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zone consists of nanosized pores. Motivated by these pros-
pects, the multiscale porous thin fi lms with well-defi ned 
micro- and nanosized porous regions were developed in 
this work. 

 Layer-by-layer (LbL) assembly is considered as a highly 
versatile deposition technique for fabricating functional 
thin fi lms and coatings. [ 11 ]  LbL assembled polyelectrolyte 
multilayers (PEMs) followed by simple post-treatment 
steps provides one of the most promising methods to 
generate porous polymeric frameworks. Rubner and 
co-workers fi rst demonstrated the formation of porous 
networks using poly(allylamine hydrochloride) (PAH)/
poly(acrylic acid) (PAA) multilayers. The PEMs were fab-
ricated with the PAH solution at a pH of 7.5 or 8.5 and 
the PAA solution at a pH of 3.5. The porous structure was 
formed after the post-treatment, which includes acidic 
immersion within the pH range of 1.8–2.6, rinsing in 
deionized (DI) water, drying and cross-linking. [ 5,6,9,12 ]  
Both nano- and micro-sized porous fi lms were able to 
be achieved by tuning the post-treatment conditions. 
In addition, free-standing porous PAH/PAA fi lms can be 
obtained through an ion-triggered exfoliation method. [ 12d ]  
Porous thin fi lms can also be fabricated by salt-induced 

 This work focuses on the design of porous polymeric fi lms with nano- and micro-sized 
pores existing in distinct zones. The porous thin fi lms are fabricated by the post-treatment 
of layer-by-layer assembled poly(allylamine hydrochloride) (PAH)/poly(acrylic acid) (PAA) 
multilayers. In order to improve the processing effi ciency, the deposition time is shortened 
to ≈10 s. It is found that fi ne porous structures can be created even by signifi cantly reducing 
the processing time. The effect of using polyelectrolytes with widely different molecular 
weights is also studied. The pore size is increased 
by using high molecular weight PAH, while high 
molecular weight PAA minimizes the pore size to 
nanometer scale. Having gained a precise control 
over the pore size, layered multiscale porous thin 
fi lms are further built up with either a microsized 
porous zone on top of a nanosized porous zone or 
vice versa.    
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  1.     Introduction 

 Porous polymeric fi lms are in demand for a wide range 
of applications including foams, [ 1 ]  insulators, [ 2 ]  mem-
branes, [ 3 ]  catalytic supports, [ 4 ]  antirefl ection coatings, [ 5 ]  
superhydrophobic coatings, [ 6 ]  and drug delivery systems. [ 7 ]  
For many applications, sophisticated porous structures 
with a precise control on the pore sizes ranging from 
nano- to micrometer are desired. For example, hierarchical 
(i.e., micro- and nano-sized) porous surfaces also help 
achieve superhydrophobicity. [ 8 ]  For controlled drug release, 
the release rate is highly dependent on the pore size. [ 9 ]  A 
well-controlled porous structure enables a tunable drug 
release over time. [ 10 ]  In addition, commercial nanofi ltra-
tion/reverse osmosis membranes have an asymmetric 
structure with two distinct types of porous zones; the 
bottom one consists of microsized pores while the upper 
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structural changes in PAH/PAA multilayers. [ 13 ]  The porous 
structures were formed by exposing the PAA/PAH mul-
tilayers fabricated in the presence of salt to pure water. 
However, the pore size was limited to the nanometer 
scale. Another way to make porous thin fi lms via LbL 
assembly is through the treatment of hydrogen-bonded 
poly(4-vinylpyridine) (PVP)/PAA multilayers in aqueous 
solution at pH of 12.5 when PAA was dissolved followed 
by the reconfi rmation of PVP chains. [ 14 ]  Only microsized 
pores were obtained, and the stability of the hydrogen-
bonded LbL fi lms over a broad range of pH is always an 
issue. Thus, in this work, we applied acidic treatment to 
induce the porous formation in PAH/PAA multilayer fi lms. 

