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ABSTRACT: We investigated by Transmission Electron Microscopy (TEM) the morphologies of crosslinked copolymers from methacry-

late monomers from methylmethacrylate (MMA) and trifluoroethylmethacrylate (TFEMA), polydimethylsiloxane (PDMS) macromers

with molecular weight (Mn) of 1,700 and 4,700 g/mol, and crosslinker. Depending on the PDMS content, we observed, spherical

PMMA islands in which small PDMS domains were dispersed, PMMA continuous phase, closely packed PTFEMA islands, and homo-

geneously dispersed PDMS domains were observed with low or middle magnification. Fine observation at 100,000-fold magnification

revealed the ‘‘fundamental’’ common size domain, which was determined by the Mn value of the PDMS macromer. Thus we found

two microstructure types: (1) a ‘‘fundamental domain’’ due to the Mn of the PDMS macromer, and (2) an aggregated domain. The

former was constant under all conditions, but the latter was affected by the comonomer and its ratio. The present results are essential

in understanding the chemical and physical characteristics of crosslinked copolymers from PDMS macromers. VC 2012 Wiley Periodicals,

Inc. J. Appl. Polym. Sci. 000: 000–000, 2012
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INTRODUCTION

Polymerization induced phase separation (PIPS)1,2 is a conven-

ient method to prepare microheterophases from a homogeneous

solution of reactive monomeric compounds and polymeric

compounds. This technique has been reported in many fields,

such as the polymerizations of monomer/polymer mixtures,3–5

preparation of hybrid porous polymer materials,6,7 hydrogels,8

or gel synthesis,9 modified epoxy resins,10,11 microencapsula-

tion,12 polymer-dispersed liquid crystals,13,14 and so on.

On the other hand, many radically polymerizable silicone com-

pounds have also been developed. The extremely high oxygen

permeability of the silicone polymer contributed to the diverse

applications of these products, and the problems inherent in sil-

icone compounds, such as weak intermolecular force, the result-

ant fragility, and hydrophobicity have been improved. For

example, the long SiAOASi chain of polydimethylsiloxane

(PDMS) was introduced into a polymer backbone via condensa-

tion reactions with a rigid segment, like polyamide and polyi-

mide groups as multiblock copolymers.15–18 Another approach

is radical copolymerization among acrylic monomers with the

macromer bearing a radically polymerizable group at the chain

end of the PDMS, and the crosslinker which has multiple radi-

cally polymerizable groups.

PIPS technology using radically polymerizable PDMS macro-

mers has been applied to copolymers with hydrophilic vinyl

monomers19–21 and hydrophobic vinyl monomers.22,23 Studies

on PIPS with hydrophilic vinyl monomers usually focus on the

structure and dynamics of the resultant amphiphilic network,

and PIPS examples of hydrophobic vinyl monomers show the

effect of the monomer structures and the polymerizable groups

of PDMS. It is one of the merits of radical copolymerization

with vinyl monomers that the composition ratio and molecular

weight (Mn) of PDMS macromer can be controlled. Thus, it is

possible to perform a systematic study on the relationship

between physical properties and copolymer compositions,

VC 2012 Wiley Periodicals, Inc.
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although there have been no reports on the PIPS microstruc-

tures generated from PDMS macromers, with systematic tuning

of the composition and components, to our best knowledge.

As the part of aforementioned systematic study, we have already

reported the high performance such as high oxygen permeabil-

ity of PIPS method products from high Mn PDMS, compared

with the material having low Mn silicone content.24 In addition,

it has been reported that the copolymerization of perfluoroalkyl

ester group bearing monomer caused the increase of oxygen

permeability.25 Furthermore, we have found that larger Mn of

PDMS and copolymerization of fluorine bearing monomer

caused higher mobility than that from lower Mn PDMS or ma-

terial without fluorine group.26

In this work, we focused on the internal microstructures

observed by Transmission Electron Microscopy (TEM) for

crosslinked copolymers composed of methacrylate monomers

and PDMS macromers, and the relationship between the mor-

phologies and their compositions was discussed. The TEM ob-

servation in this study could give some insight into the proper-

ties such as oxygen permeability and light transmittance.

