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H I G H L I G H T S

• PDMAEMA-b-P(S-alt-NMI) block polymer is synthesized and swelling treated to prepare nanoporous films.

• Variation in block ratios BCPs leads to controllable swelling degrees of the films.

• The pore size and porosity are tunable by changing swelling parameters.

• The nanoporous films exhibit excellent thermal tolerance.
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A B S T R A C T

Block copolymers (BCPs) are interesting precursors to nanoporous films with well-defined and tunable poros-
ities. So far, BCPs with polystyrene (PS) as the majority block are predominantly used, hindering the using of
produced nanoporous films at elevated temperatures. Herein, we propose to use BCPs with poly (styrene-alt-N-
phenylmaleimide) (P(S-alt-NMI)) as the majority block to develop thermally stable nanoporous films considering
that this alternative copolymer has a much higher glass transition temperature than PS. We synthesized BCPs of
poly (2-dimethylaminoethyl methacrylate) (PDMAEMA) and P(S-alt-NMI) (PDMAEMA-b-P(S-alt-NMI)) with four
different block ratios by reversible addition-fragmentation chain transfer (RAFT) polymerization. The swelling
behaviors of these BCPs in various solvents were investigated, and we found that nanoporosities will be gen-
erated in the BCP films following the mechanism of selective swelling induced pore generation when single
solvents or solvent pairs having strong affinity to PDMAEMA and moderate affinity to P(S-alt-NMI) were used as
the swelling agents. The pore sizes and porosities of thus-produced nanoporous films can be flexibly tuned by
changing the compositions of the BCPs and the swelling conditions. Because of the excellent thermal stability of
P(S-alt-NMI) blocks the nanoporous BCP films exhibited excellent thermal tolerance and they maintained intact
at a temperature as high as 158 °C while the PS-based BCPs started to deform at the temperature of 75 °C. This
thermal tolerance is very much desired in many applications, for example, high-temperature disinfection for
medical purposes.

1. Introduction

Block copolymers (BCPs) have being attracted extensive attentions
in producing nanoporous films with well-defined pores and tunable
porosities [1–4]. Generally, the strategies to achieve nanoporous
structure are predominantly based on the inversion of minority com-
ponents in phase-separated BCPs into pores [5–8]. Thus, the intrinsic
chemistry of the majority block in BCPs, which constitutes the matrix of
the produced porous films, determines the physicochemical properties

and mechanical stability of the films. Nanoporous BCP films, featured
with controllable pore morphologies and tunable pore sizes, have
shown potential applications in many fields including separation
[9–11], catalysis [12], optical coatings [13], etc. In a number of these
applications, the films are frequently required to be used at elevated
temperatures. A typical example is to use them as membranes. High
temperature disinfection upon high pressure steam or boiling water is
often necessary to ensure the sanitation during biomedicine applica-
tions [14]. Moreover, in the case the BCP nanoporous films are
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employed as catalyst supports, a reaction temperature even higher than
100 °C may also be encountered [15].

However, so far the studies of BCP porous films are predominantly
concentrated on BCPs with polystyrene (PS) as the majority block, for
instance, polystyrene-block-poly (2-vinylpyridine) (PS-b-P2VP)
[16–19], polystyrene-block-poly (2-vinylpyridine) (PS-b-P4VP) [20,21],
polystyrene-block-poly (methyl methacrylate) (PS-b-PMMA) [22,23],
polystyrene-block-poly (ethylene oxide) PS-b-PEO [24,25]. The glass
transition temperature (Tg) of PS is relatively low (∼100 °C) [26], and
the PS-based BCP porous films cannot sustain their porous structures at
temperatures close to Tg of PS, which means they are unfavorable for
usages where a temperature of ∼100 °C or higher is required. Very
recently, a few non-PS-based BCPs were designed and synthesized, and
were used as precursors to prepare nanoporous films by the process of
selective swelling induced pore generation to meet the specific de-
mands of expanding applications. For example, our group reported
polysulfone-based nanoporous films by selective swelling polysulfone-
block-poly (ethylene glycol) (PSF-b-PEG) in deliberately choosing sol-
vent pairs [27–29]. These films exhibit improved mechanical properties
because rigid PSF chains are present as the majority blocks forming the
matrix of the films. Char and co-workers synthesized fluoroalkylated
polynorbornene BCPs and prepared nanoporous films by swelling them
in fluorous solvents [30]. Thus-produced films showed excellent anti-
reflective performances with tunable refractive index by varying the
content of fluorine-rich polynorbornene blocks in BCPs. However, the
research on BCP films with improved thermal tolerance has rarely been
reported although a strong thermal stability is frequently required as
we discussed earlier. Therefore, design and synthesis of thermally stable
BCPs and the preparation of corresponding thermo-tolerant nanoporous
films are very important and remaining an unresolved challenge.