 Immersion of PAH/PAA fi lms in a low-pH aqueous solu-
tion causes rearrangement of the polymer chains. [ 5 , 12b,c ]  
This rearrangement is induced by the breakage of the 
ionic cross-links of PAA due to protonation of the carboxy-
late groups and charge repulsion among the free, posi-
tively charged amine groups of PAH. The rinsing step with 
DI water allows ion pairs to reform and form small water 
pockets by rejecting water from the fi lm. By drying water 
out from the water pockets and cross-linking the polymer 
chains, stable porous fi lms were obtained. 

 In order to create distinct zones with different scales 
of the pore size, the prerequisite was to have a very pre-
cise control on each of the zones independently and to 
understand the factors that affect the formation of those 
zones. Once those factors were identifi ed, their combina-
tion could lead us to form multiscale porous frameworks. 
Previous studies mainly investigated the effect of the 
number of layers [ 12a,d ] , pH [ 5 ] ,  [ 9 , 12a,c , 15 ]  and time  [ 12a,d , 15a ]  of 
the post-treatment on the morphology of the porous PAH/
PAA fi lms. However, one major obstacle in commercial-
izing any of these fi lms is the long processing time that 
goes into fabricating the PAH/PAA fi lms using LbL tech-
nique. Recently, several studies initiated using short depo-
sition time to address this issue and apply for gas barrier 
fi lms. [ 16 ]  The deposition time was shortened from con-
ventional 15–20 min to less than 1 min. It has been found 
that different deposition time leads to varied fi lm compo-
sitions and structures. [ 16a ]  Since the formation of porous 
PAH/PAA fi lms is mainly dependent on the interaction 
between PAA and PAH and the reorganization of polymer 
chains, the changes in fi lm composition and polymer dis-
tribution may further alter the porous structure. How-
ever, no research has been focused on studying the effect 
of deposition time on the porous structure or how effi -
ciently the porous thin fi lms can be built up. In addition, 
the mobility of the individual polymer chains also plays 
a crucial role. During the post-treatment, the reorganiza-
tion of polymer chains is highly infl uenced by the chain 
mobility and the interaction among functional groups. In 
this regard, the molecular weight of polyelectrolytes could 
be one of the critical and intrinsic parameters to tune the 

porous structure since it highly affects the chain mobility 
and the intramolecular and intermolecular interactions. It 
has been reported that the molecular weight of polyelec-
trolytes plays an important role during LbL assembly. [ 17 ]  
However, few studies focused on the molecular weight 
effect of polyelectrolytes on the porous structure. [ 15b ]  In 
order to study the molecular weight effect thoroughly, we 
fabricated PAH/PAA multilayers using PAA with molecular 
weight of 15 000 g mol −1  (PAA L ) and 225 000 g mol −1  (PAA H ) 
and PAH with molecular weight of 15 000 g mol −1  (PAH L ) 
and 900 000 g mol −1  (PAH H ). In this study, we focused on 
the effect of deposition time and molecular weight of poly-
electrolytes on the porous morphology in order to shorten 
the fabrication time and obtain a wider and more precise 
control on the porous structure at the same time.  

