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Highly Ordered Mesoporous Carbonaceous Frameworks from a Template of
a Mixed Amphiphilic Triblock-Copolymer System of PEO-PPO-PEO and

Reverse PPO-PEO-PPO
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Abstract: A series of highly ordered
mesoporous carbonaceous frameworks
with diverse symmetries have been suc-
cessfully synthesized by using phenolic
resols as a carbon precursor and mixed
amphiphilic surfactants of poly(ethyl-
ene oxide)-b-poly(propylene oxide)-b-
poly(ethylene  oxide) (PEO-PPO-
PEO) and reverse PPO-PEO-PPO as
templates by the strategy of evapora-
tion-induced organic—organic self-as-
sembly (EISA). The transformation of
the ordered mesostructures from face-

ieved by simply adjusting the ratio of
triblock copolymers to resol precursor
and the relative content of PEO-PPO-
PEO copolymer F127, as confirmed by
small-angle X-ray scattering (SAXS),
transmission  electron  microscopy
(TEM), and nitrogen-sorption meas-
urements. The blends of block copoly-
mers can interact with resol precursors
and tend to self-assemble into cross-
linking micellar structures during the
solvent-evaporation process, which pro-

vides a suitable template for the con-
struction of mesostructures. The assem-
bly force comes from the hydrogen-
bonding interactions between organic
mixed micelles and the resol-precursor
matrix. The BET surface area for the
mesoporous carbonaceous samples cal-
cined at 600°C under nitrogen atmos-
phere is around 600 m?g!, and the
pore size can be adjusted from 2.8 to
5.4 nm. An understanding of the organ-
ic-organic self-assembly behavior in
the mixed surfactant

centered (Fd3m) to body-centered
cubic (Im3m), then 2D hexagonal
(P6mm), and eventually to cubic bicon-
tinuous (Ia3d) symmetry has been ach-

Introduction

Ordered mesoporous carbonaceous materials have attracted
tremendous attention owing to their potential applications
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amphiphilic
system would pave the way for the syn-
thesis of mesoporous materials with
controllable structures.

block

in many areas of materials science, such as catalysis,!'! sen-
sors,” bioreactors,”) energy storage,* and so on. Carbona-
ceous materials from templates of amphiphilic triblock co-
polymers can form ordered mesostructures with high surface
areas and narrow pore-size distributions. The key to the suc-
cessful generation of mesoporous carbonaceous materials is
to utilize organic—organic self-assembly with appropriate
block copolymers to construct the mesostructure.®
Recently, a series of mesoporous polymers and carbon
materials with different symmetries have been prepared by
using a variety of amphiphilic triblock polymers as tem-
plates.”" As opposed to the large number of available surfac-
tants, only a fraction of these amphiphilic triblock copoly-
mers can be utilized to produce highly ordered mesostruc-
tures. The most commonly used triblock copolymers are of
the type poly(ethylene oxide)-b-poly(propylene oxide)-b-
poly(ethylene oxide) (PEO-PPO-PEQ), which are commer-
cially available as pluronics or synperonics. PEO-PPO-PEO
triblock copolymers have established morphological behav-
ior, and the interplay between block immiscibility and con-
nectivity generates a rich variety of mesoscopic structures.!®!
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Tanaka et al. used resorcinol/formaldehyde as carbon pre-
cursors and triblock copolymer F127 (EO,,,PO;EO,() as a
template to prepare mesoporous carbon materials with
channel structures by direct carbonization.”! Meanwhile, by
using amphiphilic triblock copolymers as a template and a
soluble low-molecular-weight polymer of phenol and formal-
dehyde as a precursor, mesoporous polymer and carbon ma-
terials with Pémm and Im3m symmetries were synthesized
by Meng et al.'"%!!l Bicontinuous /a3d carbonaceous meso-
structures can also be obtained by using triblock copolymer
P123 (EOQ,PO,,EO,,) as a template.">'¥) Liang and Dai em-
ployed phloroglucinol/formaldehyde as a carbon source,
with enhanced hydrogen-bonding interactions of the triblock
copolymer F127 template, to form 2D hexagonal mesopo-
rous carbon materials with different morphologies.!""