N-substituted maleimides (MIs) are an interesting type of monomers
that hardly undergo homopolymerization because of steric hindrance,
but its copolymerization with styrene can be easily conducted, forming
well-defined alternating copolymers [31–35]. MI-based copolymers
have been applied to the production of heat-resistant engineering
plastics due to their excellent thermal stability and high chemical re-
sistance [36,37]. More recently, Armes and co-workers synthesized BCP
micellar nano-objects with poly (styrene-alt-N-phenylmaleimide) as the
core-forming block, showing considerably high thermal stability [38].
However, as far as we know MI-based copolymers have never been used
to develop porous films up to now although an enhanced thermal sta-
bility can be predicted. In this work, we are making efforts to fabricate
nanoporous MI-based copolymer films with high thermal tolerance. To
this end, BCPs of poly (2-(dimethylamino)ethyl methacrylate)-block-
poly (styrene-alt-N-phenylmaleimide) (PDMAEMA-b-P(S-alt-NMI)) are
first synthesized via reversible addition-fragmentation chain transfer
(RAFT) polymerization and used to prepare nanoporous films by se-
lective swelling. We explore the swelling behaviors of BCPs with dif-
ferent block ratios under varying swelling conditions, and evaluate the
thermal tolerance of thus-produced films. As expected, the films exhibit
excellent thermal stability and can maintain their nanoporous structure
at much higher temperature than PS-based films.

2. Experimental section

2.1. Chemicals

2-Dimethylaminoethyl methacrylate (DMAEMA, Aldrich, 99%) was
purified by passing through an alumina column, then distilled under
reduced pressure prior to use. Styrene (Sinopharm Chemical Reagent
Co.,> 99%) was passed through an alumina column to remove the
inhibitor and stored at −20 °C. 2,2′-Azobis (isobutyronitrile) (AIBN,
Aladdin, 98%) was recrystallized from ethanol. N-Phenylmaleimide
(NMI, Aladdin, 98%) was recrystallized from cyclohexane before use. 2-
Cyano-2-propyldithiobenzoate (CPDB, Aladdin,> 97%) and tetra-
hydrofuran (THF, Aladdin, ≥99.9%) were used as received. All other

reagents including n-hexane, ethanol, chloroform, etc. were of analy-
tical grade and obtained from local suppliers. Silicon wafers were
cleaned twice with ethanol under ultrasonication before used as the
substrates.

2.2. Synthesis of PDMAEMA and P(S-alt-NMI)

The general synthetic procedure of PDMAEMA is as follows: CPDB
(88mg, 0.4 mmol), DMAEMA (12.56 g, 80mmol), AIBN (13.12 mg,
0.08mmol), and THF (12mL) were added into a 50mL polymerization
tube with a magnetic bar. After dissolved thoroughly, the mixture was
degassed through three freeze-pump-thaw cycles. Then, the tube was
sealed under vacuum and placed in an oil bath at 70 °C for poly-
merization. After 10 h, the reaction was stopped by cooling mixture to
room temperature rapidly and opening the tube to air. Unreacted
DMAEMA monomer was removed by dropping polymer solution into an
excess of n-hexane. The precipitate was collected and dried under va-
cuum at room temperature to obtain the solid polymer. In order to
eliminate residual monomer completely, this precipitation process was
repeated three times to purify the product. By varying the molar ratios
of DMAEMA/CPDB, PDMAEMA with different lengths were synthesized
using the similar procedure.

For the synthesis of P(S-alt-NMI), CPDB (4.42mg, 0.02mmol), NMI
(1.732 g, 10mmol), styrene (1.04 g, 10mmol), AIBN (0.657mg,
0.004mmol), and THF (3mL) were added into a 10mL polymerization
tube with a magnetic bar. Similarly, the tube was degassed by three
freeze-pump-thaw cycles and sealed under vacuum. The polymerization
was conducted at 70 °C for 15 h. The product was obtained by pre-
cipitating polymer solution into excess of ethanol three times, followed
by sufficient dry in a vacuum oven at room temperature.

