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ABSTRACT: The release of hydrogen halides in Friedel−Crafts
alkylation has long been considered as troublesome and
detrimental. Here we demonstrate that the released HCl in
alkylation is beneficial and highly demanded to remove poly-
(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide)
templates from the phenolic supramolecules for the preparation of
ordered nanoporous phenolic polymers as additional treatment for
template removal is no longer necessary. Friedel−Crafts alkylation
using bifunctional alkylation agent, 1,4-bis(chloromethyl)benzene,
leads to the hyper-cross-linking of phenolic polymers, thus
generating micropores in the skeleton of the polymers. HCl in
situ generated as the byproduct during alkylation facilely extracts
the copolymer because of its enhanced diffusion through the micropores. The prepared phenolic polymers exhibit high surface
areas and well-ordered porosities in a hexagonal or gyriodal structure. The in situ cavitation by alkylation takes place at much
milder conditions and has higher efficiency than other template-removing methods.

1. INTRODUCTION
Homoporous membranes1 featured with ordered monodis-
persed nanopores are finding important applications in
separation,2,3 catalysis,4 drug delivery,5 energy storage/con-
version6 as their uniform pore sizes precisely regulate the entry
and exit of substances in the pores and consequently determine
their performances in these applications. Self-assembly of block
copolymers (BCPs) in the presence of a polymer capable of
forming supramolecules with the BCPs via hydrogen bonding is
a well-developed strategy to prepare highly ordered polymeric
mesostructures.7−9 Subsequent removal of the BCPs leads to
polymeric frameworks with well-defined porosities in the
positions previously occupied by the BCPs in the supra-
molecules. In this sense, BCPs are serving as templating agents
and their dosages and compositions determine the pore sizes
and geometries.10 In these studies, poly(ethylene oxide)-block-
poly(propylene oxide)-block-poly(ethylene oxide) (PEO−
PPO−PEO) triblock copolymers are the most extensively
used BCP templates because of their affordable costs and easy
availability in many different block ratios.11 As for the base
polymers, phenolic resins (PRs) are widely used as a cheap
polymer source as the plenty hydroxyl groups in PRs enable the
formation of hydrogen bonds with the PEO blocks in the BCPs
and their cross-linked networks hold the porous framework
after the removal of the BCP templates.12−14

In the extensively studied PR/BCP supramolecules, the BCP
templates are usually removed simply by degrading the BCP

templates at elevated temperatures, at least 350 °C, whereas
PRs are cured or carbonized at this temperature.11−13,15

However, such a high temperature process to remove the
BCP templates results in the shrinkage of pore sizes and also
elimination of functional groups, for example, hydroxyl groups,
which are highly demanded for the postfunctionalization of the
porous PRs.15−17 Moreover, in many cases the porous polymers
are required to be used together with supports or substrates
and the PR supramolecules have to be composited on the
supports or substrates before template removal. However, the
supports/substrates frequently cannot tolerate such a high
temperature needed to degrade the templates. Alternatively,
acid extraction has been developed to remove the BCP
templates from the mesostructured supramolecules at relatively
low temperatures.18,19 However, because of the tight confine-
ment of the template molecules in the PR frameworks, the
extraction needs to be performed under harsh conditions.
Extraction using 48% H2SO4 at 90 °C for 24 h for two or more
times is generally required.3,18 Such an extraction process is still
very aggressive and time-consuming. Therefore, it would be
highly demanded for mild and efficient strategies to remove the
BCP templates from the mesostructured supramolecules, and it
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is of great significance to improve the template removal
efficiency meanwhile simplifying the template removing
process.
Hyper-cross-linking based on Friedel−Crafts alkylation to

