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Abstract
Nanoporous/nanocomposite thin films with controlled morphology at nanoscale were prepared onto
transparent and conductive indium tin oxide (ITO) supports by exploiting the self-assembly of a
lamellar polystyrene-b-poly(methyl methacrylate) (PS-b-PMMA) block copolymer (BCP). A
perpendicular orientation of PS and PMMA lamellar nanodomains was achieved by grafting a
random PS-r-PMMA copolymer to the ITO supports and successive thermal annealing. Stable and

of

reproducible nanoporous morphologies, characterized by PS lamellar nanodomains of width equal

ro

to ≈ 20 nm alternating to nanochannels of width equal to ≈ 8 nm, were obtained by irradiating the

-p

samples with an appropriate UV-C dose able to fix the relative arrangement of PS domains through

re

activation of cross-linking reactions and selective removal of PMMA blocks. Nanoporous hybrid

lP

composites with a stable morphology were obtained either by applying the UV irradiation protocol
to BCP nanocomposites characterized by selective inclusion of zinc oxide (ZnO) nanoparticles

na

(NPs) in the PS domains (nanocomposite first/nanopores after) or by selective infiltration of

ur

cadmium selenide (CdSe) NPs in the nanochannels left free by PMMA removal through UV

Jo

irradiation (nanopores first/ nanocomposite after), demonstating the strenght of the approach.
Keywords: block copolymers; nanoporous thin films; nanocomposites.
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1. Introduction
Surface nanopatterning with geometrical motifs having shape ranging from lamellae to cylinder
or spheres of nanometric size represents one of the major story of success of polymer science and
technology [1-6]. In particular, exploitation of self-assembly of block copolymers (BCPs) driven by
microphase separation of incompatible blocks has been demonstrated to be a powerful tool to
overcome the intrinsic limitations of conventional lithographic approches [1-9]. The shape, size and

of

spacing of the geometrical motifs of the resultant nanostructured features may be easily controlled

ro

by the appropriate selection of block length, molecular mass and constitution [1-12]. A plethora of

-p

nanotechnological applications have been identified which benefit from the high versatility of BCPs

re

to generate tailored morphologies such as separation membranes [13], tissue-engineering [14,15],

lP

photonic crystals [16,17], as well as materials for electronic [18,19], catalysis [20], lithography
[3,4,7-9], and sensing [21-24]. Furthermore, it has been shown that BCPs are ideal candidates for

na

the fabrication of advanced nanocomposite materials through the selective inclusion of

ur

nanoparticles (NPs) with appropriate chemical affinity and geometry in specific block domains [25-

Jo

33]. Indeed, nanodomains of phase-separated BCPs may act as hosts for selective inclusion of NPs,
allowing for the control of nanoparticle distribution in nanocomposite thin films deposited onto
solid supports. In particular, a wide range of conductive NPs, such as Au [12, 18, 19, 22, 23, 28,
29], Ag [18, 21, 25, 30, 31], Pd [11] and TiO2 [32, 33], have been included in BCPs-based
templates. Phase behavior, morphologies, optical and electrical properties of the obtained
nanocomposites have been largely investigated as a function of nanoparticles loading [28, 29, 30,
31, 32], composition of block copolymers [32, 34], radius and shape of nanoparticles [28, 34]. The
structural evolution during the application of a moving temperature gradient and the percolating
behavior of the nanocomposites have been also theoretically analyzed in detail [34, 35]. The
simulated results demonstrated that if the loading of nanoparticles reaches a critical value termed as
percolation threshold, a continuous network of nanoparticles spans the polymer host, typically
3

leading to insulator-to-conductor transition in composites of conductive fillers and insulating host
[34]. The theoretical results also reveal that the percolation threshold of nanoparticles dispersed in
the block copolymers is lower than that in the host of homopolymers [34], as experimentally
observed [27].
Another interesting application of self-assembling BCPs is the fabrication of materials
characterized by a controlled nanoporous architecture through the selective removal of specific
blocks from nanostructured BCPs [36-42]. The removal of a polymer block can be achieved by

of

exploiting the different sensitivity of the blocks toward etching agents such as plasma, ozone,

ro

chemicals [39-41] or UV radiation [37,38], obtaining in this way nanostructured materials with

-p

well-controlled porosity, to be used for instance as photolithography masks [9], separation

re

membranes or support for the nanoconfinement of biomolecules [40-42]. In particular, far-UV

lP

irradiation is a very common etching method able to remove and modify polymers via photo-

na

oxidative reactions [43]. These reactions often also produce crosslinks that fix the BCP morphology
making one of the blocks resistant and insoluble, thus avoiding the collapse of the structure once the

ur

other block is removed, even in severe conditions [44]. This approach is often used to obtain

Jo

different nanoporous structures starting from polystyrene-b-poly(methyl methacrylate) (PS-bPMMA) thin films thanks to the high difference in etching resistance of the blocks, as PMMA is
twice more photosensitive than PS. Among the methods proposed for the selective incorporation of
metal nanoparticles inside such nanoporous templates, the techniques of electrodeposition involving
the motion of charged particles in solution under the influence of an electric field and subsequent
deposition of the nanoparticles onto an electrode surface, have been widely investigated [26,37,45].
On the contrary, less attention has been devoted to the possibility to include NPs in the pores by
using dipping procedures, simply exploiting capillary forces to sequester NPs [46].
The full exploitation of BCPs based nanostructures and nanocomposites as functional materials
in nanotechnological applications requires the control of the nanodomains orientation during the
process of microphase separation. In block copolymers thin films, the interactions that are involved
4

at polymer/support and air/polymer interfaces may strongly influence the orientation of nanodomain
morphologies and the whole ordering process [47,48]. Unbalanced interactions of the blocks with
the support and/or unbalanced values of surface energy at block/air interface may result in a parallel
orientation of the phase separated nanodomains to the support (or air interface). Indeed, considering
that the blocks are covalently linked, preferential interactions of one block with the support and/or
different value of surface energy of blocks at air interface may lead to propagation of the parallel
orientation of the microdomains to the support throughout the entire film thickness. The control of

of

the orientation of microdomains with respect to the support can be achieved adopting different

ro

strategies, namely based on the control of the interactions of the blocks at the air and support

-p

interfaces. In several nanotechnological applications, an orientation of the microdomains normal to

re

the support is highly desired and, to this aim, the development of methods to modulate interfacial

lP

interactions is crucial [49,50]. An efficient method consists in decorating the support with a neutral

na

layer of a random copolymer (RCP) grafted to the support. The RCP has the role to balance the
interactions of each block with the support at the interface, minimizing any tendency of a block to

ur

establish preferred interactions and, as a consequence, preventing the propagation of the parallel
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orientation [51]. The ordering process is generally facilitated by application of suitable thermal
and/or solvent vapor annealing protocols [52-54]. In particular, functional hydroxyl-terminated
polystyrene-r-polymethylmethacrylate) (PS-r-PMMA) RCP grafted to the silicon surface is able to
efficiently neutralize preferential interactions and to induce the perpendicular orientation in thin
film of PS-b-PMMA BCPs [55-57].
In the present work, a symmetric PS-b-PMMA block copolymer sample has been used to
fabricate nanoporous thin films whose polymer domains and pores have been filled with zinc oxide
(ZnO) and cadmium selenide (CdSe) nanoparticles, to finally obtain functional nanocomposites.
The BCP films were deposited onto transparent and conductive indium tin oxide (ITO) supports.
The perpendicular orientation of the BCP lamellar nanodomains was obtained by neutralizing the
ITO support using a grafted layer of a PS-r-PMMA copolymer. The morphology of the UV5

irradiated thin films was studied in detail. In particular, by means of appropriate deep UV
treatments that simultaneously promote PMMA block degradation and PS block cross-linking,
highly nanochannels of finely tunable width were obtained at the block copolymer surface with high
reproducibility. The strength of the UV irradiation approach is probed in two limiting cases, by
building nanoporous hybrid thin films with ZnO and CdSe nanoparticles. In particular, in the first
case nanoporous nanocomposites BCP-based thin films characterized by a controlled morphology at
nanometer scale were obtained by applying the UV irradiation protocol to BCP nanocomposites

of

characterized by selective inclusion of ZnO NPs in the PS domains (nanocomposite first/nanopores

ro

after). In the second case, nanoporous nanocomposites were obtained by selective infiltration of

-p

CdSe NPs in the nanochannels-left free by PMMA removal through UV irradiation (nanopores first/

re

nanocomposite after).

lP

This kind of materials are extremely versatile both in composition and morphology and

na

therefore useful for various nanotechnology applications. In particular, the designed
nanocomposites, containing semiconducting NPs and prepared onto one of the most used

ur

transparent electrode (ITO) [58], can exhibit interesting properties for nanoelectronics and

Jo

photovoltaic applications.

