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Surface properties and depth analysis of polyethylene/
polydimethylsiloxane composite prepared by using
supercritical carbon dioxide

Rui Zhu1, Toru Hoshi2,3, Daisuke Sasaki4, Ryota Usui1, Toshiki Hagiwara2, Shoichiro Yano2

and Takashi Sawaguchi2,5

Blends of polyethylene (PE) and polydimethylsiloxane (PDMS) are usually immiscible and have phase-separated morphology.

In this study, the polymer composite comprising PE and PDMS with a hydrophobic surface was developed. This composite was

obtained by a synthetic method using supercritical carbon dioxide. Results of X-ray photoelectron spectroscopy and attenuated

total reflection Fourier-transform infrared spectroscopy indicated that PDMS was located on the surface of the PE substrate.

Scanning electron microscope–energy-dispersive X-ray (SEM–EDX) measurement provided the depth information indicating that

PDMS existed in the PE substrate. Water contact angle measurement revealed that the hydrophobicity of PE had been improved

from 94 to 1051 by incorporating PDMS.
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INTRODUCTION

Blending of semicrystalline or crystalline polymers with amorphous
polymers has become a popular practice in recent years since the
blending concept commenced years back by blending natural rubber
with gutta-percha in 1928 and acrylonitrile butadiene rubber with
polyvinyl chloride in 1942.1 This has led to the development of a
broad area of polymer composites and alloys technology in the field of
polymer science and engineering. Conventional processing equip-
ments (for example, internal mixers and extruders) are being used
for preparing composites and thermoplastic elastomers and also for
processing and fabrication of a wide variety of products from these
composites. Quite often, these composites may lead to the develop-
ment of novel polymeric materials with specific end-use properties
because of this synergistic combination. Thus, newer application areas
and design flexibility have made this composite technique a very
popular method for the development of new materials.
Polyethylene (PE) is considered to be the most important class of

thermoplastics among all polymers known thus far because of its low
cost, good processability and wide range of technical properties.
Therefore, it is the most widely used polymer. However, PE has a
few disadvantages such as low surface energy, lack of chemical
functionalities, difficulty in dyeing and poor compatibility with
synthetic polar polymers. Moreover, when a polymer composite of

PE and other polymers is prepared, phase separation occurs, and a
macro domain structure is formed because of the crystal growth of PE
from the melt or soluble state.2 Because of the stress concentration of
the interface of this macro domain, only poor mechanical character-
istics can be expected. It is very difficult to realize an improvement in
the surface properties of PE.
A synthetic method for producing a new polymer composite using

supercritical carbon dioxide (scCO2) has been developed.3 Both the
monomer and initiator dissolved in scCO2 are impregnated into the
polymer substrate and subsequently polymerized. Using this method,
we have already succeeded in obtaining a micro-phase-separated
polymer composite of PE and poly(vinyl acetate) (PVAc), even though
they are incompatible with each other and the polymer composite
could not have been obtained using conventional methods.4 PVAc is
blended with the amorphous region in a crystalline polymer (PE) at a
molecular level. Thus, it is expected that the polymer composite
prepared using the scCO2 method will have favorable mechanical
and surface properties.
Polydimethylsiloxane (PDMS) is an inorganic polymer possessing

excellent thermal stability, dielectric properties and excellent flame
retardancy. It is also widely known owing to its extremely low glass
transition temperature, flexibility and hydrophobic surface proper-
ties.5–8 These properties of PDMS make it suitable for use in different
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industries.9–13 Several studies have been reported on the phase
behavior of PE/PDMS composites.14,15 These studies reported that
PE and PDMS are immiscible because of the structural dissimilarity,
lack of specific interaction and the difference between their surface
energies. In this study, we prepared a PE/PDMS polymer composite
using scCO2 to obtain PE with a highly hydrophobic surface. We also
studied the relationship between wettability and the structure of PE/
PDMS polymer composite. Thus, the PE/PDMS composite can be
applied to some fields, particularly in the biological field. For example,
it can replace PDMS and act as a biochip material. Thus, not only is
the cost reduced, but also the mechanical properties of a biochip could
be expected.
The details of the preparation of PE/PDMS polymer composites are

reported here. PDMS was prepared by using octamethylcyclotetrasi-
loxane (D4). Figure 1 shows synthetic scheme for preparation of
PDMS. This reaction belongs to cationic polymerization because of
the presence of H2SO4.