build molecular bridges between aromatic rings in different
polymer chains has been established as an effective strategy to
produce microporous polymers.20−22 This strategy is demon-
strated to be also valid and applicable in creating micropores in
different aromatic polymers including phenolic resins.23 By
taking the advantage of enhanced diffusion of the micropores
simultaneously generated during the hyper-cross-linking of PR/
BCP supramolecules with 1, 4-bis(chloromethyl)benzene
(CMB), Dai and co-workers24 found that the PEO−PPO−
PEO templates can be easily removed by washing with warm
HCl/ethanol, leading to well-developed mesoporous PR
frameworks. As the Friedel−Crafts reaction involves the
alkylation of aromatic rings with alkyl halides using strong
Lewis acids as catalysts, the release of hydrogen halides, e.g.,
HCl, during the reaction is inevitable and has long been
considered to be troublesome and detrimental.25−27 However,
in this work, considering that acids including HCl have the
potential to extract or degrade the PEO−PPO−PEO
copolymers from the PR frameworks, we investigate the
feasibility to take the advantage of HCl in situ generated in
the course of alkylation to remove the copolymer from the PR/
copolymer supramolecules. We adopt the hyper-cross-linking
treatment based on Friedel−Crafts alkylation to supramolecules
of PEO−PPO−PEO triblock copolymers and phenolic resins
synthesized from phenol and formaldehyde for the preparation
of porous phenolic polymers. Significantly, we find that
alkylation of PRs with CMB at 75 °C for 12 h, without any
additional treatment for template removal, is sufficient enough
to produce well-developed, highly porous, hyper-cross-linked
phenolic polymers with a hexagonal or gyroidal structure. By
Friedel−Crafts alkylation, PR/copolymer supramolecules are in
situ cavitated and both micropores and mesopores are produced
in the phenolic polymers.

2. EXPERIMENTAL SECTION
2.1. Materials. PEO−PPO−PEO triblock copolymer (Mw

= 5800 and the degree of polymerization for each PEO block
and PPO block is 20 and 70, respectively, commercially known
as P123) was purchased from Sigma-Aldrich. CMB (98%) and
SnCl4 (98%) were purchased from Aladdin. Phenol, aqueous
formaldehyde solutions (37 wt %), NaOH, hydrochloric acid
(36−37 wt %), ethanol and 1,2-dichloroethane in the analytical
grade were obtained from local suppliers. All chemicals were
used as received without further purification. Deionized water
(conductivity: 8−20 μs/cm, Wahaha Co.) was used in all the
experiments.
2.2. Methods. 2.2.1. Synthesis of PR/Copolymer Supra-

molecules. Low-molecular-weight, soluble phenolic resin
(resol), was first prepared from phenol and formaldehyde in
a base-catalyzed process. In a typical preparation, 0.61 g of
phenol was melted at 45 °C and mixed with 0.13 g of 20 wt %
aqueous NaOH. After stirring for 10 min, 1.05 g of 37 wt %
formaldehyde was added. With further stirring for 1 h at 75 °C,
the mixture was cooled down to room temperature. Hydro-
chloric acid was used to adjust the pH to 7, and water was
removed by vacuum evaporation at 45 °C. The prepared resol
was then dissolved in 10.0 g of ethanol, and the insoluble NaCl
precipitates were filtered out using 0.2 μm syringe filters. Then,
0.452 g of P123 was dissolved in 20.0 g of ethanol. The

previously prepared ethanolic resol solution was then added
into the P123 solution. After stirring for 24 h, the mixture was
transferred into a polycarbonate Petri dish to evaporate ethanol
at room temperature for 8 h, followed by drying at 100 °C for
another 24 h. In this synthesis, the molar ratio for P123/
phenol/formaldehyde was 1.2/100/200 and the expected PR
frameworks were in the hexagonal structure. For the synthesis
of PR frameworks in the gyroidal structure, we changed the
molar ratio to 1.8/100/200 while the preparation steps were
identical to the preparation of hexagonally structured PRs.