In contrast, the reverse triblock copolymers PPO-PEO-
PPO are rarely used in the synthesis of ordered mesoporous
materials, ™ because of the difficulty of formation of oil-in-
water micelles."*'®! The hydrophobic PPO blocks of PPO-
PEO-PPO are present at both ends, and their hydrophobic
effect is significant; this enables the copolymers to form a
hard micelle, thus resulting in the characteristic phases that
occur in the inverse system PEO-PPO-PEO."?! Very re-
cently, we intentionally used a reverse PPO-PEO-PPO tri-
block copolymer with a long PEO segment in the synthesis
of ordered mesoporous polymer and carbon materials,
which extended the category of templates available.

Template synthesis from a mixed-surfactant system has
been proven to be a versatile and efficient approach to ach-
ieve highly ordered mesoporous materials with different
symmetries. Charged mixed-surfactant systems, which in-
clude cationic—cationic®™?! and cationic-anionic®' mixed-
surfactant systems, have already been utilized to synthesize
ordered mesoporous silicates. Moreover, surfactant systems
that involve the triblock copolymer PEO-PPO-PEO, by as-
sociating with ionic surfactants,*® diblock copolymers,*” or
triblock copolymers PEO-PPO-PEO with variable chain
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length,” can also work well in the generation of ordered
mesostructured silicates. However, there is no report about
the synthesis of ordered mesostructures by using mixed am-
phiphilic triblock copolymers PEO-PPO-PEO and reverse
PPO-PEO-PPO as templates.

Herein, we demonstrate a synthesis of ordered mesostruc-
tured carbonaceous materials by using mixed PEO-PPO-
PEO and reverse PPO-PEO-PPO triblock copolymers as
templates. A series of highly ordered mesoporous polymers
and carbon materials with 2D hexagonal P6mm and cubic
Fd3m, Im3m, and la3d structures were achieved by simply
adjusting the ratios of F127, reverse POs;EO;3POs; (desig-
nated R1), and phenolic resol precursors through a solvent-
evaporation-induced self-assembly (EISA) process.""*! The
mixed-block-copolymer system can interact with resols and
tend to self-assemble into micellar structures, which provide
a suitable template for constructing mesostructures. Synergy
effects provide the mixed-triblock-copolymer system with
abundant phase behavior.

Highly ordered mesoporous carbonaceous materials of
various symmetries were prepared by using phenolic resol
as a precursor and mixed triblock copolymers F127-R1 as a
template through the solvent EISA method. Pyrolysis above
350°C under nitrogen atmosphere removed the templates,
and further calcination above 600°C resulted in the corre-
sponding mesoporous carbonaceous frameworks. In the ex-
periments, all the samples were calcined at 600°C under N,
for convenience of comparison.

Results and Discussion
Face-Centered Fd3m Mesostructure

Ordered mesoporous carbonaceous materials with face-cen-
tered cubic structures (space group Fd3m) can only be syn-
thesized in the reverse-triblock-copolymer (R1) system with
a copolymer/phenol/formaldehyde molar ratio of 0.0065:1:2,
and addition of a small amount of F127 can influence the
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mesophase. The small-angle X-ray scattering (SAXS) pat-
tern of the as-synthesized sample S1 shows six poorly re-
solved peaks (Figure 1a). After calcination at 600°C under
nitrogen, the SAXS pattern of the sample became more re-
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Figure 1. a) SAXS pattern and b) nitrogen-sorption isotherm (inset: pore-
size distribution) for the face-centered cubic Fd3m mesoporous carbon
sample (S1). ¢) SAXS pattern and d) nitrogen-sorption isotherm (inset:
pore-size distribution) for the body-centered cubic Im3m mesoporous
carbon sample (S2).

