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ABSTRACT: Microphase-separated structures of block copolymers
have been leveraged in advanced functional materials. However, such
unique morphologies have not been extensively studied for block
copolymers comprising poly(2,6-dimethyl-1,4-phenylene ether) (PPE),
although PPE is a commonly utilized engineering plastic. Herein, based
on precisely prepared PPE, we have developed PPE-containing block
copolymers, exhibiting various microphase-separated structures such as
spheres, lamellae, and cylinders. As the second block component,
poly(dimethylsiloxane) (PDMS) was synthesized via living ring-opening
polymerization. Block copolymers (PPE-b-PDMS) with different
compositions were efficiently obtained by employing hydrosilylation
using Karstedt’s catalyst. Additionally, it was found that PPE-b-PDMS
followed different pathways of microphase-separated structure formation depending on the solvent used for sample preparation. The
developed morphologies are expected to enhance the properties of PPE through the combination with other block components and
the control of nanometer-scale internal structures.

■ INTRODUCTION
Block copolymers consist of different polymers that are
connected by chemical bonds and form self-assembled
structures known as microphase-separated structures. The
control and exploration of these morphologies have been
studied in block copolymers composed of poly(styrene),1,2

poly(methyl methacrylate),3 poly(isoprene),4 poly(2-vinyl-
pyridine),5,6 and poly(dimethylsiloxane).7,8 Various micro-
phase-separated structures, such as spheres, lamellae, cylinders,
and double gyroid networks, emerge depending on the volume
fraction of the constituent polymers.9−11 These unique
morphologies developed in block copolymers have been
leveraged in lithography applications,12,13 nanoporous mem-
branes,14,15 and functional polymer particles.16,17

In contrast, there are still many block copolymers for which
microphase-separated structures have not been reported, even
if the constituent polymers are commonly utilized. One such
example is a block copolymer composed of poly(2,6-dimethyl-
1,4-phenylene ether) (PPE). PPE has been used industrially as
an engineering plastic. Once the PPE-containing block
copolymers are developed and their microphase-separated
structures are achieved, the use of PPE in a wider range of
applications will be further promoted. Specifically, PPE-
containing block copolymers can be applied in combination
with immiscible polymers and utilized as functional materials
with controlled internal structures.18,19

PPE-containing block copolymers have been synthesized
using consecutive oxidative coupling polymerization,20 radical
polymerization,18 and other reactions.21−24 The synthesis of

graft copolymers composed of PPE and the development of
microphase-separated structures have also been reported.19

However, to the best of our knowledge, there have been no
studies that synthesized a series of PPE-containing block
copolymers with different compositions and observed the
alteration of various microphase-separated structures depend-
ing on the volume fraction. To address this issue, it is necessary
to control the molecular weight and distribution of the
constituent polymers more precisely.9,25−27

PPE is conventionally synthesized via oxidative coupling
polymerization, resulting in uncontrolled molecular weight and
broad molecular weight distribution.28 Aiming for the
controlled synthesis of PPE, refined synthetic methods have
been explored in previous studies.29,30 Nevertheless, precise
control over the molecular weight and distribution has not
been achieved. Thus, at present, it is difficult to precisely
prepare PPE through synthetic approaches.
In this study, we aimed to create various microphase-

separated structures of PPE-containing block copolymers
based on precisely prepared homopolymers. PPE with
controlled characteristics was obtained by meticulously
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extracting specific molecular weight components following
oxidative coupling polymerization. Poly(dimethylsiloxane)
(PDMS) was used as a second component of the block
copolymer, as PDMS has a strong segregation strength with
hydrocarbon polymers and is effective in promoting the
microphase-separated structures.31 PDMS was synthesized via
living ring-opening polymerization and introduced onto PPE
(PPE-b-PDMS). PPE-b-PDMS was synthesized through a
highly efficient polymer reaction using hydrosilylation. This
approach allowed for the synthesis of a series of block
copolymers with varied volume fractions while maintaining the
molecular weight of PPE. The developed morphologies were
observed by using small-angle X-ray scattering (SAXS) and
transmission electron microscopy (TEM). Various nanometer-
scale ordered structures, such as spheres, lamellae, and
cylinders, were achieved depending on the volume fraction
of the constituent polymers. Moreover, temperature-modu-
lated X-ray analysis was performed to further investigate the
morphology of PPE-b-PDMS prepared from different solvents.
Solubility tests and thermal analyses were also conducted for
PPE-containing block copolymers.

■ EXPERIMENTAL SECTION
Materials. 2,6-Dimethylphenol was recrystallized twice from a

heptane solution prior to use. Hexamethylcyclotrisiloxane was purified
by sublimation and dissolved in diethyl ether (DEE). The DEE
solution was dried over 3A molecular sieves. Trimethylsilanol was
purified by distillation and dried over 3A molecular sieves. 1,3-
Trimethylene-2-propylguanidine (TMnPG) was synthesized follow-
ing and modifying previously reported methods. First, tetrahydropyr-
imidine-2-thione was synthesized from 1,3-diaminopropane and
carbon disulfide.32 Then, 2-methylthio-1,4,5,6-tetrahydropyrimidine
hydroiodine was prepared from tetrahydropyrimidine-2-thione and
iodomethane.33 Finally, TMnPG was synthesized from 2-methylthio-
1,4,5,6-tetrahydropyrimidine hydroiodine and propylamine.34 Details
on the synthesis of TMnPG are shown in Scheme S1 and Figures S1−
S6. TMnPG was dissolved in toluene, and the solution was dried over
3A molecular sieves prior to use in the polymerization. The drying
process using 3A molecular sieves mentioned above was conducted
for more than 48 h.35 Unless otherwise stated, all other chemicals
were used as received.