EXPERIMENTAL

Materials

PDMS macromer was purchased from Shin-Etsu Chemical and

was used without further purification. Molecular weight meas-

urements by 1H-NMR were conducted with a JEOL ECS400

spectrometer using CDCl3 as the solvent, and GPC measure-

ments were conducted by a HLC-8120 GPC system by TOSOH

(Japan). The molecular weights of these PDMS macromers are

listed in Table I. Methylmethacrylate (MMA) (Wako Pure

Chemical Industries), trifluoroethylmethacrylate (TFEMA)

(Osaka Organic Chemical Industry), ethyleneglycol dimethacry-

late (1G) (Shin-Nakamura Chemical), 2,20-azobis (2,4-dimethyl-

valeronitrile) (V-65) and 1,10-azobis (cyclohexane-1-carboni-

trile) (V-40) (both Wako) were used without further purifica-

tion. The chemical structures of these monomers and the cross-

linker are shown in Figure 1.

Preparation of the Crosslinked Copolymers Composed of

Methacrylate Monomer/PDMS Macromer

The reaction mixtures were prepared by mixing the components

according to the required balance, and degassing in a test tube.

The mixtures were injected between a glass plate and a polytet-

rafluoroethylene film separated with a silicone elastomer gasket

under a nitrogen atmosphere. The polymerization was then car-

ried out by elevating the temperature from 50 to 110�C accord-

ing to the predetermined temperature profile program.

As one of the methacrylate monomers, a fluoroalkyl group bear-

ing TFEMA was used because of its low refractive index, compa-

rable with that of silicone compounds, and some oxygen perme-

ability. MMA was selected as another monomer because of its

use as an optical material and its relatively high glass transition

temperature (Tg).

The composition and other parameters of the test specimens are

shown in Table II.

TEM Observation

The test specimens were cut from the crosslinked copolymer of

0.2 mm thickness, vacuum dried, and embedded in epoxy resin

Quetol 812 (NISSHIN EM, Tokyo, Japan) without any staining.

Ultrathin sections were cut with a diamond knife on an ultra-

microtome, ULTRACUT E (Reichert-Jung Optishe Werke AG,

Austria). The TEM observations were performed with a JEM

1200-EX transmission electron microscope (JEOL, Tokyo, Ja-

pan) at an accelerating voltage of 80 kV.

RESULTS AND DISCUSSION

Observations at Low Magnification

Without any staining of the specimens, all observations were

carried out successfully as sufficient contrast was obtained for

all specimens because of their electron density difference. Vol-

ume fraction was estimated with feed composition assuming

that all constituents are not miscible, the density values were

0.98, 1.41, 1.19 for PDMS, PTFEMA, and PMMA including

Poly(1G) respectively.

Figure 2 shows TEM images of all of the specimens listed in Ta-

ble II at 20,000-fold magnification. Figure 2(a–c) are the results

from specimens A, B, and C bearing 1700 g/mol Mn PDMS.

According to the increase of PDMS content, which PDMS vol-

ume fraction is 0.2, 0.47, and 0.56 for specimen A, B, and C

respectively, the domain size was decreased from 300 nm or

more [Figure 2(a)], to 100–300 nm [Figure 2(b)], and to several

10 nm [Figure 2(c)], generating finer structures.

The PMMA enriched island possessing domain sizes of several

lm was observed in specimens D (4700 g/mol of Mn) [Figure

Table I. Molecular Weight of PDMS Macromer

Results from GPC

Code
Mn from
Manufacturer

Mn from
NMR Mn Mw Mw/Mn

X 1720 1700 N.D.a � �
Y 4740 4500 4600 8300 1.80

aNot determined.