2. Materials and Methods
2.1 Materials. Zinc acetate (C4H6O4Zn, 99.999%, ZnAc2), tert-butylphosphonic acid (C4H9PO3H2
or TBPA, 98%), n-hexadecylamine (C16H33NH2 or HDA, 98%), selenium (99.99%), cadmium
chloride (CdCl2.21/2 H2O), 3-mercaptopropionic acid (MPA) (C3H6O2S), hydrazine hydrate
(N2H4H2O), poly(acrylic acid) partial sodium salt solution (25 wt% in H2O), carbon rods, acetic
acid, methanol and toluene were purchased from Aldrich. PS-b-PMMA was purchased from
Polymer Source, Inc. and used without further purification. The number-average molecular
mass (Mn) values of the PS and PMMA blocks in the copolymer are 25.0 and 26.0 kg mol−1,
6

respectively (polydispersity 1.06). The volume fraction of the PS block of 0.52 was selected to
obtain a lamellar microphase separated morphology. The BCP sample is amorphous with glass
transition temperatures equal to 108 °C for PS and 126 °C for PMMA [59]. Indium thin oxide
(ITO) coated slides (nominal transmittance of > 85%, nominal coating thickness of ≈ 130 nm)
were purchased from Delta Technologies. Prior to the surface neutralization the ITO supports
were sonicated in isopropyl alcohol (IPA) and subsequently in acetone for the removal of any
residual organic contamination.

of

2.2 Neutralization of ITO supports. The supports neutralization was achieved by grafting a brush

ro

layer of ω-hydroxyl terminated poly(styrene-r-methyl methacrylate) (PS-r-PMMA) with Mn =

-p

8.10 kg mol−1, styrene fraction (f) of 58.0 (w/ w) and polydispersity of 1.24. The PS-r-PMMA

re

random copolymer will be indicated as “FSM6” [57]. A 9 g/L solution of FSM6 in toluene was

lP

prepared and spin-casted on the support for 60 s at 3000 rpm. The grafting process was

na

performed by means of JetFirst 100C Jipelec rapid thermal processing (RTP) machine at 290 °C
for 300 s [55, 56]. The ungrafted random copolymer chains were subsequently removed in a

ur

sonication bath in toluene. The resulting brush layer grafted to the support was 4.5 nm [60].
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2.3 Synthesis and Characterization of Nanoparticles. ZnO nanoparticles coated with nhexadecylamine (HDA) and tert-butylphosphonic acid (TBPA) molecules were synthesized by
thermal decomposition of ZnAc2 (0.8 mmol) in hot TBPA/HDA (0.5 mmol/ 0.02 mol) mixture,
by using the procedure described in References 27 and 61. CdSe nanocrystals decorated with a
hydrophilic capping (3-mercaptopropionic acid, MPA) were synthesized by an aqueous reaction
of CdCl2 with elemental Se in a reducing hydrazine aqueous solution mixture, by using a
method previously described in Ref. 62. Briefly, the required amount (few microliters) of MPA
was added, under constant stirring, to a distilled water solution of 100 mM CdCl2 up to achieve
a MPA concentration equal to 0.24 M. This resulted in a clear solution. In a separate flask, the
required amount of Se powder was dissolved in hydrazine hydrate (99%) in open air. Instantly
the colorless solution turns dark brown and remains unchanged under atmospheric conditions at
7

least for 2 h. In order to obtain CdSe nanoparticles of appropriate size, 100 mM water
CdCl2/MPA and 50 mM hydrazine hydrate-Se solutions in a volume ratio of 4:1 were mixed at
room temperature and then held at 100 °C for 60 min to get a yellow colloid. The colloid was
then precipitated by adding acetone as an antisolvent. The precipitate was repeatedly washed on
a sintered glass filter with distilled water until its pH became normal (equal to 7). Finally, the
powder was collected by drying under open-air conditions and stored in sealed bottles. The
absorption spectra of the synthesized materials were recorded using a Cary Varian 5000

of

equipped with UV-vis monochromator, using a scanning speed equal to 50 nm min-1 and 5 nm

ro

bandwidth. UV-vis spectra of 1 mg mL-1 dispersions of ZnO NPs in chloroform and toluene and

-p

0.5 mg mL-1 dispersions of CdSe NPs in water, dimethylformamide and ethanol were acquired.

re

Samples for transmission electron microscopy (TEM) were prepared by casting a drop of

lP

diluted dispersions (0.5 - 1 mg mL-1) of ZnO and CdSe NPs in toluene and ethanol, respectively,

na

on the surface of a carbon-coated copper grid. Powder wide-angle X-ray diffraction (WAXS)
profiles were obtained with Ni-filtered Cu Kα radiation using an Empyrean diffractometer by

ur

PANalytical with continuous scans of the 2θ angle and a scanning rate of 0.02°/s. The diameters

Jo

(d) of ZnO and CdSe NPs were estimated by using the Sherrer formula (Equation 1):

d=

Kλ
β cosθ

(1)

where d is the mean crystallite diameter, K is a shape factor set equal to 0.9 rad, λ is the X-ray
wavelength, β is the width at half height (FWHM) of intensity for the most pronounced 100
reflection of ZnO wurzite crystal at 2θ ≈ 31.1 and 111 reflection of CdSe cubic crystals at 2θ ≈
25.3°. No correction for the instrumental line broadening was performed, due to the high
broadness of the Bragg peaks of both ZnO and CdSe nanocrystals.
2.4 Neat BCP thin films preparation. The PS-b-PMMA thin films (thickness ≈ 70 nm) were
prepared by spin coating (3000 rpm for 30 s) 1 wt% BCP solutions in toluene onto FSM6-ITO
supports. The solutions were previously stirred for 4 hours at 50 °C to ensure complete BCP
8

dissolution. Thermal annealing procedure was performed by placing the thin films in a vacuum
oven at 190 °C for 24 hours. The PMMA etching was performed by irradiating the thin films
with 254 nm UV-C radiation using a Spectroline ENF-240c/FE 4 W portable lamp. Samples
were placed 9 cm away from the UV source and treated for different irradiation times (15, 45,
60, 90 and 120 min) in order to study the effect of this treatment on the morphology of the
samples. After the irradiation, the samples were dipped into glacial acetic acid for 30 min to
remove fragments derived from the etching process, and then dried under fume hood. The

of

effective irradiance sustained by the samples was measured using a DeltaOhm HD2102.1

ro

photoradiometer equipped with a LP471UVC probe and calibrated against a 254 nm filtered

-p

mercury lamp.

re

2.5 Preparation of nanocomposites containing ZnO NPs. Toluene solutions containing the PS-b-

lP

PMMA BCP (1 wt %) and ZnO NPs (0.1 wt%) were prepared and vigorously stirred for 24

na

hours. Thin films were obtained by spin coating (3000 rpm for 30 s) the toluene solutions onto
FSM6-ITO supports at room temperature. Subsequently, the nanocomposite thin films were

ur

annealed in vacuum at 190 °C per 24 h. The PMMA blocks were removed from the

Jo

nanocomposites by irradiating the thin films with 254 nm UV-C radiation adopting the best
procedure identified for the neat thin film, that is using an irradiation time of 60 min, placing the
samples 9 cm away from the UV source.
2.6 Preparation of nanocomposites containing CdSe NPs. CdSe nanoparticles were included in
the BCP nanoporous thin films by using dipping procedures. In particular, the BCP nanoporous
samples were immersed in a 0.5 mg/ml CdSe dispersion in ethanol and withdrawn normal to the
dispersion surface. The immersion and reemergence rates were fixed to 6 cm/min and controlled
by mean of a mechanical arm. Different experiments were performed varying the number of
immersion/reemergence cycle (1, 3, 6, 10) and the sample/NPs dispersion contact time for each
cycle (900, 300, 150, 90 s), for a total contact time equal to 900 s for every experiment. The
CdSe dispersion was kept under vigorous stirring during the dipping procedure. The solution
9

excess was removed from the surface of the films with a filter paper and drying the samples
under a fume hood. The solution excess was removed from the surface of the films with a filter
paper and drying the samples under a fume hood.
2.7 Microscopy characterization. TEM images were obtained in bright field mode using a FEI
Tecnai G2 200kV Transmission Electron Microscope with an accelerating voltage of 120 kV
and 200kV. The thin films were coated with carbon by using the Emitech K950X turbo
evaporator. Carbon rods were mounted in the vacuum system (5 × 10−5 mbar) between two

of

high-current electrical terminals and heated to their evaporation temperature, allowing the

ro

deposition of a fine stream of carbon (thickness 3-4 nm) onto specimens. Then, drops of