16 Adding hexamethyldisiloxane can control the
molecular weight of PDMS. The monomer (D4) was impregnated
into the PE substrate by scCO2 and polymerized in situ in scCO2

(Figure 2). Structure characterizations of PE/PDMS polymer compo-
sites were performed by X-ray photoelectron spectroscopy (XPS),
attenuated total reflection Fourier-transform infrared (ATR-FTIR)
spectroscopy and scanning electron microscope–energy-dispersive
X-ray (SEM–EDX). Surface hydrophobicity was evaluated by a water
static contact angle measurement method.

EXPERIMENTAL PROCEDURE

Materials
A linear low-density PE substrate was prepared from a commercial pellet

(Mitsui Chemical, Inc, Tokyo, Japan) by hot pressing at 170 1C. The substrate

was cut into pieces with dimensions of 20�20�0.5mm3, extracted with

chloroform for 24h in a Soxhlet extractor and dried in vacuo at room

temperature. D4, hexamethyldisiloxane and sulfuric acid were purchased from

Tokyo Chemical Industry Co., Ltd, Tokyo, Japan; Acros Organics, Halluin,

France; and Kanto Chemical Co, Tokyo, Japan, respectively. They were used

without further purification. CO2 with a purity of 99.5% was provided by

Tomoe Shokai Co, Tokyo, Japan, and used as received.

Preparation of PE/PDMS polymer composite using scCO2

The apparatus for the preparation of the PE/PDMS polymer composite

consisted of a 50ml stainless steel vessel, magnetic stirrer, constant-temperature

air bath (Model SCF-Sro, Jasco Co, Tokyo, Japan), thermocouple and pressure

gauge. The pressure gauge comprised a transducer (Model PTX1400, Druck

Japan Co, Tokyo, Japan) and an indicator, and it had a precision of ±0.2% in

the pressure range of 0–40MPa. The PE substrate, D4 (5 g), hexamethyldisi-

loxane (0.006 g) as a chain transfer agent and sulfuric acid (0.013ml) as an

initiator were placed in the vessel and sealed.17 Air in the vessel was replaced by

CO2 at atmospheric pressure. After the system reached thermal equilibrium

(35 1C), the vessel was pressurized upto a CO2 pressure of 6MPa by using a

CO2 delivery pump (Model SCF-Get, Jasco Co). The PE substrate was soaked

in subcritical CO2 for 1 h. Then the vessel was repressurized upto 6MPa

(to compensate for drop in pressure due to dissolution of the monomer and

initiator) and heated to the reaction temperature (80 1C) for a specific time.

After the completion of the reaction, the vessel was cooled to 10 1C in an ice

bath and gradually released to ambient pressure. The PE/PDMS polymer

composite was dried in vacuo at room temperature after extraction with

chloroform for 24 h at 50 1C to remove unreacted reagents and the PDMS

generated on the surface of the PE/PDMS polymer composite by using a

Soxhlet extractor. The mass gain was calculated by the following equation:

Mass gain ðwt%Þ ¼ ðWt �W0Þ=W0�100

where W0 is the initial weight of the PE substrate and Wt is the weight of PE/

PDMS polymer composite sheet after drying.

Surface structure analysis
To evaluate the chemical structure of the samples and assess the near-surface

composition of the PE/PDMS polymer composite, XPS was conducted on an

AXIS-HSi (Shimadzu/Kratos, Kyoto, Japan) using Mg Ka excitation radiation

(1253.6 eV). The takeoff angles of the photoelectron for each atomwere fixed at

30 or 901.

To analyze the functional groups on the surface of the PE/PDMS polymer

composite, the ATR-FTIR spectra were measured using an FTIR spectro-

photometer (PerkinElmer Spectrum One, PerkinElmer, Waltham, MA, USA)

equipped with a universal ATR sampling accessory. All the measurements were

performed under identical conditions (number of scans: 8, resolution: 4 cm�1,

5 points).