2.2.2. Alkylation of PR/Copolymer Supramolecules.
Typically, 0.500 g of CMB (the cross-linker) was dissolved in
15 mL of 1,2-dichloroethane and the solution was then ice-
bathed and 1.5 mL of SnCl4 (the catalyst) was added into the
solution. After complete mixing, the PR/copolymer supra-
molecules were immersed into the mixture which was heated to
75 °C, allowing the cross-linking to take place at this
temperature for different periods of time up to 48 h. The
cross-linked PRs were then removed from the solution and
washed with fresh ethanol for two times (∼30 s for each time)
to remove residual reagents. To investigate the effect of CMB
concentrations on the porous properties of the PRs, various
dosages of CMB (0.125, 0.250, 0.375, 0.500, and 0.625 g) and
corresponding amount of SnCl4 with a fixed molar ratio of 1/
4.5 were also used and the cross-linking reactions were
performed at 75 °C for 12 h.

2.3. Characterizations. Fourier transformation infrared
(FT-IR) spectra were obtained from a Nicolet 8700 FT-IR
spectrometer. Thermal gravimetric analyses (TGA) were
performed in N2 atmosphere on a Netzsch STA 409PC
thermal analyzer at the temperature from 30 to 800 °C with a
heating rate of 10 °C/min. Small-angle X-ray scattering (SAXS)
data was obtained from the beamline 16 (16B1) of the
Shanghai Synchrotron Radiation Facility (SSRF), with the
incident beam wavelength of 0.124 nm. A CCD X-ray detector
(MAR CCD 165) was installed at a distance of 1940 mm away
from the samples. The scattering vector q is defined as q = (4π/
λ) sin θ, and 2θ is the scattering angle. The d-value is calculated
from the equation d = 2π/q, and the unit cell parameter (a) of
hexagonal structure and gyroidal structure are calculated by the
equation a = 2d10/√3, and a = √6d211, respectively, where d10
and d211 correspond to the 10 scattering peak of the hexagonal
structure and the 211 scattering peak of 3D gyroidal structure,
respectively. The small-angle X-ray diffraction (XRD) measure-
ments were performed on a Rigaku SmartLab diffractometer
(Cu Kα 40 kV, 40 mA). The d-spacing values are calculated
from the equation d = λ/2sin θ, where λ = 0.154 nm, and the
unit cell parameters are calculated from the equation a = 2d10/
√3. Transmission electron microscopy (TEM) examinations
were conducted on a JEM-200CX microscope operated at 200
kV. The samples were grounded and then dispersed in ethanol
under ultrasonication and dropped onto carbon-coated copper
grids. The surface and cross-sectional morphologies of the
samples were viewed by a field emission scanning electron
microscope (Hitachi, S4800) operated at the voltage of 5 kV
and current of 10 μA. A thin layer of Pt was sputtering coated
on the samples before SEM observations. The N2 adsorption−
desorption isotherms were measured by a surface area and
porosity analyzer (Micromeritics, ASAP-2460) at 77 K. Before
the measurements, the PRs were degassed in vacuum at 150 °C
for 12 h. Specific surface areas (SBET) are derived from the
Brunauer−Emmett−Teller (BET) method using the adsorp-
tion data at p/p0 = 0.05−0.3. Pore size distributions (PSD) and
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the pore volumes (Vmeso) are derived from the adsorption
branch by using the Barrett−Joyner−Halenda (BJH) model.
The volumes (Vmicro) and surface areas (Smicro) contributed by
micropores in the samples are calculated from the V−t plot
method.

3. RESULTS AND DISCUSSION
3.1. Changes in Chemical Compositions of PR/

Copolymer Supramolecules after Alkylation. FT-IR was
used to monitor the changes in chemical compositions during
alkylation. As shown in Figure 1, the broad peak located at the
wavenumber of 3360 cm−1 was assigned to the overlapped
phenolic hydroxyl groups and un-cross-linked benzyl alcohol.
The peaks located at 1375, 1475, and 1640 cm−1 representing
the characteristic peaks of phenolic resin and 3000 cm−1 for
=C−H bonds of benzene3,18 barely changed after alkylation,
suggesting that the phenolic frameworks were maintained
during alkylation. The peak at the wavenumber of 1610 cm−1

