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 The design and preparation of porous materials with controlled structures 
and functionalities is crucial to a variety of absorption- or separation-relevant 
applications, including CO 2  capture. Here, novel functional polymeric 
materials with three-dimensionally ordered macroporous (3DOM) structures 
are prepared by using colloidal crystals as templates using relatively simple, 
rapid, and inexpensive approaches. These ordered structures are used for 
the reversible CO 2  capture from ambient air by humidity swing. Typically, 
the colloidal crystal template is synthesized from polymer latex particles 
of poly(methyl methacrylate) (PMMA) or polystyrene (PS). To maintain the 
functionality of the material, it is important to prevent the porous structure 
collapsing, which can occur by the hydrolysis of the ester bonds in conven-
tional crosslinkers under basic conditions. This hydrolysis can be prevented 
by using a water-soluble crosslinker containing two quaternary ammonium 
moieties, which can be used to prepare stable porous crosslinked polymers 
with the monomer (vinylbenzyl)trimethylammonium chloride (VBTMACl) and 
using a PMMA-based colloidal crystal template. The hydroxide-containing 
monomer and dicationic crosslinker are synthesized from their chloride 
precursors, avoiding the ion-exchange step which causes shrinkage of the 
pores. An analysis of different methods for infi ltrating the monomer solution 
into the colloidal crystal template shows that infi ltration using capillary forces 
leads to fewer defects than infi ltration under a partial vacuum. In addition, 
functional macroporous fi lms with micrometer thickness are prepared from a 
template of PS-based colloidal crystals in a thin fi lm. In general, the colloidal 
crystal templated materials showed improved CO 2  absorption/desorption 
rates and swing sizes compared to a commercially available material with 
similar functional groups. This work could easily be extended to create a new 
generation of ordered macroporous polymeric materials with tunable func-
tionalities for other applications. 
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  1. Introduction 

 Colloidal crystals are three-dimensional 
(3D) periodic lattices formed from mono-
disperse spherical colloidal particles. [  1  ]  In 
a colloidal crystal, uniformly sized spheres 
are close packed in a predominantly face-
centered cubic (fcc) crystalline structure, 
assembled by entropy-driven crystalliza-
tion. [  2  ]  Colloidal crystals can be prepared 
from monodisperse polymeric or inor-
ganic colloids as building blocks, which 
are typically polymer latex or silica micro-
spheres. Because of their unique struc-
tures and properties, colloidal crystals 
have applications as photonic crystals, [  3  ]  
sensors, [  4  ]  membranes, [  5  ]  and scaffolds for 
tissue engineering. [  6  ]  

 Due to their unique structures, colloidal 
crystals have been used as templates for 
highly ordered porous polymeric structures 
in recent years. [  7  ]  The inverse polymer 
opals are formed in the interstitial sites 
of the colloidal crystal templates, giving a 
three-dimensionally ordered macroporous 
(3DOM) structure. [  8  ]  The preparation of 
periodic macroporous structures by col-
loidal crystal templating involves four 
steps: synthesis of colloidal spheres, prepa-
ration of the colloidal crystal template, pre-
cursor infi ltration followed by polymeriza-
tion, and template removal. [  9  ]  Various inor-
ganic or polymeric particles can be used in 
the fi rst step. [  10  ]  The second step involves 
the assembly of the spheres into a colloidal 
im
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crystal, which can be achieved by various approaches, such as 
sedimentation, [  11  ]  centrifugation, [  12  ]  electrodeposition, [  13  ]  vertical 
deposition, [  14  ]  fi ltration, [  15  ]  and slit fi lling. [  16  ]  In the third step, 
various polymer precursors can be infi ltrated into the silica-
based colloidal crystals, including monomers that are subse-
quently polymerized thermally or under UV to form macro-
porous fi lms of polystyrene (PS), poly(methyl methacrylate) 
(PMMA), or polyurethane. [  17  ]  Similar approaches can be used 
to create various porous polymer replicas, such as polymer-
ized divinylbenzene (DVB) and ethylene glycol dimethylacrylate 
(EGDMA), [  18  ]  epoxy resins, [  19  ]  polydimethylsiloxane (PDMS) 
elastomers, [  20  ]  polyethylene using gaseous phase as the precur-
sors by chemical vapor deposition, [  21  ]  or poly(carbazole) via col-
loidal template-assisted electropolymerization. [  22  ]  In the fi nal 
step, latex or silica spheres are removed by selective dissolution 
in organic solvents or hydrofl uoric acid, respectively. 