-p

poly(acrylic acid) partial sodium salt solution (25 wt % in H2O) were deposited on the surface

re

of the carbon-coated films and the samples were dried under a fume hood overnight. Dried

lP

drops consisting of polymeric thin films backed with carbon lying onto a dried poly(acrylic

na

acid) support were removed from the support with a knife. Poly(acrylic acid) was dissolved by
floating the dried drops onto water (with the poly(acrylic acid) at the interface with water), and

ur

finally, the carbon-coated polymers were recovered by fishing onto a 200 mesh TEM copper

Jo

grid. In order to achieve a good contrast between the different BCP domains, some films were
stained with RuO4 by exposition of the TEM grids to RuO4 vapors for 40 min at room
temperature. TEM analysis was repeated for different regions of the specimen to check the
uniformity of the morphology over the macroscopic area of the support and for independent
samples. The size of the NPs and the average width of the PS and PMMA lamellar nanodomains
and of the nanochannels were calculated from the TEM images using ImageJ software (National
Institutes of Health, available free of charge at Web site rsb.info.nih.gov/ij/). At least 200
independent measurements were taken at different locations of the TEM images of the samples.
The measurements were also confirmed by repeating the analysis on TEM images of
independent samples. Scanning electron microscopy (SEM) micrographs were collected using a
FEG Inspect-F FEI system at 30 kV, with a spot of 3.0 and working distance of 10 mm. Atomic
10

force microscopy (AFM) measurements were carried on a Bruker Multimode 8, in Bruker
peakforceTM mode, using an antimone-doped silicon cantilevers RTESPA-300 tip with radius
of about 8 nm, at resonance frequency and force constant of about 300 kHz and 40 N/m,
respectively. No touch tip calibration was performed before every observation. Images were
recorded at room temperature at 0.5 Hz scan rate, 1 kHz frequency and 150 nm amplitude; the
peakforce setpoint and gain were optimized for each image to improve quality. Several positions
for each sample were scanned to ensure consistency among the observations. The size of the

of

scans was equal to 1 ×1 μm. The height profiles were extracted from the AFM images using

Jo

ur
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lP

re
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ro

Gwyddion software (http://gwyddion.net).
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3. Results and discussion
3.1 Fabrication of the BCP-based nanoporous material with controlled morphology at
nanometer scale
The first step of this work consisted in setting up a robust and reproducible procedure to
obtain nanostructured thin films of a symmetric diblock copolymer PS-b-PMMA (25 kDa-26 kDa),
onto Indium Tin Oxide (ITO) supports, characterized by a perpendicular orientation of the lamellar

of

PS and PMMA nanodomains. After neutralization of the ITO support with a grafted random PS-r-

ro

PMMA copolymer (named FSM6), BCP thin-films were prepared by spin coating and successively

-p

subjected to thermal annealing treatments in order to provide sufficient mobility to the polymer

re

chains and achieve a perpendicular orientation of the PS and PMMA lamellar domains. A

lP

representative TEM image of BCP thin films deposited onto an ITO support functionalized with the
random copolymer FSM6 (ITO-FSM6 support), after thermal annealing at 190 °C for 24 h, is

na

reported in Figure 1A. The dark regions correspond to the RuO4-stained PS lamellar nanodomains,

ur

whereas the PMMA domains appear bright in the images. The results indicate the obtainment of a

Jo

well oriented perpendicular lamellar morphology (Figure 1A). The average lamellar widths
evaluated from the image of Figure 1A are ≈ 19 ± 2 and ≈ 9 ± 1 nm for PS and PMMA,
respectively.
The PS-b-PMMA thin films deposited onto FSM6-ITO supports by spin-coating and
annealed at 190 °C for 24 h (Figure 1A) were exposed to deep UV-C irradiation for different
amounts of time using a mercury UV lamp with maximum emission at 254 nm. Depending on dose
and experimental conditions, UV irradiation is expected to induce rapid degradation of PMMA
blocks, and slow degradation, eventually coupled with occurrence of cross-linking reactions, of PS
domains [44,63]. The exact mechanism involving PS chains is still unclear. It has been suggested
that in presence of oxygen, proton abstraction can be followed by addition of an oxygen molecule,

12

and consequent generation of radical species that can either react with another polymer chain

Jo

ur

na

lP

re

-p

ro

of

forming an oxygen bridge, or undergo β-scission reactions leading to PS degradation [43,44].

Figure 1. TEM images of PS-b-PMMA thin films, prepared by spin coating toluene solutions of 1
wt% BCP onto FSM6-ITO supports and annealed at 190 °C for 24 hours, after different UV
irradiation times of 0 (A), 15 (B), 45 (C), 60 (D), 90 (E) and 120 (F) min and washing with acetic
acid. Staining with RuO4 was performed before TEM observation.
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The TEM images of PS-b-PMMA thin films, deposited onto FSM6-ITO supports and
annealed at 190 °C for 24 hours, after exposure to UV irradiation for different times and dipping
into glacial acetic acid for 30 minutes to remove fragments derived from the etching process, are
shown in Figure 1B-F. The morphologies of the untreated sample (Figure 1A) and of the samples
irradiated for 15 and 60 min (Figure 1B and D, respectively) were also confirmed by SEM analysis
(Figure S1). As discussed before, the untreated sample (Figures 1A) shows a lamellar morphology
characterized by PS and PMMA lamellar widths equal to ≈ 19 nm and ≈ 9 nm, respectively. After

of

15 minutes of irradiation time (irradiation dose of 155 mJ/cm2) and successive acetic acid washing

ro

(Figure 1B) the morphology is impaired, and only few regions are left decorated with striped motifs

-p

reminiscent of the initial nanostructure. On the contrary, as a result of irradiation for 45 and 60 min

re

(energy dose of 465 mJ/cm2 and 630 mJ/cm2 respectively), the lamellar morphology of the BCP

lP

thin film resembles the pristine one (Figure 1C, D). This indicates that for irradiation times higher

na

than 15 min, the cross-linking reactions of PS are enough to allow for PMMA removal while
maintaining the lamellar morphology (Figure 1C, D). This is particularly evident for irradiation

ur

time of 60 min (Figure 1D) where the PS cross-linking fixes and stabilizes the lamellar morphology

Jo

of the initial BCP nanostructure (Figure 1A), resulting in the formation of well-defined
nanochannels alternating to the residual PS cross-linked lamellar domains (Figure 1D). However,
after 90 min of irradiation time (Figure 1E) only few lamellae survived to the treatment and after
120 minutes (Figure 1F) the copolymer morphology is completely lost. These results suggest that an
irradiation time longer than 60 min (Figure 1 E, F) resulted in an almost complete deterioration of
the BCP morphology.
The size of the PS nanodomains and PMMA/nanochannels obtained after different
irradiation times (comprised between 0 and 60 min), evaluated from the TEM images of Figures
1A-D, are reported in Figure 2.

14
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Figure 2. Size of the PS nanodomains (black squares) and of nanochannels (blue circles) left free

lP

upon removal of PMMA blocks present at time zero (blue triangle). Nanochannels were obtained

na

after UV irradiation of PS-b-PMMA thin films, prepared by spin coating toluene solutions of 1 wt%

Jo

and 60 min).

ur

BCP onto FSM6-ITO supports and annealed at 190 °C for 24 hours, for different times (15, 30, 45