Figure 1. Chemical structures of the monomers and crosslinker.
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Table II. Compositiona of the Specimens Employed in This Study

Acrylic monomer PDMS macromer PDMSb

Code Type Weight PDMS Mn Weight Weight fraction Volume fraction

A MMA 80 1700 20 0.17 0.20

B MMA 50 1700 50 0.42 0.47

C MMA 40 1700 60 0.51 0.56

D MMA 70 4700 30 0.28 0.32

E MMA 60 4700 40 0.38 0.42

F MMA 40 4700 60 0.57 0.62

G TFEMA 70 4700 30 0.28 0.36

H TFEMA 60 4700 40 0.38 0.46

I TFEMA 50 4700 50 0.47 0.56

aParts of weight for 1G is acrylic monomer�(1/100) for all code, bPDMS weight fraction and volume fraction were calculated using PDMS weight
which was obtained from the subtraction of the weight of methacryloyloxypropyl group from PDMS macromer. Volume fraction was estimated with
feed composition assuming that all constituents are not miscible, the density value is 0.98, 1.41, 1.19 for PDMS, PTFEMA, and PMMA including
Poly(1G) respectively.

Figure 2. TEM images at 20,000-fold magnification of Specimen A (a), Specimen B (b), Specimen C (c), specimen D (d), specimen E (e), specimen F

(f), specimen G (g), specimen H (h), and specimen I (i). Scale bar indicates 500 nm. Brighter and darker parts correspond to PMMA or PTFEMA rich

phase and PDMS rich phase respectively. Inlet images d0 and g0 were obtained at 10,000-fold magnification. Scale bar in inlet indicates 5 lm. Square

means observed position at 100,000-fold magnification in Figure 3.
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2(d,d0)], which is quite different from specimen A [Figure 2(a)]

with a similar volume fraction using the short PDMS chains.

Comparing the results from specimen D with those from speci-

men E and F, with increase of PDMS content (PDMS volume

fraction is 0.32, 0.42, and 0.62 for specimen D, E, and F, respec-

tively), the domain size reduction of PDMS phase was found

from several lm [Figure 2(d)] to 1–2 lm [Figure 2(e)] and

sub-lm to lm size [Figure 2(f)].

With regards to specimen G [Figure 2(g)], in which TFEMA

was copolymerized with PDMS (Mn ¼ 4700 g/mol), the

PTFEMA enriched island structure having several lm was also

observed, which was clearly observed by inlet pictures with

10,000-fold magnification [Figure 2(g0)]. The contrast between

the two phases was clearer than the aforementioned specimen D

[Figure 2(d)], probably due to the composition of phases. The

domain size in specimen G is larger than that of specimen D.

Furthermore, most of the spaces between the islands seemed to

consist of PDMS domains (dark parts), and the PDMS domains

existed also in the PTFEMA islands at 20,000-fold magnification

[Figure 2(g)]

In addition, with increase of PDMS content (PDMS volume

fraction is 0.36, 0.46, and 0.56 for specimen G, H, and I, respec-

tively), the domain size reduction of PDMS phase was also

found from several lm (specimen G) to 500 nm (specimen H)

and 200–300 nm size (specimen I) [Figure 2(g–i)].

TEM Observation at High Magnification

The TEM observation results at a high magnification (100,000-

fold magnification) from all specimens are shown in Figure 3.

Comparisons between Figures 2 and 3 with the same alphabeti-

cal letter suggested that, for example, the observation of speci-

mens A at higher magnification (100,000-fold magnification)

demonstrated that a microstructure appeared [Figure 3(a)]

which was not observed in Figure 2(a). It is suggested that the

new structure appearing de novo (dark part) was the coagulated

small PDMS domain. Figure 2(b) (Specimen B) and Figure 2(c)

(Specimen C) also showed fine structures and distributed

PDMS domains, whereas Figure 3(b,c) showed the finer

microstructure.