 Generally, three types of precursors are used for the infi l-
tration in colloidal crystals to obtain polymer networks: 
1) polymer solutions; 2) monomer solutions; and 3) monomer 
and crosslinker solutions. For the polymer solutions, only evap-
oration of the solvent is needed; while for the last two cases, in 
situ polymerization is needed to form polymer networks after 
infi ltration. In the fi rst two cases, the resulting polymer matrix 
is uncrosslinked, while crosslinked polymer networks can 
improve the mechanical properties and resistance to high tem-
perature and solvents. [  23  ]  The previous studies used common 
polymers, monomers, or crosslinkers, and focused on the 
structural and physical properties of the resulting materials. In 
order to expand the utility of these 3DOM polymeric materials 
for a specifi c function, components should be tailored to the 
desired application. 

 Herein, we report the synthesis of functional polymeric 
materials with 3DOM structures using colloidal crystal tem-
plates for reversible CO 2  capture from ambient air. The rapid 
growth of CO 2  emissions from fossil fuel combustion is a major 
cause of the greenhouse effect, leading to global warming and 
climate change. [  24  ]  In recent years, signifi cant effort has been 
devoted to developing technologies that can reduce the CO 2  
concentration in the atmosphere, typically through the capture 
of CO 2  using “point-source capture” at large power plants, [  25  ]  
or “air capture” where CO 2  is absorbed directly from ambient 
air. [  26  ]  The humidity swing has emerged as a promising air-
capture method, since it uses a change in the humidity of the 
surrounding air to reversibly absorb and desorb CO 2  at ambient 
     Figure  1 .     a) SEM image and b) the particle size histogram with a Gaussian size distribution fi t 
(solid line) of PMMA colloidal crystals.  
conditions by switching between the bicar-
bonate–carbonate species. At low humidity 
the bicarbonate species are favored and CO 2  
absorption occurs, while at high humidity 
carbonate species are favored and CO 2  des-
orption occurs. [  27  ]  It is also possible for 
hydroxide anions to undergo a one-time CO 2  
absorption to form bicarbonates, allowing the 
system to be started from the hydroxide state. 
To enhance the CO 2  capture performance by 
the humidity swing, we used colloidal crystal 
templates to create macroporous polymers 
containing quaternary ammonium hydroxide 
groups, which can be used for the humidity 
swing. 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 4720–4728
 Colloidal crystals templates have two obvious advantages. 
Firstly, the macropores in the resulting structures are intercon-
nected, aiding the gas diffusion through the pores. Secondly, the 
pores have a high packing density, increasing the capacity for the 
gas absorption. The colloidal crystal templated materials show 
improved CO 2  capture performances compared to a commer-
cially available resin, which was used as a standard. To the best of 
our knowledge, this study, along with our previous work, [  28  ]  is the 
fi rst reported case of CO 2  capture sorbents based on macropo-
rous polymeric materials prepared using colloidal crystal tem-
plates. This work also developed a facile and versatile strategy 
for the synthesis of highly-ordered porous structures by using 
novel crosslinkers and functional monomers. This opens an 
avenue for the design and preparation of macroporous polymer 
networks with controlled functionality by colloidal crystals tem-
plating, which could be used in various future applications.   

 2. Results and Discussion 

  2.1. 3DOM Polymeric Materials by PMMA Colloidal Crystals 
Templating with Dimethacrylate or Bisacrylamide Crosslinkers 

