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ABSTRACT: Polystyrene-block-poly(maleimide pentaﬂuorophenyl ester-costyrene)-block-poly(ethylene oxide) with an o-nitrobenzyl ester junction was
synthesized by “one-step” RAFT polymerization. Highly ordered and locally
reactive nanoporous thin ﬁlms were obtained from the photocleavable
triblock copolymer after spin coating, solvent annealing, UV exposure, and
washing with methanol/water to remove the minor block PEO. The local
reactivity in the thin ﬁlms was demonstrated by fabrication of iron oxide
nanotori after post-modiﬁcation with an amino-functionalized ferrocene and
treatment with oxygen plasma.

nanoporous thin ﬁlms that exhibit high-density reactive
functional groups on the pore walls.
In this work, as outlined in Figure 1A, a “one-step” synthetic
route was developed to synthesize photocleavable triblock
copolymers featuring a reactive middle block with pentaﬂuorophenyl ester groups. Our approach is based on the well-known
alternating copolymerization of styrene and maleimide.7 By
using an excess of styrene monomer, copolymerization with a
functionalized maleimide while using a poly(ethyl oxide)
(PEO) based chain transfer agent is expected to produce a
triblock copolymer with reactive ester middle block in one step.
The present triblock copolymer has three advantages: (a) “onepot−one-step” synthesis, avoiding multisteps polymerization
and puriﬁcation; (b) incorporating a photocleavable junction
on the basis of an o-nitrobenzyl ester, between PEO and
poly(styrene-co-maleimide)-block-polystyrene, allowing the fabrication of highly ordered nanoporous thin ﬁlms under mild
conditions,8 (c) positioning of reactive pentaﬂuorophenyl ester
groups, which are known to react quantitatively with amines,
providing an eﬃcient route to post-modiﬁcation of the
materials. Therefore, it is very promising candidate to produce
locally reactive nanoporous thin ﬁlms from the proposed
triblock copolymer (Figure 1C).9

anoporous thin ﬁlms have attracted sustained interest for
their potential applications as templates,1 separation
materials,2 and other advanced applications.3 Decorating the
pore walls with reactive functional groups is critically important
for nanoporous ﬁlm applications for speciﬁc post-modiﬁcation
and host−guest interactions.4 Several strategies have been
developed for fabrication of porous thins featuring reactive
pores. For example, Russell and co-workers reported nanoporous thin ﬁlms from polystyrene-block-poly(ethylene oxide)
with a disulﬁde group as a junction.5 The porous structures
with thiol groups on the surface of pores were formed after D,Ldithiothreitol treatment and methanol washing. This kind of
diblock copolymer with a protected reactive junction group
provided a facial method to fabricate reactive nanoporous thin
ﬁlms. However, the density of pore surface functional groups
introduced by this strategy is relatively low, which hinders
further advanced applications of the reactive thin ﬁlms.
Higher densities of pore surface functionality can be obtained
from triblock copolymer with a reactive middle block. However,
the synthesis of these copolymers often involve multistep
reactions, which is challenging. For example, Hillmyer and coworkers synthesized polystyrene-block-poly(dimethylacrylamide)-block-polylactide, in which the midblock
poly(dimethylacrylamide) was transformed to poly(acylic acid)
after hydrolysis.6 Additionally, the reported functional groups
on the pore walls in the thin ﬁlms were only partially active and
only reacted under limited conditions. Hence, there is a strong
demand for eﬃcient, yet simple, synthetic routes toward
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polymerization rate of styrene is slow (the conversion reached
around 20% after 16 h), but the polymerization was still
proceeding after all MAIPFP monomer was consumed in a
controlled manner. (Figure 2A). The polymerization kinetics

Figure 2. (A) Kinetic plots for polymerization of styrene in the
presence of MAIPFP, determined by 1H NMR. (B) 1H NMR of
triblock copolymer PEO-b-P(S-co-MAIPFP)-b-PS (P1) in CDCl3.