Measurements. Nuclear magnetic resonance (NMR) spectra
were recorded on a JEOL JNM-ECS 400 spectrometer at 400 MHz

for 1H. Size exclusion chromatography (SEC) was conducted using a
ShodexGPC-101 system equipped with a ShodexLF-804 column,
ShodexRI-501, and tetrahydrofuran (THF) as an eluent. Molecular
weight and polydispersity index (PDI) were calculated using
polystyrene (Shodex STANDARD SM-105) as a standard.
Thermogravimetric analysis (TGA) was conducted using an EXSTAR
TG/DTA7300 instrument at a heating rate of 10 °C min−1 under a
nitrogen atmosphere. Differential scanning calorimetry (DSC) was
conducted using an EXSTAR DSC 7020 under a nitrogen
atmosphere. Small-angle X-ray scattering (SAXS) experiment was
conducted at SPring-8 (Hyogo, Japan) utilizing BL-40B2 with a
wavelength of 12.4 keV. Temperature-modulated SAXS measurement
was performed using NANOPIX with a 1.54 Å X-ray source within
the temperature range of 30−350 °C. Bright-field transmission
electron microscopy (TEM) images were obtained using a Hitachi
H7650 Zero.A TEM at an accelerating voltage of 100 kV. Thin-film
specimens for TEM observation were prepared from samples
embedded in an epoxy resin using an Ultracryotome FC-7 (Leica
Microsystems) at −140 °C with a thickness setting of 80 nm. All the
samples were observed without staining. In the TEM images, PPE and
PDMS domains appeared as bright and dark regions, respectively.

Synthesis of PPE−OH. Poly(2,6-dimethyl-1,4-phenylene ether)
with a phenolic hydroxyl group (PPE−OH) was synthesized from 2,6-
dimethylphenol monomer using di-μ-hydroxo-bis[(N,N,N’,N’-tetra-
methylethylenediamine)-copper (II)] chloride (Cu/TMEDA) as a
catalyst in a toluene/water heterogeneous system via oxidative
coupling polymerization (Scheme 1).29 The specific synthesis
procedures are as follows.

Tetramethylethylenediamine (TMEDA, 0.5 mL, 3.40 mmol), H2O
(0.95 g), and Cu/TMEDA 0.215 g (0.46 mmol) were added into a
test tube. Then, 2,6-dimethylphenol 10.25 g (85 mmol) in toluene
46.5 mL was added to the mixture. The solution was vigorously
stirred under an oxygen atmosphere with an oxygen balloon at 50 °C
for 370 min. The solution was reprecipitated in MeOH/HCl (1000
mL/5 mL) twice. Drying the remaining solid under vacuum afforded
PPE−OH with lower molecular weight as a white to pale yellow solid,
hereafter referred to as PPE47−OH (yield: 8.75 g, 85.4%, Mn, SEC:
8100, and polydispersity index (PDI): 1.71). PPE−OH with a higher
molecular weight (PPE78−OH) was synthesized in the same manner,
which is explained in the Supporting Information. The subscript
number appended to ″PPE″ represents the degree of polymerization
calculated using the molecular weight estimated from 1H NMR for
PPE-allyl synthesized in the subsequent reaction.

Washing Process with Solvents That Partially Dissolve PPE.
To achieve PPE with a specific molecular weight, PPE−OH was

Scheme 1. Synthesis Scheme of Polymers Employed in this Studya

a(1) PPE, (2) PDMS, and (3) PPE-b-PDMS.

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.5c00730
Macromolecules 2025, 58, 5271−5282

5272

https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5c00730/suppl_file/ma5c00730_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5c00730/suppl_file/ma5c00730_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5c00730/suppl_file/ma5c00730_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c00730?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c00730?fig=sch1&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.5c00730?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


washed with organic solvents that partially dissolve PPE to remove
lower molecular weight fractions by using a Soxhlet extractor. The
washing process was conducted for over 24 h under air.

Synthesis of PPE-Allyl. The phenolic hydroxyl group on the
PPE−OH chain end was converted into an allyl group (PPE-allyl) via
a nucleophilic substitution reaction with allyl bromide (Scheme 1).
Specifically, PPE47−OH was converted into PPE47-allyl as described
below. PPE47−OH (7.22 g, 0.891 mmol) and THF (70 mL) were
added into a two-necked flask, and then the flask was purged with
nitrogen. After adding sodium hydride (356 mg, 8.91 mmol), the
solution was stirred for about 15 min. Subsequently, allyl bromide
(0.713 mL, 8.91 mmol) was added to the solution, and the reaction
was continued for over 24 h at room temperature. The mixture was
washed with brine several times, and the product was extracted into
chloroform. The chloroform solution was reprecipitated into
methanol. Drying under vacuum afforded PPE47-allyl with a yield of
7.14 g (99%) as a white powder. PPE78−OH was converted into
PPE78-allyl in the same manner, as described in the Supporting
Information.

Synthesis of PDMS. Hemitelechelic poly(dimethylsiloxane)
(PDMS) with a hydrosilyl group on a chain end was synthesized
from hexamethylcyclotrisiloxane (D3

(Me2)) via living ring-opening
polymerization (Scheme 1).36,37 Trimethylsilanol, 1,3-trimethylene-
2-propylguanidine (TMnPG) and diethyl ether (DEE) were used as
the initiator, catalyst, and solvent, respectively. To end-cap the chain
end, chlorodimethylsilane was used, and the chain end of the resulting
PDMS was converted to a hydrosilyl group. All chemicals involved,
except for chlorodimethylsilane, were dehydrated over 3A molecular
sieves, as water can also act as an initiator, producing telechelic PDMS
with approximately twice the molecular weight in this polymer-
ization.34 The specific synthesis procedure is as follows.

