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The mesoporous polymers with tunable large mesopores and 

thin mesopore walls were synthesized through a CO2-swollen 

micelle templating route. The mesopore size and porosity 

properties of the polymers can be easily modulated by 

adjusting CO2 pressure. The as-synthesized mesocellular 

polymers are excellent candidate support for preparing 

heterogeneous catalysts. 

Mesoporous polymers (with pore size range of 2-50 nm) have 
received an increased research interest because of their potential 
to combine both properties of mesoporous materials and 
polymers.1 They have found wide applications in catalysis,2 gas 
storage and separation,3 templates for structure replication,4 

electrode materials,5 drug release,6 etc. Direct templating,7 block 
copolymer self-assembly,8 and direct synthesis9 methodologies 
are commonly used to prepare mesoporous polymers. In 
particular, the self-assembly of block copolymers (BCPs) as pore 
templates has been developed as one of the best strategies for 
preparing mesoporous polymers.10 The mesopore sizes of the 
porous polymers fabricated by BCP templates are generally quite 
small and fall into the range of 3-10 nm,11

 which restricts their 
wide applications. To enlarge the mesopore diameter, the 
swelling agents or pore expanders (e.g. 1,3,5-trimethylbenzene 
and tributylphosphate) were introduced into the structure 
directing template.12 However, the uptake of commonly used 
linear aliphatic hydrocarbons (e.g. liquid alkanes) in micelles was 
rather small, resulting in the restricted size tailoring of porous 
materials.13 Besides, the involvement of solid or liquid addtives 
may inevitably pollute the products and complicate the post 
treatment. To explore the facile surfactant-assembly templating 
strategies for preparing large-pore mesoporous polymers and pore 
size tailoring is very interesting, but continues to be a great 
challenge. 

Herein, we propose a gas-tailored assembly of block 
copolymers templating route for synthesizing large-pore 
mesoporous polymer. As shown in Scheme 1, the Pluronic 
(ethylene oxide/propylene oxide triblock copolymers) micelles 
can be well expanded by the dissolution of gaseous CO2. The 
polymerization proceeds in bulk water phase, during which the 
CO2-swollen micelles act as the mesopore template. The 
mesoporous polymers are formed after polymerization and 

removing CO2, solvent and BCP. This route excels the 
conventional swelling technique (using solid or liquid as swelling 
agents) mainly from the following aspects. First, due to the 
hydrophobic and small molecule nature, CO2 can be well 
solubilized in the micelles and the solubility can be controlled by 
pressure; therefore, the mesopore size of the polymers can be 
tuned in a large range by controlling operation pressure. Second, 
CO2 can be easily removed by depressurization, thus no 
contamination to the product is involved and the post-processing 
is simple. In addition, CO2 is nontoxic, inexpensive, and can be 
easily recaptured and recycled after use. This strategy is different 
from the CO2-in-liquid emulsion templating route, which utilized 
the micron sized CO2 droplets as templates for macropore 
formation.14 By the CO2-tailored assembly of block copolymers 
templating route, the highly mesoporous polymers with tunable 
mesopore size (14-22 nm) were obtained. The as-synthesized 
polyacrylamide (PAM) was used as a support for Pd 
nanoparticles and the Pd/PAM composite showed high catalytic 
activity and selectivity for the hydrogenation of phenylacetylene 
to yield styrene.  

 

Scheme 1. Schematic illustration for the formation of mesoporous 

polymer with CO2-tailored assembly of block copolymers.   
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Polyacrylamide is one of the most extensively explored 
polymer for its various use.14 Herein we synthesized porous PAM 
at 60 oC, using F127 (EO106PO70EO106) to form micelles. First of 
all, the PAM was synthesized in F127 aqueous solution in the 
absence of CO2. The product appeared as irregular agglomerates 
(Fig. S1, ESI†). The N2 adsorption-desorption isotherms (Fig. S2, 
ESI†) reveal that the BET (Brunauer, Emmett, and Teller) surface 
area and total pore volume of the PAM are very low, i.e., 20.3 
m2g-1 and 0.108 cm3g-1, respectively. The mesopore size centers 
at 3.5 nm, which is comparable to the mesopore size of the silica 
synthesized by F127 micelle template.15 

The PAMs were synthesized in the CO2-present 10 wt% F127 
aqueous solution at different pressures. As an example, Fig. 1 
shows the SEM images of the PAM synthesized at 4.5 MPa. The 
PAM is highly porous with a mesocellular structure. The 
mesopore size is around 10-30 nm, much larger than the 
mesopores of the PAM synthesized without CO2. The wall of the 
mesopore is ~5 nm. The TEM image further proved that the 
polymer adopted a mesoporous structure (Fig. S3, ESI†). The FT-
IR spectra indicate the successful formation of PAM and the 
monomers are polymerized completely (Fig. S4, ESI†). 
Thermogravimetric (TG) analysis under N2 atmosphere revealed 
that the PAM keeps stable up to 260 oC (Fig. S5, ESI†). 