It is apparent that the spacings of the lamellar morphology significantly change during the UV
treatment. After 15 min UV irradiation (Figure 1B), the polymeric lamellar domains left attached to
the support (dark regions in the TEM image) exhibit an increase of the width from ≈ 19 nm to ≈ 23
nm. These domains alternate to nanochannels with average width of only ≈ 4 nm. The value of the
channel width of ≈ 4 nm is lower than the average width of the PMMA lamellar domains in the
initial untreated sample (≈ 9 nm, Figure 2). The decrease of the channel size and the increase of the
width of dark domains may either due to the collapse of adjacent PS domains into a single domain
of higher lateral size, or to a simple partial degradation of PMMA. In this second hypothesis,
oxidation reactions of PS covalently linked to shorter PMMA moieties surviving onto ITO/FSM6
support give rise to elongate domains, able to adsorb similar amount of the staining agent, so that
15

the apparent width of domain size increases from 19 to 23 nm. This second hypothesis is based on
the observation that the center-to-center distance between consecutive PS domains does not change
within the experimental error with increasing the UV irradiation time. In the first hypothesis,
indeed, a doubling of the width of the PS domains would be observed.
By increasing the UV irradiation time, the width of the channels gradually increases whereas
the width of the polymeric domains decreases. In particular, after 45 and 60 min of UV irradiation
(Figure 1C and D), the width of the dark lamellar nanodomains (≈ 19 ± 2 nm) is the same of the PS

of

domains in the untreated sample (20 ± 2 nm). These domains alternate with nanochannels of width

ro

equal to 8 ± 1 nm (Figure 2), confirming that both complete PMMA degradation and efficient PS
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crosslink, able to fix the initial BCP morphology, occurred.
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The selective degradation of the PMMA blocks was confirmed by AFM analysis (Figure 3).

lP

The untreated sample PS-b-PMMA, prepared onto ITO-FSM6 support after thermal annealing at

na

190 °C for 24 hours, shows an ordered lamellar morphology (Figure 3A) with only a small
difference in height between the two blocks (Figure 3C). On the other hand, for the 60 min UV-

ur

irradiated sample (Figure 3B), a significant difference in height between the two blocks was found

Jo

(Figure 3C). Indeed, as shown by the height profiles extracted from the AFM images (Figure 3C),
undulations with amplitude lower than ≈ 0.2 nm and higher than ≈ 1.5-2 nm occur for the samples
before and after UV irradiation, respectively, confirming the selective removal of the PMMA
blocks. The width of the surviving PS domains and nanochannels are ≈19 nm and ≈9 nm,
respectively, in agreement with the values extracted from TEM analysis (Figure 2). AFM images of
the 15 and 45 min UV-irradiated samples are reported in Figure S2. The channels are not visible in
the Figure S2A, since for the 15 min UV-irradiated thin film the width of the channels (≈ 4 nm,
Figure 1B and Figure 2) is lower than the radius of the used AFM tip (tip radius ≈ 8 nm).
Featureless regions alternating with regions presenting channels having a width equal to ≈ 9 nm,
alternating to PS lamellar domains of width ≈ 19 nm, are instead observed in the case of the 45 min
UV-irradiated sample (Figure S2B), in agreement with the TEM analysis (Figure 1C and Figure 2).
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Figure 3. AFM height images of PS-b-PMMA thin films, prepared by spin coating toluene
solutions of 1 wt% BCP onto ITO-FSM6 supports after thermal annealing at 190 °C for 24 hours,
before (A) and after (B) 60 min of UV irradiation. Height profiles extracted from the AFM
micrographs are reported in C.
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The samples after 15 and 60 min of UV treatment (Figure 1B and 1D, respectively) were
immersed for 120 min in toluene in order to probe the effective occurrence of crosslinking reactions
of PS domains (Figure 4). Polystyrene, in fact, becomes insoluble in this solvent by effect of
crosslinking [37]. It is apparent from the TEM images of Figure 4 that, after toluene immersion, the
initial morphology of the 60 min UV-treated sample (Figure 1D) is retained even after 120 min
immersion in toluene (Figure 4B), indicating that the cross-linked PS blocks stick firmly to the
support, fixing the final nanoporous morphology. Instead, in the case of the 15 min UV-treated

of

sample (Figure 1B), (or non UV irradiated film, data not shown), the immersion in toluene causes

ro

almost complete destruction of the initial morphology due to partial dissolution of the film in the
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solvent (Figure 4A).

Figure 4. TEM images obtained after immersion in toluene for 120 minutes of the 15 min (A) and
60 min (B) UV-irradiated PS-b-PMMA thin films, prepared by spin coating toluene solutions of 1
wt% BCP onto FSM6-ITO supports and annealed at 190 °C for 24 hours. Staining with RuO4 was
performed before TEM observation.
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3.2 Synthesis and characterization of ZnO and CdSe NPs
Semiconductor ZnO NPs capped with n-hexadecylamine (HDA) and tert-butylphosphonic
acid (TBPA) were synthetized by using the procedure described in References 27 and 54. The wide
angle X-ray powder diffraction (WAXS) profile, TEM image and UV-Vis absorption spectra of the
obtained ZnO NPs are reported in Figure 5A, A’ and A’’, respectively. The broad diffraction peaks
present in WAXS profile of the ZnO nanoparticles suggest a wurtzite structure [54] and a value of
the mean crystallite diameter (d), evaluated by using Equation 1 (Experimental Section), equal to

of

5.3 nm. The dimension of the ZnO nanoparticles was confirmed by TEM analysis from which a

ro

value of the average NPs diameter equal to 5.7 ± 0.9 nm was determined. The UV-Vis spectra of
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ZnO NPs (Figure 5 A’’) show a quite steep onset and a maximum absorption at 332 nm, both in
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chloroform (curve a of Figure 5 A’’) and toluene (curve b of Figure 5 A’’).
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Figure 5. Wide angle X-ray powder diffraction (WAXS) profiles (A, B), TEM images (A’, B’) and
UV-Vis absorption spectra in different solvents (A’’, B’’) of synthetized organic capped ZnO (A20

A’’) and CdSe (B-B’’) nanoparticles. The hkl Miller indices of the main reflections of ZnO wurtzite
structure and CdSe cubic zinc-blend-like structure are indicated in A and B, respectively. UV-Vis
spectra were acquired by dispersing the ZnO NPs in chloroform and toluene (curve a and b in A’’,
respectively) and by dispersing CdSe NPs in ethanol (EtOH), dimethylformamide (DMF) and water
(black, red and blue line in B’’, respectively).

CdSe nanoparticles decorated with a hydrophilic capping (3-mercaptopropionic acid, MPA)

of

were synthetized according to the method of Ref. 55. The capping molecules help controlling the

ro

nanometric size of CdSe crystals limiting crystal growth through Ostwald ripening phenomena and

-p

at the same time help achieving an efficient dispersion of the NPs in an orthogonal solvent (namely

re

ethanol) to the BCP PS domains. The WAXS profile of the CdSe NPs (Figure 5B) shows two broad

lP

humps at the positions 2θ ≈ 25.3° and ≈ 44.8° of the 111 and 220+311 reflections of the cubic zinc-

na

blend-like structure of CdSe [64]. The correlation length of the crystals in the direction normal to
(111) planes, estimated from the width at mid-height of the hump at 2θ ≈ 25.3°, by using the

ur

Sherrer’s equation (Equation 1, Experimental Section), is equal to ≈ 3.2 nm. The TEM image of the

Jo

CdSe NPs (Figure 5B’) shows well-separated nanoparticles of average diameter equal to 3.3 ± 0.9
nm, in agreement with the results of diffraction analysis. The small size of CdSe NPs is also
confirmed by the UV absorption spectra recorded in different hydrophilic media (Figure 5B’’).
They show a strongly blue shifted absorption edge at 390 nm with respect to the CdSe bulk edge at
713 nm [65], due to a quantum confinement effect.

3.3 Fabrication of the BCP-based nanoporous nanocomposites.
Nanoporous nanocomposites were prepared by selective inclusion of the semiconductor
ZnO NPs, capped with a mixture of TBPA/HDA in the PS nanodomains and successive PMMA
removal by UV-C irradiation (nanocomposite first/nanopores after), and by infiltering CdSe NPs,
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capped with hydrophilic MPA, in the nanochannels of the nanoporous BCP films (nanocomposite
first/ nanopores after).
3.3.1 ZnO-based nanoporous nanocomposites (nanocomposite first/nanopores after).
ZnO NPs were included in the PS lamellar domains of the BCP by dispersing the NPs and
BCP in a common solvent (toluene), successive preparation of the thin films and subsequent
thermal and UV treatments. The best results were obtained adopting 60 min irradiation time with

of

the UV-C lamp, in agreement with the protocol identified for the neat BCP (Figure 1D). The TEM

ro

images of the nanocomposite containing ZnO NPs, before and after the PMMA removal, are

-p

reported in Figure 6 A, A’ and B, respectively. The images of the PS-b-PMMA/ZnO NPs

re

nanocomposite (Figure 6A, A’) indicate the selective inclusion of the NPs in the lamellar RuO4-

lP

stainded PS nanodomains. The nanoparticles filling the PS blocks are clearly visible in the high
magnification inset of the nanocomposite reported in Figure 6A’. Interestingly, the UV treatment of

na

the PS-b-PMMA/ZnO NPs nanocomposite does not alter neither the morphology nor the

ur

localization of the ZnO NPs (Figure 6B), allowing the obtainment of nanoporous thin films

Jo

consisting of PS lamellar nanodomains filled with ZnO NPs alternating to nanochannels left after
PMMA removal by UV treatment. It is worth to note that in this case, due to the absence of PMMA
blocks, a good contrast in the TEM image is obtained without resorting to any staining procedure
(Figure 6B).
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Figure 6. Bright-field TEM images of thin films prepared by spin-coating toluene solutions
containing PS-b-PMMA BCP and ZnO NPs onto FSM6-ITO supports, and annealed at 190 °C for
24 hours, before (A, A’) and after (B) UV treatment. The image A and A’ were acquired after RuO4
staining; no staining procedure, instead, was performed onto the UV-treated sample (B).