solved, and eight diffraction peaks were observed. The g-
value ratios of these peaks are
V3:/8:v/11:v/19:/27:4/36:1/56:1/76, which were carefully in-
dexed as the 111, 220, 311, 331, 333 (511), 442 (and/or 600),
642, and 662 reflections of the face-centered cubic meso-
structure with space group Fd3m. The lattice parameters for
the as-synthesized and calcined samples were calculated!!?
to be 45.1 and 32.6 nm, respectively, thus suggesting a
framework shrinkage of 27.7%. This indicates that the
framework undergoes a further condensation process during
calcination. The representative TEM images and corre-
sponding Fourier diffractograms (Figure 2a and b) show
that the sample S1 contains a high degree of periodicity
over large domains, viewed from the [110] and [211] direc-
tions. The observable reflections from the Fourier diffracto-
grams and the SAXS data can be summarized as {hkl: h+k,
h+1, k+1=2n}, {0ki: k+[=4n}, and {h00: h=4n}, which
further confirms that the mesostructure has highly ordered
face-centered cubic (Fd3m) symmetry. The 600 reflection is
forbidden for the Fd3m mesostructure. Therefore, it can be
removed from the SAXS patterns. The lattice parameter es-
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Figure 2. TEM images (inset: Fourier diffractograms) taken along the
a) [110] and b) [211] directions of the face-centered cubic Fd3m mesopo-
rous carbon sample (S1), and along the c) [100] and d) [111] directions of
the body-centered cubic Im3m mesoporous carbon sample (S2).

timated from TEM images is approximately 31.9 nm, which
is consistent with that determined from the SAXS data.

The nitrogen adsorption—desorption isotherms (Figure 1b)
of the calcined sample S1 exhibit typical type-IV curves
with an H,-type hysteresis loop, thus implying the caged
mesopores with small windows. Notably, a broad capillary
condensation characteristic with two clear rapidly increasing
steps was observed in the adsorption branch at a relative
pressure (P/P,) of 0.4-0.7. Bimodal pore-size distributions
were clearly observed (Figure 1b, inset), which suggests that
the carbonaceous sample (S1) has two types of caged meso-
pores related to the face-centered cubic Fd3m mesostruc-
ture.’”3Y The calculated pore size of the small cages is
32nm and that of large cages is 5.4 nm. The Brunauer—
Emmett-Teller (BET) surface area of calcined sample S1 is
590 m?>g~!, and the pore volume is 0.35 cm®*g~' (Table 1).

Body-Centered Im3m mesostructure

A mesophase transformation occurred with an increase in
the amount of triblock copolymer F127 in the organic-or-
ganic self-assembly. The SAXS pattern (Figure 1c) of the
as-synthesized sample S2 shows six resolved diffraction
peaks with g values of 0.469, 0.661, 0.812, 0.938, 1.048, and
1.241 nm™!. After calcination at 600°C under N,, the diffrac-
tion peaks became more resolved and shifted to higher g
values with ratios of 1:v/2:v/3:v/4:/5:y/7. Taken with the
TEM observations (see below), these diffractions were in-
dexed as the 110, 200, 211, 220, 310, and 321 reflections of
the body-centered cubic mesostructure with space group
Im3m. The lattice parameters were calculated for the as-syn-
thesized and calcined samples S2 to be 18.9 and 13.0 nm, re-
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Table 1. Physicochemical properties of mesoporous carbonaceous materials with different symmetries (calcined at 600°C in N,) prepared with a mixture

of triblock copolymers as templates by the EISA method.