Figure 1. (A) Concept for “one-step” RAFT polymerization to
triblock copolymer. (B) Synthetic scheme for photocleavable triblock
copolymer with activated esters junction block. (C) Locally reactive
patterns from P3.

clearly demonstrates that the MAIPFP monomer was
consumed in the early stage during the copolymerization with
styrene, indicating that the MAIPFP monomer was precisely
incorporated in an alternating fashion resulting in the middle
block between PEO block and PS block. The length of the
middle block can also be controlled by changing the ratio
between MAIPFP and CTA. For example, as shown in Figure
2B, the 1H NMR proton ratio between maleimide aromatic
proton resonance and the end-group of PEO d was 10:1, which
corresponds to 15 MAIPFP units in the polymer. This value of
MAIPFP units is in good agreement with the feed ratio
between MAIPFP and Macro-CTA, which in this case was 12:1.
Other data on varying the middle block length are summarized
in Table 1.
Next, photocleavage was investigated by GPC. P3 (10 mg/
mL) was exposed in a NMR tube to a UV source (6W, 365
nm) for 12 h. In Figure S1, GPC analysis shows the successful
photocleavage of P3. After UV irradiation, the GPC elution
peak associated with block copolymers (33800 g/mol) split
into lower molecular weight peaks (20100 and 7000 g/mol),
which were assigned to the cleaved P(MAIPFP-co-S)-b-PS and
PEO.
Motivated by these results, thin ﬁlms of the triblock
copolymer P3 were investigated. Among the four polymers,
we have chosen the polymer P3 with the highest MAIPFP
content that is still capable of forming highly ordered
hexagonally packed cylinders (P4 with higher MAIPFP than
P3 did not form long-range highly ordered packing, see

A poly(ethyl oxide) (PEO) chain transfer agent with an onitrobenzyl ester (ONB) junction (Macro-CTA) was synthesized by CuAAC click reaction.8d Next, the RAFT polymerization of styrene in the presence of pentaﬂuorophenyl 4maleimidobenzoate (MAIPFP) and Macro-CTA was performed in bulk at 80 °C under an argon atmosphere with a
ratio of [St]0/[ MAIPFP ]0/[Macro-CTA]0 being 1000:12:1
(run 3 in Table 1). The polymerization kinetics were
investigated by means of 1H NMR measurements. MAIPFP
conversion reached 100% within 25 min, while the conversion
of styrene was only 6% after that time. Notably, the
Table 1. RAFT Polymerization of Styrene and MAIPFPa
polymer

MAIPFP
UnitNMRb

MAIPFP
unittheory

Mnc
g/mol

Mwc
g/mol

Đc

P1
P2
P3
P4

4.5
11.5
15.1
34.4

3
9
12
24

30300
27300
28100
30200

35800
32000
33800
35000

1.17
1.16
1.18
1.20

Bulk, 80 °C, 15 h, styrene conversion = 18−20%, MAIPFP
conversion = 100% (at 25 min, MAIPFP conversion = 100%)
determined by 1H NMR in CDCl3. bDetermined by 1H NMR in
CDCl3. cGPC in THF using linear PS standards.
a
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calculated to be 31 nm. Highly ordered nanoporous thin ﬁlms
were obtained after UV exposure and a successive washing with
MeOH to selectively remove the PEO block. As can be seen
from TEM images in Figure S2A, the nanoporous morphology
can be directly observed without the need for any staining due
to the large diﬀerence in electron density between the matrix
and the empty pores. An average pore diameter of 16 nm and
an average center-to-center distance between the pores of 35
nm were obtained. These values are in good agreement with
the GISAXS data.
To demonstrate the presence of reactive functional groups
on the pore walls, the nanoporous ﬁlm was immersed into an
ethanol solution of 2-aminoethyl-ferrocene (Fc-amine), anchoring Fc-amine to the pore walls via the activated esters-amine
conjugation chemistries (for details, see experimental section in
Supporting Information). The modiﬁed nanoporous ﬁlms were
then treated with oxygen plasma to decompose all the organic
materials, while converting ferrocence to iron oxide at the same
time (Figures S2B and S2C). Hence, this approach is to
establish an access to the pore wall functionalities and should
provide a higher number of functional groups compared to
previous methods. While analysis of reactive groups within a
block copolymer ﬁlm is tedious, we propose this indirect proof
by converting the block copolymer ﬁlm structure into Fe2O3
nanostructures, replicating the location of iron sources within
the block copolymer ﬁlm. Accordingly, nanotori (also called
nanorings or nanodonuts) are expected. However, against our
expectation, as shown in Figures S2B and S2C, we observed
highly ordered nanodots with a diameter of around 20 nm. To
explore the origin of nanodots formation rather than nanotori,
TEM images were taken after Fc-amine modiﬁcation and
washing with methanol. As shown in Figure S3A, the Fc-amine
appeared to be aggregated in the center of the open pores
rather than decorating the pore walls. This could be the result
of unfavorable interactions between the hydrophilic Fc-amine
and the hydrophobic pore walls. Further, residual PEG in the
pores could also absorb Fc-amine via hydrogen bonding, which
could be another reason for the formation of nanodots. The
physically aggregated Fc-amine can be removed after immersing
the thin ﬁlm into 0.1 M HCl solution for 3 h (Figure S3B).
However, we did not see nanotori in the TEM post-acid
washing. The electron density contrast between the Fc-amine
functionalized pore walls and the PS matrix may not be
suﬃcient to observe these sub-10 nm features. Finally, this
post-acid washing sample was treated with oxygen plasma,
during which the functionalized porous thin ﬁlm was
transformed to iron oxide nanotori. The structures were
characterized by AFM and the result is shown in Figure 4.
Clearly nanotori were observed and the average diameter of the
tori was around 39 nm with average height around 1 nm. The
tori had around 7 nm wall thicknesses. The height of the
nanodots was around 8 nm, while the height of the nanotori
was around 1 nm. Both heights are much smaller than their
parent ﬁlm thickness. This is because the thin ﬁlm structures
will likely collapse after the plasma-O2 etching step. Besides, the
density of the Fc-amines on the pore walls after the postmodiﬁcation is much lower than those trapped in the pores
leading to nanodots. This can be seen from TEM results
(Figure S3). Consequently, the smaller height of nanotori
compared to the nanodots can be understood. In summary,
these structures result from the activated esters located at the
wall of the copolymer ﬁlms pores. The structure of the obtained
tori supports our assertion that the alternating styrene-