 

Fig. 1 SEM images of the PAM synthesized in the CO2-present 10 wt% 
F127 aqueous solution at pressure of 4.8 MPa.  

The mesoporosity of the PAM was determined by N2 
adsorption-desorption method and the results are shown in Fig. 2. 
It exhibits the mode of type IV, which is related to mesoporous 
materials. The BET surface area (SBET) and total pore volume (Vt) 
is 143.6 m2g-1 and 0.718 cm3g-1, respectively. In comparison with 
the PAM synthesized without CO2, evidently, the porosity of the 
PAM is greatly increased by the addition of CO2. Also, the 
mesopore volume of the as-synthesized PAM is higher than those 
of the reported mesoporous polymer (<0.6 cm3g-1).16 The 
mesopore size distribution curve, calculated from Barrett-Joyner-
Halenda analysis, is shown in the inset of Fig. 2. It centers at 
around 17 nm, consistent with that measured from the SEM 

images shown in Fig. 1. The result proves that CO2 is capable of 
enlarging the mesopores of the PAM templated by F127 micelles. 
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Fig. 2 N2 adsorption-desorption isotherms of the PAM synthesized in the 
CO2-present 10 wt% F127 aqueous solution at pressure of 4.8 MPa. The 
inset shows the mesopore size distribution curve. 

The PAMs were synthesized at different CO2 pressures, while 
other experimental conditions were the same with those above. 
The results show that all the PAMs present mesocellular 
structures (see SEM images and N2 adsorption-desorption 
isotherm results in Fig. S6 and Fig. S7, ESI†). Table 1 lists the 
mesoporosity properties of the PAMs synthesized at different 
pressures (No. 2-4). The mesopore enlarges with the increasing 
pressure, i.e. from 13.8 to 22.0 nm as the pressure is enhanced 
from 2.5 to 6.9 MPa. It can be attributed to the enlarged F127 
micelles at higher pressures, by taking account of the templating 
effects of micelles on the mesopore formation.17 The BET surface 
area and mesopore volume increase as the pressure is enhanced 
(i.e. with the increased mesopore size), which is very interesting 
because generally the BET surface area of mesoporous materials 
decreases with the enlarged mesopores. It is known that apart 
from dissolving inside micelles, CO2 can be solubilized in bulk 
water and the amount of CO2 solubillized in bulk phase is 
increased with pressure.18 Therefore, the PAM synthesized at 
higher pressure is more porous after releasing CO2. The above 
analysis proves that CO2 is efficient in tuning the mesopore 
properties of the PAMs through the control of pressure. 

Table 1 The mesopore diameter (Dmeso), BET surface area (SBET) 
and mesopore volume (Vt) of the PAMs synthesized in the CO2-
present F127 aqueous solution at different pressures and 
surfactant concentrations.  

  No Pressure/MPa    [F127]/wt% Dmeso/nm SBET/m2g-1 Vt/cm3g-1 

1 CO2-free 10 3.5 20.3 0.108 

2 2.5 10  13.8 105.5 0.455 

3 4.8 10  17.0 143.6 0.718 

4 6.9 10  22.0 88.8 0.312 

5 4.8 2 16.5 60.6 0.169 

6 4.8 6 17.2 79.6 0.281 
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The effect of surfactant concentration on the properties of the 
PAMs synthesized in the CO2-present F127 aqueous solution was 
investigated. The CO2 pressure was fixed at 4.8 MPa. As the 
surfactant concentrations were 2.0 and 6.0 wt%, the mesocellular 
PAMs were also obtained (see SEM images and N2 adsorption-
desorption results in Fig. S8 and Fig. S9, ESI†). The porosities of 
the two PAMs determined by N2 adsorption-desorption method 
are listed in Table 1 (No. 5 and 6). The mesopore sizes of the 
PAMs synthesized at different surfactant concentrations are 
nearly identical (~17 nm, No. 3, 5, 6). It can be explained by the 
fact that the size of the F127 micelles changes little in the 
experimental surfactant concentration range at the same 
pressure.19 However, SBET and Vt drop remarkably as the 
surfactant concentration is decreased. It further proves the 
templating effect of the micelles to the mesopore formation, 
because less micelles are formed at lower surfactant 
concentrations.  

The interconnected nature of the large mesopores makes the 
as-synthesized polymer promising candidate of catalyst support. 
The selective hydrogenation of alkynes to alkenes is of great 
significance in fine chemical industries.20 To facilitate the 
selectivity towards the desired alkene, generally, the additive of 
N-bases,21 modification of Pd-catalysts by the metals like Pb, 
Zn,22 utilization of N-group functionalized polymers as Pd 
support23 are needed. Here we utilized the as-synthesized 
unfunctionalized PAM as a support for monometallic Pd catalyst 
under a non-base condition. The TEM and XRD results confirm 
that the crystallined Pd nanoparticles in size of ~2 nm are highly 
dispersed on PAM (Fig. S10 and Fig. S11, ESI†). The Pd loading 
content was determined to be 1.30 wt% by ICP-AES analysis. 
The catalytic performance of Pd/PAM composite for the selective 
hydrogenation of phenylacetylene was tested. As shown in Table 
2, 52.1% phenylacetylene could convert within 1 hour with 
99.9% selectivity to styrene (Entry 1). With the increasing 
reaction time, the conversion is increased, while the selectivity 
drops (Entries 2-5). As the reaction time is 5 hours, 
phenylacetylene could almost completely convert with 74.5% 
selectivity to styrene (Entry 5).  