DEE solution of D3
(Me2) (1.25 mol L−1) 9.00 mL (11.25 mmol) was

added into a Schlenk tube under an argon atmosphere. Then, 0.051
mL of trimethylsilanol (0.45 mmol) was added to the solution.
Finally, a toluene solution of TMnPG (0.625 mol L−1) of 0.18 mL
(0.113 mmol) was added to initiate the polymerization. After stirring
for 140 min at 25 °C, chlorodimethylsilane 0.24 mL (2.2 mmol) and
pyridine 0.29 mL (3.5 mmol), acting as a hydrogen chloride
scavenger, were added to terminate the polymerization. The end-
capping reaction was continued for over 24 h to ensure complete
chain-end modification. The solution was concentrated and washed
with acetonitrile several times. As a result, PDMS (PDMS76, where
the subscript number corresponds to the degree of polymerization)
was obtained as a colorless viscous liquid (yield: 2.20 g, 88%, Mn, SEC:
7,000, Mn, NMR: 5,800, PDI: 1.06). PDMS with different molecular
weights was synthesized using the same method by varying the ratios
of the initiator to the monomer. The details are shown in the
Supporting Information.

Synthesis of PPE-b-PDMS. A block copolymer composed of PPE
and PDMS (PPE-b-PDMS) was synthesized from PPE-allyl and
hemitelechelic PDMS via hydrosilylation using Karstedt’s catalyst
(platinum (0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane in xylene, Pt ∼
2%) (Scheme 1). The specific synthesis procedure for PPE47-b-
PDMS76 is as follows. The subscript numbers appended to ″PPE″ or
″PDMS″ represent the degrees of polymerization of PPE or PDMS
calculated from 1H NMR.

PPE47-allyl (0.25 g, 0.044 mmol) and PDMS76 (0.51 g, 0.088
mmol) were added into a test tube equipped with a rubber septum,
and the apparatus was purged with argon. After the addition of dried
toluene (5 mL) and Karstedt’s catalyst (8 drops, using a 25 G
injection needle), the solution was stirred at 25 °C. The progress of
the reaction was traced by taking an aliquot of the solution from the
reaction mixture and conducting an 1H NMR measurement for the
aliquot. The completion of the reaction was verified by the
disappearance of the peak at 4.19 ppm derived from methylene
protons adjacent to the phenolic ether group on PPE-allyl. Then, the
mixture was concentrated and washed with acetone to remove
residual PDMS. For PPE78-b-PDMS76 and PPE78-b-PDMS110, hexane
was used as a washing solvent; when using acetone, the presence of

residual PDMS was observed in 1H NMR and TEM images. Drying
under vacuum afforded PPE47-b-PDMS76 (yield: 0.316 g, 63%) as a
white to pale yellow powder. PPE-b-PDMS with different block ratios
were synthesized in the same manner, as described in the Supporting
Information.

Preparation of SAXS and TEM Samples. The samples used for
SAXS and TEM measurements were prepared from a solution of PPE-
b-PDMS in chloroform and dichloromethane (5% w/w). First, the
solution was filtered through a 0.25 μm PTFE membrane syringe
filter. Then, the solution was slowly evaporated at 25 °C. The
obtained sample was further dried under vacuum at room temperature
for over 24 h. The dried sample was subsequently heat-annealed at
250 °C for 24 h as the final process. It should be noted that the
annealing was conducted at approximately 50 °C higher than the glass
transition temperature of PPE (Tg,PPE is about 200 °C). The annealing
temperature is well below the 5% weight loss temperature of PPE-b-
PDMS (Td5 is over 350 °C). The prepared samples were used for
SAXS measurement as well as TEM observation without staining. For
the temperature-modulated SAXS measurement, samples before
thermal annealing, which were filled into a nitrogen-purged glass
capillary, were used.

Solubility Tests and Estimation of Hansen Solubility
Parameters. The solubility of PPE, PDMS, and PPE-b-PDMS was
determined by observing the appearance of each polymer solution.
Samples were dissolved in solvents at a concentration of about 1 mg/
mL. The solubility was classified as ″soluble″, ″partially soluble″, and
″insoluble″, depending on the appearance.

To evaluate the solvent affinity of PPE and PDMS, Hansen
solubility parameters (δH) were utilized in this study.38−40 δH is
composed of three parameters: δd for nonpolar or atomic (dispersion)
interactions, δP for dipolar interactions, and δh for hydrogen bonding
interactions, giving δH as shown in eq 1.

H
2

d
2

p
2

h
2= + + (1)

The experimental method for determining δH of PPE and PDMS is
as follows. 10 mg of the polymer sample and 10 g of solvents were
taken into a vial. The mixture was stirred for over 6 h at room
temperature. Subsequently, the solvent was classified as a ″good″ or
″bad″ solvent, depending on the observed solubility state. In our
study, the solvent that afforded a completely homogeneous trans-
parent solution was considered a ″good″ solvent. Any other solvents
were classified as ″bad″ solvents. A total of 24 solvents listed in Table
S2 were employed. δH values of PPE and PDMS were provided by
software (HSPiP, Fourth Edition 4.1.07), processing the obtained
solubility data. HSPiP software was purchased from the website
(https://www.hansen-solubility.com).