It is interesting that similar microstructures which have fine

structure and coagulated PDMS domains of 100–200 nm size,

were seen in Specimens D and G [Figure 3(d,g)], although dif-

ference in island/sea area ratio and that in dark/bright area ratio

in the sea phase were seen between Figures 2d (or 2d0) and 2g

(or 2g0). In addition, while difference in the domain size and

pattern between Figure 2(e,h) was seen, Specimens E and H

showed similar fine microstructure which consisted of fine

Figure 3. TEM images at 100,000-fold magnification of Specimen A (a), Specimen B (b), Specimen C (c), Specimen D (d), Specimen E (e), Specimen F

(f), Specimen G (g), Specimen H (h), and Specimen I (i). Brighter and darker parts correspond to PMMA or PTFEMA rich phase and PDMS rich

phase. Scale bar indicates 100 nm. Observed locations correspond to marked area in Figure 2.
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structure and coagulated PDMS domains of 100–200 nm size at

100,000-fold magnifications [Figure 3(e,h)]. Similarly, while dif-

ference in the domain structure and domain size between Figure

2(f,i) was seen, Specimens F and I also showed similar fine

microstructure which consisted of fine structure and coagulated

PDMS domains of 100–200 nm size at 100,000-fold magnifica-

tion [Figure 3(f,i)]. Thus, it is apparent that all of the observa-

tion results in Figure 3 at 100,000-fold magnification showed

the minimum domain size or microstructure, which can be

interpreted as them having almost the same ‘‘fundamental do-

main size.’’

To confirm this assumption, we measured the domain size on

the TEM images using the loupe with 10 times greater magnifi-

cation (n ¼ 30). As shown in Table III, the domain sizes of the

1700 g/mol Mn PDMS were 4.3 nm (Specimen A) and 4.4 nm

(Specimen B), whereas those of the 4700 g/mol Mn PDMS were

5.5 nm (Specimen D), 5.1 nm (Specimen E), 5.4 nm (Specimen

G), and 4.8 nm (Specimen H), respectively. These values are

appropriately correlated to the molecular weight of PDMS mac-

romer when they were compared to the results of ca. 13.3 nm

for the characteristic periodicity from the copolymer of polydi-

methylsiloxanediacrylate with 6500 g/mol Mn and the dimethy-

lacrylamide reported by Yamamoto et al.21 Therefore, it is sug-

gested that the bulk properties are influenced by two types of

microstructure at different magnification level; one of which is

the microstructure consisting of the ‘‘fundamental domains’’

and the other is the microstructure consisting of the aggregation

of ‘‘fundamental domains.’’ For example, the oxygen permeabil-

ity could be influenced not only by the ‘‘fundamental domain

size,’’ but also by the microstructure due to the aggregation of

fundamental domains as suggested by Figure 3(d,g). On the

other hand, the transparency could be influenced only by the

microstructure from the aggregation of the fundamental

domains.

This unique different type microstructure at different magnifica-

tion level could be formed by the PIPS process as follow: In the

first stage of PIPS process, due to the existence of large quantity

of methacrylate monomer as solvent, fine structure (fundamen-

tal domain) in nm scale could be formed. While the progress in

polymerization causes the reduction of methacrylate monomer

as solvent, and this could lead to the phase separation or coagu-

lation of fundamental domains in lm to sub-lm scales which

are shown in Figure 2. The polymer properties such as miscibil-

ity and solubility parameter could affect the morphology of

phase separation. Similar coexistence of lm scale structure and

nm scale structure in spinodal decomposition of sol–gel process

with various surfactant concentration.27 Thus, it is suggested

that PIPS is very important method to design and prepare the

copolymer microstructure and resultant physical properties.

Correlation of the Morphology Between the Results from

Low Maginification Level and High Magnification Level

For further understanding of this specific correlation of mor-

phology, we conducted the TEM observation of islands phase

and sea phase from Specimen D which showed highly phase

separated internal structure from the copolymer of PDMS mac-

romer (Mn ¼ 4700 g/mol) with MMA at a 0.32 PDMS volume

fraction. The observation results are shown in Figure 4.

