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ABSTRACT: The nanostructured phenolic thermosets were prepared from the ternary mixtures composed of novolac resin,
poly(styrene-alt-maleic anhydride)-block-polystyrene [P(S-alt-MAH)-b-PS] diblock copolymer, and hexamethylenetetramine,
which were cured at elevated temperature. The P(S-alt-MAH)-b-PS diblock copolymer was synthesized via a one-pot RAFT
polymerization approach. The morphologies of the nanostructured thermosets were modulated by changing the content of the
diblock copolymer. The as-obtained nanostructured phenolic thermosets were further used as the precursors to obtain the
mesoporous carbons via pyrolysis under highly pure nitrogen atmosphere. The mesoporous carbons were successfully obtained
with adjustable porosity. The mesoporous carbons had specific surface areas of 398.9−491.4 m2 g−1 and pore volumes of
0.22−0.31 cm3 g−1.

■ INTRODUCTION

Highly porous carbons are a class of important materials which
have applications in a variety of fields such as gas separation,1,2

sorption catalysis,3,4 and energy storage and conversion.5,6

In terms of pore sizes, this class of materials can be classified
into (i) microporous, (ii) mesoporous, and (iii) macroporous
carbons.7 Of them, considerable interest has been attracted to
mesoporous carbons due to their large specific surface area
and easily accessible pores. Generally, mesoporous carbons can
be synthesized via so-called “hard-” and “soft-template”
approaches.8 For the hard-template approach, some inorganic
templates such as silica9−15 and alumina nanoparticles16−18

are dispersed (or arranged) in the precursors of carbon. The
resulting mesoporous carbons are then obtained via pyrolysis
of the precursors. For the soft-template approach, amphiphilic
molecules are incorporated into carbon precursors and the
nanophases were then generated via a self-assembly mechanism.
The size and morphologies of the self-assembled nanophases in
the carbon precursors can be modulated with types, composi-
tion, and volume fractions of amphiphilic molecules in the
carbon precursors. As a class of high-molecular-weight soft
templates, amphiphilic block copolymers can be introduced to
obtain the mesopores carbons with large nanopores.19−30 In
favorable cases, block copolymers themselves have been applied
as the precursors of mesoporous carbons. For instance, the
amphiphilic block copolymers containing polyacrylonitrile
subchains can be directly carbonized into mesoporous carbons,

the mesoporous structures of which can be modulated via
self-assembled behavior of the block copolymers in bulk.31−33

Alternatively, block copolymers can be regarded as soft templates
to access the nanodomains in carbon precursors; the subsequent
carbonization and pyrolysis of the nanostructured precursors
would afford the mesoporous carbons.34−38 Under this circum-
stance, it is required that the block copolymers contain the
subchains which are miscible and immiscible with carbon
precursors, respectively. The amphiphilicity of block copolymer
is crucial to ensure the generation of the self-assembled nano-
structure in carbon precursors.
Phenolic resins are a class of important thermosets for the

production of adhesives, coatings, and electronic encapsulation
materials.39 Phenolic resins are also important precursors to
obtain carbon materials with high yields.40−42 In the past years,
there have been a few reports on the synthesis of mesoporous
carbons with nanostructured phenolic thermosets containing
block copolymers as precursors. For instance, Zhao et al.21,43−47

reported the formation of mesoporous carbons from mixtures
of resol-type phenolic thermosets with poly(ethylene oxide)-
block-polystyrene diblock copolymer and poly(ethylene oxide)-
block-poly(propylene oxide)-block-poly(ethylene oxide) triblock
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copolymer. Ikkala et al.36 reported the utilization of novolac-
type phenolic thermosets to access mesoporous carbons with
polystyrene-block-poly(4-vinylpyridine) diblock copolymer as
the template. Zheng et al.37 reported the preparation of
mesoporous carbons from novolac resin and poly(ethylene
oxide)-block-polystyrene diblock copolymer. By using poly-
(ethylene oxide)-block-(ε-caprolactone) diblock copolymer,
Kuo et al.48,49 also obtained nanoporous carbon with novolac-
type phenolic thermosets as precursors. In all these previous
works, the amphiphilic block copolymers contain the proton-
accepting blocks such as poly(ethylene oxide) and poly(4-
vinylpyrrolidine) or/and poly(2-vinylpyrrolidine), which were
able to form hydrogen bonds with phenolic networks. The specific
intermolecular reactions are critical to suppress the macroscopic
phase separation in the multicomponent system.31−49 None-
theless, a question arises if such specific intermolecular interac-
tions are required. If not, are there other interactions (e.g., inter-
component chemical reaction50) which can be utilized to achieve
this end? To the best of our knowledge, such an investigation
remains largely unexplored.