■ RESULTS AND DISCUSSION
Synthesis of PPE and Postprocessing to Obtain PPE

with a Specific Molecular Weight. Two types of PPE with
a phenolic hydroxyl group on a chain end were synthesized via
oxidative coupling polymerization by varying the ratios of
monomer to catalyst and the reaction time (Scheme 1). One
possesses a lower molecular weight (PPE47−OH) and the
other possesses a higher molecular weight (PPE78−OH), as
shown in Table 1. The subscript numbers appended to ″PPE″
represent the degrees of polymerization estimated from 1H
NMR.
Although previous studies reported on the relationship

between molecular weight and the reaction conditions in
oxidative coupling polymerization,30 molecular weight control
at such a high level as living polymerization methods is still
challenging. Thus, in this study, to obtain PPE with a specific
molecular weight, PPE−OH was washed with organic solvents
that partially dissolve PPE to remove lower molecular weight
fractions by using a Soxhlet extractor. Although this method is
not a novel approach for controlling the characteristics of PPE,
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it would be of significant value in preparing PPE with a specific
molecular weight. First, the solubility of PPE−OH was
investigated to find the candidates for washing solvents.
PPE−OH was found to be soluble in THF, NMP, toluene, and
halogenated solvents such as dichloromethane and chloroform,
but insoluble in protic solvents such as methanol, ethanol, and
2-propanol. In contrast, PPE−OH was partially soluble in
hexane, acetone, cyclohexane, and ethyl acetate. Based on the
solubility tests, hexane, acetone, cyclohexane, and ethyl acetate,
which are capable of dissolving lower molecular weight
components, were selected as candidates.
Then, the effectiveness of the candidate solvents in obtaining

PPE with controlled characteristics was investigated. For this
experiment, PPEexp−OH (Mn, SEC: 16,900, polydispersity index
(PDI): 1.75) was utilized. Suitable solvents were determined
by comparing the number-average molecular weight and PDI
of PPEexp−OH before and after Soxhlet washing, as provided
by SEC (Figure 1 and Table 2). PPEexp−OH washed with
hexane showed almost the same SEC chromatogram as before
washing, indicating that hexane was not suitable for removing
lower molecular weight components. Subsequently, acetone
was used, and it was found from the SEC chromatogram that it
could remove lower molecular weight components of Mn SEC
4300. Both cyclohexane and ethyl acetate were found to
remove higher molecular weight components more effectively
than acetone. While cyclohexane could remove components of
Mn SEC 8800, ethyl acetate could remove components of Mn SEC
10,100, indicating that ethyl acetate is capable of removing
even higher molecular weight components.
From the results of washing experiments, acetone was

chosen as the washing solvent for PPE47−OH to remove the
components with a number-average molecular weight of
around 4000. For PPE78−OH, ethyl acetate was utilized to
remove the components with a number-average molecular
weight of around 10,000. The SEC chromatograms obtained
from PPE47−OH and PPE78−OH before and after washing are
shown in Figure 2. Lower molecular weight components were
removed after washing with solvents. The PDI changed from
1.71 to 1.25 for PPE47−OH, and from 1.70 to 1.15 for PPE78−
OH after washing with solvents (Table 1).
A phenolic hydroxyl group on a chain end was converted to

an allyl group, affording PPE-allyl. 1H NMR spectra before and
after allylation are shown in Figures S7−S10. Characteristics of
PPE before and after allylation are shown in Table 1.
Significant changes in the SEC chromatograms were not
observed after allylation (Figures S11 and S12). The slight
changes in Mn, SEC and PDI observed after the allylation are

considered to originate from the transformation of the PPE
terminal functional groups. It has been previously reported that
changes in the functional groups alter the polymer size in the
eluent, leading to variations inMn, SEC and PDI.41 The resulting

Table 1. Characteristics of PPE with Different Molecular
Weights and Washing Conditions

Sample Mn, SEC (kDa)a Mn, NMR (kDa)b PDIa

PPE47−OH/before washing 8.1 5.3 1.71
PPE47−OH/after washing 12.0 8.1 1.25
PPE47-allyl 13.7 5.7 1.32
PPE78−OH/before washing 10.0 -c 1.70
PPE78−OH/after washing 20.2 -c 1.15
PPE78-allyl 24.2 9.4 1.20

aNumber-average molecular weight and polydispersity index obtained
from size exclusion chromatography (SEC). bMolecular weight
calculated from 1H NMR. cThe peak corresponding to a phenolic
hydroxyl group on a PPE chain-end was broad and weak, so the
molecular weight was difficult to calculate.

Figure 1. SEC chromatograms of PPEexp−OH before and after
washing with hexane (green), acetone (orange), cyclohexane (blue),
and ethyl acetate (yellow). Based on these results, acetone and ethyl
acetate were determined to be the appropriate washing solvents for
PPE47−OH and PPE78−OH, respectively.

Table 2. Characteristics of PPEexp−OH Before and After
Washing with Solvents

Sample Mn, SEC (kDa)a PDIa

PPEexp−OH/before washing 16.9 1.75
Remained PPEexp−OH/after washing with
hexaneb,c

15.6 1.69

Remained PPEexp−OH/after washing with
acetoneb

20.0 1.60

Dissolved PPEexp−OH/after washing with
acetoned

4.3 1.39

Remained PPEexp−OH/after washing with
cyclohexaneb

24.4 1.60

Dissolved PPEexp−OH/after washing with
cyclohexaned

8.8 1.49

Remained PPEexp−OH/after washing with ethyl
acetateb

26.8 1.47

Dissolved PPEexp−OH/after washing with ethyl
acetated

10.1 1.51

aNumber-average molecular weight and polydispersity obtained from
size exclusion chromatography (SEC). bPPEexp−OH insoluble in the
solvents. cWhen washing with hexane, a sufficient amount of dissolved
PPEexp−OH was not obtained for SEC measurement. dPPEexp−OH
soluble in the solvents.
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PPE47-allyl (Mn: 5,700, PDI: 1.32) and PPE78-allyl (Mn: 9,400,
PDI: 1.20) possessed lower PDI compared with as-synthesized
PPE47−OH (PDI: 1.71) and PPE78−OH (PDI: 1.70). These
PPE-allyl samples with low PDI were used in the synthesis of
PPE-b-PDMS.