3.3.2 CdSe-based nanoporous nanocomposite (nanopores first/nanocomposite after)
Selective inclusion of CdSe nanoparticles in the nanochannels of the BCP-based porous
template was achieved by dipping the nanoporous BCP thin films (Figure 1D) into an ethanol
dispersion of CdSe NPs and successive withdrawing of the films in the direction normal to the
dispersion surface, using the procedure described in the experimental section. Representative TEM
23

images of the nanocomposites obtained by performing six immersion/reemergence cycles and by
using a sample/NPs dispersion contact time for each cycle equal to 150 s are shown in Figure 7,
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before (Figure 7A) and after (Figure 7B, B’) RuO4 staining procedure.

Figure 7. TEM images of nanoporous/nanocomposite thin films obtained by dipping the BCPbased nanoporous thin film in the CdSe NPs ethanol dispersion before (A) and after (B, B’) RuO4
staining of the PS domain. Six immersion/reemergence cycles and a sample/NPs dispersion contact
time for each cycle equal to 150 s were used.

The presence of CdSe NPs and nanochannels allows the detection of the lamellar
morphology without any staining procedure in Figure 7A. Upon RuO4 staining (Figure 7B, B’), a
clear contrast difference between the PS lamellae of the BCP and the nanochannels is evidenced.
The images show that CdSe NPs are mainly localized at the interface between the nanochannels and
the PS lamellar domains. Due to the small dimensions of the CdSe NPs (≈ 3 nm), the nanoparticles
24

appear as dark continuos rows in the high magnification inset of the TEM image of the
nanocomposite (Figure 7B’). The sequestration of the NPs is due to the capillary forces acting on
the dispersion upon normal withdrawal of the porous template. We found that a number of
immersion/reemergence cycles of about 6 was enough to obtain a good nanoporous morphology
characterized by selective inclusion of the nanoparticles in the channels. A too high number of
cycles resulted, however, detrimental for the BCP nanoporous morphology (data not shown), due to
the intrinsic tendency of NPs to aggregates.

of

The comparison between the TEM images of the nanoporous nanocomposites thin films

ro

acquired without resorting to any staining procedure (Figure 6B and 7A) clearly confirms the

-p

different location of the ZnO and CdSe NPs in the nanoporous template. PS lamellar nanodomains,

re

in fact, appear dark in the TEM image of Figure 6B because they are filled with ZnO NPs. On the

lP

contrary, the unfilled PS nanodomains appear bright in the case of the nanocomposites containing

na

the CdSe NPs (Figure 7A).

The developed two-step strategy paves the way to the fabrication of more complex,

ur

multicomponent systems in which the positioning of two different nanoparticles can be

Jo

simultaneously controlled at nanometer scale. In addition, the use of a self-assembled BCP as
template for the NPs inclusion allows obtaining a high interface between the two included NPs,
beneficial for a plethora of nanotechnological application. In particular, in Ref. 27, it has been
already demonstrated that hybrid nanocomposites characterized by the selective inclusion of ZnO
NPs in the PS lamellar domains of PS-b-PMMA BCP thin films, show good electrical conductive
properties before PMMA removal, provided that the ZnO NPs content is above a threshold
concentration [27, 34]. Such good electrical conductive properties are expected also for the
nanoporous BCP thin films obtained after selective removal of PMMA blocks. Furthermore,
possible applications suitable for exploitation of the simultaneous inclusion of NPs with opposite
charge carrier ability in adjacent domains may be also envisaged in the fabrication of electro-optical
devices, the performances of which are critically dependent on the charge transfer efficiency at the
25

interfaces, coupled with carrier ability of the opposite charges along well-separated paths, in order
to reduce to a minimum charge recombination.

4. Conclusions
A robust experimental procedure to fabricate nanoporous nanocomposite thin films, based

of

on PS-b-PMMA BCP, onto conductive and transparent ITO supports was set up. Thin films,

ro

characterized by a perpendicular orientation of PS and PMMA lamellar nanodomains, were

-p

obtained by using ITO supports functionalized with a random PS-r-PMMA copolymer coupled with

re

thermal annealing at 190 °C for 24. Appropriate UV-C irradiation of the so obtained thin films

lP

selectively removes the PMMA blocks, allowing the formation of nanochannels on the block
copolymer surface. The preservation of the pristine morphology of the porous material was

na

achieved by selecting the UV-irradiation conditions able to induce the simultaneous PMMA

ur

degradation and cross-linking of PS domains. In this case, nanochannels having the same width (≈ 8

Jo

± 1 nm) of the PMMA lamellar nanodomains initially present in the untreated sample form on the
thin film surface. ZnO nanoparticles, capped with a mixture of n-hexadecylamine and tertbutylphosphonic acid, having an average diameter equal to ≈ 5.5 nm, were selectively included in
the PS lamellar nanodomains of the PS-b-PMMA copolymer by dispersing the NPs and BCP in a
common solvent (toluene) before thin films preparation. The successive UV-irradiation of the
resultant nanocomposites, allowed an efficient PMMA removal and preservation of the initial
morphology, adopting the same irradiation protocol identified for the neat BCP (nanocomposite
first/nanopores after). CdSe nanoparticles, decorated with 3-mercaptopropionic acid, with a
diameter of ≈ 3 nm were instead successfully included at the interface between the nanochannels
and the PS lamellar domains by using dipping procedures, simple exploiting the capillary force
(nanopores first/nanocomposite after).
26

The results of the present study confirm the high versatility of block-copolymers for the
preparation of nanoporous templates with controlled morphology at nanoscale that can be used, for
example, to organize nanoparticles onto solid supports. The dimensions, the morphology and the
chemical characteristics of pores can be easily tuned by changing the blocks constituting the BCP,
their molecular masses and the volume fraction. This possibility opens the opportunity to fabricate
BCP-based nanoporous templates with tailored properties for the inclusion a wide range of different

of

nanoparticles depending on the final application of the nanocomposites.
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Abstract
Nanoporous/nanocomposite thin films with controlled morphology at nanoscale were prepared onto
transparent and conductive indium tin oxide (ITO) supports by exploiting the self-assembly of a
lamellar polystyrene-b-poly(methyl methacrylate) (PS-b-PMMA) block copolymer (BCP). A
perpendicular orientation of PS and PMMA lamellar nanodomains was achieved by grafting a
random PS-r-PMMA copolymer to the ITO supports and successive thermal annealing. Stable and
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reproducible nanoporous morphologies, characterized by PS lamellar nanodomains of width equal

ro

to ≈ 20 nm alternating to nanochannels of width equal to ≈ 8 nm, were obtained by irradiating the
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samples with an appropriate UV-C dose able to fix the relative arrangement of PS domains through
activation of cross-linking reactions and selective removal of PMMA blocks. Nanoporous hybrid
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composites with a stable morphology were obtained either by applying the UV irradiation protocol
to BCP nanocomposites characterized by selective inclusion of zinc oxide (ZnO) nanoparticles
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(NPs) in the PS domains (nanocomposite first/nanopores after) or by selective infiltration of
cadmium selenide (CdSe) NPs in the nanochannels left free by PMMA removal through UV
irradiation (nanopores first/ nanocomposite after), demonstating the strenght of the approach.
Keywords: block copolymers; nanoporous thin films; nanocomposites.