  2.     Results and Discussion 

 In this work, the PAH/PAA multilayers were constructed 
by the alternate deposition of PAH at pH = 8.5 and PAA at 
pH = 3.5. According to the literature, the degree of ionization 
of PAA in aqueous solution with pH = 3.5 is less than 10%, [ 18 ]  
while the degree of ionization of PAH in aqueous solution 
with pH = 8.5 is around 50%. [ 18a , 19 ]  Under this pH condi-
tion, a high level of interlayer diffusion occurs in order for 
charge compensation to take place, leading to an exponen-
tial growth in the thickness of the multilayer fi lms. [ 18b , 20 ]  
The variations in the thickness of (PAH L /PAA L ) 20.5  fi lms as 
a function of the deposition time are shown in Figure  1 a. 
The deposition time varies from 10 s to 15 min. Before the 
post-treatment, the multilayer thickness increases with the 
increase in deposition time as a result of time-dependent 
interdiffusion process. For short deposition time, the inter-
layer diffusion is suppressed, leading to thinner multilayers. 
This result is consistent with several previous studies. [ 16a , 20 ]  
When the deposition time was increased from 10 to 
15 min, the thickness almost remained the same. In fact, 
besides the change in thickness, the composition and dis-
tribution of PAA and PAH in the multilayers were also 
altered by deposition time. [ 16a ]  All these factors affect the 
breakage of the ionic cross-links and the rearrangement 
of polymer chains, leading to different porous structures. 
The acid treatment was carried out under the condition of 
pH = 2.0 for 5 min followed by 5 min of washing step with 
DI water. The porous structure was then thermally cross-
linked at 180 °C for 2 h. The entire post-treatment protocol 
was maintained the same throughout this study. Figure S1 
(Supporting Information) shows the SEM images of the sur-
face and cross section of the porous structure with different 
deposition time. The values of average surface pore size 
are summarized in Figure  1 b. The average surface pore size 
increased sharply from 108 to 259 nm when the deposi-
tion time changed from 10 s to 1 min. With deposition time 
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further increased to 5, 10, and 15 min, the average surface 
pore size increased to 305, 327, and 361 nm, respectively. In 
general, longer deposition time created larger surface pore 
size. It is also obvious from Figure S1 (Supporting Infor-
mation) that the inner pore size is different than the sur-
face pore size. Microsized pores were successfully formed 
throughout the entire cross section of the fi lms. It is hard to 
measure the actual inner pore size, because the pores were 
highly interconnected. However, it is still obvious that the 
inner pore size increased as the dipping prolonged from 
10 s to 1 min. Figure  1 b also shows the relative expansion 
of thickness as a function of deposition time. The value is 
not always proportional to the deposition time. This indi-
cates that several intertwined factors like fi lm composition, 
polyelectrolyte distribution, the nature of polyelectrolytes 
(i.e., chain mobility and hydrophilicity), mass lost during 
the post-treatment [ 15a ] , etc., infl uence the porous structure 
in a synergistic manner. The interlayer diffusion during LbL 
assembly defi nitely facilitated the formation of pores. Even 
though there are certain differences in thickness and pore 

size, the porous structures are very similar to each other 
when deposition time is longer than 5 min. Proper porous 
structure could be generated by the PAH L /PAA L  multilayers 
assembled with deposition time of 10 s in a much faster 
way and with a smaller pore size. 

  Considering the effi ciency of fabricating porous fi lms, 
10 s dipping was further applied to different molecular 
weight systems in order to study the molecular weight 
effect on the porous morphology. The acid treatment 
was still carried out by immersing PAH/PAA multilayers 
in pH = 2.0 aqueous solution for 5 min followed by 5 min 
of washing with DI water. Figure  2 a illustrates the effect 
of molecular weight on the thickness of the fi lms before 
and after post-treatment. Before porous treatment, the 
thickness for (PAH L /PAA L ) 20.5  is almost the same as (PAH H /
PAA L ) 20.5 . Similar results were also found for (PAH L /
PAA H ) 20.5  and (PAH H /PAA H ) 20.5  fi lms, which means the 
molecular weight of PAH does not affect the thickness of 
the fi lms signifi cantly. However, high molecular weight 
of PAA led to a decrease in thickness for multilayers 
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 Figure 1.    The effect of deposition time on a) the thickness of PAH L /PAA L  thin fi lms before and after the post-treatment and b) the relative 
expansion of thickness and average surface pore size.
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 Figure 2.    a) Thickness of thin fi lms before and after the post-treatment and b) the relative expansion of thickness and average surface pore 
size for (PAH L /PAA L ) 20.5 , (PAH H /PAA L ) 20.5 , (PAH L /PAA H ) 20.5 , and (PAH H /PAA H ) 20.5 , respectively. All the fi lms were fabricated using deposition 
time of 10 s.
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fabricated using the same molecular weight of PAH. After 
the post-treatment, the relative expansion of thickness 
for (PAH L /PAA L ) 20.5 , (PAH H /PAA L ) 20.5 , (PAH L /PAA H ) 20.5 , and 
(PAH H /PAA H ) 20.5  are shown in Figure  2 b, respectively. 
With the same molecular weight of PAA, high molecular 
weight of PAH provided higher relative expansion of 
thickness; while with same molecular weight of PAH, 
high molecular weight of PAA limited the thickness 
expansion during the post-treatment. SEM images for all 
four porous thin fi lms are shown in Figure S2 (Supporting 
Information). It is obvious from the top view images in 
Figure S2 (Supporting Information) that high molecular 
weight of PAH not only creates larger surface pore size 
but also leads to a less uniform pore size distribution. 
In addition, high molecular weight PAA lowers the pore 
size signifi cantly, which is consistent with what has been 
reported previously. [ 15b ]  The values of average surface pore 
size are presented in Figure  2 b. The surface pore size could 
be tuned from 25 to 133 nm with different molecular 
weight combinations. Similar results can also be obtained 
for the inner pore size from the cross-sectional images in 
Figure S2 (Supporting Information), that high molecular 
weight of PAA led to a decrease in the inner pore size, 
while high molecular weight of PAH provided larger inner 
pores. According to the previous studies, [ 12b,c ]  when PAH/
PAA multilayers are immersed in pH = 2.0 aqueous solu-
tion, the carboxylate groups from PAA are protonated 
leading to the breakage of ionic cross-links, while the 
amine groups from PAH become fully charged. The intra-
molecular charge–charge repulsion for high molecular 
weight of PAH is much stronger than that of low molec-
ular weight of PAH. This explains why the high molec-
ular weight PAH caused larger pore size as well as higher 
relative expansion of thickness. Besides, the reorganiza-
tion of polymer chain during post-treatment is highly 
dependent on the chain mobility of the polyelectrolytes. 
PAA has very low charge density when immersed in 
pH = 2.0 aqueous solution. The chain mobility is highly 