Synthesis of PDMS. PDMS with different molecular
weights, possessing a hydrosilyl group on a chain end, were
synthesized via ring-opening polymerization using TMnPG as
a catalyst. The molecular weight was controlled by modifying
the ratio of the initiator to the monomer, as explained in the
Supporting Information. The PDMS synthesized and em-
ployed in this study are PDMS32, PDMS48, PDMS67, PDMS76,
and PDMS110, as listed in Table S1. The subscript numbers
appended to ″PDMS″ represent the degrees of polymerization.
1H NMR spectra of PDMS are shown in Figures S13−S17.
All of the PDMS, except for PDMS110, showed an almost

unimodal SEC chromatogram (Figure S18). On the other
hand, PDMS110 showed an SEC chromatogram with a slight
shoulder peak at an earlier retention time. The higher
molecular weight component, which emerged at an earlier
retention time, is predicted to originate from PDMS initiated
by water or from the dimerization of propagating PDMS
chains, which tends to occur in the late stage of polymer-
ization.34,36 Figure S19 shows the SEC chromatograms of
PDMS synthesized using dehydrated (PDMS76) and non-
dehydrated catalyst (PDMS_A). In PDMS_A, a shoulder peak
estimated to be derived from PDMS initiated by water was
observed. On the other hand, when using a dehydrated
catalyst, no such shoulder peak was observed, suggesting that
water contamination was almost restricted. All PDMS in this
study were synthesized under the same conditions as PDMS76,
except for the ratio of initiator to monomer. Therefore, the
shoulder peak observed in PDMS110 was presumably attributed
to dimerization and not the initiation by water. We considered
that the undesired larger molecular weight component would
not be involved in the synthesis of the block copolymer, as
both chain ends of the dimerization product were trimethylsilyl
groups (Figure S20). All of the synthesized polymers were
employed in the synthesis of PPE-b-PDMS.

Synthesis of PPE-b-PDMS. PPE-b-PDMS with different
block ratios were synthesized from PPE-allyl and an excessive

amount of PDMS via the reaction between the allyl group on
the PPE chain-end and the hydrosilyl group on the PDMS
chain-end (Scheme 1). Two varieties of PPE (PPE47-allyl and
PPE78-allyl) and five types of PDMS (PDMS32, PDMS48,
PDMS67, PDMS76, and PDMS110) were used to create six
different PPE-b-PDMS. The subscript numbers denote the
degrees of polymerization. The synthesized PPE-b-PDMS was
washed with acetone or hexane to remove residual PDMS. 1H
NMR spectra of PPE-b-PDMS revealed that it contained little
or no PPE and PDMS homopolymer residues, as evidenced by
the absence of peaks derived from the chain-end of PPE-allyl
(4.19, 5.19, 5.38, and 6.08 ppm) and the PDMS chain-end
(4.64 ppm) (Figures 3 and S21−S25). The synthesis of PPE-b-

PDMS was verified by a triplet peak at 3.67 ppm
corresponding to a methylene group adjacent to a phenylene
ether group (marked with ″c″ in Figure 3). The progress of the
reaction was also confirmed by an SEC chromatogram with a
peak at a retention time earlier than that of PDMS or PPE
homopolymers (Figure 4). Overlaid SEC chromatograms in
Figure 4 also revealed that PPE-b-PDMS was almost separated
from PPE and PDMS components. Characteristics of PPE-b-
PDMS synthesized in this study are listed in Table 3. The
volume fractions of PPE (φPPE) ranged from 0.47 to 0.67, and
PDI ranged from 1.16 to 1.29. PDI values observed in this
study were significantly lower than those of previously reported
PPE-containing block copolymers.18,22

Solubility of PPE-b-PDMS. To examine the fundamental
chemical properties and processability, we investigated the
solubility of PPE, PDMS, and PPE-b-PDMS in common
organic solvents. PPE (PPE47-allyl) and PDMS (Mn: 5700,
PDI: 1.09) were utilized in this experiment. Two types of PPE-
b-PDMS with the lowest volume fraction of PPE (PPE47-b-
PDMS32) and another with a higher volume fraction of PPE
(PPE47-b-PDMS67) were examined. After stirring the solution
for over 1 h, the solubility was determined depending on the
appearance. The observed solubility was classified into
″soluble″ (the solution was transparent, and no residual solid
was observed), ″partially soluble″ (the solution was slightly
turbid, or a small amount of residue was observed), and

Figure 2. SEC chromatograms of PPE−OH with lower (PPE47−OH)
and higher (PPE78−OH) molecular weights before and after washing
with solvents.

