-rich fluid phase is reached. The equilibrium time
should depend on the properties of the fluid phase, the solid
polymer and reactive radical species.

Usually, radiation-induced graft copolymerization of pre-
existing polymeric materials is usually carried out in organic
solvent with high vinyl monomer concentration [42,43]. We
delightfully found that the present method was proved to be
effective in the bulk graft modification of styrene to polypro-
pylene (PP, w65% crystallinity), low-density polyethylene
(LDPE) and silicone rubber (SR) membrane with a thickness
of 5 mm, even with very low monomer concentration of
0.29 mol/L (Table 1, runs 1, 8 and 9). Of importance, approach
to homogeneously and uniformly bulk graft modification was
observed throughout the thickness of the polymer substrates
by means of elemental analysis. It is worth noting that the
increased mass is completely resulted from grafting chain,
because no observable loss in weight was found in the resulted
products after further extraction with benzene or benzene/
scCO2 mixture for 24 h. These results are in sharp contrast
to that of the system with the substitution of methanol for
scCO2 as solvent, grafting predominately takes place in the
surface of the polymer substrate, along with the formation of
ungrafted polystyrene homopolymer of up to 53% of the
increased mass (Table 1, run 7). Notably, the grafting process
was carried out at relatively low temperature, and thereby
completely avoiding thermal stresses, which is very advanta-
geous for bulk graft modification of thermo-sensitive
materials.

The distribution of the side polystyrene graft chains inside
PP matrix was investigated by measuring carbon content of
a cross-section of the graft-modified sample (Fig. 4). A typical
curve is shown in Fig. 4a, which marks a uniform type of
distribution, in contrast to polymer surface modification with
methanol as solvent (Fig. 4b). The results clearly indicate
that CO2 acts as a low molecular plasticizer that enhances
the mobility of styrene inside the polymeric matrix. Indeed,
in g-rays radiation-induced grafting process performed in
organic solvent, though the addition of good-swelling diluents
is of benefit for the diffusion of monomers to the internal
layers of polymer substrates and thus likely results in bulk
grafting in some cases, the high viscosity in graft region will
easily cause polymer radicals’ transfer to monomers or sol-
vents and thus predominately produce ungrafted homopoly-
mers rather than graft polymers. Also, the high viscosity
resulting from side graft chains and ungrafted homopolymers
significantly hinders diffusion of monomers to the inner layers
of polymer matrix, thereby leading to low grafting yield and
unexpected heterogeneous grafting. Furthermore, the complete
removal of organic swelling reagent, un-reacted trapped
monomers and concomitant ungrafted homopolymers from
the modified polymer matrix is extremely difficult [44,45].

For further confirming the uniformly bulk grafting property,
the modified sample was microtomed in cross-section so that
the distribution of side polystyrene graft chains from the sur-
face to the center of the sample could be examined. Fig. 5 dis-
plays transmission electron microscopic (TEM) micrograph of
a styrene-grafted PP sample in cross-section, in which the dark
phase results from the OsO4-stained polystyrene graft chains.
As expected, the side polystyrene graft chains are uniformly
dispersed in the PP matrix and the graft-chain size is about
50 nm throughout the thickness of the modified sample.
Differential scanning calorimetric (DSC) measurements were
carried out for irradiated PP, irradiated PP processed with
neat scCO2 at 35 �C and 10 MPa for 8 h, and a styrene-
grafted-PP sample with grafting yield of 23.1% (Fig. 6). It
can be seen that the properties of the scCO2-treated and un-
treated PP samples are nearly the same. The grafting of styrene
to PP reduces the heat of fusion associated with crystallinity,
but the crystallinity of the PP portion of the grafting sample
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almost remains unchanged, mainly because the graft predom-
inately occurs in amorphous part of the PP substrate. Indeed,
after irradiation, the polymer-trapped radicals are formed
and distributed in the crystalline region and amorphous region
of polymer materials. The life of the radicals is very short in
amorphous region, which will form the peroxide in the pres-
ence of oxygen [46]. But those radicals trapped in crystalline
region have long life at low temperature and will move into the
interface of crystalline region and amorphous region to initiate
grafting reaction at certain condition, the graft predominately
occurs in amorphous part of the polymer substrate.