2

1. Introduction
Surface nanopatterning with geometrical motifs having shape ranging from lamellae to cylinder
or spheres of nanometric size represents one of the major story of success of polymer science and
technology [1-6]. In particular, exploitation of self-assembly of block copolymers (BCPs) driven by
microphase separation of incompatible blocks has been demonstrated to be a powerful tool to
overcome the intrinsic limitations of conventional lithographic approches [1-9]. The shape, size and

of

spacing of the geometrical motifs of the resultant nanostructured features may be easily controlled

ro

by the appropriate selection of block length, molecular mass and constitution [1-12]. A plethora of
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nanotechnological applications have been identified which benefit from the high versatility of BCPs
to generate tailored morphologies such as separation membranes [13], tissue-engineering [14,15],
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photonic crystals [16,17], as well as materials for electronic [18,19], catalysis [20], lithography
[3,4,7-9], and sensing [21-24]. Furthermore, it has been shown that BCPs are ideal candidates for
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the fabrication of advanced nanocomposite materials through the selective inclusion of
nanoparticles (NPs) with appropriate chemical affinity and geometry in specific block domains [2533]. Indeed, nanodomains of phase-separated BCPs may act as hosts for selective inclusion of NPs,
allowing for the control of nanoparticle distribution in nanocomposite thin films deposited onto
solid supports. In particular, a wide range of conductive NPs, such as Au [12, 18, 19, 22, 23, 28,
29], Ag [18, 21, 25, 30, 31], Pd [11] and TiO2 [32, 33], have been included in BCPs-based
templates. Phase behavior, morphologies, optical and electrical properties of the obtained
nanocomposites have been largely investigated as a function of nanoparticles loading [28, 29, 30,
31, 32], composition of block copolymers [32, 34], radius and shape of nanoparticles [28, 34]. The
structural evolution during the application of a moving temperature gradient and the percolating
behavior of the nanocomposites have been also theoretically analyzed in detail [34, 35]. The
simulated results demonstrated that if the loading of nanoparticles reaches a critical value termed as
percolation threshold, a continuous network of nanoparticles spans the polymer host, typically
3

leading to insulator-to-conductor transition in composites of conductive fillers and insulating host
[34]. The theoretical results also reveal that the percolation threshold of nanoparticles dispersed in
the block copolymers is lower than that in the host of homopolymers [34], as experimentally
observed [27].
Another interesting application of self-assembling BCPs is the fabrication of materials
characterized by a controlled nanoporous architecture through the selective removal of specific
blocks from nanostructured BCPs [36-42]. The removal of a polymer block can be achieved by

of

exploiting the different sensitivity of the blocks toward etching agents such as plasma, ozone,
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chemicals [39-41] or UV radiation [37,38], obtaining in this way nanostructured materials with
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well-controlled porosity, to be used for instance as photolithography masks [9], separation
membranes or support for the nanoconfinement of biomolecules [40-42]. In particular, far-UV
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irradiation is a very common etching method able to remove and modify polymers via photooxidative reactions [43]. These reactions often also produce crosslinks that fix the BCP morphology
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making one of the blocks resistant and insoluble, thus avoiding the collapse of the structure once the
other block is removed, even in severe conditions [44]. This approach is often used to obtain
different nanoporous structures starting from polystyrene-b-poly(methyl methacrylate) (PS-bPMMA) thin films thanks to the high difference in etching resistance of the blocks, as PMMA is
twice more photosensitive than PS. Among the methods proposed for the selective incorporation of
metal nanoparticles inside such nanoporous templates, the techniques of electrodeposition involving
the motion of charged particles in solution under the influence of an electric field and subsequent
deposition of the nanoparticles onto an electrode surface, have been widely investigated [26,37,45].
On the contrary, less attention has been devoted to the possibility to include NPs in the pores by
using dipping procedures, simply exploiting capillary forces to sequester NPs [46].
The full exploitation of BCPs based nanostructures and nanocomposites as functional materials
in nanotechnological applications requires the control of the nanodomains orientation during the
process of microphase separation. In block copolymers thin films, the interactions that are involved
4

at polymer/support and air/polymer interfaces may strongly influence the orientation of nanodomain
morphologies and the whole ordering process [47,48]. Unbalanced interactions of the blocks with
the support and/or unbalanced values of surface energy at block/air interface may result in a parallel
orientation of the phase separated nanodomains to the support (or air interface). Indeed, considering
that the blocks are covalently linked, preferential interactions of one block with the support and/or
different value of surface energy of blocks at air interface may lead to propagation of the parallel
orientation of the microdomains to the support throughout the entire film thickness. The control of
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the orientation of microdomains with respect to the support can be achieved adopting different

ro

strategies, namely based on the control of the interactions of the blocks at the air and support
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interfaces. In several nanotechnological applications, an orientation of the microdomains normal to
the support is highly desired and, to this aim, the development of methods to modulate interfacial
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interactions is crucial [49,50]. An efficient method consists in decorating the support with a neutral
layer of a random copolymer (RCP) grafted to the support. The RCP has the role to balance the
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interactions of each block with the support at the interface, minimizing any tendency of a block to
establish preferred interactions and, as a consequence, preventing the propagation of the parallel
orientation [51]. The ordering process is generally facilitated by application of suitable thermal
and/or solvent vapor annealing protocols [52-54]. In particular, functional hydroxyl-terminated
polystyrene-r-polymethylmethacrylate) (PS-r-PMMA) RCP grafted to the silicon surface is able to
efficiently neutralize preferential interactions and to induce the perpendicular orientation in thin
film of PS-b-PMMA BCPs [55-57].
In the present work, a symmetric PS-b-PMMA block copolymer sample has been used to
fabricate nanoporous thin films whose polymer domains and pores have been filled with zinc oxide
(ZnO) and cadmium selenide (CdSe) nanoparticles, to finally obtain functional nanocomposites.
The BCP films were deposited onto transparent and conductive indium tin oxide (ITO) supports.
The perpendicular orientation of the BCP lamellar nanodomains was obtained by neutralizing the
ITO support using a grafted layer of a PS-r-PMMA copolymer. The morphology of the UV5

irradiated thin films was studied in detail. In particular, by means of appropriate deep UV
treatments that simultaneously promote PMMA block degradation and PS block cross-linking,
highly nanochannels of finely tunable width were obtained at the block copolymer surface with high
reproducibility. The strength of the UV irradiation approach is probed in two limiting cases, by
building nanoporous hybrid thin films with ZnO and CdSe nanoparticles. In particular, in the first
case nanoporous nanocomposites BCP-based thin films characterized by a controlled morphology at
nanometer scale were obtained by applying the UV irradiation protocol to BCP nanocomposites

of

characterized by selective inclusion of ZnO NPs in the PS domains (nanocomposite first/nanopores

ro

after). In the second case, nanoporous nanocomposites were obtained by selective infiltration of
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CdSe NPs in the nanochannels-left free by PMMA removal through UV irradiation (nanopores first/
nanocomposite after).
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This kind of materials are extremely versatile both in composition and morphology and
therefore useful for various nanotechnology applications. In particular, the designed
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nanocomposites, containing semiconducting NPs and prepared onto one of the most used
transparent electrode (ITO) [58], can exhibit interesting properties for nanoelectronics and
photovoltaic applications.

2. Materials and Methods
2.1 Materials. Zinc acetate (C4H6O4Zn, 99.999%, ZnAc2), tert-butylphosphonic acid (C4H9PO3H2
or TBPA, 98%), n-hexadecylamine (C16H33NH2 or HDA, 98%), selenium (99.99%), cadmium
chloride (CdCl2.21/2 H2O), 3-mercaptopropionic acid (MPA) (C3H6O2S), hydrazine hydrate
(N2H4H2O), poly(acrylic acid) partial sodium salt solution (25 wt% in H2O), carbon rods, acetic
acid, methanol and toluene were purchased from Aldrich. PS-b-PMMA was purchased from
Polymer Source, Inc. and used without further purification. The number-average molecular
mass (Mn) values of the PS and PMMA blocks in the copolymer are 25.0 and 26.0 kg mol −1,
6

respectively (polydispersity 1.06). The volume fraction of the PS block of 0.52 was selected to
obtain a lamellar microphase separated morphology. The BCP sample is amorphous with glass
transition temperatures equal to 108 °C for PS and 126 °C for PMMA [59]. Indium thin oxide
(ITO) coated slides (nominal transmittance of > 85%, nominal coating thickness of ≈ 130 nm)
were purchased from Delta Technologies. Prior to the surface neutralization the ITO supports
were sonicated in isopropyl alcohol (IPA) and subsequently in acetone for the removal of any
residual organic contamination.