2.3. Synthesis of PDMAEMA-b-P(S-alt-NMI) and PDMAEMA-b-PS

Typically, PDMAEMA (3.5 g, 0.13mmol), NMI (8.75 g, 50mmol),
styrene (5.25 g, 50mmol), AIBN (4.26mg, 0.026mmol), and THF
(18mL) were successively added into a 50mL glass tube with a mag-
netic bar. After degassed by three freeze-pump-thaw cycles, the poly-
merization tube was sealed under vacuum and placed in an oil bath at
70 °C while stirring. The polymerization was carried out for 15 h, then
stopped by opening the tube to air. Polymer solution was precipitated
into an excess of ethanol for three times. The obtained solid was col-
lected and dried in a vacuum oven at room temperature. In order to
synthesize PDMAEMA-b-P(S-alt-NMI) with different block ratios, the
degree of polymerization (DP) of the P(S-alt-NMI) block was system-
atically varied by adjusting the feed ratio of monomers (styrene&NMI)/
PDMAEMA. PDMAEMA-b-PS was synthesized following similar opera-
tions and used as a comparison polymer.

2.4. Preparation of nanoporous PDMAEMA-b-P(S-alt-NMI) films

The block polymer was dissolved in chloroform with a concentra-
tion of 3 wt%. The solution was then spin-coated on cleaned silicon
wafers at 2000 rpm for 30 s to obtain dense BCP films. The selective
swelling process was conducted by immersing the films into single
solvents or solvent pairs at pre-determined temperature for different
durations to produce pores. Subsequently, the films were removed from
solvent and dried under ambient conditions.

2.5. Thermal resistance tests

Nanoporous BCP films produced by selective swelling were put into
an oven pre-heated to 180 °C or 210 °C and held at this temperature for
1 h. Then the films were taken out and cooled to room temperature. The
porous morphologies of films before and after thermal treatment were
compared by scanning electron spectroscopy. Furthermore, the thick-
ness change of nanoporous films upon heating was recorded by
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spectroscopic ellipsometry to investigate the thermal tolerance of the
BCP films.

2.6. Characterization

Nuclear magnetic resonance (NMR) measurements were performed
on a Bruker AV400 NMR spectrometer using CDCl3 or dimethyl sulf-
oxide (DMSO)-d6 as solvent to characterize the structure of polymers. A
Waters 150C gel permeation chromatography (GPC) equipped with
ultra-styragel columns (500, 103 and 104 Å) and RI 2414 detector was
employed to evaluate the molecular weight (Mn, Mw) and molecular
weight distribution (Mw/Mn) of polymers. The measurements were
conducted at 30 °C using dimethyl formamide (DMF) as eluent with a
flow rate of 1.0mL/min, and monodispersed polystyrene standards
were used in the calibration. Differential scanning calorimetry (DSC)
and thermal gravimetric analyses (TGA) were operated on a NETZSCH
STA 449F3 instrument with heating rate of 10 °C/min in nitrogen or air
flow. The surface and cross-sectional morphologies of BCP films were
observed by a field emission scanning electron microscope (FESEM,
Hitachi S-4800) at the accelerating voltage of 5 kV. The samples for
SEM were treated by spray-gold under vacuum to enhance the con-
ductivity prior to examination. The thicknesses of BCP films before and
after swelling were measured by a spectroscopic ellipsometer
(Complete EASE M-2000U, J. A. Woollam) with the incidence angle of
70°. Five positions on each sample were tested and the mean value was
reported as the result. In the thermal tolerance tests, the sample stage of
the spectroscopic ellipsometer was switched to heat cell to record the
thickness change of films upon heating. When raising temperature in
steps, the interval temperature was set to 30 °C, and the heating rate
was 15 °C/min. Once reaching setpoint, the hold step is 10min. When
raising temperature continuously, the heating rate was set to 3 °C/min.