 In the fi rst step, the monodisperse poly(methyl methacrylate) 
(PMMA) spheres were synthesized by surfactant-free emul-
sion polymerization of MMA in water with an azo initiator 
(2,2′-azobis(2-amidinopropane) dihydrochloride, V50) at 75  ° C. [  29  ]  
To create the colloidal crystal template, the colloidal suspension 
was subjected to centrifugation and drying, inducing the PMMA 
latex spheres to form three-dimensionally ordered arrays. As 
shown in the scanning electron microscopy (SEM) images 
in  Figure    1  , the PMMA spheres have an average diameter of 
480 nm with a narrow size distribution, and the spheres were 
close-packed into an fcc lattice. The colloidal crystals are pre-
dominantly fcc with a small fraction of hexagonal close-packing 
(hcp) or random close-packing (rcp) regions. [  30  ]  This pheno-
menon originates from the fact that fcc is entropically favored 
over hcp by approximately 0.005 RT  per mol. [  31  ]  The fcc com-
ponent was induced by gravity and centrifuge-induced stresses, 
since only random stacking of hexagonally close-packed (rhcp) 
structure can form in microgravity. [  32  ]  The colloidal spheres in 
the colloidal crystals have a packing density of 0.74, which is the 
highest among the common crystal structures. [  12  ]   
4721wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Scheme  1 .     Preparation of the 3DOM polymeric materials by PMMA colloidal crystals tem-
plating with VBTMACl and PEODMA/MBA.  
 In the third step of the preparation of the 3DOM polymeric 
materials, the PMMA colloidal crystals were used as the tem-
plates to create ordered macroporous polymeric materials, as 
shown in  Scheme    1  . First, the colloidal crystals were infi ltrated 
with a mixture of the monomer (vinylbenzyl)trimethylam-
monium chloride (VBTMACl)), the water-soluble crosslinker 
(10% molar ratio to the monomer), as well as an azo initiator 
(2,2’-azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride, 
VA-044). Initially, two water-soluble crosslinkers were used: 
 N,N -methylenebis(acrylamide) (MBA) and poly(ethylene oxide) 
dimethacrylate (PEODMA,    M    n   =  750). The precursor mixture, 
in the void spaces formed between the PMMA spheres, was 
polymerized thermally at 80  ° C.  

 In the fi nal step, the PMMA spheres were removed by 
washing with tetrahydrofuran (THF) and acetone to generate 
the pores in the crosslinked polymer networks. The SEM images 
of the resulting uniform macroporous structures are shown in 
 Figure    2  . The white regions are the walls of the pores on the 
top layer, the gray regions are those in the second layer, and the 
dark regions are voids. The large pores have a size of ca. 0.5  μ m, 
and the walls of the pores are formed by the crosslinked poly-
mers. In each of the large pores, there are circular windows (ca. 
50 nm in diameter) formed where the original PMMA spheres 
touched. The origin of the windows was attributed mainly to 
the fact that the PMMA spheres contacted each other so that 
the precursor solution did not penetrate those regions. [  17c  ]  In 
principle, each large pore should contain 12 small pores, since 
every sphere is in contact with 12 neighboring spheres in fcc 
packing. [  9  ]  In this structure, the windows connect neighboring 
macropores, making the whole material interconnected and 
increasing the porosity above 0.74. [  19  ]   

 The crosslinked ordered macroporous polymers containing 
the quaternary ammonium chloride groups were treated with 
KOH in methanol to generate the quaternary ammonium 
hydroxide groups. After this treatment, the SEM images 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wein

     Figure  2 .     SEM images of the 3DOM polymeric materials by PMMA colloidal crystal templating 
with a) MBA or b) PEODMA as the crosslinker.  
(Supporting Information, Figure S1a,c) 
showed the collapse of almost all of the 
original macropores. Two additional sam-
ples with a higher content of the crosslinker 
(50% molar ratio) were prepared, but their 
ordered macroporous structures still col-
lapsed after KOH treatment (Supporting 
Information, Figure S1b,d). This collapse 
of the porous structure was caused by the 
hydrolysis of the ester or amide bonds in 
the crosslinkers under the highly basic conditions. To prevent 
the collapse of the pores, divinylbenzene (DVB) was also used 
as a crosslinker, since it contains no ester or amide bonds. 
However, after polymerization and removal of the templates, 
the pores collapsed (Supporting Information, Figure S2), and 
this pore collapse was also observed in three other control 
experiments, where the PMMA colloidal crystals were infi l-
trated with 4-chloromethyl styrene (CMS), DVB and methanol, 
respectively (Supporting Information, Figure S3). This was 
most likely caused by the PMMA spheres dissolving or swelling 
in the CMS, DVB, and methanol. Therefore, to preserve the 
porous structure, the polymer precursor solution should be 
aqueous with water-soluble monomers and stable crosslinkers 
that contain no ester or amide groups.   