Samples Mesostructure Cell parameter BET surface Micropore area Pore size Pore volume
Copolymers/phenol/formaldehyde ~ R1/F127 [nm] area [m’g'] [m*g~"] [nm] [em*g™!]
0.0065:1:2 00 Fd3m 32.6 590 400 32,54 0.35

2:1 Im3m 13.4 600 400 3.7 0.35
1:1 Im3m 13.0 600 390 3.7 0.37
1:2 Im3m 12.9 590 390 3.7 0.39
0 Im3m 12.7 580 400 38 0.36
0.013:1:2 00 Pomml?! 11.2 650 380 34 0.38
2:1 Pomml?! 10.5 630 350 33 0.39
1:1 P6mm 9.6 600 310 33 0.37
12 Pémm 9.7 600 310 32 0.38
0 Pémm 9.2 590 330 3.0 0.32
0.016:1:2 4:1 1a3d 21.8 620 370 2.8 0.33

[a] Contains a little of the Ja3d mesophase.

spectively. The framework shrinkage was about 31.2%,
which is a little bit larger than that for sample S1. The TEM
images viewed along the [100] and [111] directions together
with the corresponding Fourier diffractograms (Figure 2¢
and d) further reveal that the carbonaceous product (S2)
has a highly ordered arrangement of mesopores with a
body-centered cubic (Im3m) structure.

The nitrogen adsorption—desorption isotherms of the cal-
cined sample S2 also exhibit typical type-IV curves with an
H,-type hysteresis loop, which corresponds to a 3D caged
mesostructure (Figure 1d). Unlike the bimodal pore system
of the Fd3m mesostructure, the nitrogen sorption measure-
ments of the body-centered cubic Im3m mesostructured car-
bonaceous S2 reveal a uniform pore-size distribution cen-
tered at 3.7 nm (Table 1). The BET surface area and the
pore volume were -calculated to be 600m?g~! and
0.37 cm®g !, respectively.

In the case of the R1-F127 mixed-surfactant system as the
template, when the copolymer (R1-F127)/phenol/formalde-
hyde molar ratio was fixed at 0.0065:1:2, the body-centered
cubic (Im3m) mesostructure was obtained over a wide range
(2-0) of R1/F127 ratios (Figure 3a). The SAXS patterns

a) [ b)\

R1/F127-oo
\ \ \/\/\RHF127 =2:1
m3m R1F12722:1 \
AT R1/F127 1:1
\\/’f i3 R1/F127=1:1

In/
—

.
———
G (3 (‘n

é/ S
3 3
2
e
S
1|
8
In/

R1F127=12 RUF127°1:2
\/\Im3 —
R1/F127=0 \/\RL’“”:O
e e
T — —T—— T T T T
0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 1.5 2.0
g/ nm q/nm

Figure 3. SAXS patterns of the calcined mesoporous carbon materials
synthesized by using a template of the mixed-triblock-copolymer surfac-
tant system with the copolymer/phenol/formaldehyde molar ratio fixed at
a) 0.0065:1:2 and b) 0.013:1:2 while changing the ratio of R1/F127.
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show that the 311 reflection peak at a g value of 0.65 nm™!

for the Fd3m mesostructure changed to the 110 reflection
for the Im3m mesostructure, due to changes in the spatial
arrangement of the pores and lattice parameters. The ¢
value for the 110 reflection of the Im3m mesostructure
slightly increased with an increase in the amount of F127 in
the mixed-surfactant system. However, the BET surface
areas, pore sizes, and pore volumes of the resulting samples
were independent of the amount of F127 (Table 1).

2D Hexagonal P6mm Mesostructure

A mesophase transformation from the body-centered cubic
(Im3m) to the 2D hexagonal (P6mm) mesostructure oc-
curred when the surfactant/phenol/formaldehyde ratio was
changed to 0.013:1:2. The SAXS pattern (Figure 4a) of the
as-synthesized sample S3 displays the three typical diffrac-
tion peaks for 2D hexagonal symmetry. After calcination at
600°C, three resolved peaks indexed as the 10, 11, and 20
reflections of hexagonal P6émm symmetry were observed,
which suggests that the mesostructure is stable. The calculat-
ed lattice parameters are 15.9 and 9.6 nm for the as-synthe-
sized and calcined sample S3, respectively, thus suggesting a
large structural shrinkage of 39.6%. The typical stripelike
and hexagonally arranged structures in the TEM images
(Figure 5a and b) recorded along the [001] and [110] direc-
tions, respectively, were observed, which further confirms a
high-quality P6mm hexagonal mesostructure. The unit lat-
tice parameter of calcined sample S3 estimated from the
TEM images is 9.6 nm, which is in a good agreement with
the value calculated from the SAXS data.