Although a significant decrease in intensity of diffraction
peaks was found in the styrene-grafted PP membrane
(Fig. 7c) due to the presence of the amorphous side graft
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cessed with neat scCO2 at 35 �C and 10 MPa for 8 h, and (c) the styrene-

grafted-PP sample with a grafting yield of 23.1%.
chains on polymer substrate as compared with the original
or irradiated PP samples (Fig. 7a and b), the ratio of the total
integrating area of diffraction peaks resulting from crystalline
region versus that of diffuse reflection from non-crystalline
region did not show obvious change before and after grafting.

Table 1 also shows the strong influence of monomer con-
centration. An increase in the styrene concentration between
0.29 and 1.44 mol/L results in a dramatic increase in grafting
yield. Interestingly, the increase of styrene concentration in PP
systems leads to an unexpected gradient bulk graft modifica-
tion (a decrease of grafting yield from the outer to inner layer,
run 4), but in amorphous polymers such as SR system the
variation of monomer concentration has a slight effect on their
uniformly bulk grafting modification (run 10). This may orig-
inate from the stronger swelling ability of scCO2 to the glassy
polymers than the crystallizing PP. A change in the reaction
temperature from 35 to 55 �C is beneficial to uniformly bulk
graft modification of PP, and also causes an increase in graft-
ing yield (run 5). Since grafting is a diffusion-controlled pro-
cess, the enhancement of temperature benefits monomer
Table 2

Free-radical polymerization of functional vinyl monomers from various

g-rays’ activated polymer membranes of 5 mm thicknessa

Run Polymer

substrate

Vinyl

monomer

Monomer

concen.

(mol/L)

Temp.

(�C)

Grafting yieldb (%)

Average Inner

layer

Outer

layer

1 PP HEMA 0.27 55 30.6 26.6 33.2

2 PP N-VP 0.78 55 36.2 31.5 38.1

3 PP MMA 0.95 35 21.7 15.3 29.5

4 LDPE N-VP 0.78 55 23.3 21.4 26.2

5 LDPE MMA 0.95 35 25.1 19.4 29.9

6 SR N-VP 0.78 55 18.9 19.1 18.9

7 SR MMA 0.95 35 17.8 16.2 18.1

a Reaction was carried out in an autoclave of 60 mL for 12 h at 9.0e
13.0 MPa, the samples were irradiated in a total dose of 60 kGy with a dose

rate of 6 kGy/h.
b The experiment was repeated for 3e5 times and an average value was ob-

tained on the basis of elemental analysis, in conjunction with FTIR analysis.



Fig. 8. SEM photographs (cross-section) of (a) original silicon rubber (SR), (b) the MMA grafted SR sample with a grafting yield of 31.2%, and (c) the HEMA

grafted SR sample with a grafting yield of 38.5%.
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diffusion into the polymer matrix leading to the presence of
sufficient monomer units in grafting zone. Indeed, in pre-irra-
diation-induced graft polymerization, the initial rate of graft-
ing with respect to the reactivity of polymer-trapped radicals
increases with the enhancement of the reaction temperature,
but the grafting rate decreases with the increase of time
because of the growing chains’ radicaleradical termination.
It is noteworthy mentioning that the increase of reaction
time also trends to uniformly bulk graft modification for PP
system. We tentatively assume that the lifetime of polymer-
trapped radicals or growing chain radicals is in inverse propor-
tion to their grafting chain length.