 2.2. 3DOM Polymeric Materials by PMMA Colloidal Crystals 
Templating with VBTMACl and PMVPMACl 

 In order to obtain a stable water-soluble crosslinker, the 
esterifi cation reactions that are usually used to prepare 
divinyl crosslinkers (e.g., starting from acrylic acid, meth-
acrylic acid, etc.) should not be used due to hydrolysis. Thus, 
a styrene based water-soluble crosslinker should be prepared. 
The quaternization reaction between  α , α ′-dichloro- p -xylene 
and  N -(4-vinylbenzyl)- N,N -dimethylamine was developed 
to produce a novel dicationic crosslinker,  N,NJ. Gelb -(1,4-
phenylenebis(methylene))bis( N,N -dimethyl-1-(4-vinylphenyl)
methanammonium) dichloride (PMVPMACl) ( Figure    3   and 
Supporting Information, Part D). The advantages of using 
this dicationic crosslinker are: 1) the dicationic crosslinker is 
very stable under highly alkaline conditions; 2) the molecule is 
water-soluble; 3) the synthetic procedure is facile and effective; 
and 4) the quaternary ammonium chloride groups can be trans-
formed into quaternary ammonium hydroxide groups, which 
can be used for the humidity swing.  
 Four samples with different degrees of 

crosslinking were prepared using the dica-
tionic crosslinker PMVPMACl and subjected 
to ion-exchange with KOH in methanol or 
water ( Scheme    2  ). After ion-exchange, approx-
imately 70–90% of the chlorine ions were 
converted to hydroxide ions, as determined 
from the elemental analysis of the chlorine 
content (Supporting Information, Table S1). 
As shown in the SEM images ( Figure    4   and 
Supporting Information, Figure S10–S13), 
for the samples with 10% crosslinker, the 
ordered macroporous structures partially 
heim Adv. Funct. Mater. 2013, 23, 4720–4728
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   Table  1.     The CO 2  capture results for the 3DOM polymeric materials pre-
pared by colloidal crystal templating. 

Entry Template a) /Monomer/
crosslinker/KOH treat-

ment b) /crosslinking 
degree c)  

Swing size 
[mmol g  − 1 ]

Absorption 
rate [mmol 
min  − 1  g  − 1 ]

Desorption 
rate [mmol 
min  − 1  g  − 1 ]

Overall rate d)  
[mmol min  − 1  

g  − 1 ]

1 Excellion membrane f 1.3  ×  10  − 1 4.0  ×  10  − 3 4.5  ×  10  − 3 2.1  ×  10  − 3 

2 PMMA-CC/VBTMACl/

PMVPMACl/W/10%
2.4  ×  10  − 1 5.0  ×  10  − 3 1.0  ×  10  − 2 3.4  ×  10  − 3 

3 PMMA-CC/VBTMACl/

PMVPMACl/M/10%
2.5  ×  10  − 1 6.2  ×  10  − 3 1.0  ×  10  − 2 3.9  ×  10  − 3 

4 PMMA-CC/VBTMACl/

PMVPMACl/W/20%
2.3  ×  10  − 1 4.3  ×  10  − 3 7.7  ×  10  − 3 2.7  ×  10  − 3 

5 e) PMMA-CC/VBTMACl/

PMVPMACl/M/20%
3.7  ×  10  − 1 2.8  ×  10  − 2 1.8  ×  10  − 2 1.1  ×  10  − 2 

6 PMMA-CC/VBTMACl/

PMVPMACl/W/50%
3.3  ×  10  − 1 2.5  ×  10  − 2 1.6  ×  10  − 2 9.7  ×  10  − 3 

7 PMMA-CC/VBTMACl/

PMVPMACl/M/50%
2.7  ×  10  − 1 1.8  ×  10  − 2 1.2  ×  10  − 2 7.2  ×  10  − 3 

8 PMMA-CC/VBTMACl/

PMVPMACl/W/100%
1.9  ×  10  − 1 5.5  ×  10  − 3 8.0  ×  10  − 3 3.2  ×  10  − 3 

9 PMMA-CC/VBTMACl/

PMVPMACl/M/100%
2.4  ×  10  − 1 4.0  ×  10  − 3 7.3  ×  10  − 3 2.6  ×  10  − 3 

10 f) PMMA-CC/VBTMAOH/

PMVPMAOH/-/20%
2.7  ×  10  − 1 1.0  ×  10  − 2 1.6  ×  10  − 2 6.3  ×  10  − 3 

11 f) PMMA-CC/VBTMAOH/

PMVPMAOH/-/50%
2.1  ×  10  − 1 1.2  ×  10  − 2 1.5  ×  10  − 2 6.7  ×  10  − 3 

12 g) PMMA-CC/VBTMAOH/

PMVPMAOH/-/20%
4.1  ×  10  − 1 5.2  ×  10  − 3 1.2  ×  10  − 2 3.6  ×  10  − 3 

13 PS-CC-fi lm/VBTMACl/

PMVPMACl/M/20%
5.7  ×  10  − 1 6.4  ×  10  − 3 1.4  ×  10  − 2 4.4  ×  10  − 3 

    a) Template: PMMA-CC  =  poly(methyl methacrylate) colloidal crystals; PS-CC-fi lm  =  
polystyrene colloidal crystals fi lms;      b) KOH Treatment: “W”  =  KOH aqueous solu-
tion (1.2 g mL  − 1 ); “M”  =  KOH/methanol solution (0.2 g mL  − 1 ); “-”  =  no treatment;  
    c) Crosslinking degree: the molar ratio of the crosslinker to the monomer;      d) The 