limited by using higher molecular weight of PAA, leading 
to a smaller pore size and consequently a lower relative 
expansion of thickness. It is apparent that the molecular 
weight of the polyelectrolytes plays a very important 
role in the formation of porous structures. However, the 
molecular weight effect does not only exist during the 
post-treatment. During the LbL assembly, the molecular 
weight of polyelectrolytes also affects the adsorption and 
interlayer diffusion, leading to different fi lm composi-
tion and distribution of polyelectrolytes. [ 17b,d , 21 ]  It is hard 
to differentiate how these factors affect the porous struc-
ture independently, even though the deposition time of 
10 s was applied when the interlayer diffusion is highly 
limited. But from the above results, there is no doubt that 
changing molecular weight of polyelectrolytes enables a 
wider control of pore size and morphology. 

  Based on the porous structures described above, mul-
tiscale porous fi lms were fabricated which constituted 
of a macrosized porous zone on top of nanosized porous 
zone (Figure  3 ) or the other way around (Figure  4 ). To 
fabricate these fi lms, the bottom porous portion was 
made fi rst using the usual protocol of LbL assembly fol-
lowed by the post-treatment. The PAA and PAH chains 
were completely reorganized during the acid immersion 
and DI water rinsing step, leaving both COO −  groups and 
NH 3  +  groups on the surface. The cross-linking step causes 
the formation of amide bonds ( NHCO ) between the 
COO −  groups of PAA and NH 3  +  of PAH and preserves the 
porous structure from being altered by further immersion 
in aqueous solution. [ 12c , 22 ]  Some free carboxylate groups 
and ammonium groups remained in the fi lms after the 
cross-linking. [ 22 ]  The remaining free ammonium groups 
on the surface enabled the deposition of PAA at pH 3.5, 
when ammonium groups are completely charged and car-
boxylate groups become mostly protonated. The bottom 
porous thin fi lm thereby acted as the substrate to further 
build up porous fi lms on the top. Considering the quality 
of the porous structure and the fabrication effi ciency, 
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 Figure 3.    SEM a,b) cross-sectional and c) top view images of multiscale porous thin fi lm with nanosized porous fi lm as the bottom and 
microsized porous fi lm as the top. The arrow in (a) indicates the interface between the glass substrate and the deposited fi lm. (b) is an 
enlarged image of the square area in (a). The multiscale porous thin fi lms were made through the following protocol. The porous (PAH L /
PAA H ) 20.5  thin fi lm with deposition time of 10 s was fi rst built up as the bottom portion. (PAA L /PAH L ) 20  thin fi lm with deposition time of 
5 min was further built up and made porous as the top portion of this multiscale porous structure.
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porous PAH L /PAA L  thin fi lm with 5 min dipping was 
selected as the microsized porous portion, while porous 
PAH L /PAA H  thin fi lm with deposition time of 10 s was 
chosen as the nanosized porous portion. 