It is noteworthy that many large (several lm) domains were

observed in Figure 4(a) at 10,000-fold magnification. The

PMMA enriched phase (bright part) existed as ‘‘islands’’ (iso-

lated domains) at several lm order size, and the other composi-

tion phase in the spaces around the PMMA enriched islands

showed the presence of both PDMS (dark part) and PMMA. At

a higher 100,000-fold magnification [Figure 4(b)], in PMMA

island, fine dark PDMS domains having several nm to 10 nm

size and small amount of large PDMS domains (50–60 nm)

were found in the bright continuous PMMA phase. On the con-

trary, in PDMS rich phase, fine dark PDMS domains having

several nm to 10 nm size and large amount of more large

PDMS domains having about 50–60 nm size were found. Thus,

it was found that the present crosslinked copolymers possessed

two types of phase separations with lm and nm orders in any

composition, and the composition influenced the size of PDMS

domain at the larger phase separation level. It was also demon-

strated that the two phases possessed different PMMA/PDMS

ratios, one of which was greater than 1.0 (the island part), and

the other was near 1.0 (the sea part).

PDMS Mn, PDMS Content and Morphology at Low

Magnification Level

As aforementioned, the PDMS Mn effect was clearly observed

between the 1700 g/mol Mn and 4700 g/mol Mn PDMS. Lower

Mn gave finer domain structure suggesting that the miscibility

between PMMA or PTFEMA and PDMS affected the

morphology.

It is natural that the transparency of the specimen appearance

was related to its morphology. Specimens A, B, and C bearing

1700 g/mol Mn PDMS were transparent, and had small domain

sizes of 300 nm or more [Figure 2(a)], 100–300 nm [Figure

2(b)], and several 10 nm [Figure 2(c)]. In contrast, Specimens

D, E, and F with a 4700 g/mol Mn showed an opaque appear-

ance due to light scattering at the domain boundaries of the

several lm order size [Figure 2(d–f)]. Thus, it is important to

understand the morphologies for the preparation of transparent

samples, which is mostly due to the PDMS polymer chain

length (PDMS Mn).

In addition, it was clear that a low PDMS content in the range

of 0.2–0.36 volume fractions (Specimens D and G) caused the

Table III. PDMS Measured Domain Sizea

PDMS

Code
Acrylic
monomer Mn

Volume
fraction

Measured
domain size (nm)

A MMA 1700 0.20 4.3 6 0.4

B MMA 1700 0.47 4.3 6 0.4

D MMA 4700 0.32 5.5 6 0.5

E MMA 4700 0.42 5.1 6 0.4

G TFEMA 4700 0.36 5.4 6 0.5

H TFEMA 4700 0.46 4.8 6 0.6

an ¼ 30.
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island shape of the methacrylate polymer phase [Figures 2d(2d0)
and 2g(2g0)], although the island sizes were different. On the

other hand, the middle PDMS content over the range of 0.56–

0.62 volume fractions [Figure 2(c,f,i)] caused a domain size

reduction, and a further continuous phase of the methacrylate

polymer. Thus, by changing the composition or PDMS content

systematically, the effect of the PDMS content on the morphol-

ogy was clarified. The present results gave us essential informa-

tion on the microstructure, because the morphology is closely

associated with the bulk properties.

The importance of the polymerization mixture viscosity in

the morphology formation of 2-chlorostyrene/polystyrene

PIPS system has been reported by Okada et al.5 It was

reported that high viscosity caused the reduced polymer dif-

fusion and this determined the degree of continuous phase

formation. Thus island microstructure which was found in

Specimens D and G [Figure 2(d,g)] could result from low

viscosity with high monomer content (70 wt%), and the do-

main size reduction with increased PDMS content could

result from high viscosity due to the PDMS Mn and two pol-

ymerizable groups in PDMS macromer in polymerization

process.