The N, sorption isotherms of the S3 sample calcined at
600°C in nitrogen show typical type-IV curves with a clear
condensation step at P/P,=0.4-0.6 (Figure 4b), thus indicat-
ing a uniform mesopore-size distribution. A peculiar hyste-
resis loop between the H, and H, type was observed, which
might be caused by an intermediate pore structure between
cagelike and cylindrical from the phase transformation.”?
The sample exhibited a pore size of 3.3 nm, a BET surface

area of 600 m”>g~!, and a pore volume of 0.37 cm*g .
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Figure 4. a) SAXS pattern and b) nitrogen-sorption isotherm (inset: pore-
size distribution) for the 2D hexagonal P6mm mesoporous carbon
sample (S3). ¢) SAXS pattern and d) nitrogen-sorption isotherm (inset:
pore-size distribution) for the bicontinuous cubic la3d mesoporous
carbon sample (S4).

a)

Figure 5. TEM images (inset: Fourier diffractograms) taken along the
a) [001] and b) [110] directions of the 2D hexagonal P6mm mesoporous
carbon sample (S3), and along the c) [111] and d) [311] directions of the
bicontinuous cubic /a3d mesoporous carbon sample (S4).

When the amount of R1 exceeded that of F127 (R1/
F127>1) and the copolymer/phenol/formaldehyde ratio was
fixed at 0.013:1:2, the SAXS patterns (Figure 3b) of the re-
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sulting materials show a shoulder on the first intense diffrac-
tion peak. The ratio of the d values calculated from the
SAXS data is somehow close to that (d,1/d,y) for bicontinu-
ous cubic Ia3d symmetry. However, the TEM measurements
show a 2D hexagonal mesostructure over a large periodic
ordered domain (see Supporting Information, Figure S1).
This phenomenon may be attributed to a distorted P6émm
mesostructure that is slightly mixed with a cubic Ja3d meso-
phase. With a decrease in the R1/F127 ratio, the SAXS pat-
terns show good 2D hexagonal mesostructures, and the g
value of the 10 reflection increased, which corresponds to a
small lattice parameter. The BET surface areas, pore sizes,
and pore volumes of the hexagonal mesostructured samples
decreased slightly (Table 1).

Bicontinuous Ia3d Mesostructure

Another mesophase with the bicontinuous cubic /a3d struc-
ture was obtained by simultaneously increasing the amount
of phenolic resol precursor, while keeping the R1/F127 ratio
higher than 4:1. The SAXS pattern (Figure 4c) of the as-
synthesized sample S4 shows one intense diffraction peak at
a g value of 0.41 nm™! and other weak peaks at g values of
0.65-1.25. After calcination at 600°C under nitrogen, four
resolved diffraction peaks were observed, which were in-
dexed as the 211, 220, 420, and 332 reflections of cubic la3d
symmetry; this suggests a highly ordered mesostructure. A
weak diffraction peak indexed as the 110 reflection was also
observed in the SAXS pattern of calcined sample S4, which
suggests a small structural defect of I4,32 symmetry.'**]
The calculated lattice parameters are 37.4 and 21.8 nm for
the as-synthesized and calcined samples, respectively. The
characteristic TEM images (Figure 5S¢ and d) along the [111]
and [311] directions provide further evidence for the forma-
tion of the bicontinuous cubic la3d mesostructure. The
planar defects and structural distortion were also observed
in the TEM images viewed along the [111] direction, which
may be caused by the inhomogeneous shrinkage of the me-
sostructure during calcination.