3. Results and discussion

3.1. Synthesis of PDMAEMA-b-P(S-alt-NMI)

RAFT polymerization was employed to synthesize PDMAEMA-b-P(S-
alt-NMI). As outlined in Scheme 1, PDMAEMA was first synthesized by
polymerizing DMAEMA in THF using CPDB as the chain transfer agent.
Then it was used as the macro-RAFT agent in subsequent polymeriza-
tion of styrene and NMI, forming the di-block copolymer of PDMAEMA-
b-P(S-alt-NMI). According to previous reports [39], both the total mo-
lecular weights and block ratios of BCPs could have significant impact
on the morphologies of nanoporous films produced by selective swel-
ling. Thus, PDMAEMA with two different chain lengths were synthe-
sized by changing the feed ratios of DMAEMA/CPDB. The chemical
structures of obtained PDMAEMA were verified by 1H NMR. The typical
spectrum is shown in Fig. S1a. The proton signals at 4.01 and 7.88 ppm
should be assigned to the ester methylene protons in DMAEMA units
and the phenyl protons in CPDB groups, respectively. Based on the
integral ratio of the two proton signals, the DPs of the two PDMAEMA
can be calculated to be 172 and 93. Afterwards, polymerization of
styrene and NMI was conducted. It is well known that styrene is a
strong electron donator, whereas NMI as one type of N-substituted
maleimide derivatives is a strong electron acceptor. With the molar
ratio of styrene/NMI=1:1, well-defined alternating copolymer of P(S-
alt-NMI) block was synthesized. By using PDMAEMA as the macro chain
transfer agent, we synthesized four BCPs of PDMAEMA-b-P(S-alt-NMI)

with different molecular weights and block ratios. Similarly, 1H NMR
was utilized to characterize the structure of PDMAEMA-b-P(S-alt-NMI)
(Fig. S1b). The compositions of them can be determined according to
the proton signals appearing at 4.07 and 7.81–6.03 ppm, which are
attributed to the ester methylene protons in PDMAEMA and the phenyl
protons in P(S-alt-NMI), respectively. The molecular weights and mo-
lecular weight distributions of PDMAEMA and PDMAEMA-b-P(S-alt-
NMI) were measured by GPC (Fig. S2). The traces of two PDMAEMA are
symmetrical and unimodal, and the molecular weight distributions are
narrow (Mw/Mn= 1.14 and 1.23, respectively), implying the good
control of molecular weights during the RAFT polymerization of
DMAEMA. For BCPs of PDMAEMA-b-P(S-alt-NMI), the GPC traces are
invariably unimodal with little tailing, while the molecular weight
distributions are relatively broad (Mw/Mn= 1.45–1.55). The detailed
results of prepared polymers derived from 1H NMR and GPC are sum-
marized in Table 1.

As displayed in Fig. S3, the Tg of the P(S-alt-NMI) block was ob-
served at 225.6 °C, which is much higher than PS as a result of the
introduction of NMI units into the backbone. With such a high Tg, P(S-
alt-NMI) acting as the majority block in PDMAEMA-b-P(S-alt-NMI) is
expected to provide excellent thermal stability to its nanoporous films.
However, such a high Tg of P(S-alt-NMI) block should significantly
change the swelling behavior of the BCP, therefore, a systematic in-
vestigation is required to reveal the appropriate conditions to perform
the selective swelling induced pore generation on this new type of
BCPs.

3.2. Searching for the swelling solvents to prepare nanoporous films

3wt% chloroform solution of BCP-1, which has a total molecular
weight of 125 kDa and a PDMAEMA weight ratio of 21.7%, was spin-
coated on silicon substrates to produce films. The as-coated film has a
dense and nonporous morphology (Fig. S4). For subsequent selective
swelling, choosing an appropriate solvent is the key to initiate the se-
lective swelling induced pore generation. In principle, an appropriate
solvent should have a strong affinity to PDMAEMA and a moderate
affinity to P(S-alt-NMI) to ensure the plastic deformation of P(S-alt-
NMI) matrix during selective swelling. Several single solvents, in-
cluding ethanol, n-hexanol, cyclohexane and acetic acid, had been tried
to swell the prepared films. After 8 h soaking in these solvents at 60 °C,
a small number of pores appeared on the surface of film soaked in
ethanol, and no pores were observed for films treated in n-hexanol and
cyclohexane (Fig. S5). In contrast, the film was completely dissolved in
acetic acid as a result of strong affinity between this solvent and both
blocks of the BCP. Considering that it might be difficult for single sol-
vents to meet the demand for suitable swelling, solvent pairs were also
taken into account for investigations. Ethanol and 1,4-dioxane were
chose to form mixtures as selective solvents in this work. The former is
a good solvent for PDMAEMA, but can barely swell P(S-alt-NMI) matrix.
The latter is known to be a good solvent for both PDMAEMA and P(S-
alt-NMI). We can easily tune the affinity between the mixture and the
BCP by mixing the two solvents at an appropriate ratio. The as-coated
BCP-1 films were immersed into ethanol/1,4-dioxane solvent pairs with
1,4-dioxane content (ωdiox) varying from 10%, 20% to 30% (w/w). The
swelling treatment proceeded for 5 h at 60 °C followed by drying at
room temperature, and the morphologies of films were examined by
SEM. It can be seen form Fig. 1 that small round pores with an average
size of 15 nm emerged on the surface of films upon soaking in solvent of