Figure 3. 1H NMR spectrum of PPE47-b-PDMS76, exhibiting that
PPE47-b-PDMS76 did not contain PDMS or PPE homopolymers. The
enlarged view of PPE47-b-PDMS76 spectrum from 3.5 to 6.3 ppm is
surrounded by a blue square. 1H NMR spectra of PDMS76 and PPE47
in the same chemical shift region are surrounded by gray and black
squares, where peaks are characterized by gray or black circles,
triangles, and rhombuses.
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″insoluble″ (the solution was turbid, or residue was observed).
The results of the solubility tests are listed in Table 4, where +
+, +, and − denote the solubility levels of ″soluble″, ″partially
soluble″, and ″insoluble″, respectively. PPE-b-PDMS was
soluble in chloroform, dichloromethane, pyridine, THF, and
toluene, and insoluble in acetone, 1,4-dioxane, ethyl acetate,
NMP, DMF, and 2-propanol. Acetone, 1,4-dioxane, ethyl
acetate, and 2-propanol dissolve PDMS well, but PPE-b-PDMS
strongly reflects the properties of PPE, making PPE-b-PDMS
insoluble in these solvents. On the other hand, PPE-b-PDMS
exhibited different solubility in cyclohexane, diethyl ether, and
hexane, depending on the composition. For PPE47-b-PDMS67,
the characteristics of PDMS were reflected due to a higher
PDMS composition, resulting in the slight solubility of PPE-b-
PDMS. However, insolubility was observed for PPE47-b-
PDMS32, as the PDMS content was lower.

Thermal Analyses of PPE-b-PDMS. Thermal properties
were evaluated via thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) for PPE, PDMS, and

PPE-b-PDMS. First, heat resistance measured via TGA (at a
heating rate of 10 °C min−1 from 30 to 550 °C under a
nitrogen atmosphere) is discussed. PPE47, PDMS32, which
were utilized to synthesize PPE-b-PDMS, and a series of PPE-
b-PDMS with different compositions were employed for this
experiment. PPE77 (Mn, NMR: 9.2 kDa, PDI: 1.24) with nearly
the same characteristics as PPE78 was also employed herein.
Figure 5 shows the results of TGA, and the temperatures of 5%
weight loss (Td5) are also listed in Table 3. PPE47 and PDMS32
homopolymers exhibited Td5 values of 427 and 345 °C,
respectively. Observed Td5 for PPE47 is higher than those of
polystyrene (Td10: 384 °C, heating rate of 10 °C/min),42

poly(methyl methacrylate) (Td10: 213 °C, heating rate of 20
°C/min),43 poly(butadiene) (Td10: around 400 °C, heating
rate of 10 °C/min),44 poly(2-vinylpyridine) (Td10: around 350
°C, heating rate of 10 °C/min),45 and poly(4-vinylpyridine)
(Td10: around 340 °C, heating rate of 10 °C/min),45 which
have been conventionally utilized to synthesize block
copolymers for morphological analysis. All of the analyses
mentioned above were conducted under a nitrogen atmos-
phere. It is expected that block copolymers containing PPE
with superior thermal properties can be synthesized due to the
higher thermal stability of PPE. In this study, PPE-b-PDMS
synthesized from PPE47 exhibited Td5 of over 400 °C, and

Figure 4. Overlayed SEC chromatograms of PPE, PDMS, and PPE-b-
PDMS.

Table 3. Characteristics of a Series of PPE-b-PDMS Synthesized via Hydrosilylation

Sample Mn, NMR (kDa)a Mn, SEC (kDa)b PDIb φPPE
c Td5 (°C)d Tg (°C)e Morphologyf d (nm)g

PPE47-b-PDMS32 10.8 20.4 1.29 0.67 404 192 Spheres 17.0
PPE47-b-PDMS48 14.0 21.8 1.28 0.58 414 194 Lamellae 20.6
PPE47-b-PDMS67 16.5 23.2 1.25 0.50 413 204 Lamellae 20.4 (Lamellae)

Cylinders 25.3 (Cylinders)
PPE47-b-PDMS76 15.4 25.4 1.29 0.47 405 193 Cylinders 25.6
PPE78-b-PDMS76 20.8 34.7 1.16 0.59 366 207 Lamellae 25.8
PPE78-b-PDMS110 26.2 39.5 1.24 0.51 359 209 Lamellae 33.1

aMolecular weight calculated from 1H NMR of the synthesized PPE-b-PDMS. bNumber-average molecular weight and polydispersity obtained
using size exclusion chromatography (SEC). cVolume fraction of PPE estimated based on the weight ratio of PPE and the density of PPE and
PDMS. The weight ratio of PPE was calculated based on the molecular weight of PPE and PDMS homopolymers. The details are shown in the
Supporting Information. dTemperature of 5% weight loss measured by TGA. eGlass transition temperature determined by DSC. fDetermined by
SAXS and TEM. gd-Spacing determined from SAXS.

Table 4. Solubility of PPE, PDMS, and PPE-b-PDMS in
Common Organic Solvents at Room Temperaturea

Solvent PPE PDMS PPE47-b-PDMS32 PPE47-b-PDMS67
Acetone − ++ − −
Chloroform ++ ++ ++ ++
Cyclohexane + ++ − +
Dichloromethane ++ ++ ++ ++
Diethyl ether − ++ − +
1,4-Dioxane − ++ − −
Ethyl acetate − ++ − −
Hexane − ++ − +
NMPb + − − −
DMFb − − − −
2-Propanol − ++ − −
Pyridine ++ − ++ ++
THFb ++ ++ ++ ++
Toluene ++ ++ ++ ++

aThe symbols ++, +, and − represent solubility levels as ″soluble″,
″partially soluble″, and ″insoluble″, respectively. bNMP, DMF, and
THF represent 1-methyl-2-pyrrolidone, N,N-dimethylformamide, and
tetrahydrofuran, respectively.
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there was no observed trend of decreasing temperature of
weight loss with higher content of PDMS, which exhibited
lower Td5 than PPE. However, PPE-b-PDMS composed of
PPE78 exhibited Td5 of around 360 °C, approximately 40 °C
lower than those composed of PPE47. At this stage, the reason
for the lower Td5 exhibited by PPE78-b-PDMS76 and PPE78-b-
PDMS110 is not yet clear; however, PPE77 with nearly the same
molecular weight as PPE78 also showed lower Td5 compared
with PPE47.
PPE47 and a series of PPE-b-PDMS were also analyzed by

differential scanning calorimetry (DSC). DSC curves in the
second scan obtained from PPE47 and PPE-b-PDMS are shown
in Figure 6. The glass transition of PPE47 was observed at 200
°C, consistent with previously reported values.28 In PPE-b-
PDMS, glass transitions derived from the PPE component
were detected around 200 °C. These results suggest phase
separation between PPE and PDMS domains. The glass
transition of each component is observed at a different
temperature from that of the homopolymer when the two
components are not separated. The glass transition of PDMS,
which is reported to be detected around −120 °C,46 was not
observed within the temperature range examined in this study.