overall rate is determined by:  
1

overall rate = 1
absorption rate + 1

desorption rate        ; e) The 

data are taken from ref. [28];      f) Using the infi ltration method by fi ltration;      g) Using 

the infi ltration method by capillary force.   

     Figure  3 .     Synthesis of the dicationic crosslinker PMVPMACl.  

     Scheme  2 .     Preparation of the 3DOM polymeric materials by PMMA col-
loidal crystals templating with VBTMACl and PMVPMACl.  
collapsed, indicating that 10% crosslinker was insuffi cient to 
form rigid pore walls. For the samples with 20%, 50%, and 
100% crosslinker, the ordered macroporous structure was well 
preserved after ion exchange. The large pores in these 3DOM 
crosslinked polymers were interconnected by circular windows. 
Also, most samples showed some shrinkage of the pores after 
ion exchange, for example, the sample with 20% crosslinker 
showed a decrease in the large pores from ca. 460 to 370 nm, and 
the windows decreased from ca. 220 to 70 nm after KOH treat-
ment. The shrinkage of the pores, observed after ion exchange, 
was most likely due to the swelling and deformation of the 
crosslinked scaffolds in the KOH methanol/water solutions.   

 The CO 2  capture measurements were performed by placing 
the materials in a sealed chamber and recording CO 2  desorption 
and absorption kinetics when they were sequentially exposed to 
humid and dry conditions (specifi c humidity of 20 and 5 parts 
per thousand (ppt), which corresponds to approximately 90% 
and 20% relative humidity, respectively, at 20  ° C). The CO 2  cap-
ture results for the 3DOM polymeric materials with different 
crosslinking degrees are shown in  Table    1   (entry 2–9), and 
their CO 2  absorption/desorption profi les are shown in the Sup-
porting Information, Figure S17–S20. The commercially avail-
able Excellion membrane containing quaternary ammonium 
hydroxide groups was selected as the reference material. [  27b  ,  28  ]  
All these 3DOM polymeric materials had larger swing sizes 
(1.5–2.8-fold) and absorption/desorption rates (1.2–5.2-fold) 
compared to this standard, and they basically ranked from 
highest to lowest for the samples with crosslinking degrees 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinh

     Figure  4 .     SEM images of the 3DOM polymeric materials prepared by PMMA colloidal crystal 
templating with VBTMACl and PMVPMACl with crosslinking degrees of a,b) 10%, c,d) 20%, 
e,f) 50%, and g,h) 100%: a,c,e,g) after removal of the templates by washing with THF/acetone; 
and, b,d,f,h) after ion-exchange with KOH/methanol solution.  

Adv. Funct. Mater. 2013, 23, 4720–4728
of 20%, 50%, 10%, and 100%. The outper-
formance of the 3DOM polymeric mate-
rials over the Excellion membrane is mainly 
attributed to their interconnected macro
porous structures, which provide larger sur-
face areas and facilitate the diffusion of gases.  

 The relatively poor performance of the 
sample with 100% crosslinking could be due 
to the fact that the solubility of PMVPMACl 
in water is not as high as that of VBTMACl, 
and the precursor solutions have higher vis-
cosity, which infl uences the infi ltration pro-
cess. For the sample with 10% crosslinks, the 
crosslinking density is too low to form a suf-
fi ciently strong crosslinked network, which 
results in partial collapse of the macropores. 
4723wileyonlinelibrary.comeim
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     Figure  5 .     CO 2  absorption/desorption profi les (15 cycles) for the 3DOM polymeric materials by 
PMMA colloidal crystals templating with VBTMACl and PMVPMACl (20% mole ratio).  

     Figure  6 .     Synthesis of the hydroxide-containing monomer VBTMAOH and the hydroxide-con-
taining dicationic crosslinker PMVPMAOH.  
The humidity swing for CO 2  absorption/desorption was run 
for 15 cycles for the sample with 20% crosslinking degree, 
and essentially no decrease in the performance was observed 
( Figure    5  ), which suggests that the material is highly stable.    