Depth direction analysis
To evaluate the silicon concentration, SEM (Hitachi S-3000N, Hitachi High-

technology corporation, Tokyo, Japan) and EDX (Hitachi S-3000N, 132-10)

analyses of the cross-sections of the PE/PDMS polymer composite were

performed. The PE/PDMS polymer composite was cut normally in an ultra-

microtome (Leica EM UC6, Leica, Vienna, Austria) at �160 1C and then

sputter coated with a thin layer of Pt–Pd to improve the electrical conductivity.

In all measurements, the acceleration voltage was 15 kV.

Water contact angle measurement
The hydrophilicity of the sample surface was characterized on the basis of water

static contact angle measurements. The contact angle with water was measured

at room temperature (21 1C) by a sessile drop method using a contact angle

goniometer. The data shown are an average of three different measurements.

RESULTS AND DISCUSSION

Preparation of PE/PDMS polymer composite in scCO2

Figure 3 shows the effect of polymerization time on the percentage of
mass gain of PDMS into PE substrate and the pressure after poly-
merization. As expected, it is obviously observed that the mass gain
increases by successive additions until 3 h, following which it remains
almost constant. Under this condition (Po10MPa, T¼80 1C), PDMS
does not dissolve in scCO2.

18,19 When PDMS was generated on the
exterior of the PE substrate, the pressure increased such that the
volume of the gas phase in the vessel decreased. In the primary stage of
the polymerization process (polymerization time o3 h), PDMS was
polymerized both in the interior and exterior of the PE substrate.
In the secondary stage (polymerization time 43 h), PDMS was
polymerized only in the exterior of the PE substrate. The formation
mechanism of the PE/PDMS polymer composite is as follows
(Figure 2): the monomer is impregnated into the PE substrate
by scCO2 and polymerized in situ because PDMS does not dissolve
in scCO2. To further increase the mass gain, the amount of monomer
inside the PE substrate should be increased. For example, changing the
initial pressure, side chain of D4 and soaking time may be considered.
It is considered that increasing the initial pressure and changing the
side chain of D4 will increase the solubility of the monomer in
scCO2.

20–24 The amount of impregnated low-molecular-weight
components also depends on the soaking time and it attains an
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Figure 1 Synthetic scheme for preparation of PDMS.
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equilibrium value after a certain time.25 The soaking time results in
equilibrium in the monomer concentration between the interior and
exterior of the PE substrate. Thus, it is believed that polymerization of
the monomer in the substrate can be further enhanced by changing
the initial pressure, side chain of the monomer and soaking time.

Surface analysis of PE/PDMS polymer composite
Figure 4 shows the XPS diagrams of PE, PDMS and PE/PDMS
polymer composites. In the case of PE, a strong intensity is observed
at 285 eV. This is attributed to the carbon atoms in the ethylene chain.
In addition, two small peaks are observed at 533 and 102 eV. These
peaks are attributed to the oxygen and silicon atoms, respectively, and

they may arise from the oxidation or contamination of PE. In PDMS,
three strong peaks are observed at 285, 533 and 102 eV. These are
attributed to the constituent atoms in the PDMS chain. In the PE/
PDMS polymer composite, except for the carbon peak of PE, the
strength of the oxygen and silicon peaks increases. Further, it increases
with the mass gain of the PE/PDMS polymer composite (this is more
evident in Figure 6). It can be concluded that PDMS prepared by
cationic polymerization was generated in the vicinity of the surface.
Figure 5 shows the ATR-FTIR spectra, in which (a) shows the

spectrum of the original PE substrate and (b) shows the spectrum of
the PE treated with scCO2. It can be seen that they are almost
identical. This implies that scCO2 does not affect the chemical
structure of PE during the course of swelling.25 In the same figure,
(c) shows the spectrum of the PE/PDMS polymer composite with a
mass gain of 8.15wt%. New peaks are observed at 800, 1021, 1093 and
1261 cm�1. They are attributed to PDMS. Also in Figure 5, (d) shows
the differential spectrum ((PE/PDMS polymer blend)–(PE)) and (e)
shows the spectrum of PDMS. As expected, the differential spectrum
almost corresponds to the spectrum of PDMS. The spectra confirm
that PDMS was formed within the PE substrate.
In Figure 6, (a) shows the relationship between the ratio of ATR-