representing the 1,2,4- and 1,2,6-trisubstituted and phenyl alkyl
ether-type substituted aromatic ring structures16,28 exhibited
decreased intensity after alkylation. Moreover, in the alkylated
PRs, a new peak emerged around 1700 cm−1 and can be
identified to be originated from the vibration of tetra-
substituted phenyl rings. The weakened peak at 1610 cm−1

and the emerging peak at 1700 cm−1 should be ascribed to the
additional cross-linking of phenolic resins by the Friedel−Crafts
alkylation with the presence of CMB. With the incorporation of
CMB onto the phenolic resins more 1,2,4- and 1,2,6-
trisubstituted phenyl rings were turned to be 1,2,4,6-tetra-
substituted.16,29 In addition, the peaks centering around 1100
and 2800−3000 cm−1 should be assigned to the C−O and C−
H stretching vibration of P123, implying the presence of P123
in the as-prepared PR/copolymer supramolecules. Interestingly,
both peaks almost disappeared after alkylation, indicating the
near absence of the P123 in the alkylated supramolecules.
Therefore, the IR results confirm the taking place of alkylation-
induced cross-linking of PRs on one hand and indicate the
removal of template copolymers in the alkylation process on
the other.
The removal of P123 copolymer in the course of alkylation

was confirmed by thermogravimetric analysis. As displayed in
Figure 2, notable weight losses of approximately 97.6% is
observed in the temperature range of 300−400 °C for neat
copolymers P123, suggesting that P123 is completely
decomposed under N2 within this temperature ranges. The
as-synthesized PR/copolymer supramolecules prior to alkyla-
tion displayed a significant weight loss of ca. 39.3% at the
temperature between 300 and 430 °C, in consistence with the

value 38.3% as calculated, which should be primarily ascribed to
the decomposition of P123. In contrast, the weight loss for the
alkylated PR/copolymer supramolecules within this temper-
ature range was only approximately 5.4%, implying that the
majority of the P123 templates had been removed in the course
of alkylation. One may argue that the removal of P123 might be
simply due to the extraction of 1,2-dichloroethane used as the
solvent in alkylation. However, our control experiments
demonstrated that immersion in dichloroethane with the
absence of either CMB or SnCl4 under the identical condition
of alkylation did not show any evidence in removing P123.
Therefore, the alkylation in which both the cross-linker and the
catalyst are playing a role is essential for the removal of P123
copolymer.

3.2. Structures of the Porous Phenolic Polymers
Prepared by Alkylation. Structural investigations on PR/
copolymer supramolecules before and after alkylation were
further performed on SAXS and the profiles are displayed in
Figure 3. The SAXS pattern of the as-synthesized PR/
copolymer supramolecues with the hexagonal p6m structure
evidently shows four well-resolved scattering peaks at the q
value of 0.55, 0.95, 1.06, 1.47 nm−1, respectively, which
correspond to the phase of 10, 11, 20, and 21 reflections of 2D
hexagonal symmetry.10 After alkylation, they give slightly
broadened scattering peaks comparing to those of the as-
synthesized supramolecules before alkylation, which might be
caused by the minor structural changes with the introduction of
micropores into the framework of the PR polymers. Never-
theless, three scattering peaks are still discernible, suggesting
that the hexagonal structure survives the alkylation reaction. In
addition, the locations of these scattering peaks are shifted

Figure 1. FT-IR spectra of the PR/copolymer supramolecules before and after alkylation for 12 h (a) and the enlarged spectra from 1300 to 1800
cm−1 (b).