Scheme 1. Synthesis route of PDMAEMA-b-P(S-alt-NMI)
via RAFT polymerization.
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ωdiox= 10% (Fig. 1a). However, the pores appeared to be sparse and
isolated from each other and the thickness of films is only increased by
2.5% (Fig. S6a). From the cross-sectional image (Fig. 1d), pores barely
spanned the entire thickness of the film. When ωdiox= 20%, more pores
appeared and the pore diameter was increased to approximately 37 nm
(Fig. 1b). Further, the pores were enlarged to about 102 nm with ωdiox

increased to 30% (Fig. 1c). The cross-sectional images of films subjected
to solvent pairs with ωdiox= 20% and 30% both showed nanoporous
structures spanning the entire thickness (Fig. 1e and f). The thickness
exhibited a growth of 13.5% for ωdiox= 20%, but a decrease of 13.7%
for ωdiox= 30%. This observation indicates the composition of solvent
pair has a major impact on pores formation kinetics and the porous
morphology, which is consistent with our previous work on selective
swelling of PSF-b-PEG in solvent pairs [27]. Based on the mechanism of
selective swelling, ethanol prefers to be enriched in PDMAEMA mi-
crodomains when the films are soaked in the solvent pair because of the
strong affinity between them. PDMAEMA chains expand their volumes
and squeeze the P(S-alt-NMI) phases. After withdrawing the films from
the swelling bath, the deformed P(S-alt-NMI) phases are frozen and
cannot recover to their original positions because of their poor mobility
and the lack of a driving force to deform back. Meanwhile, the swollen
PDMAEMA chains collapse with the rapid evaporation of solvent, and
the volumes previously occupied by the swollen chains are converted to
pores. The stronger deformation of P(S-alt-NMI) matrix during the
swelling would result in larger pores in the films. When only ethanol is
employed, the P(S-alt-NMI) phases hardly deform due to the poor mo-
bility of P(S-alt-NMI) as implied by their high Tg. As a result, few pores
are generated. With the introduction of 1,4-dioxane, the segmental
mobility of P(S-alt-NMI) chains are enhanced and the plastic deforma-
tion occurs with the strong swelling of PDMAEMA chains, producing
pores in the films. Higher content of 1,4-dioxane allows stronger mo-
bility of P(S-alt-NMI) chains, resulting in larger deformation of P(S-alt-
NMI) phases, consequently more pores with bigger sizes are formed.
However, excessive 1,4-dioxane, for instance, ωdiox= 30%, causes
strong swelling and gradually dissolution of PDMAEMA-b-P(S-alt-NMI),

thus leading to reducing film thickness.