 2.3. 3DOM Polymeric Materials by PMMA Colloidal Crystals 
Templating with VBTMAOH and PMVPMAOH 

 Since the KOH treatment shrank the pores of the 3DOM poly-
meric materials, it is desirable to polymerize the hydroxide-
containing monomer and crosslinker. This avoids the 
ion-exchange step, which should reduce the shrinkage and 
increase the fraction of quaternary ammonium hydroxide 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wein

     Scheme  3 .     Preparation of the 3DOM polymeric materials by PMMA col-
loidal crystals templating with VBTMAOH and PMVPMAOH.  

     Figure  7 .     a,c) SEM
polymeric materials
VBTMAOH and PM
crosslinking degrees
groups in the resulting polymer. Simple 
reactions were developed to produce the 
hydroxide-containing monomer and dica-
tionic crosslinker by reacting their chloride 
precursors with KOH in ethanol ( Figure    6   
and Supporting Information, Part E).  

 Two samples with different crosslinking 
degrees were prepared from a PMMA col-
loidal crystals template with the hydroxide-
containing monomer and dicationic 
crosslinker ( Scheme    3  ). The SEM and thin-
section TEM images ( Figure    7  ) show that 
the ordered porous structure was preserved 
very well after removal of the PMMA tem-
plates without obvious collapse or distortion. 
The samples prepared from the hydroxide-
containing precursors have larger pore sizes 
(420 and 100 nm for the macropores and 
windows, respectively) than the earlier sam-
ples prepared from chloride containing pre-
cursors followed by ion-exchange, which con-
fi rms that the pores shrank during the ion-
exchange step.   

 The CO 2  capture results in Table  1  
(entry 10–11) and Supporting Information 
(Figure S21) showed that the samples with 
20% and 50% crosslinking degrees had a 
2-fold increase in the swing size, and a 3-fold 
increase in the overall rate, compared to 
the Excellion membrane. These results are 
similar to those for the previous samples 
containing VBTMACl/PMVPMACl after ion-
exchange, revealing that the ion-exchange 
step has minimal infl uence on the CO 2  cap-
ture results.   
heim

 and b,d) thin-section TEM images of the 3DOM 
 prepared by PMMA colloidal crystal templating with 
VPMAOH without ion-exchange step using different 
: a,b) 20%, and, c,d) 50%.  

Adv. Funct. Mater. 2013, 23, 4720–4728
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     Figure  9 .     3D XRM images of the 3DOM polymeric materials prepared by PMMA colloidal 
crystal templating with VBTMAOH and PMVPMAOH (20% mole ratio) using different infi ltra-
tion methods (by capillary force (a–e) and by fi ltration (f)): a–c) the virtual slices through the 
imaging volume, d) the intersection between viewing planes, e) the surface view of the struc-
ture, and, f) the 2D virtual orthogonal slice of the 3D dataset. The inset in (f) is an enlarged 
image of a selected area.  

     Figure  8 .     SEM images of the 3DOM polymeric materials prepared by 
PMMA colloidal crystal templating with VBTMAOH and PMVPMAOH 
(20% mole ratio) using different infi ltration methods: a) by fi ltration, and, 
b–d) by capillary force.  
 2.4. Infl uence of Different Infi ltration Methods 

 During the infi ltration by vacuum fi ltra-
tion, the PMMA colloidal crystals templates 
were crushed to powders, causing many 
defects in their ordered crystal structures. 
During polymerization, the voids between 
the grains are fi lled with non-porous poly-
mers. As shown in the SEM image in 
 Figure    8  a, although the pores can be observed 
throughout the sample, the existence of a few 
regions of non-porous polymers can be seen 
on their surfaces. In addition, the nanoscale 
3D X-ray microscopy (XRM) was employed 
to non-destructively resolve the 3D structures 
of this material, and the results are shown in 
 Figure    9  f and the Supporting Information, 
Figure S15. In the 2D virtual orthogonal slice 
of the 3D dataset, inhomogeneous structures 
were observed with some areas laced with the 
honeycomb structure, while others only had 
dense bulk matter.   