Morphological Analysis of PPE-b-PDMS. Morphologies
of PPE-b-PDMS bulk samples were investigated via SAXS and
TEM. Samples discussed in this section were prepared from

either a chloroform solution or a dichloromethane solution.
The samples were subsequently annealed at 250 °C for 24 h,
which is sufficiently higher than the glass transition temper-
atures of PPE and PDMS. TEM observation was conducted
without staining. PPE and PDMS domains appeared as bright
and dark regions in the TEM images. SAXS profiles and TEM
images of PPE-b-PDMS synthesized from PPE47 are shown in
Figure 7. The solvent following the sample name corresponds
to the solvent used for sample preparation. For PPE47-b-
PDMS32_CHCl3, which possesses a volume fraction of PPE
(φPPE) of 0.67, a clear ordered structure was not observed, but
a vague phase separation of spherical PDMS domains in the
PPE matrix can be seen in a TEM image. The SAXS profile
showed a sharp peak marked with a white arrow and a broad
peak marked with a black arrow. These peaks are speculated to
correspond to interparticle interference of the spherical
microdomains, and the scattering from isolated spherical
microdomains, respectively.4 From the TEM and SAXS
analyses, spherical microphase separation is speculated to be
possible in PPE47-b-PDMS32. This behavior deviates from the
phase diagram of the typical microphase-separated structure of
diblock copolymers, where cylinders are stable at a volume
fraction of around 0.67.9 One of the factors contributing to this
deviation is a relatively large polydispersity index (PDI) of
PPE. The effect of PDI on the microphase-separated structure

Figure 5. Thermogravimetric analysis (TGA) results for PPE, PDMS, and PPE-b-PDMS.

Figure 6. Differential scanning calorimetry (DSC) curves obtained from PPE and PPE-b-PDMS. Enlarged views of the temperature range from 110
to 280 °C around the glass transition temperatures are surrounded by dotted squares.
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has been studied based on self-consistent field theory (SCFT),
and it has been shown that the phase diagram changes with an
increase in the PDI of the constituent polymers.25 However, a
block copolymer composed of a polymer with a PDI of 1.2,
which is close to that of PPE-b-PDMS, is reported to exhibit a
phase diagram similar to that of a system, where the influence
of PDI is negligible. Therefore, in the case of PPE-b-PDMS, in
addition to PDI, the conformational asymmetry of the
constituent polymers is also considered to affect the micro-
phase-separated structure. The effect of conformational
asymmetry on the phase diagram has also been investigated
through SCFT calculations.47,48 PPE contains aromatic rings in
its main chain, resulting in low flexibility, whereas PDMS,
composed of Si−O bonds, is highly flexible and can adopt
various conformations, presumably leading to the conforma-
tional asymmetry of PPE-b-PDMS.
PPE47-b-PDMS48_CHCl3 exhibited clear lamellar micro-

domains in a TEM image, verified by peaks at the relative
positions of 1 and √4, in the SAXS profile. Compared with
PPE47-b-PDMS32_CHCl3, a larger φPPE value led to a
morphological change from spheres to lamellae, following a
general microphase separation phase diagram.9

For PPE47-b-PDMS67_CHCl3, both cylindrical and lamellar
microdomains were observed. In the TEM image, the
coexistence of lamellar structures and circular cross-sections
of hexagonally packed cylinders can be seen. The SAXS profile
also indicated the coexistence of lamellae (relative peak
positions at 1, √4, marked with dots) and hexagonally packed
cylinders (relative peak positions at 1, √3, and √4, marked
with triangles). The SAXS profile revealed different d-spacings
for lamellae and cylinders. The volume fraction (φPPE = 0.50)
is considered to be around the boundary between the volume
fractions, where lamellae and cylinders are formed.
In PPE47-b-PDMS76_CHCl3, with an even higher φPPE,

cylindrical microdomains were observed. Interestingly, the
emergence of tetragonally packed cylinders, in addition to
hexagonally packed cylinders, can be seen in a TEM image.
This was confirmed by the peaks at the relative positions of 1,
√4, and √5, marked with dots in the SAXS profile: √5 peak
is characteristic of tetragonally packed cylinders. The SAXS
profile also indicated the emergence of hexagonally packed
cylinders at the relative peak positions of 1, √3, and √4. In
previous studies, tetragonally packed cylinders were observed
in comb−coil block copolymers49,50 and binary block
copolymer blend systems.51−53 In these studies, the formation