   As shown in Figure  3 , porous (PAH L /PAA H ) 20.5  thin fi lm 
with deposition time of 10 s was fi rst built up as the 
bottom portion, followed by the porous (PAA L /PAH L ) 20  
thin fi lm with deposition time of 5 min. Two clearly 
defi ned zones with different pore sizes were fabricated 
by this method, without any signifi cant penetration of 
polyelectrolytes into the nanosized bottom portion. In 
addition, the surface and cross-sectional morphology 
for microsized top zone of the multiscale porous fi lms 
remained almost the same as the simple porous (PAH L /
PAA L ) 20.5  fi lms with deposition time of 5 min (Figure S1e,f, 
Supporting Information). Hence, the substrate effect was 
minimal for the microsized porous top zone. 

 In the above mentioned scenario, the underlying 
porous portion had very small surface pore size, there-
fore the molecular weight of the polyelectrolytes used to 
build up the top porous portion, is not a matter of serious 
concern. However, if the bottom portion is made with 
relatively larger surface pore size, PAA with high molec-
ular weight is required for the top porous portion. This is 
because the polymer chain size needs to be large enough 
to prevent diffusion into the porous bottom. In addition, 
after the bottom portion was thermally cross-linked, the 
surface became more hydrophobic, which helped trap air 
inside the porous structure and block the polyelectrolytes 
outside. As shown in Figure  4 a,b, nanosized porous struc-
ture of (PAA H /PAH L ) 20  with 10 s dipping has been success-
fully fabricated on top of the porous (PAH L /PAA L ) 20.5  fi lms 
with deposition time of 5 min. It is clear that no poly-
electrolytes entered into the microsized porous bottom. 
Figure  4 c shows the top view of this particular multiscale 
porous thin fi lm. Compared to Figure S2e (Supporting 
Information), it has been found that the number of pores 
decreases, while the pore size increases to 50 ± 19 nm. 

There was a slight change in the porous morphology for 
the nanosized porous region of the multiscale porous 
thin fi lm from the simple porous (PAA H /PAH L ) 20  fi lm 
with 10 s dipping. This is mainly because the microsized 
porous bottom has different charge density than the 
plasma treated glass slides, and the substrate effect is rel-
atively more obvious when the fi lm is very thin.  

  3.     Conclusion 

 In summary, multiscale porous thin fi lms have been devel-
oped for the fi rst time with either microsized porous struc-
ture on top of nanosized porous structure or vice versa. In 
order to build up the porous thin fi lms more effi ciently, the 
effect of deposition time on the morphology of porous fi lms 
was investigated for the fi rst time in this work. Compared to 
conventional 15 or 20 min dipping, we were able to shorten 
the deposition time to 10 s but still maintain fi ne porous 
structures. The molecular weight effect of both PAH and 
PAA was also studied. While an increase in the molecular 
weight of PAH led to an increase in the pore size, a decrease 
in the pore size was observed for a high molecular weight of 
PAA. The layered multiscale porous thin fi lms were further 
fabricated by tuning the deposition time and molecular 
weight of polyelectrolytes. The porous thin fi lms developed 
in the present work may broaden the applications of porous 
thin fi lms for membrane fi ltration, drug delivery, etc.  
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 Supporting Information is available from the Wiley Online 
Library or from the author.  
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 Figure 4.    SEM a,b) cross-sectional and c) top view images of multiscale porous thin fi lm with microsized porous structure as the bottom 
and nanosized porous structure as the top. The arrow in (a) indicates the interface between the glass substrate and the deposited fi lm. (b) is 
an enlarged image of the square area in (a). The multiscale porous thin fi lms were made through the following protocol. The porous (PAA L /
PAH L ) 20.5  thin fi lm with deposition time of 5 min was fi rst built up as the bottom portion. (PAH L /PAA H ) 20  thin fi lm with deposition time of 
10 s was further built up and made porous as the top portion of this multiscale porous structure.
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The axis labels for Figure 1 were corrected on September 15, 
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