of

2.2 Neutralization of ITO supports. The supports neutralization was achieved by grafting a brush
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layer of ω-hydroxyl terminated poly(styrene-r-methyl methacrylate) (PS-r-PMMA) with Mn =
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8.10 kg mol−1, styrene fraction (f) of 58.0 (w/ w) and polydispersity of 1.24. The PS-r-PMMA
random copolymer will be indicated as “FSM6” [57]. A 9 g/L solution of FSM6 in toluene was
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prepared and spin-casted on the support for 60 s at 3000 rpm. The grafting process was
performed by means of JetFirst 100C Jipelec rapid thermal processing (RTP) machine at 290 °C
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for 300 s [55, 56]. The ungrafted random copolymer chains were subsequently removed in a
sonication bath in toluene. The resulting brush layer grafted to the support was 4.5 nm [60].
2.3 Synthesis and Characterization of Nanoparticles. ZnO nanoparticles coated with nhexadecylamine (HDA) and tert-butylphosphonic acid (TBPA) molecules were synthesized by
thermal decomposition of ZnAc2 (0.8 mmol) in hot TBPA/HDA (0.5 mmol/ 0.02 mol) mixture,
by using the procedure described in References 27 and 61. CdSe nanocrystals decorated with a
hydrophilic capping (3-mercaptopropionic acid, MPA) were synthesized by an aqueous reaction
of CdCl2 with elemental Se in a reducing hydrazine aqueous solution mixture, by using a
method previously described in Ref. 62. Briefly, the required amount (few microliters) of MPA
was added, under constant stirring, to a distilled water solution of 100 mM CdCl 2 up to achieve
a MPA concentration equal to 0.24 M. This resulted in a clear solution. In a separate flask, the
required amount of Se powder was dissolved in hydrazine hydrate (99%) in open air. Instantly
the colorless solution turns dark brown and remains unchanged under atmospheric conditions at
7

least for 2 h. In order to obtain CdSe nanoparticles of appropriate size, 100 mM water
CdCl2/MPA and 50 mM hydrazine hydrate-Se solutions in a volume ratio of 4:1 were mixed at
room temperature and then held at 100 °C for 60 min to get a yellow colloid. The colloid was
then precipitated by adding acetone as an antisolvent. The precipitate was repeatedly washed on
a sintered glass filter with distilled water until its pH became normal (equal to 7). Finally, the
powder was collected by drying under open-air conditions and stored in sealed bottles. The
absorption spectra of the synthesized materials were recorded using a Cary Varian 5000
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equipped with UV-vis monochromator, using a scanning speed equal to 50 nm min-1 and 5 nm

ro

bandwidth. UV-vis spectra of 1 mg mL-1 dispersions of ZnO NPs in chloroform and toluene and
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0.5 mg mL-1 dispersions of CdSe NPs in water, dimethylformamide and ethanol were acquired.
Samples for transmission electron microscopy (TEM) were prepared by casting a drop of
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diluted dispersions (0.5 - 1 mg mL-1) of ZnO and CdSe NPs in toluene and ethanol, respectively,
on the surface of a carbon-coated copper grid. Powder wide-angle X-ray diffraction (WAXS)
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profiles were obtained with Ni-filtered Cu Kα radiation using an Empyrean diffractometer by
PANalytical with continuous scans of the 2θ angle and a scanning rate of 0.02°/s. The diameters
(d) of ZnO and CdSe NPs were estimated by using the Sherrer formula (Equation 1):

d

K
 cos 

(1)

where d is the mean crystallite diameter, K is a shape factor set equal to 0.9 rad, λ is the X-ray
wavelength, β is the width at half height (FWHM) of intensity for the most pronounced 100
reflection of ZnO wurzite crystal at 2θ ≈ 31.1 and 111 reflection of CdSe cubic crystals at 2θ ≈
25.3°. No correction for the instrumental line broadening was performed, due to the high
broadness of the Bragg peaks of both ZnO and CdSe nanocrystals.
2.4 Neat BCP thin films preparation. The PS-b-PMMA thin films (thickness ≈ 70 nm) were
prepared by spin coating (3000 rpm for 30 s) 1 wt% BCP solutions in toluene onto FSM6-ITO
supports. The solutions were previously stirred for 4 hours at 50 °C to ensure complete BCP
8

dissolution. Thermal annealing procedure was performed by placing the thin films in a vacuum
oven at 190 °C for 24 hours. The PMMA etching was performed by irradiating the thin films
with 254 nm UV-C radiation using a Spectroline ENF-240c/FE 4 W portable lamp. Samples
were placed 9 cm away from the UV source and treated for different irradiation times (15, 45,
60, 90 and 120 min) in order to study the effect of this treatment on the morphology of the
samples. After the irradiation, the samples were dipped into glacial acetic acid for 30 min to
remove fragments derived from the etching process, and then dried under fume hood. The

of

effective irradiance sustained by the samples was measured using a DeltaOhm HD2102.1
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photoradiometer equipped with a LP471UVC probe and calibrated against a 254 nm filtered
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mercury lamp.

2.5 Preparation of nanocomposites containing ZnO NPs. Toluene solutions containing the PS-b-
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PMMA BCP (1 wt %) and ZnO NPs (0.1 wt%) were prepared and vigorously stirred for 24
hours. Thin films were obtained by spin coating (3000 rpm for 30 s) the toluene solutions onto
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FSM6-ITO supports at room temperature. Subsequently, the nanocomposite thin films were
annealed in vacuum at 190 °C per 24 h. The PMMA blocks were removed from the
nanocomposites by irradiating the thin films with 254 nm UV-C radiation adopting the best
procedure identified for the neat thin film, that is using an irradiation time of 60 min, placing the
samples 9 cm away from the UV source.
2.6 Preparation of nanocomposites containing CdSe NPs. CdSe nanoparticles were included in
the BCP nanoporous thin films by using dipping procedures. In particular, the BCP nanoporous
samples were immersed in a 0.5 mg/ml CdSe dispersion in ethanol and withdrawn normal to the
dispersion surface. The immersion and reemergence rates were fixed to 6 cm/min and controlled
by mean of a mechanical arm. Different experiments were performed varying the number of
immersion/reemergence cycle (1, 3, 6, 10) and the sample/NPs dispersion contact time for each
cycle (900, 300, 150, 90 s), for a total contact time equal to 900 s for every experiment. The
CdSe dispersion was kept under vigorous stirring during the dipping procedure. The solution
9

excess was removed from the surface of the films with a filter paper and drying the samples
under a fume hood. The solution excess was removed from the surface of the films with a filter
paper and drying the samples under a fume hood.
2.7 Microscopy characterization. TEM images were obtained in bright field mode using a FEI
Tecnai G2 200kV Transmission Electron Microscope with an accelerating voltage of 120 kV
and 200kV. The thin films were coated with carbon by using the Emitech K950X turbo
evaporator. Carbon rods were mounted in the vacuum system (5 × 10−5 mbar) between two
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high-current electrical terminals and heated to their evaporation temperature, allowing the
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deposition of a fine stream of carbon (thickness 3-4 nm) onto specimens. Then, drops of
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poly(acrylic acid) partial sodium salt solution (25 wt % in H2O) were deposited on the surface
of the carbon-coated films and the samples were dried under a fume hood overnight. Dried
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drops consisting of polymeric thin films backed with carbon lying onto a dried poly(acrylic
acid) support were removed from the support with a knife. Poly(acrylic acid) was dissolved by
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floating the dried drops onto water (with the poly(acrylic acid) at the interface with water), and
finally, the carbon-coated polymers were recovered by fishing onto a 200 mesh TEM copper
grid. In order to achieve a good contrast between the different BCP domains, some films were
stained with RuO4 by exposition of the TEM grids to RuO4 vapors for 40 min at room
temperature. TEM analysis was repeated for different regions of the specimen to check the
uniformity of the morphology over the macroscopic area of the support and for independent
samples. The size of the NPs and the average width of the PS and PMMA lamellar nanodomains
and of the nanochannels were calculated from the TEM images using ImageJ software (National
Institutes of Health, available free of charge at Web site rsb.info.nih.gov/ij/). At least 200
independent measurements were taken at different locations of the TEM images of the samples.
The measurements were also confirmed by repeating the analysis on TEM images of
independent samples. Scanning electron microscopy (SEM) micrographs were collected using a
FEG Inspect-F FEI system at 30 kV, with a spot of 3.0 and working distance of 10 mm. Atomic
10