The nitrogen sorption isotherms (Figure 4 d) illustrate that
calcined sample S4 has typical type-IV curves with a clear
capillary-condensation step, thus suggesting the presence of
a uniform mesopore. A narrow pore-size distribution with a
mean value of 2.8 nm was calculated from the Barrett—
Joyner—Halenda (BJH) model. Notably, the bicontinuous
cubic Ia3d mesostructure was only formed in a very narrow
R1/F127 range. If the amount of F127 exceeds that of R1 by
25% in the mixed amphiphilic surfactant system, a less or-
dered mesostructure tends to form.

Self-Assembly of Mixed Triblock Copolymers

The micellization process of block copolymers has some in-
herent complexity due to their structural characteristics such
as block length, composition, and architecture. There have
been many studies on the self-assembly process and meso-
phase formation from PEO-PPO-PEO-type copolymer

Chem. Asian J. 2007, 2, 12821289
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templates.*~% In contrast, reverse-type PPO-PEO-PPO co-
polymers are seldom used to synthesize mesoporous materi-
als, because it is thermodynamically difficult to form meso-
structures under general hydrophilic synthesis conditions.
The sequence of PPO and PEO segments can greatly influ-
ence the physicochemical behavior of the copolymers in the
micellization process. During the EISA process, when the
concentration of PPO-PEO-PPO in the system reaches the
critical micelle concentration (CMC), three possible configu-
rations for reverse PPO-PEO-PPO may be formed (Fig-
ure 6a).°3 The dangling configuration would lead to one
hydrophobic PPO segment highly exposed to the hydrophil-
ic matrix, which is energetically unfavorable. The loop con-
figuration is that of micelle formation, which is quite similar
to the configuration of the PEO-PPO-PEO copolymers.
However, it has an entropic penalty from the intense folding
of the PEO segments. The reverse PPO-PEO-PPO copoly-
mer with a long PEO chain is therefore deliberately used to
lower the curving energy and to form the mesophase with
high curvature. The configuration that is most clearly differ-
ent from the micelles of PEO-PPO-PEO is the bridging
configuration, in which the two outer PPO blocks partici-
pate in two different micelles or aggregates. This behavior
leads to an interconnected micelle network for reverse
PPO-PEO-PPO.

The interplay of PPO-PEO-PPO and PEO-PPO-PEO
between block immiscibility and connectivity generates a

CHEMISTRY
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rich variety of mesoscopic structures. In the case of the indi-
vidual reverse PPO-PEO-PPO (R1) with a long PEO chain
as a template, it can be deduced that two sets of intercross-
ing micelles of different sizes can be formed, which is closely
related to its specific folding behavior."®**! This results in
the formation of a unique bimodal pore mesostructure with
face-centered cubic (Fd3m) symmetry. It is well-known that
increasing the hydrophilic/hydrophobic ratio leads to a me-
sophase with a higher interface curvature. In the case of a
fixed copolymer/precursor ratio, the hydrophilic/hydropho-
bic effect is largely determined by the PEO/PPO ratio. As
the PEO/PPO ratio of F127 is much larger than that of R1,
the hydrophilic/hydrophobic ratio of the copolymer system
is increased with the addition of F127. The mesostructure
changes from Fd3m to Im3m, which has a lower interface
curvature, thus indicating that the special comicellization be-
havior and connectivity also play important roles in the
phase transformation. This suggests that the F127 molecules
are incorporated into the uniform cross-linked micelle net-
works,[**#1 which tend to make their size uniform. In the
mixed-triblock-copolymer system, the hydrophobic PPO
segments are buried inside, away from contact with the hy-
drophilic matrix; most of the hydrophilic PEO segments
have a strong affinity with the resol precursors and self-or-
ganize through hydrogen-bonding interactions into spherical
or cylindrical domains or gyroid interpenetrating networks
(Figure 6b). A sequence of mesostructures, from the 3D

mesocage structure (Fd3m and

Im3m) to the 2D hexagonal

(P6mm) and then the 3D bi-
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9 inarica . o
il ° °° w a I % ] expansion of the hydrophilic
PEO PEO domain in the composite mi-
celles, thus resulting in an in-

P8 o

la3d

Fd3m Im3m

crease in interface curvature
(Figure 6¢).0%%1 In this way,
the mesostructure changes
from that of high curvature to
that of low curvature.