Figure 2. TGA curves of neat P123 copolymer (a), PR/copolymer
supramolecules before (b) and after (c) alkylation for 12 h.
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toward higher q values, indicating the decrease of unit cell
parameter from 13.0 to 12.4 nm with a shrinkage rate of 4.6%.
Such a slight structural shrinkage is remarkable as shrinkage
rates are typically larger than 15% when the templates are
removed by high-temperature degradation.16,17 Therefore, it
can be concluded that the hyper-cross-linking enabled by
alkylation effectively protected the phenolic resin framework
from severe structural contraction with the removal of the
template molecules. Similar phenomenon has also been
observed in the PR/copolymer supramolecules with the
gyroidal structure. As shown in Figure 3b, the scattering
peaks at the q value of 0.55, 0.63, 0.83, 1.05, 1.37, 1.55 nm−1

represented the 211, 220, 321, 400, 420, and 332 phase,
respectively. q values were also increased after alkylation with a
slight shrinkage of unit cell parameter from 28.2 to 26.2 nm
(7.1%).12 The scattering peaks of the PRs with either hexagonal
or gyroidal structure are widened and became slightly poor-
resolved after alkylation, indicating a continuous structure
distortion during cross-linking.16 Also, a scattering peak in the
SAXS patterns indexed as the 110 reflection of gyroidal is
detected, implying a slight structural defect which has also been
observed in other works.12,16 Such an ordered hexagonal
porous structure was further demonstrated by the small-angle
XRD pattern as shown in Figure S1, where intensive reflections
of mesoporous frameworks with unit cell parameter of ca. 12.7
nm are observed, which is in excellent consistence with above-
discussed SAXS results (12.4 nm) and TEM observations (13.3
nm) that will be discussed later.
The morphology of the PR/copolymer supramolecules

subjected to alkylation for 12 h was investigated by both
SEM and TEM. As shown in Figure 4, highly ordered porous
structures were obtained after alkylation for 12 h, which again
confirmed the removal of the copolymer template from the PR
framework. Hexagonally arranged cylindrical pores were clearly
observed in the alkylated PRs prepared at the ratio of 1.2/100/
200 by SEM (Figure 4a and Figure S2) and TEM (Figure 4c).
From the TEM image, the pore diameter and wall thickness
were determined to be 7.3 and 6.0 nm, respectively. Thus,
determined pore diameter was in consistence with that
obtained from N2-adsorption/desorption isotherms (7.5 nm).
For the alkylated PRs prepared at the ratio of 1.8/100/200,
both SEM (Figure 4b) and TEM (Figure 4d) confirmed the
presence of a highly ordered gyroidal mesoporous structure
after alkylation. Such a gyroidal structure was well developed as
its [211], [100], and [531] directions were clearly discernible
under TEM (Figure S3).
3.3. Porous Properties of PR/Copolymer Supra-

molecules Alkylated under Different Conditions. Tex-

tural information on the produced porous PRs was obtained
from N2 adsorption/desorption isotherms. As can be seen from
Figure 5a,c, all the PRs after alkylation exhibited a type-IV curve
featuring a pronounced hysteresis loop despite of the alkylation
durations or CMB dosages, which clearly indicated the
presence of accessible mesopores in PRs. It is evident from
Table 1 that the mesoporosities of these PRs are closely
dependent on alkylation durations as well as CMB dosages.
The mesoporous structure was promptly developed with
prolonged alkylation durations. For instance, the specific
surface area (SBET) and the pore volume (Vtotal) were
significantly increased from 87 m2/g and 0.09 cm3/g to 257
m2/g and 0.26 cm3/g, respectively when the alkylation duration
was extended from 5 to 8 h. The specific surface area and pore
volume continued increasing to as high as 398 m2/g and 0.39
cm3/g, respectively with an alkylation duration of 12 h. With
further prolonging of the alkylation duration and CMB dosage,
a reduction in the surface area was observed, i.e. the specific
surface area was decreased to 168 and 97 m2/g with an
alkylation duration of 24 and 48 h, respectively; and a slight
decrease also occurred when the CMB dosage was increased to
0.625 g, which might be ascribed to the distortion of the
mesoporous structure during alkylation. In addition, as shown
in Table 1, the pore sizes were maintained stable around the
value of 7.0 nm despite different alkylation durations and CMB
dosages. Interestingly, the nitrogen adsorption tests also
revealed that micropores were present in all the alkylated PRs

Figure 3. SAXS patterns of the as-synthesized and 12h-alkylated PR/copolymer supramolecules with the hexagonal (a) and gyroidal (b) structure.