Figure 7. SAXS profiles and TEM images of PPE-b-PDMS composed of PPE47. Solvents used for sample preparation are given by the sample name.
Bright and dark regions are the PPE and PDMS domains, respectively.
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of tetragonally packed cylinders was explained by the
contraction of matrix polymer chains based on the orientation
of the lamellar structures organized by the comb block,49,50 or
the contraction of polymer chains through hydrogen
bonding.51 In our study, the mechanism of the development
of tetragonally packed cylinders is still unclear, but it is
assumed that the combination of rigid (PPE) and flexible
(PDMS) polymers is related to the formation. Since PPE is
rigid and lacks flexibility, it presumably avoided dense packing
and formed tetragonally packed cylinders, which possess a
lower density of packing.
In contrast, PPE47-b-PDMS76_DCM exhibited a lamellar

morphology in the SAXS profile and the TEM image. These
results indicate that, despite thermal annealing at a temper-
ature sufficiently higher than the glass transition temperature
after solvent casting, morphologies dependent on the solvent
were formed in PPE47-b-PDMS76. The reason for the solvent-
dependent morphologies will be discussed in the next section.
PPE-b-PDMS composed of PPE78 also exhibited clear

microphase-separated structures (Figure S26). The develop-
ment of lamellae with a larger d-spacing compared to PPE-b-

PDMS comprising PPE47 was verified by SAXS and TEM for
both PPE78-b-PDMS76_CHCl3 (φPPE = 0.59) and PPE78-b-
PDMS110_CHCl3 (φPPE = 0.51). In PPE-b-PDMS composed
of PPE47, the coexistence of lamellae and cylinders was
observed at the φPPE of 0.50, whereas in PPE-b-PDMS
composed of PPE78, lamellae were observed at a similar volume
fraction (φPPE = 0.51), suggesting that lamellae are formed
over a wider composition range as a result of a larger total
number of segments.

Temperature-Modulated SAXS Analysis of PPE47-b-
PDMS76. In PPE47-b-PDMS76, lamellar and cylindrical
morphologies were observed depending on the solvent used
for sample preparation, even after thermal annealing at 250 °C,
which is sufficiently higher than the glass transition temper-
ature of PPE. To investigate this behavior, temperature-
modulated SAXS measurements were conducted for PPE47-b-
PDMS76 samples prepared from chloroform (CHCl3) and
dichloromethane (DCM) within the temperature range of 30−
350 °C. The maximum temperature of 350 °C is approximately
50 °C lower than Td5 of PPE47-b-PDMS76. The results of the
heating process are shown in Figure 8. For both solvents, only

Figure 8. SAXS profiles of PPE47-b-PDMS76 prepared from chloroform (CHCl3) and dichloromethane (DCM) at different temperatures during
heating. HEX, TETRA, and LAM represent hexagonally packed cylinders, tetragonally packed cylinders, and lamellae.
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the first-order peak was observed in the SAXS profile of the as-
prepared sample (30 °C), suggesting the formation of a
disordered microphase-separated structure. The disordered
microphase separation was maintained up to approximately
170−190 °C. Subsequently, a well-defined microphase-
separated structure began to form in the temperature range
of 190−220 °C. This temperature range corresponds to the
glass transition temperature of PPE. At even higher temper-
atures, different phase behaviors were observed for each
sample. For the sample prepared from DCM, lamellae were
observed around 210 °C, and the structure was maintained up
to 350 °C. In contrast, for the CHCl3 sample, cylindrical
structures were observed around 250 °C. At first, only
hexagonally packed cylinders were observed, but at 280 °C,
the formation of tetragonally packed cylinders began to be
observed as well. The cylinders were maintained up to 340 °C,
but at 350 °C, a transition to lamellae was observed. During
the cooling process, the lamellar structure was maintained
down to 30 °C for both samples (Figure S27).
This result suggests that the structural formation process

depends on the solvent affinity for PPE and PDMS. The
solvent affinity was estimated by utilizing Hansen solubility
parameters (δH) (Tables S2 and S3). A larger value of

( )H,Polymer H,Solvent
2 indicates a smaller affinity between a

polymer and a solvent, whereas a smaller value indicates a
larger affinity. Table S3 indicates that CHCl3 possesses a
higher affinity for PDMS, while DCM has approximately equal
affinity for both PPE and PDMS. In the case of CHCl3, its
higher affinity for PDMS caused a larger volume fraction of
PDMS in the as-prepared sample. The apparent increase in the
volume fraction of PDMS (decrease in φPPE value) induced by
the solvent affinity is presumed to promote the formation of
cylindrical structures with PDMS as a matrix. Conversely, since
DCM has an equal affinity for both PPE and PDMS, the
apparent volume fraction of the as-prepared sample was almost
equal to the actual volume fraction (φPPE = 0.47). Therefore, it
is considered that lamellar structures were formed upon
heating. The observation of a transition from cylinders to
lamellae at 350 °C further suggests that the lamellar structure
would be thermodynamically more stable than the cylindrical
structure for PPE47-b-PDMS76 prepared from CHCl3.
In summary, the solvent-dependent morphology observed in

PPE47-b-PDMS76, despite thermal annealing at 250 °C�50 °C
higher than the glass transition temperature�can be explained
by the following two factors. First, the microphase separation
process differs when using CHCl3 and DCM. Second, reaching
a thermodynamically stable structure of PPE47-b-PDMS76
requires an even higher annealing temperature.

■ CONCLUSION
We selectively extracted PPE with a specific molecular weight
through a convenient solvent washing process. By employing
PDMS with controlled characteristics and a highly efficient
hydrosilylation, we precisely obtained a series of PPE-b-PDMS.
Meticulously prepared PPE-b-PDMS exhibited alterations in
the microphase-separated structures, transitioning from
spheres to cylinders depending on the volume fraction of
PPE (φPPE). It was also found that PPE-b-PDMS underwent
different microphase separation pathways, depending on the
solvents used for sample preparation. The observed
morphologies, as well as the synthetic method described in
this study, can be applied to the further development of PPE-

based materials, such as PPE-containing block copolymers and
materials with internally controlled nanometer-scale structures.
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