Herewith, we explored preparing nanostructured phenolic
thermosets containing poly(styrene-alt-maleic anhydride)-block-
polystyrene [P(S-alt-MAH)-b-PS], a novel diblock copolymer

Scheme 1. Synthesis of P(S-alt-MAH)-b-PS Block Copolymer

Figure 1. 1H NMR spectrum of P(S-alt-MAH)-b-PS diblock
copolymer in CDCl3.

Figure 2. GPC curve of P(S-alt-MAH)-b-PS block copolymer.

Figure 3. AFMmicrographs of phenolic thermosets containing (A) 10, (B)
20, (C) 30, and (D) 40 wt % of P(S-alt-MAH)-b-PS diblock copolymer.
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which is capable of reacting with phenolic networks. The nano-
structured phenolic thermosets were then employed as pre-
cursors to access the mesoporous carbons. This block copo-
lymer can be readily synthesized with a one-pot living radical
polymerization approach.51−53 It is expected that the inter-
component chemical linkages between the phenolic network and
the P(S-alt-MAH) subchains would be formed via the inter-
component esterification between phenolic hydroxyl and anhydride
groups. The intercomponent reaction can suppress the macro-
scopic phase separation of the diblock copolymer during the curing
process. In this article, the morphologies of the nanostructured
thermosets were modulated by changing the content of the diblock
copolymer. The morphologies of the mesoporous carbons
resulting from the thermosetting precursors have been charac-
terized by using transmission electronic microscopy and small-
angle X-ray scattering. Specific surface areas have been measured
in terms of nitrogen absorption−desorption measurements.

■ EXPERIMENTAL SECTION

Materials. Novolac resin was kindly supplied by Rheine
Chem. Co. Germany; it had a quoted molecular weight of Mn =
950 Da. 2-(Dodecylthiocarbonothioylthio)-2-methylpropanoic
acid was synthesized by following literature methods.54 Styrene
(St), maleic anhydride (MAH), hexamethylenetetramine (HMTA),
and azodiisobutyronitrile (AIBN) were purchased from Shanghai
Reagent Co. China. The organic solvents such as 1,4-dioxane,

petroleum ether, and dichloromethane were received from
commercial sources.

Figure 4. TEM micrographs of phenolic thermosets containing (A) 10, (B) 20, (C) 30, and (D) 40 wt % of P(S-alt-MAH)-b-PS diblock copolymer.

Figure 5. SAXS curves of phenolic thermosets phenolic thermosets
containing (A) 10, (B) 20, (C) 30, and (D) 40 wt % of P(S-alt-MAH)-
b-PS diblock copolymer.

Industrial & Engineering Chemistry Research Article

DOI: 10.1021/acs.iecr.6b03048
Ind. Eng. Chem. Res. 2016, 55, 11502−11511

11504

www.sp
m.co

m.cn

http://dx.doi.org/10.1021/acs.iecr.6b03048


Synthesis of P(S-alt-MAH)-b-PS Diblock Copolymer.
To a 25 mL flask, St (4.000 g, 38.5 mmol), MAH (0.500 g,
5.10 mmol), AIBN (8.200 mg, 0.05 mmol), and 2-(dode-
cylthiocarbonothioylthio)-2-methylpropanoic acid (0.072 g,
0.198 mmol) were dissolved in 5 mL of 1,4-dioxane. The
mixture was purged with nitrogen for 45 min, and then the flask
was immersed into an oil bath at 65 °C for polymerization for
24 h. Cooled to ambient temperature, 10 mL of 1,4-dioxane
was added to dissolve the product. The solution was dropwise
added into 100 mL of petroleum ether to obtain the pre-
cipitates. After being dried in vacuo at 25 °C for 24 h, diblock
copolymer (3.000 g) was obtained with a yield of 66.7%.
1H NMR (CDCl3, ppm): 7.10−7.26 (50H, protons of phenyl
groups); 3.68 (2H, −CHCH−); 1.10−2.10 (15H, −CH2− and
−CH(C6H5)− in the backbone of PS chain). GPC: Mn =
15 000 Da with Mw/Mn = 1.10.
Preparation of Phenolic Thermosets. Typically, P(S-alt-