Figure 4. SEM (a, b) and TEM (c, d) images of porous PRs prepared
by alkylation for 12 h with the hexagonal (a, c) and gyroidal (b, d)
structure, viewed along the direction of [110] (c) and [211] (d)
planes, respectively.
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with typically 20−30% portion of the total surface area (Table
1). To identify the origin of these micropores, we also used
acids to extract the copolymer template from the PR/
copolymer supramolecules. Hydrochloric acid in ethanol
solutions were first used, however, they destroyed the
frameworks of the phenolic polymers. H2SO4 was then used
to extract P123 and ordered mesoporous structures were
obtained. Nitrogen adsorption tests indicated that the
extraction performed in 48% H2SO4 at 95 °C for 24 h
produced a total surface area of 293 m2/g with neglectable
micropores. Clearly, their total surface areas were notably lower
than that of the alkylated PR polymers. Alkylation-enabled
hyper-cross-linking is believed to be the reason for the
formation of micropores as the CMB built many rigid bridges
between phenyl rings and the gaps between the rigid chains
emerged as micropores. The presence of micropores in the

phenolic polymers is playing a critical role in the removal of the
template which will be discussed later.
The template removal by alkylation was efficient and

thorough as already revealed by IR characterizations. To
confirm this point, the PR/copolymer supramolecules were first
subjected to alkylation for 12 h and then immersed in 0.1 mol/
L HCl/ethanol solution at 50 °C for another 12 h to remove
any residual copolymer possibly left after alkylation. We noticed
that such a treatment in HCl/ethanol did not destroy the
ordered porous structure of the phenolic polymers because of
their enhanced mechanical robustness originated from the
additional cross-linking by alkylation. In contrast, the as-
synthesized PR/copolymer supramolecules did not survive
washing with HCl as mentioned above. As can be seen from
Figure S4, the specific surface area and pore volume were
determined to be 415 m2/g and 0.38 cm3/g, respectively.
Compared with PR merely subjected to alkylation for 12 h, the
pore volume was kept almost unchanged whereas the surface
area was only slightly increased by less than 5%, indicating that
the template copolymer had been nearly completely removed
from the PR matrix after alkylation for 12 h.
This dual cavitation effect resulted by alkylation is also

effective to prepare porous phenolic polymers with the gyroidal
structure. In addition to the microscopy evidence shown in
Figure 4b,d, nitrogen adsorption revealed that PRs subjected to
alkylation for 12 h also exhibited a highly porous nature with a
specific surface area as high as 308 m2/g. In addition, the pore
size and the pore volume were determined to be 4.9 nm and
0.36 cm3/g, respectively (Figure S5).

3.4. Discussion. The Friedel−Crafts alkylation with
bifunctional alkylation agents enables the cross-linking between
phenyl rings in different phenolic polymer chains where CMB
and SnCl4 are acting as the cross-linker and catalyst,
respectively.30,31 As illustrated in Figure 6, CMB is catalyzed
by SnCl4 to generate carbocationic ions, which are highly

Figure 5. Nitrogen adsorption and desorption isotherms (a, c) and pore size distributions (b, d) of PR/copolymer supramolecules prepared with
different alkylation durations (a, b) and CMB dosages (c, d).