Supporting Information S5). A 35 nm thick BCP thin ﬁlm was
prepared by spin-coating a solution of 0.8 wt % of P3 in toluene
onto silicon substrates. Subsequently, the ﬁlm was annealed in a
THF/water vapor environment. The surface morphology of the
annealed thin ﬁlm was determined by atomic force microscopy
(AFM) as shown in Figure 3. Highly ordered hexagonally

Figure 3. (A) AFM image for P3 thin ﬁlm after water/THF annealing
2.5 h. (B) GISAXS patterns for P3 thin ﬁlm. (C) Intensity scan along
qy of the GISAXS patterns shown in (B).

packed arrays indicate that PEO cylinders were oriented normal
to the substrate, similar to thin ﬁlms of PS-b-PEO copolymers.
Static grazing incidence small-angle X-ray scattering (GISAXS)
was used to characterize the thin ﬁlms over large area. An
incidence angle of 0.2°, which is between the critical angle of
polymer (0.16°) and silicon substrate (0.28°), was chosen so
that the X-ray can penetrate into the ﬁlm, where the scattering
proﬁles are characteristic of the entire ﬁlm. The corresponding
2D GISAXS pattern is shown in Figure 3B. In the data, qy
represents the momentum transferred normal to the incident
plane, that is, parallel to the thin ﬁlm surface, while qz is normal
to the sample surface. Brag rods (reﬂections extended along qz)
are observed, which are characteristic of cylindrical microdomains oriented normal to the ﬁlm surface. The observed
multiple order reﬂection peaks are characteristic of long-range
ordering. A line scan in qy is shown in Figure 3C. The ﬁrst
order reﬂection was at q* = 0.205 nm−1 and the d spacing is
968
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Figure 4. (A, B) AFM height images for iron oxide nanotori. Scales: A,
2 × 2 μm2; B, 0.5 × 0.5 μm2. (C) Height proﬁle in B, height scale is 1
nm.

maleimide served a reactive middle block between PEO and PS.
A control experiment under the same conditions with a
photocleavable diblock copolymer PS-hv-PEO, which essentially lacks the reactive middle block, did not result in nanotori
(see Supporting Information).
The resulting nanotori were characterized by high resolution
X-ray photoelectron spectroscopy (XPS). The results are
shown in Figure S4. Two binding peaks can be seen at 725
and 710 eV, which were assigned to Fe 2p and Fe 2p1/2 in a γFe2O3 sample, respectively. The XPS measurement once again
demonstrates that we successfully post-modiﬁed the thin ﬁlms
with Fc-amine.
In conclusion, we have demonstrated the synthesis of a
functional and photocleavable triblock copolymer with an
activated ester middle block was prepared in a one-step
reaction. Further, activated ester-functionalized nanopores were
generated by photocleavage and solvent extraction. The active
ester functionalities at the interface between the matrix and
pore walls could then be used as reactive handles to generate
iron oxide nanotori. The results in this work present a unique
example of a mild etching process and interface functionalization based on o-nirtrobenzyl ester and activated ester
chemistries. As such, the method described here provides a
broad range of possibilities, because the reactive middle block
can easily be functionalized with a large variety of amines that
can lead to interesting applications in patterned materials.
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