MAH)-b-PS diblock copolymer (0.400 g) and novolac (3.300g)
were dissolved in dichloromethane (5 mL) at room temperature,
and then HMTA (0.330g) dissolved in 2 mL of dichloromethane
was added to the mixture; the mixture was agitated for 30 min.
The majority of solvents were removed via evaporation at
ambient temperature overnight; the residual solvents were then
eliminated in vacuo at 60 °C for 4 h. The mixture was transferred
to aluminum foil, and they were cured at 100 °C for 2 h, 150 °C
for 2 h, and 190 °C for an additional 30 min.
Preparation of Mesoporous Carbons. The above phenolic

thermosets were carbonized in a tube furnace at elevated temper-
ature. In a highly pure nitrogen atmosphere, the thermosets were
first heated to 150 °C and maintained at 150 °C for 30 min.
Thereafter, the temperature of the furnace was enhanced to
450 °C at a rate of 2 °C min−1 and maintained at 450 °C for 3 h.
After that the temperature was further increased to 600 °C at
a rate of 1 °C min−1. Finally, the temperature was enhanced to
800 °C at a rate of 5 °C min−1; the samples were maintained at
800 °C for 7 h to attain complete carbonization.
Measurements and Characterization. Proton nuclear

magnetic resonance (1H NMR) spectroscopy was conducted
on a Bruker AVANCE III HD 400 spectrometer. Gel permea-
tion chromatography (GPC) was conducted on a DAWN EOS
apparatus equipped with three styragel columns; THF was
used as the eluent. Infrared spectroscopy was conducted on a
PerkinElmer Paragon 1000 FTIR spectrometer. The samples
were ground and mixed with potassium bromide pellets, and
the mixtures were then pressed into thin flakes. Atomic force
microscopy (AFM) was performed on a CSPM 5500 atomic
force microscope operating with a tapping mode. Silicon
probes with a length of 125 μm and a resonant frequency of
ca. 300 kHz were used for the measurements. The morphologies
were observed on a JEOL JEM-2010 transmission electron
microscope operating at 120 kV. The phenolic thermosets were
sliced into ultrathin sections with a thickness of ca. 70 nm. To
increase the difference in electron density, the sections were stained
with RuO4. To observe the morphologies of mesoporous carbons,
the carbons were first grounded and the powder was dispersed in
ethanol via sonication; the suspensions were dropped on copper
grids, and then the solvent was removed before the measurements.
The SAXS experiments were conducted on the BL16B station
of Shanghai Synchrotron Radiation Facility.55 Nitrogen sorption
and desorption measurements were carried out on an ASAP 2010
gas sorption analyzer at 77 K on the basis of Brunauer−Emmett−
Teller (BET) measurements. Pore size distribution was examined
with the nonlocal density functional theory (NLDFT) method.

■ RESULTS AND DISCUSSION
Synthesis of P(S-alt-MAH)-b-PS Diblock Copolymer.

The synthesis of P(S-alt-MAH)-b-PS diblock copolymer is
depicted in Scheme 1. A one-pot route via RAFT polymer-
ization was employed to obtain the diblock copolymer. It has
been realized that the pair of St and MAH monomers can
form a typical charge transfer complex (CTC).56 The CTC
formation is readily utilized to obtain P(S-alt-MAH) alternating
copolymer via a conventional free radical polymerization, while
the molar ratio of maleic anhydride to styrene was 1:1.56−58

On the same principle, a P(S-alt-MAH)-b-PS diblock
copolymer can be prepared while styrene was in excess and a
living radical polymerization was carried out.51−53 In this work,
we synthesized a P(S-alt-MAH)-b-PS diblock copolymer with a
one-pot RAFT polymerization approach. The polymerization
was carried out with 2-(dodecylthiocarbonothioylthio)-2-
methylpropanoic acid as the chain transfer agent and AIBN
as the initiator; the feed molar ratio of MAH to St was fixed
at 1:7.5 to afford a diblock copolymer with the desired mass
fraction of PS subchain. Figure 1 shows the 1H NMR spectrum
of P(S-alt-MAH)-b-PS diblock copolymer. The resonance
peaks appearing at 1.58, 1.84, and 7.10−7.26 ppm are attributed
to the protons of the methylene, methine, and phenyl groups in
PS block, respectively. The resonance peak at 3.68 ppm is
attributed to the protons of the methine group of maleic moiety
in P(S-alt-MAH) block. According to the integral ratio of
methine protons of PMAH to phenyl protons of PS, the mass
ratio of P(S-alt-MAH)] to PS block was estimated to about
be 1:4. The molecular weight of P(S-alt-MAH)-b-PS diblock
copolymer was measured by GPC (see Figure 2). This diblock
copolymer had a molecular weight of Mn = 15 000 with
Mw/Mn = 1.10. The 1H NMR and GPC results are indicative