3.3. Effect of block ratio and solvent composition on the swelling behavior

In addition to BCP-1 discussed above, three BCPs (BCP-2, BCP-3 and
BCP-4) with the same PDMAEMA block but different P(S-alt-NMI)
blocks, as listed in Table 1, were also synthesized. In order to compare
the selective swelling behavior of these BCPs, dense films were pre-
pared by spin-coating 3 wt% polymer solutions on silicon substrates,
then swelling was conducted on these films at 60 °C for 5 h in solvent
mixtures of ethanol and 1,4-dioxane with varying ωdiox of 0%, 10%,
20% to 30%, respectively. As shown in Fig. 2, when swelling in ethanol
(ωdiox= 0%), pores were formed in all three BCP films. However, no-
ticeable differences exist in the porous structure of these films. For BCP-
2 with a total molecular weight of 89.6 kDa and a PDMAEMA weight
ratio of 16.4%, small pores with an average diameter of 16 nm sparsely
appeared on the film surface, and the formed pores were circular in
shape and isolated from each other. In contrast, the pores were enlarged
to ∼24 nm in diameter and the pores density was also increased when
the BCP-3 with a total molecular weight of 55.5 kDa and a 26.4%
PDMAEMA weight ratio was used. For BCP-4 with the PDMAEMA
weight ratio increased to 37.0%, the pores were enlarged to ∼30 nm
and they were no longer in the circular shape as some were expanded
and connected with neighboring ones, forming an interconnected por-
osity. It is clear that shorter P(S-alt-NMI) chains lead to higher
PDMAEMA weight ratios in BCPs with an unchanged PDMAEMA block,
and stronger swelling degrees in the solvent mixture. This is because
BCPs with higher PDMAEMA contents would take up more solvent
during the swelling course, which can cause greater osmotic pressure
accumulated in PDMAEMA microdomains. Correspondingly, the
PDMAEMA chains would expand to a larger degree, producing larger
pores with the collapse of PDMAEMA chains after evaporation of sol-
vent. Similar trend can be observed when swelling films in solvent
mixtures with ωdiox= 10% and 20%. Nevertheless, it is noteworthy that
the films would partly dissolve once swelling effect is too strong. For

Table 1
Preparation of PDMAEMA-b-P(S-alt-NMI).

Sample code Polymer structurea Mn,NMR
a (kDa) Mn,GPC

b (kDa) Mw/Mn
b Block ratio Weight fraction of PDMAEMA

PDMAEMA-1 PDMAEMA172 27.2 11.8 1.14 – 100%
PDMAEMA-2 PDMAEMA93 14.8 55 1.23 – 100%
BCP-1 PDMAEMA172-b-P(S-alt-NMI)353 125 73.4 1.45 1:3.6 21.7%
BCP-2 PDMAEMA93-b-P(S-alt-NMI)270 89.6 56.6 1.53 1:5.1 16.4%
BCP-3 PDMAEMA93-b-P(S-alt-NMI)147 55.5 31.4 1.49 1:2.8 26.4%
BCP-4 PDMAEMA93-b-P(S-alt-NMI)87 38.9 19.5 1.55 1:1.7 37.0%

a The DPs and molecular weights were calculated based on 1H NMR spectra.
b The number-average molecular weights and polydispersities were determined by GPC.

Fig. 1. The surface and cross-sectional SEM images of BCP-1 films soaked in ethanol/1,4-dioxane mixtures with ωdiox= 10% (a, d), 20% (b, e) and 30% (c, f) at 60 °C
for 5 h. (a–c) and (d–f) have the same magnification, and the scale bars are given in (c) and (f), respectively.
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instance, BCP-4 films in the solvent pair with ωdiox= 10% had a slight
decrease of 2.1% in thickness (Fig. S6d). However, this was not ob-
served for BCP-2 and BCP-3 films soaked in the same solvent pair (Fig.
S6b and S6c) due to their relatively weaker swelling degrees. With ωdiox

increased to 20%, the enhanced swelling effect led to the thickness
decrease of 20.7% and 54.7% for BCP-3 and BCP-4 films, respectively.
Moreover, all three BCP films had considerable dissolution when
ωdiox= 30%, along with sharp reduction in thickness. Besides, we no-
ticed that the swelling degree of BCP-2 film was larger than BCP-1 film
when treated in the same solvent mixture, although PDMAEMA weight
ratio of BCP-2 (16.4%) was lower than that of BCP-2 (21.7%). For ex-
ample, compared to the sparse pores on BCP-1 films with an average
size of 15 nm (Fig. 1a) when ωdiox= 10%, pores on BCP-2 film were
larger both in size (18 nm) and in number. This observation should be
attributed to the different molecular weights between them. BCPs with
higher molecular weights may slow down the plastic deformation of
majority phase of film during swelling, thus leading to the relatively
lower swelling degree.