 To reduce the defects in the crosslinked 
polymeric materials, a different infi ltration 
method was used to give bulk templates 
instead of powder templates. The bulk 
PMMA colloidal crystals templates were 
directly used for the infi ltration, and the pre-
cursor solution was poured over the mate-
rial, and allowed to infi ltrate the pores by 
capillary forces. [  33  ]  Since the bulk PMMA col-
loidal crystals templates have fewer defects 
than the powder templates, the resulting 
samples would have better interconnec-
tivity between the pores. The SEM images 
in Figure  8 b–d show that no non-porous 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 4720–4728
areas were observed after examining different regions of 
the sample prepared by capillary force infi ltration. Also, the 
3D XRM images (Figure  9 a–e and Supporting Information, 
Figure S16) displayed the virtual slices through the imaging 
volume and the surface view of the structure, revealing the 
three-dimensionally continuous and homogeneous ordered 
porous structure in this material. While X-ray microcomputed 
tomography (micro-CT) has been used to characterize inverse 
opals with 16  μ m resolution, [  34  ]  this demonstration showed 
the feasibility of using nanoscale 3D XRM for the visualiza-
tion of the 3D morphology of 3DOM materials down to 50 nm 
resolution (16 nm voxels), representing up to three orders of 
magnitude improved resolution from the previous micro-CT 
experiments. [  35  ]  

 The CO 2  absorption/desorption profi les of the material 
synthesized by using capillary forces to infi ltrate the colloidal 
crystal are given in Table  1  (entry 12) and the Supporting 
Information (Figure S22). The overall rate of CO 2  capture 
and release was 1.7 times greater, and the swing size was 3.2 
times larger than for the Excellion membrane. This sample 
made using the infi ltration method by capillary force also 
4725wileyonlinelibrary.combH & Co. KGaA, Weinheim
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had a larger swing size compared to the samples made using 
fi ltration, which could originate from the better interconnec-
tivity between the pores.   

 2.5. 3DOM Polymer Films by PS Colloidal Crystals Templating 

 By using the multilayered colloidal crystal fi lms as the 
templates, [  36  ]  the crosslinked macroporous polymer fi lms can 
be prepared. The thickness of these fi lms is typically in the 
micrometer range, which is much thinner than the bulk mate-
rials that are in the millimeter range. These thin porous fi lms 
will have greater fraction of pores located near the surfaces, 
so the gas will travel a much shorter distance before reaching 
these pores in the center of the material compared to the bulk 
porous materials, which should facilitate the fl uid transport 
kinetics through the pores. 

 The vertical deposition method [  14  ]  was used to prepare the 
fi lm-shaped colloidal crystals. The monodisperse PS latex was 
prepared by the surfactant-free emulsion polymerization of sty-
rene, and then the colloidal PS spheres were assembled onto 
the surface of a vertically aligned glass slide to form a contin-
uous fi lm during the evaporation process through convective 
self-assembly. [  17c  ,  37  ]  The fi lm exhibited a nacre color under white 
light due to Bragg diffraction of visible light, indicating the 
ordered photonic crystal structures (the inset of  Figure    10  a). [  38  ]  
The SEM images show the ordered fcc packing structure of 
the resulting samples with average PS particle size of 278 nm 
(Figure  10 a–c).  
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G

     Figure  10 .     SEM images of PS colloidal crystals fi lms (a,b), the particle si
a Gaussian size distribution fi t (solid line) of PS colloidal crystals fi lms 
images of the 3DOM polymer fi lms prepared by colloidal crystal templating 
PMVPMACl (20% mole ratio): after infi ltration and polymerization (d); after
colloidal crystal templates (e,f,g); and, after ion exchange in KOH/methanol
inset in (a) is a photo of the PS colloidal crystals fi lm on a glass slide und
inset in (f) is the fast Fourier transform of the SEM image in (f).  
 The fi lms of the PS colloidal crystals were sandwiched 
between two glass slides, and infi ltrated with an aqueous 
solution of VBTMACl and PMVPMACl (20% molar ratio). After 
polymerization, the resulting polymer fi lms were washed with 
THF/acetone to dissolve the PS particles, generating an inter-
connected macroporous structure with an average pore size of 
ca. 220 nm (Figure  10 d–f). The fast Fourier transform (FFT) 
of the SEM image (the inset in Figure  10 f) showed fi rst- and 
higher-order spots, revealing the regular pattern of the uniform 
pores. [  39  ]  Finally, the chloride anions in the porous poly mer 
fi lms were then ion-exchanged with KOH in methanol or 
aqueous solution to obtain the porous polymer containing 
quaternary ammonium cations hydroxide anions. After ion 
exchange, the macropores and the windows between the 
pores were preserved (Figure  10 g–i). The macropores have an 
average size of 170 nm, and the pore walls were thicker than 
the same samples before ion exchange, which might be due to 
the swelling and deformation of polymer scaffolds containing 
the hydroxide counterion. After ion exchange with KOH, the 
chlorine contents of the polymer fi lms were reduced to trace 
amounts as measured by elemental analysis; while for the pre-
vious bulk samples, the chlorine content was still 1.4–4.3% 
after ion exchange under the same conditions (Supporting 
Information, Table S1). Thus, the fi lm materials have much 
better ion-exchange effi ciency than the bulk materials, probably 
due to their better fl uid diffusion properties. 