Table 2  Hydrogenation of phenylacetylene.  

 

       Entry Time/hour Conversion/% Selectivity/% TOF/h-1[a] 

1[b] 1 52.1 99.9 1293 

2[b] 3 75.6 92.5 626 

3[b] 4 91.1 90.1 566 

4[b] 4.5 96.5 80.6 532 

5[b] 5 99.8 74.5 496 

6[c] 5 99.7 75.8 495 

7[d] 5 99.8 75.6 497 

8[e] 5 96.6 80.2 480 

9[f] 1 80.5 8.2 520 

10[f] 2 99.8 0 323 

11[g] 1 11 89 527 

[a]: TOF defined as mmol(product) × (mmol(Pd) × h)-1. [b]: The Pd/PAM 
catalyst synthesized in this work, reaction condition for Entry 1-8: 0.366 
µmol of Pd, phenylacetylene (100 µL, 0.91 mmol) in 2.0 mL acetonitrile 
using the 1,3,5-trimethylbenzene as the internal standard, 1 atm H2, 30 oC. 
[c], [d], [e]: The Pd/PAM was reused for the second, third and forth runs. 
[f]: The commercial Pd/C catalyst (3mg, Pd: 5 wt%). [g]: The 
Pd/bipyridine-functionalized PLA catalyst reported in Ref. 24, Pd (0.834 
µmol), phenylacetylene (4 mmol), THF (10 mL), p(H2) (3 bar), T (25 oC). 

The reusability of Pd/PAM for the selective hydrogenation of 
phenylacetylene was investigated under identical conditions to 
those of Entry 5. After reaction for 5 hours, the catalyst was 
recovered by centrifugation, washing with CH3CN and drying, 
and then the solid was reused for a consecutive run. As listed in 
Table 2, the catalyst shows no drop of catalytic activity after three 
runs (Entry 7). There is a little decrease of conversion for the 
fourth use (96.6%), which may be due to the loss of catalyst 
during recovery and washing process, and the selectivity for 
styrene still keeps unreduced (Entry 8). The TEM image of the 
Pd/PAM catalyst after reused for four runs shows no particle or 
crystallite aggregation and the mesoporous structure of the PAM 
was well preserved (Fig. S12, ESI†). No major difference was 
observed for the XRD patterns of the fresh Pd/PAM and that after 
reused for three runs (Fig. S13, ESI†).  

For comparison, the catalytic performance of commercial Pd/C 
composite for the selective hydrogenation of phenylacetylene was 
tested at the experimental conditions the same as above. 
Phenylacetylene was completely converted into ethylbenzene in 2 
hours, showing absolutely no selectivity to styrene (Entry 10). 
Besides, the catalytic performance of the as-synthesized Pd/PAM 
for the selective hydrogenation of phenylacetylene to styrene is 
compared with that of the Pd/polymer catalysts. As shown in 
Table 2, the TOF value and selectivity of the Pd/PAM are much 
higher than the reported catalyst Pd on bipyridine-functionalized 
poly(lactic acid) (PLA)-based stereocomplexes (Entry 11).24 The 
high catalytic activity of the as-synthesized Pd/PAM can be 
ascribed to: 1) XPS spectra of the Pd/PAM (Fig. S14, ESI†) 
shows that the nitrogen in the amino group of PAM participated 
in the bonding of Pd, which modified the Pd active centers and 
thus resulted in stronger adsorption of alkyne substrate to Pd 
active centers than alkene;25 2) the highly dispersed small Pd 
nanoparticles (~2 nm) could increase the density of catalytic 
active sites;26 3) the interconnected nature of the large mesopores 
of support PAM are favourable to the diffusion of substrate and 
product.27 

In summary, the highly porous mesocellular PAMs were 
synthesized through a CO2-swollen micelle templating route 
proposed in this work. The mesopore size of the PAMs can be 
modulated by adjusting CO2 pressure. The as-synthesized 
mesocellular PAMs are excellent support for preparing 
heterogeneous catalysts. By taking advantages of interconnected 
nature of the mesopores and high porosity, these mesocellular 
PAMs have potential applications in catalysis, gas separation, and 
controlled drug release. The CO2-tailored BCP self-assemblies 
can be applied to the synthesis of different kinds of mesoporous 
polymers. 

The authors are grateful to the National Natural Science 
Foundation of China (21173238, 21133009, U1232203, 
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