Furthermore, the present method was also succeeded in
applying to bulk graft modification of functional vinyl mono-
mers such as N-vinylpyrrolidone (N-VP), methylmethacrylate
(MMA), 2-hydroxyethyl methacrylate (HEMA) to various
polymer substrates (Table 2). The bulk grafting is confirmed
by element determinant and FTIR analyses for comparing
characteristic peak intensity of side graft chain of the grafted
samples at outer and inner layers (not shown), as well as scan-
ning electron microscopic (SEM) observation of the cross-
section of the samples. Fig. 8 displays SEM micrographs of
cross-section surfaces of the original SR, the MMA and
HEMA grafted SR samples. The morphologies of the grafted
Table 3

Mechanical properties of various polymer membranes and their bulk grafting

samplesa

Run Polymer Grafting yield

(%)

Strain at break

(MPa)

Elongation at break

(%)

1 LDPE 13.3 708

2 Irradiated LDPE 13.3 653

3 LDPE-g-Pst 18.1 6.5 319

4 LDPE-g-Pst 46.9 13.2 35

5 LDPE-g-PN-VP 4.3 13.1 651

6 LDPE-g-PHEMA 6.2 16.0 703

7 LDPE-g-PMMA 4.8 8.4 264

8 SR 3.0 419

9 Irradiated SR 1.9 214

10 SR-g-PHEMA 3.7 2.8 261

11 SR-g-PMMA 13.3 2.6 261

12 PP 20.1 430

13 PP-g-Pst 15.7 9.9 105

a Reaction was carried out in an autoclave of 200 mL for 12e24 h at

35e55 �C and 9.0e13.0 MPa. The samples were irradiated in a total dose

of 20 kGy with a dose rate of 2 kGy/h. The measurement was repeated for

3e5 times.
samples (Fig. 8b and c) are significantly different from that
of the original sample (Fig. 8a). The cross-section surface
shows a uniformly dispersed graft-chain phase in the range
100e200 nm throughout the thickness of the modified
samples, while the original sample is very flat.

It is generally known that high energy radiation probably
leads to the molecular change in polymers, such as chain
crosslinking or scission. Chain crosslinking causes an increase
in the molecular weight and forms a microscopic network
structure, while chain scission results in a decrease in the mo-
lecular weight and substantially alters the polymeric material
properties. The extent of chain crosslinking or scission
depends on the chemical nature of the polymer and irradiation
conditions, i.e., irradiation dose and dose rate. Under radiation
condition of a total dose of 20 kGy with a dose rate of 2 kGy/
h, LDPE membranes did not exhibit an observable change in
the elongation at break and the strain at break before and after
grafting (Table 3, runs 1 and 2), but a significant decrease was
found in the SR samples (runs 8 and 9). The presence of side
polystyrene graft chains substantially reduced the elongation
at break. The grafting yield increasing from 18.1 to 46.9%
for the styrene-grafted-LDPE samples resulted in the elonga-
tion at break decreasing from 319 to 35%. Interestingly, the
elongation at break and the strain at break of the N-VP or
HEMA grafted samples with a low grafting yield are close
to that of the original polymer. It is worth noting that the
low grafting yield of less than 10% usually causes slight
change in the shape of the pre-existing polymer materials. A
detailed investigation on optimal experimental conditions
and further application of this method for preparing ion
exchange membranes are in progress.

4. Conclusions

In summary, we report a strategy for homogeneously and
uniformly bulk graft modification of pre-existing polymer ma-
terials by means of g-rays radiation-induced ‘‘grafting-from’’
polymerization, in connection with the use of scCO2 both as
solvent and as swelling agent. The process parameters can
be controlled by the experimental conditions. In sharp contrast
to pre-irradiation-induced graft modification in organic sol-
vent, the grafting process did not accompany with the forma-
tion of ungrafted homopolymers, indicating its advantages in
synthesizing functional materials for medical purpose. In
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addition, the present method completely avoids thermal
stresses and substantially broadens the application potential
for radiation chemistry as it allows for the use of environmen-
tally benign CO2 to replace conventional organic solvents in
many systems. Moreover, it also firstly demonstrates the feasi-
bility of bulk graft modification of shaped polymer materials
with high viscosity or limited solubility. We believe that this
methodology can be extended to provide a very simple green
route to a wide range of graft block copolymers by incorporat-
ing various vinyl monomers with very different physical and
chemical properties, which is of benefit for preparing
impact-resistant plastics, thermoplastic elastomers, and poly-
mer electrolyte membranes suitable for uses in fuel cells,
batteries and sensors.
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