3.4. Morphology evolution with swelling durations

It is known that the morphology of BCP films is dependent on the
swelling duration according to previous reports [40]. Herein, using
BCP-4 films as the representative, the swelling treatments for different
durations were investigated in ethanol. From the SEM images displayed
in Fig. 3, both the numbers and sizes of pores were increased with
extended swelling durations as expected. With a very short swelling for
1min, nanopores with an average size of 12 nm formed on surface of
film (Fig. 3a). Simultaneously, the film thickness was increased by 0.9%
(Fig. 3g). With swelling for 10min, the pores were enlarged to ∼17 nm
(Fig. 3b), and the growth in film thickness was accounted for 5.6%. As
the swelling duration was prolonged to 30min and 1 h, the pores were
continuously enlarged to 20 nm and 22 nm while the thickness increase
was 18.6% and 20.8%, respectively. Exposing the films to ethanol for
longer durations of 3 h and 5 h, the merging of neighboring pores was
observed and more elongated pores formed and the pore sizes were
estimated to be 25 nm and 30 nm, respectively. The thickness change
correspondingly reached 25.8% and 25.9%, showing very limited
growth from 3 h to 5 h. The major increase in film thickness has been in
the initial 30min of swelling, while the evolution in film morphology
was obvious until a swelling duration of 5 h. Taken all discussions
above together, it can be concluded that although the alternating

polymer of styrene and NMI (P(S-alt-NMI)) has a high segmental ri-
gidity PDMAEMA-b-P(S-alt-NMI) films can also be cavitated, following
the mechanism of selective swelling induced pore generation if the
suitable swelling solvents are used. Similar to other amphiphilic BCPs,
the pore size and porosity of the PDMAEMA-b-P(S-alt-NMI) films is
dependent on their swelling degree, which can be easily adjusted by
changing the compositions of the swelling solvents, the molecular
weight and block ratio of BCP, as well as the swelling duration. How-
ever, we note that there is evident difference in thickness changes be-
fore and after swelling between PS-based BCP films and PDMAEMA-b-P
(S-alt-NMI) films reported here. Typically, the increase in film thickness
for PS-based BCP films can reach as high as 100% or even higher [40].
The swelling of PDMAEMA-b-P(S-alt-NMI) films only leads to less than
30% increase in thickness. This is because the much higher rigid P(S-alt-
NMI) chains compared to PS significantly suppress the expanding of the
PDMAEMA microdomains with the uptake of the swelling solvents.

3.5. Thermal resistance of nanoporous PDMAEMA-b-P(S-alt-NMI) films

The thermal stability of PDMAEMA-b-P(S-alt-NMI) BCPs was firstly
evaluated by TGA in air. Fig. S7 shows the TGA curve obtained from
BCP-4. It can be observed that PDMAEMA-b-P(S-alt-NMI) begins to
degrade at∼ 270 °C corresponding to the initial decomposition of
PDMAEMA. Then, further degradation happens at ∼340 °C, corre-
sponding to the decomposition of P(S-alt-NMI). In comparison, the
weight loss of PS has been reported to begin at ∼250 °C in air [38],
which is not only far below that of P(S-alt-NMI) but also 20 °C lower
than that of PDMAEMA. Clearly, BCP films from PDMAEMA-b-P(S-alt-
NMI) exhibit much improved thermal stability in comparison with PS-
based BCP films.

The application temperatures of nanoporous films of amorphous
polymers should be below their Tg because higher temperature could
lead to the collapse of porous structure. For example, the porous
structure for the PS-based BCP films cannot maintain at temperature
higher than 100 °C [26]. In this work, Tg of P(S-alt-NMI) is much higher
than that of PS, the temperature of heat deformation for PDMAEMA-b-P
(S-alt-NMI) with P(S-alt-NMI) as the majority block is expected to be
higher. To investigate their thermal tolerance, a film derived from BPC-
4 with an initial thickness of 195 nm was swelling treated in ethanol/
1,4-dioxane with ωdiox= 5% for 1 h, and the film thickness was in-
creased to 259 nm. Pores were generated and penetrated the entire
thickness of the films as shown in Fig. 4. Subsequently, such a swelling-

Fig. 2. The surface SEM images of BCP-2, BCP-3 and BCP-4 films subjected to swelling at 60 °C in ethanol/1,4-dioxane mixtures with ωdiox= 0% (first row), 10%
(second row), 20% (third row) and 30% (last row) for 5 h, respectively. All the images have the same magnification and the scale bar is given in the last one.
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Fig. 3. (a–f) The surface SEM images of BCP-4 films subjected to swelling in ethanol at 60 °C for (a) 1min, (b) 10min, (c) 30min, (d) 1 h, (e) 3 h and (f) 5 h,
respectively. All images have the same magnification and the scale bar is given in (f). (g) The thicknesses of the film with different swelling durations.