Effects of the Methacrylate Monomer Type on Morphology

Next, the influence of the monomer types on the microhetero-

phase structure was examined in detail using specimen D [Fig-

ure 5(a)] and Specimen G [Figure 5(b)]. We first noticed that

Specimen D, which was copolymerized with MMA, left rela-

tively small ‘‘island’’ shaped spheres that were rather scattered

[Figure 5(a)]. In contrast, Specimen G with TFEMA resulted in

larger ovals for the PTFEMA domains, and showed closely

packed islands with small dark phases mostly composed of

PDMS in the spaces between islands.

To consider the differences in the microphase separation by

monomer type, we tried to estimate the area fraction of each

‘‘island’’ part from Figure 5(a,b) by calculating the percentages

of the oval parts against the total area (n ¼ 3). In spite of the

same PDMS weight fractions (0.28), the values differed greatly,

showing a 37% ratio for the PMMA islands in Specimen D and

a 68% ratio for the PTFEMA islands in Specimen G. This

implied that there were different components ratios in the other

‘‘sea’’ parts. In addition, PDMS phase (dark) of Figure 5(b)

shows almost continuous one. Furthermore, comparison

between Specimens F and I [Figure 2(f,i)] which have increased

PDMS content than Specimens D and G, revealed that the

Figure 4. Correlation of the morphology between different magnification levels of Specimen D. (a) was obtained from 10,000-fold magnification. (b)

and (c) are PMMA phase and PDMS rich phase respectively, and obtained from 100,000-fold magnification observation. Scale bar shows 5 lm (a), 100

nm (b, c). Bright phase is PMMA and dark phase is PDMS.
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morphology of Specimen I correspond to the formation of the

component’s continuous phase. This formation of the continu-

ous phase means a reduction in the barrier to oxygen permea-

tion. Therefore, the copolymerization of PDMS macromer and

TFEMA [Specimen I, Figure 2(i)] instead of MMA [Specimen F,

Figure 2(f)] could lead to the formation of a morphology hav-

ing more continuous phase. The oxygen permeability of the

TFEMA copolymer would increase based on the phase separa-

tion difference, in addition to the original TFEMA character

due to the fluoroalkyl groups. Thus, the higher oxygen perme-

ability of the TFEMA copolymer than the MMA copolymer

could be predicted from the TEM observations.28

CONCLUSIONS

TEM observation of crosslinked copolymers prepared from

methacrylate monomers, PDMS macromers with Mns of 1700

g/mol or 4700 g/mol, and 1G were carried out. The microstruc-

ture of these copolymers depended on the PDMS content, the

PDMS Mn, and the type of methacrylate comonomer.

First, at low PDMS content, the specimens possessing 4700 g/

mol PDMS Mn showed an ‘‘isolated domain’’ morphology with

‘‘islands’’ or isolated domains of methacrylate polymer dispersed

throughout a ‘‘sea’’ like surrounding area. On the other hand, the

specimens possessing 1700 g/mol PDMS Mn showed finer micro-

structures. At higher PDMS contents, a different morphology was

observed, which consisted of a continuous phase of methacrylate

polymer and more homogeneously dispersed PDMS domains.

Second, in addition to the PDMS Mn, the employment of

TFEMA instead of MMA affected the morphology, such as a

different island surrounding area phase composition or struc-

ture, and a more homogeneous structure suggestive of better

solubility or compatibility between the TFEMA or PTFEMA

and the other components.

Third, observations at 100,000-fold magnification revealed that

the specimens had a ‘‘fundamental’’ common morphology, and

it was a co-continuous one. From measurements of this domain

size, the PDMS Mn was concluded to influence this PDMS ‘‘fun-

damental’’ domain size. Thus, studies using the observation of

two microstructures could be a novel tool for evaluating the

relationship between morphology and physical properties.

On the basis of those findings, many bulk properties could be

predicted by morphology, such as Tg, transparency, and oxygen

permeability.
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