Bicontinuous

c) | Mesophase transformation induced by a decrease in interface curvature

Mixed with Decrease in the amount
F127 of precursors

tion from cubic close-packing to loose packing.
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Further decrease in
the ratio of precursors

(IR P TN i 1 (TS

Figure 6. Schematic representation of the possible configurations of PEO-PPO-PEO and reverse PPO-PEO-
PPO triblock copolymers during a) the EISA process, b) the formation of mixed-type cross-linking micelles
and self-assembly, and c) mesophase transformation induced by a decrease of the interface curvature. With
comicellization of PEO-PPO-PEO and PPO-PEO-PPO and a decrease in the amount of resol precursors, the
interface curvature of mixed amphiphilic micelles was decreased, thus resulting in the mesophase transforma-
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Conclusions

We have demonstrated a suc-
cessful synthesis of highly or-
dered mesoporous carbona-
ceous frameworks with varia-
ble cubic Fd3m, Im3m, Ia3d,
and hexagonal symmetries by
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using mixed amphiphilic surfactants of reverse triblock co-
polymer R1 (POs;EO,3POs;) and F127 (EO;,cPO,,EO,() as
the template and phenolic resol as the carbon precursor
through the EISA strategy. The ordered mesoporous carbo-
naceous material with face-centered cubic Fd3m symmetry,
in particular, shows a bimodal pore system with mean pore
diameters of 3.2 and 5.4 nm and a small window size, which
is associated with the characteristic phase behavior of re-
verse triblock copolymers PPO-PEO-PPO. The carbona-
ceous mesostructures can be transformed from high curva-
ture to low (Fd3m—Im3m—P6mm—Ia3d) by simply ad-
justing the R1/F127 and copolymer/resol precursor ratios.
The PEO-PPO-PEO-type and PPO-PEO-PPO-type tri-
block copolymers can interplay and simultaneously contrib-
ute to the micellization process and organic—organic self-as-
sembly through hydrogen-bonding interactions to form in-
tercrossing micelle networks. The use of mixed amphiphilic
copolymers of PEO-PPO-PEO and PPO-PEO-PPO could
have wide-ranging applicability for the development of new
mesoporous materials.

Experimental Section

Chemicals

Triblock PEO-PPO-PEO copolymer pluronic F127 (EO;,xPO,EO;)
was purchased from Acros Corp. Reverse triblock copolymer R1
(POs;EO,3POs;) was prepared from an anionic-polymerization method
by using KOH as a catalyst. In a typical preparation, poly(ethylene
glycol) 6000 (PEG 6000; 5.0 g) and propylene oxide (PO; 12 mL) mono-
mer were mixed in an autoclave at ambient temperature. KOH (0.10 g)
was then added, and the mixture was heated at 120°C under nitrogen for
24 h. After cooling to room temperature, the catalyst was neutralized by
adding acetic acid and then removed by centrifugation. The polymer was
dissolved in toluene. The final product (13.6 g, 90.8 % yield) was collect-
ed by recrystallization from isooctane, with an M, of 12000 and the
molar EO/PO-segment ratio of 1.28 determined by '"H NMR spectrosco-
py (see Supportin Information, Figure S2). As the molecular weight of
block copolymers F127 and R1 used for the experiments were only slight-
ly different, we used the mean value of 12000 as their molecular weight
for convenience. Other chemicals were purchased from Shanghai Chemi-
cal Corp. All chemicals were used as received without further purifica-
tion. Millipore water was used in all experiments.