 When exposed to the humidity swing cycle, the swing 
size of the 3DOM polymer fi lms was 4.4 times larger than 
the Excellion membrane, and the kinetics were 2.1 times 
mbH & Co. KGaA, Wein

ze histogram with 
(c), and the SEM 

with VBTMACl and 
 removal of the PS 
 solution (h,i). The 
er white light. The 
faster, as shown in Table  1  (entry 13) and 
the Supporting Information (Figure S23). 
This sample showed the highest swing size 
(0.57 mmol g  − 1 ) among all the studied 
samples, which could be because of the 
thinner fi lm sample enable more active 
sites inside this material to interact with 
CO 2 . In all cases the CO 2  capture occurs by 
chemisorption, and it is worth noting that 
there were ca. 2.3 mmol g  − 1  of the quater-
nary ammonium sites potentially available 
for CO 2  capture, as measured by elemental 
analysis (Supporting Information, Part G). 
This reveals a utilization effi ciency of ca. 
50%, which is presumably because some 
of the quaternary ammonium groups were 
embedded inside the crosslinked polymers 
and inaccessible to outside gas molecules. 

 It is important to bear in mind that these 
CO 2  capture experiments were performed 
under near ambient conditions (i.e., with ca. 
400 parts per million (ppm) of CO 2 ), and that 
the swing size was recorded as the amount of 
CO 2  captured upon reaching the maximum 
absorption attained in the humidity swing. 
This is because in this work, the swing 
behavior (i.e., kinetics and cyclibility) under 
near ambient conditions was the focus. 
However, the low partial pressure of CO 2  of 
ca. 400 ppm makes the swing size smaller 
heim Adv. Funct. Mater. 2013, 23, 4720–4728
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than the maximum uptake or capacity. Therefore, despite the 
fact that the swing size of ca. 0.6 mmol g  − 1  is smaller than the 
1–4 mmol g  − 1  seen in CO 2  absorption isotherms at 1 atm of 
CO 2  after prior treatments of the sorbents by vacuumization or 
heating, [  40  ]  these humidity swing materials perform comparably 
or even better than typical porous materials at low concentra-
tions of CO 2 .    

 3. Conclusions 

 In summary, by using PMMA or PS latex particle based col-
loidal crystals as the templates, crosslinked polymer networks 
with 3DOM structures were successfully synthesized by the 
polymerization of water-soluble cationic monomers and dica-
tionic crosslinkers. The dicationic crosslinker was stable under 
highly basic conditions, and preserved the highly porous struc-
ture. By directly using the hydroxide-containing mononmer 
and dicationic crosslinker, the structures had less shrinkage 
compared to those prepared from the chloride containing 
monomer and dicationic crosslinker, followed by the hydroxide 
ion exchange. Infi ltration of the polymer precursor solution 
into the colloidal crystal template by capillary force reduced 
the defects in the porous structure compared to infi ltration 
under partial vacuum, as confi rmed by SEM and 3D XRM 
characterizations. The colloidal crystal templating method was 
versatile since bulk or fi lm porous polymeric materials could 
be obtained with thicknesses between millimeters and micro-
meters. These differences in the thickness of the materials 
are achieved simply by varying the thickness of the colloidal 
crystals template. The thin porous fi lms showed better ion-
exchange properties than their bulk counterparts, as revealed 
by elemental analysis. The quaternary ammonium hydroxide 
groups in the porous polymers allow the material to be used 
for reversible capture and release of CO 2  by humidity swing. 
Compared to Excellion membranes, a commercially avail-
able standard for CO 2  absorption/desorption by the humidity 
swing, the colloidal crystal templated materials improved the 
rates of CO 2  absorption/desorption by a factor of 2–5, and the 
swing size by a factor of 2–4. The synthetic strategy developed 
in this work sheds a new light on the design of well-defi ned 
structures and controlled properties of porous materials by col-
loidal crystal templating, which can be used for CO 2  capture 
and other potential applications.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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