Fig. 4. The surface and cross-sectional SEM images of nanoporous BCP-4 films before and after thermal treatment. After swelling but before thermal treatment (a, d);
after thermal treatment at 180 °C (b, e) and 210 °C (c, f) for 1 h. (a–c) and (d–f) have the same magnification, and the scale bars are given in (c) and (f), respectively.
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treated film was thermally treated at 180 °C for 1 h. SEM examinations
revealed that the porous structure was well reserved on the surface and
along the cross section. Moreover, ellipsometry showed that the film
thickness was only slightly reduced to 238 nm. Upon heated at 210 °C
for 1 h, pores disappeared and the film became smooth. Both the surface
and cross-sectional SEM images demonstrated the film was in the dense
state, indicating the entire collapse of nanoporous structure.

Ellipsometry was employed to continuously monitor the thickness
change of the prepared nanoporous films with temperature. Fig. 5a
shows the obtained curve by raising temperature in stages with interval
temperature of 30 °C and hold time of 10min in each step. Clearly, the
thickness remains constant until a little slide at stage of 180 °C, then a
dramatic decrease when heating up to 210 °C. This result is completely
consistent with that of films treated at fixed temperature for 1 h we
discussed above. To investigate the initial deformation temperature of
the nanoporous film in detail, the thickness was monitored at con-
tinuous rising temperature in real time. As can be seen from Fig. 5b, the
gradual reduction of thickness began at 158 °C. Subsequently, the
thickness fell rapidly when the temperature exceeded 190 °C, and
maintained stable at 206 °C with no evident change at further elevated
temperature. That is, the films can keep their nanoporous structure un-
deformed upon heating temperature as high as 158 °C. In contrast,
PDMAEMA-b-PS with a total molecular weight of 91.6 kDa and a
PDMAEMA weight ratio of 23.5% was also synthesized (Fig. S8) and the

deformation temperature of thus-produced nanoporous PDMAEMA-b-
PS film was also investigated via ellipsometry. It is turned out the initial
deformation happened at 75 °C, which was much lower than that of
PDMAEMA-b-P(S-alt-NMI) film, and the film was returned back to the
complete dense state at 105 °C. Therefore, we understand that the na-
noporous PDMAEMA-b-P(S-alt-NMI) films exhibit much better thermal
resistance than the PS-based BCP films. In addition, this thermal tol-
erance tests were performed on films of BCP-4 which has a minimum P
(S-alt-NMI) weight fraction among all four BCPs synthesized in this
work, the thermal stability of other three BCP films must be comparable
to or even better than the tested BCP-4 film.

4. Conclusions

In summary, we prepared a new class of nanoporous BCP films,
which are much more thermal stable than conventional PS-based
polymers, by selective swelling induced pore generation. PDMAEMA-b-
P(S-alt-NMI) with different molecular weights and block ratios were
synthesized via RAFT polymerization. Nanoporous films were prepared
by immersing their dense films into single solvent of ethanol or solvent
mixture of ethanol and 1,4-dioxane, where the former is a selective
solvent of PDMAEMA, and the later has strong affinity with both
PDMAEMA and P(S-alt-NMI). Variations in the compositions of selec-
tive solvents, block ratios as well as molecular weights of BCPs lead to
controllable swelling degrees of the BCP films. The average pore sizes
increase with the 1,4-dioxane content in solvent mixtures, the weight
ratio of PDMAEMA in BCPs as well as the swelling duration while the
decrease in BCP molecular weights leads to larger pore sizes. The in-
troduction of NMI units leads to excellent thermal stability of P(S-alt-
NMI) block as revealed by DSC and TGA characterizations.
Consequently, the produced BCP films from PDMAEMA-b-P(S-alt-NMI)
exhibit excellent thermal tolerance. The porous structure of films can be
maintained at a temperature as high as 158 °C whereas PS-based BCP
films begin to deform at the temperature of 75 °C. Such nanoporous
PDMAEMA-b-P(S-alt-NMI) films are expected to find important appli-
cations where elevated temperatures are required.
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