Syntheses

Phenolic resol precursor: Soluble phenolic resols were prepared under
basic conditions according to the previously reported procedure.!!!
Phenol (1.0 g, 10.6 mmol) was melted at 50°C, then a solution of NaOH
(20 wt%, 0.21 g, 1.06 mmol) was added with stirring over 10 min. After
formalin (37 wt %, 1.725 g, 21.2 mmol) was added dropwise, the mixture
was stirred at 75°C for 1 h and cooled to room temperature. A solution
of HCI (0.6 M) was used to adjust the pH of the mixture to neutral, after
which water was removed. The obtained phenolic resol (M, <500 mea-
sured by gel-permeation chromatography (GPC)) was redissolved in eth-
anol for further use.

Face-centered cubic (Fd3m) S1: S1 was synthesized by using triblock co-
polymers as a template and phenolic resols as a precursor with a copoly-
mer/phenol/formaldehyde molar ratio of 0.0065:1:2, with R1/F127 =cc.
In a typical synthesis, R1 (0.30 g) was dissolved in ethanol (5.0 g). The
resol precursor (5.0 g) containing phenol (0.36 g, 3.8 mmol) and formal-
dehyde (0.23 g, 7.6 mmol) was then added with stirring over 10 min to
form a homogeneous solution. A transparent film was obtained by pour-
ing the solution into dishes to evaporate the ethanol at room temperature
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for 6 h and further heating in an oven at 100°C for 24 h. The as-synthe-
sized products were collected and calcined at 600°C for 4 h at a heating
rate of 1°Cmin~" under nitrogen atmosphere to obtain the final product
S1.

Body-centered cubic (Im3m) S2: S2 was prepared by using mixed tri-
block copolymers as templates with a copolymer/phenol/formaldehyde
molar ratio of 0.0065:1:2, with R1/F127=1:1. In a typical synthesis, R1
(0.15 g) and F127 (0.15 g) were dissolved in ethanol (5.0 g). The resol
precursor (5.0 g) containing phenol (0.36 g, 3.8 mmol) and formaldehyde
(0.23 g, 7.6 mmol) was then added with stirring over 10 min to form a ho-
mogeneous solution. The subsequent thermopolymerization and calcina-
tion process were performed according to the above procedure.

Two-dimensional hexagonal (P6mm) S3: S3 was prepared by using mixed
triblock copolymers as templates with a copolymer/phenol/formaldehyde
molar ratio of 0.013:1:2, with R1/F127=1:1. In a typical synthesis, R1
(0.15 g) and F127 (0.15 g) were dissolved in ethanol (5.0 g). The resol
precursor (5.0 g) containing phenol (0.18 g, 1.9 mmol) and formaldehyde
(0.12 g, 3.8 mmol) was then added with stirring over 10 min to form a ho-
mogeneous solution. The subsequent thermopolymerization and calcina-
tion process were performed according to the above procedure.

Bicontinuous cubic (Ia3d) S4: S4 was prepared by using mixed triblock
copolymers as templates with a copolymer/phenol/formaldehyde molar
ratio of 0.016:1:2, with R1/F127=4:1. In a typical synthesis, R1 (0.24 g)
and F127 (0.06 g) were dissolved in ethanol (5.0 g). The resol precursor
(5.0 g) containing phenol (0.15 g, 1.6 mmol) and formaldehyde (0.10 g,
3.3 mmol) was then added with stirring over 10 min to form a homogene-
ous solution. The subsequent thermopolymerization and calcination pro-
cess were performed according to the above procedure.

Characterization

SAXS measurements were taken on a Nanostar U SAXS system with
Cug, radiation (40kV, 35mA). Nitrogen adsorption—desorption iso-
therms were recorded at 77 K with a Micrometritics Tristar 3000 analyzer.
Before the analysis, the samples were degassed in vacuum at 200°C for
at least 6 h. The BET method was utilized to calculate the specific sur-
face areas and the pore volume, and pore-size distributions were derived
from the adsorption branches of the isotherms by the BJH model. TEM
images were obtained with a JEOL 2011 microscope operating at 200 kV.
The samples for TEM measurements were suspended in ethanol and sup-
ported on a holey-carbon film on a Cu grid.
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