Figure 6. FTIR spectra of (A) P(S-alt-MAH)-b-PS block copolymer,
(B) the mixture of novolac, HMTA, and 30 wt % of P(S-alt-MAH)-b-
PS at room temperature, (C) the phenolic thermoset containing 30 wt %
of P(S-alt-MAH)-b-PS diblock copolymer, and (D) novolac resin.
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of the successful synthesis of P(S-alt-MAH)-b-PS diblock
copolymer.
Nanostructured Phenolic Thermosets. The mixtures

composed of novolac, P(S-alt-MAH)-b-PS diblock copolymer,
and HMTA at 10 wt % with respect of novolac resin were
cured. By controlling the mass ratios, the phenolic thermosets
were prepared with contents of block copolymer up to 40 wt %.
All the phenolic thermosets containing P(S-alt-MAH)-b-PS were
transparent and homogeneous, suggesting that no macroscopic
phase separation occurred. The morphologies of the as-
synthesized phenolic thermosets containing P(S-alt-MAH)-b-
PS were studied by AFM, TEM, and SAXS. Figure 3 shows
AFM micrographs of the phenolic thermosets with different
contents of P(S-alt-MAH)-b-PS. In the AFM micrographs, the
height and phase shift images were in the left- and right-
hand sides, respectively. From height images, it is seen that the
surfaces of the sections were quite flat and smooth. Therefore,
the phase shift images would reflect the phase separation
behavior. The phase shift images showed that all phenolic
thermosets displayed microphase-separated structure. In terms
of the content of P(S-alt-MAH)-b-PS in the thermosets and the
difference in viscoelastic properties between PS and phenolic
matrix, it is judged that the dark domains resulted from the
PS blocks whereas the light regions were attributable to the
phenolic matrix which remained mixed with the P(S-alt-MAH)

block. The microphase-separated morphologies were further
demonstrated by TEM measurements (See Figure 4). To
increase the difference in electron density, the specimens were
stained with RuO4. In this case, phenolic matrix can be stained
whereas the PS microdomains remained unvaried. Therefore,
the dark region in the TEM micrographs are responsible for
phenolic matrices whereas the light to PS microdomains.
Notably, the spherical and/or worm-like PS nanophases
with a diameter of 10−30 nm were homogeneously dispersed
into phenolic matrices. The number of the PS microdomains
increased as the content of P(S-alt-MAH)-b-PS diblock copolymer
increased.
The nanostructured phenolic thermosets were further

subjected to SAXS; the SAXS curves are presented in Figure 5.
All the thermosets displayed the scattering phenomena, sug-
gesting that the phenolic thermosets containing P(S-alt-MAH)-
b-PS were indeed microphase-separated. The scattering intensity
increased with the percentage of P(S-alt-MAH)-b-PS in the
phenolic thermosets. As the content of P(S-alt-MAH)-b-PS
increased, the primary scattering peaks of SAXS curves shifted to
the higher q positions, suggesting that the distances among the
adjacent microdomains were significantly decreased. This result
was in accordance with the observations from AFM and TEM.
These morphological results indicate that the nanostructured
phenolic thermosets were successfully obtained.

Figure 7. TEM micrographs of the mesoporous carbons from the phenolic thermosets containing (A) 10, (B) 20, (C) 30, and (D) 40 wt % of
P(S-alt-MAH)-b-PS.
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It is judged that in the nanostructured thermosets PS blocks
were segregated from phenolic matrix to form the isolated
microdomains and P(S-alt-MAH) block remained mixed with
the phenolic networks. The intimate mixing of P(S-alt-MAH)
blocks with phenolic matrix is attributable to the intercomponent
esterification between phenolic hydroxyl groups of phenolic
network and anhydride groups of P(S-alt-MAH) block at elevated
temperature. This reaction was readily confirmed by FTIR
spectroscopy. Figure 6 shows the FTIR spectra of P(S-alt-MAH)-
b-PS, the mixture of the phenolic precursors (viz. novolac +
HMTA) with 30 wt % of P(S-alt-MAH)-b-PS before the curing
reaction, the cured blends, and novolac resin. For P(S-alt-MAH)-
b-PS (see curve A), the characteristic bands at 1782 and
1856 cm−1 are assignable to the symmetric and asymmetric
stretching vibration of anhydride carbonyl groups.59 For the
blends of the phenolic precursors (viz. novolac + HMTA) with
the diblock copolymer (30 wt %), these two bands were also
discernible (see curve B). After the mixture was cured at elevated
temperature, both of the bands completely disappeared; con-
currently a new band at 1687 cm−1 appeared, responsible for the
stretching vibration of ester carbonyl groups (see curve C). FTIR
spectroscopy indicates that covalent bonds were indeed formed
between phenolic matrix and P(S-alt-MAH) of the diblock
copolymer.