FTIR intensities at 1261–719 cm�1 ([A]1261 cm
�1/[A]719 cm

�1) and the
mass gain of PDMS. The ATR-FTIR absorption at 719 cm�1

([A]719 cm
�1) can be attributed to the methylene chain in the PE

substrate. The new absorption at 1261 cm�1 ([A]1261 cm
�1) can be

attributed to the Si–CH3 bond in PDMS. Further, the intensity
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increased with the mass gain of PDMS. Also in Figure 6, (b) and (c)
show the relationship between the ratio of the XPS atom concentra-
tion of silicon to carbon (Si2p/C1s) and the mass gain of PDMS. The
takeoff angles of the photoelectron for each atom of (b) and (c) were
30 and 901, respectively. In (b), the value of Si2p/C1s is almost
constant. This implies that the amount of PDMS in the topmost
surface is almost constant. Overall, the value of Si2p/C1s in (c) is larger
than that in (b). The variation trends of curves are different in (a), (b)
and (c). This can be attributed to the different measurement depths of
IR and XPS (30 and 901, respectively). These results imply that the
PDMS near the surface could be controlled by the mass gain of PDMS,
namely, the polymerization time.
SEM–EDX analysis provides further evidence that PDMS is gener-

ated in the PE substrate. The mapping micrographs detected by EDX
analysis show an accumulation of silicon and carbon in the PE/PDMS

polymer composite. The silicon concentration confirms the strong
presence of PDMS. Thus, in Figure 7, in the case of small mass gain
(2.86wt%), PDMS exists near the surface of the PE substrate. In the
case of large mass gain (8.97wt%), PDMS exists within and near the
surface of the PE substrate, and the PE/PDMS polymer composite
approaches a uniform structure. This is more obvious in Figure 8.
Figure 8 shows the relationship between the ratio of the EDX atom
concentration of silicon to carbon (Si/C) and the distance from the
polymer surface of PE/PDMS. It is evident that relative to the surface
(0–50mm), the value of Si/C is very small in the 200–250mm region in
the case of small mass gain (2.75wt%); however, it does not change
much in the case of large mass gain (8.87wt%). This indicates that the
result shown in Figure 7 is correct. Structure control in the depth
direction is possible depending on the control of the mass gain, that is,
the polymerization time.
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Figure 7 SEM micrographs of cross-section of the PE/PDMS composite and EDX mapping of C and Si present in the cross-section of the composite.
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Surface properties of PE/PDMS polymer composite
Figure 9 shows the static contact angle of all the specimens. These
photos were obtained by using a normal digital camera. The contact
angles can be observed intuitively from these photos. For surfaces with
comparable structures, a relatively high contact angle value generally
implies high hydrophobicity. In Table 1, the value of the PE/PDMS
polymer composite is larger than that of PE, less than that of PDMS
and almost constant on changing the mass gain of PDMS. This is
because only the PDMS that is at a depth of 0.2–3 nm affects the
hydrophobicity.26 These results imply that the hydrophobicity of PE
has been improved. It should be noted that the hydrophobicity of PE
has been improved greatly when the mass gain of PDMS generated in
the surface of PE is small (2.58wt%).

CONCLUSION

We have succeeded in obtaining a PE/PDMS polymer composite by
in situ cationic polymerization using scCO2. Further, the depth to
which PDMS was excited in the PE substrate was analyzed by XPS, IR
and SEM–EDX, in order to control the structure of the PE/PDMS
polymer composite by varying the polymerization time. The hydro-
phobicity of PE has been improved. Surface modification of PE could

be realized. We conclude that this is a new method for modifying
surface properties. In addition, the mechanical properties of the
substrate material can be expected to improve.
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Figure 9 Pictures of static contact angle measurements of the surface of PE
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Table 1 Results of static contact angle measurements of PE, PDMS

and PE/PDMS composites

Sample Run1 Run2 Run3 Average

PE 95 94 94 94

PDMS — — — 11727

PE:PDMS¼100:2.58 104 102 105 104

PE:PDMS¼100:5.44 105 105 105 105

PE:PDMS¼100:8.37 104 101 106 105

Abbreviations: PDMS, polydimethylsiloxane; PE, polyethylene.
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