Table 1. Porous Properties of PRs Alkylated under Different
Conditions

cross-link treatment
SBET

(m2/g)
Smicro
(m2/g)

Vtotal
a

(m3/g)
Db

(nm)

cross-linking
duration (h)

5 87 23 0.09 6.9
8 257 36 0.26 6.8
12 398 94 0.39 7.5
24 168 35 0.16 6.9
48 97 36 0.11 5.6

CMB dosage (g) 0.125 8 5 0.01 6.9
0.250 36 14 0.04 6.9
0.375 142 32 0.14 6.3
0.500 398 94 0.39 7.5
0.625 154 37 0.14 6.2

aTotal pore volume. bPore diameters determined from the peak values
of the pore size distribution curves.
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reactive and can function as electrophiles. The electrophilic
carbocationic intermediate reacts with electron-rich aromatic
rings in phenolic polymers to form coordination complex, thus
cross-linking the phenolic polymers by forming molecular
connections between neighboring aromatic backbones. These
additional connections serve to strengthen further the frame-
work of phenolic polymers, and more importantly, the collapse
and shrinkage of the porous frameworks during the process of
template removal can be therefore suppressed. As evidenced
above, micropores were formed in the skeleton of the phenolic
polymers as a consequence of alkylation-enabled hyper-cross-
linking. Literature implies that the removal of copolymer
template by extra acid extraction could be improved with the
presence of micropores as they facilitate the diffusion of acid
into the interior of the PR/copolymer supramolecules.24

Moreover, like other alkylation reactions using alkyl chloride
as the alkylation agent, HCl is generated as a byproduct in the
alkylation-enabled hyper-cross-linking of phenolic polymers.
The release of HCl, in most cases, is troublesome and
detrimental. In contrast, in the current work, HCl is highly
desired and functioning to extract the copolymer template,
producing porous phenolic polymers without additional
treatment for template removal. As HCl is in situ formed
upon the connecting of CMB on the phenyl rings, there is little
or no diffusion limit for HCl to access the copolymer template
whereas the diffusion should be a serious problem for HCl
additionally introduced into the extraction system. Further-
more, micropores also in situ formed in the skeleton of phenolic
polymers with alkylation facilitate the entry of the solvent (1, 2-
dichloroethane) and also the exit of the dissolved copolymer
and its degraded components in the phenolic polymers.
Therefore, by Friedel−Crafts alkylation, the PR/copolymer
supramolecules are cavitated in two different levels: one is the
creation of micropores in the skeleton of the phenolic
polymers, and the other is the generation of mesopores by
emptying the copolymer components in the supramolecules.
Because of the synergetic effect of the micropores and HCl

both in situ generated simultaneously with alkylation the
copolymer templates in PR/copolymer supramolecules can be
efficiently and thoroughly removed with the proceeding of
alkylation under relatively mild conditions. Acid extraction
alone was effect in removing copolymer template only in harsh
conditions and the efficiency is low. For example, extraction in
48% H2SO4 at the temperature of 95 °C for 24 h produced a

surface area much smaller than alkylation performed at 75 °C
for 12 h. Therefore, compared to acid extraction, this
alkylation-enabled hyper-cross-linking is more efficient and
requires much milder operation conditions.

4. CONCLUSIONS
Hyper-cross-linking based on Friedel−Crafts alkylation is
utilized as a new and efficient strategy to remove the PEO−
PPO−PEO copolymers in their phenolic supramolecules,
which takes place under mild conditions and successfully
avoids severe shrinkage of the porous phenolic frameworks.
Alkylation-enabled hyper-cross-linking has dual functions: one
is to generate micropores in the skeleton of the phenolic
polymers, and the other is to produce mesopores by the
enhanced extraction of the copolymer with in situ generated
HCl as the byproduct of alkylation. Well-ordered hexagonal
and gyroidal porosity of phenolic polymers are produced
through this technique depending on the ratio of the
copolymer and the phenolic precursors. Compared to
frequently used high temperature degradation and H2SO4
extraction, template removal by alkylation-enabled hyper-
cross-linking is efficient and thorough although it requires
much milder conditions. For example, alkylation 75 °C for 12 h
leads to hexagonally ordered porous phenolic polymers with a
specific surface area as high as 398 m2/g and a pore volume
0.39 cm3/g.
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