Mesoporous Carbons. The nanostructured phenolic
thermosets containing P(S-alt-MAH)-b-PS were used as the
precursors, which were then carbonized at a temperature as high
as 800 °C, to obtain the mesoporous carbons. In the process of
pyrolysis, the PS microdomains would be eliminated, leaving the
nanopores, whereas the matrices composed of phenolic network
and P(S-alt-MAH) would be carbonized into carbons. The
morphologies of the resulting carbons were examined by using
TEM and the TEM micrographs are shown in Figure 7. Notably,
all samples displayed the heterogeneous morphologies. It should
be pointed out that the TEM specimens were prepared without
staining steps. According to the difference in electron density,
the light and spherical (or worm-like) features are attributed to
the nanopores formed due to the removal of the PS micro-
domains in the process of carbonization whereas the dark
regions to the carbon matrices from the carbonization of the
phenolic matrices. It is noted that in all cases nanopores with a
diameter of 10−20 nm were formed. It is observed that the
number and size of the nanopores increased with the content of
P(S-alt-MAH)-b-PS in the phenolic thermosets. As the content
of diblock copolymer in the thermosets was 40 wt % (i.e.,
the content of PS block was 32 wt %), the nanopores became
interconnected, i.e., some worm-like (or cylindrical) nanopores
were generated.
The mesoporous carbons were subjected to SAXS and

SAXS curves as presented in Figure 8. In all cases, scattering
phenomena were exhibited, which indicated that the nanopores
were indeed formed. The scattering intensity increased with the
concentration of P(S-alt-MAH)-b-PS in the thermosets. Com-
pared to the corresponding phenolic thermosets, the SAXS
profiles of the mesoporous carbons displayed the following
features: (i) the primary scattering peaks shifted to the higher
q value position and (ii) all scattering peaks were constantly at a
values of qm= 0.52 nm−1, in marked contrast to the observation
that the primary peaks increasingly shifted to higher q positions
with the increase of the content P(S-alt-MAH)-b-PS diblock
copolymer in the thermosets. In comparison with the nano-
structured phenolic thermosets containing P(S-alt-MAH)-b-PS,
there could be the following changes involved with the forma-
tion of the mesopores in the carbon materials. First, the volume
shrinkage induced by carbonization would occur due to the
removal of the labile components (i.e., oxygen and hydrogen
elements). This change resulted that the average distance
between the adjacent nanopores in the mesoporous carbon was
smaller than that between the PS microdomains in the phenolic
thermoset. As a consequence, the long period in the meso-
porous carbons was smaller than those in the corresponding
nanostructured thermosets. Second, the size of the nanopores
in the carbon materials could be larger than that of the PS
microdomains in the phenolic matrix. In the nanostructured
thermosets, the P(S-alt-MAH) blocks were intimately mixed

Figure 8. SAXS curves of the mesoporous carbon from the phenolic
thermosets containing (A) 20, (B) 20, (C) 30, and (D) 40 wt % of
P(S-alt-MAH)-b-PS diblock copolymer.

Scheme 2. Preparation of Mesoporous Carbon
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with phenolic networks and around the PS microdomains
owing to their chemical linkage with PS blocks. The pyrolysis of
these P(S-alt-MAH) blocks left a great number of micropores
around nanopores (see Scheme 2). It is proposed that the size
of the resulting nanopores would encompass the contribu-
tion from this portion of micropores. The increase in sizes of
nanopores can be reflected in the decrease in long period in the
SAXS measurement. In addition, the nanopores could become
interconnected owing to the formation of the microdomains
around the nanopores, especially when the concentration of
PS block was very high (e.g., 32 wt %) (see Figure 7D). The
interconnected (or worm-like) nanopores in the carbon matrix
would display a form factor scattering different from the spherical
PS microdomains.
The above mesoporous carbons were subjected to nitrogen

sorption−desorption experiments; the nitrogen sorption−
desorption isotherms are shown in Figure 9. All mesoporous
carbons displayed type-IV isotherms and a H2-type hysteresis
loop; meanwhile, the capillary condensation phenomena appeared
at the higher P/P0 region (e.g., P/P0 > 0.9). This observation
suggests that cage-like nanopores with small windows (i.e.,
micropores) in the walls existed. It is proposed that the nanopores
resulted from removal of the PS microdomains, whereas the

micropores were from the pyrolysis of P(S-alt-MAH) blocks in
the surrounding of the the PS microdomains. The specific surface
areas were calculated to be 398.9, 452.9, 491.4, and 474.7 m2 g−1

for the mesoporous carbons from the thermosets with contents
of P(S-alt-MAH)-b-PS 10, 20, 30, and 40 wt %, respectively.
The corresponding pore volumes were 0.22, 0.25, 0.31, and
0.26 cm3 g−1, respectively (Table 1). It is found that the values
of the specific surface area and pore volume increased with the
content of diblock copolymer in the thermosets. Notably, both
values of the carbon from the thermoset containing 40 wt % of
P(S-alt-MAH)-b-PS were lower than that of the mesoporous

Figure 9. Nitrogen sorption and desorption isotherms of the mesoporous carbons from the phenolic thermosets containing (A) 10, (B) 20, (C) 30,
and (D) 40 wt % of P(S-alt-MAH)-b-PS diblock copolymer.

Table 1. Pore Volume and Surface Area of Mesoporous
Carbon Materials

samplesa

concentration of
block copolymer

(wt %)

concentration
of PS block
(wt %)

pore
volume
(cm3/g)

surface
area

(cm2/g)

MC1 10 8 0.22 398.9
MC2 20 16 0.25 452.9
MC3 30 24 0.31 491.4
MC4 40 32 0.26 474.7

aMC1, MC2, MC3, and MC4 stand for the mesoporous carbons from the
phenolic thermosets containing P(S-alt-MAH)-b-PS diblock copolymer.

Industrial & Engineering Chemistry Research Article

DOI: 10.1021/acs.iecr.6b03048
Ind. Eng. Chem. Res. 2016, 55, 11502−11511

11508

www.sp
m.co

m.cn

http://dx.doi.org/10.1021/acs.iecr.6b03048


carbons from the thermoset containing 30 wt % of P(S-alt-
MAH)-b-PS. This observation could be interpreted as the forma-
tion of a great number of worm-like (or cylindrical) nanopores in
the carbon.
In this work, the pore size distributions of the mesoporous

carbons were analyzed using the NLDFT method60−62 since the
pore sizes were beyond the range of micromesopores. Figure 10
shows plots of incremental pore volumes of the mesoporous
carbons as a function of the pore width. Notably, the pore
volumes of all mesoporous carbons displayed a broad distribution.
Some pores had a width of 20−40 nm, whereas others were
smaller than 10 nm in width. The larger pores could be generated
with pyrolysis of the PS microdomains in the thermosets, whereas
pores with a smaller width were attributable to the microdomains
resulting from pyrolysis of the matrix (Scheme 2). It should be
pointed out that the values of the pore width according to NLDFT
were different from those from TEM owing to the methodological
difference in the measurement of pore volumes.60−62 Nonetheless,
the results of the nitrogen sorption-desorption measurements
indicate that the mesoporous carbons with adjustable porosity
were successfully obtained.

■ CONCLUSIONS
Mesoporous carbons were successfully prepared from the nano-
structured phenolic thermosets containing [P(S-alt-MAH)-b-PS],

a new block copolymer. The nanostructured phenolic thermosets
were prepared from ternary mixtures composed of novolac resin,
poly(styrene-alt-maleic anhydride)-block-polystyrene [P(S-alt-
MAH)-b-PS] diblock copolymer, and hexamethylenetetramine,
which were cured at elevated temperature. In the thermosets, PS
homopolymer subchains were segregated from phenolic matrix
as the PS microdomains whereas the P(S-alt-MAH) blocks
remained mixed with the phenolic matrix owing to formation of
the covalent bonds via esterification between phenolic hydroxyl
groups of the phenolic network and anhydride groups of the
P(S-alt-MAH) block. The nanostructured phenolic thermosets
were successfully carbonized into the mesoporous carbon.
Depending on the composition of the nanostructured phenolic
thermosets, mesoporous carbons with adjustable porosity were
successfully obtained.
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