force microscopy (AFM) measurements were carried on a Bruker Multimode 8, in Bruker
peakforceTM mode, using an antimone-doped silicon cantilevers RTESPA-300 tip with radius
of about 8 nm, at resonance frequency and force constant of about 300 kHz and 40 N/m,
respectively. No touch tip calibration was performed before every observation. Images were
recorded at room temperature at 0.5 Hz scan rate, 1 kHz frequency and 150 nm amplitude; the
peakforce setpoint and gain were optimized for each image to improve quality. Several positions
for each sample were scanned to ensure consistency among the observations. The size of the
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Gwyddion software (http://gwyddion.net).
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scans was equal to 1 ×1 μm. The height profiles were extracted from the AFM images using
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3. Results and discussion
3.1 Fabrication of the BCP-based nanoporous material with controlled morphology at
nanometer scale
The first step of this work consisted in setting up a robust and reproducible procedure to
obtain nanostructured thin films of a symmetric diblock copolymer PS-b-PMMA (25 kDa-26 kDa),
onto Indium Tin Oxide (ITO) supports, characterized by a perpendicular orientation of the lamellar
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PS and PMMA nanodomains. After neutralization of the ITO support with a grafted random PS-r-
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PMMA copolymer (named FSM6), BCP thin-films were prepared by spin coating and successively

re
-p

subjected to thermal annealing treatments in order to provide sufficient mobility to the polymer
chains and achieve a perpendicular orientation of the PS and PMMA lamellar domains. A
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representative TEM image of BCP thin films deposited onto an ITO support functionalized with the
random copolymer FSM6 (ITO-FSM6 support), after thermal annealing at 190 °C for 24 h, is
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reported in Figure 1A. The dark regions correspond to the RuO4-stained PS lamellar nanodomains,
whereas the PMMA domains appear bright in the images. The results indicate the obtainment of a
well oriented perpendicular lamellar morphology (Figure 1A). The average lamellar widths
evaluated from the image of Figure 1A are ≈ 19 ± 2 and ≈ 9 ± 1 nm for PS and PMMA,
respectively.
The PS-b-PMMA thin films deposited onto FSM6-ITO supports by spin-coating and
annealed at 190 °C for 24 h (Figure 1A) were exposed to deep UV-C irradiation for different
amounts of time using a mercury UV lamp with maximum emission at 254 nm. Depending on dose
and experimental conditions, UV irradiation is expected to induce rapid degradation of PMMA
blocks, and slow degradation, eventually coupled with occurrence of cross-linking reactions, of PS
domains [44,63]. The exact mechanism involving PS chains is still unclear. It has been suggested
that in presence of oxygen, proton abstraction can be followed by addition of an oxygen molecule,
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and consequent generation of radical species that can either react with another polymer chain
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forming an oxygen bridge, or undergo β-scission reactions leading to PS degradation [43,44].

Figure 1. TEM images of PS-b-PMMA thin films, prepared by spin coating toluene solutions of 1
wt% BCP onto FSM6-ITO supports and annealed at 190 °C for 24 hours, after different UV
irradiation times of 0 (A), 15 (B), 45 (C), 60 (D), 90 (E) and 120 (F) min and washing with acetic
acid. Staining with RuO4 was performed before TEM observation.
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The TEM images of PS-b-PMMA thin films, deposited onto FSM6-ITO supports and
annealed at 190 °C for 24 hours, after exposure to UV irradiation for different times and dipping
into glacial acetic acid for 30 minutes to remove fragments derived from the etching process, are
shown in Figure 1B-F. The morphologies of the untreated sample (Figure 1A) and of the samples
irradiated for 15 and 60 min (Figure 1B and D, respectively) were also confirmed by SEM analysis
(Figure S1). As discussed before, the untreated sample (Figures 1A) shows a lamellar morphology
characterized by PS and PMMA lamellar widths equal to ≈ 19 nm and ≈ 9 nm, respectively. After
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15 minutes of irradiation time (irradiation dose of 155 mJ/cm2) and successive acetic acid washing

ro

(Figure 1B) the morphology is impaired, and only few regions are left decorated with striped motifs
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reminiscent of the initial nanostructure. On the contrary, as a result of irradiation for 45 and 60 min
(energy dose of 465 mJ/cm2 and 630 mJ/cm2 respectively), the lamellar morphology of the BCP
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thin film resembles the pristine one (Figure 1C, D). This indicates that for irradiation times higher
than 15 min, the cross-linking reactions of PS are enough to allow for PMMA removal while
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maintaining the lamellar morphology (Figure 1C, D). This is particularly evident for irradiation
time of 60 min (Figure 1D) where the PS cross-linking fixes and stabilizes the lamellar morphology
of the initial BCP nanostructure (Figure 1A), resulting in the formation of well-defined
nanochannels alternating to the residual PS cross-linked lamellar domains (Figure 1D). However,
after 90 min of irradiation time (Figure 1E) only few lamellae survived to the treatment and after
120 minutes (Figure 1F) the copolymer morphology is completely lost. These results suggest that an
irradiation time longer than 60 min (Figure 1 E, F) resulted in an almost complete deterioration of
the BCP morphology.
The size of the PS nanodomains and PMMA/nanochannels obtained after different
irradiation times (comprised between 0 and 60 min), evaluated from the TEM images of Figures
1A-D, are reported in Figure 2.
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Figure 2. Size of the PS nanodomains (black squares) and of nanochannels (blue circles) left free
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upon removal of PMMA blocks present at time zero (blue triangle). Nanochannels were obtained
after UV irradiation of PS-b-PMMA thin films, prepared by spin coating toluene solutions of 1 wt%

and 60 min).
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BCP onto FSM6-ITO supports and annealed at 190 °C for 24 hours, for different times (15, 30, 45

It is apparent that the spacings of the lamellar morphology significantly change during the UV
treatment. After 15 min UV irradiation (Figure 1B), the polymeric lamellar domains left attached to
the support (dark regions in the TEM image) exhibit an increase of the width from ≈ 19 nm to ≈ 23
nm. These domains alternate to nanochannels with average width of only ≈ 4 nm. The value of the
channel width of ≈ 4 nm is lower than the average width of the PMMA lamellar domains in the
initial untreated sample (≈ 9 nm, Figure 2). The decrease of the channel size and the increase of the
width of dark domains may either due to the collapse of adjacent PS domains into a single domain
of higher lateral size, or to a simple partial degradation of PMMA. In this second hypothesis,
oxidation reactions of PS covalently linked to shorter PMMA moieties surviving onto ITO/FSM6
support give rise to elongate domains, able to adsorb similar amount of the staining agent, so that
15

the apparent width of domain size increases from 19 to 23 nm. This second hypothesis is based on
the observation that the center-to-center distance between consecutive PS domains does not change
within the experimental error with increasing the UV irradiation time. In the first hypothesis,
indeed, a doubling of the width of the PS domains would be observed.
By increasing the UV irradiation time, the width of the channels gradually increases whereas
the width of the polymeric domains decreases. In particular, after 45 and 60 min of UV irradiation
(Figure 1C and D), the width of the dark lamellar nanodomains (≈ 19 ± 2 nm) is the same of the PS
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domains in the untreated sample (20 ± 2 nm). These domains alternate with nanochannels of width
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equal to 8 ± 1 nm (Figure 2), confirming that both complete PMMA degradation and efficient PS
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crosslink, able to fix the initial BCP morphology, occurred.

The selective degradation of the PMMA blocks was confirmed by AFM analysis (Figure 3).
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The untreated sample PS-b-PMMA, prepared onto ITO-FSM6 support after thermal annealing at
190 °C for 24 hours, shows an ordered lamellar morphology (Figure 3A) with only a small
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difference in height between the two blocks (Figure 3C). On the other hand, for the 60 min UVirradiated sample (Figure 3B), a significant difference in height between the two blocks was found
(Figure 3C). Indeed, as shown by the height profiles extracted from the AFM images (Figure 3C),
undulations with amplitude lower than ≈ 0.2 nm and higher than ≈ 1.5-2 nm occur for the samples
before and after UV irradiation, respectively, confirming the selective removal of the PMMA
blocks. The width of the surviving PS domains and nanochannels are 19 nm and 9 nm,
respectively, in agreement with the values extracted from TEM analysis (Figure 2). AFM images of
the 15 and 45 min UV-irradiated samples are reported in Figure S2. The channels are not visible in
the Figure S2A, since for the 15 min UV-irradiated thin film the width of the channels (≈ 4 nm,
Figure 1B and Figure 2) is lower than the radius of the used AFM tip (tip radius ≈ 8 nm).
Featureless regions alternating with regions presenting channels having a width equal to ≈ 9 nm,
alternating to PS lamellar domains of width ≈ 19 nm, are instead observed in the case of the 45 min
UV-irradiated sample (Figure S2B), in agreement with the TEM analysis (Figure 1C and Figure 2).
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Figure 3. AFM height images of PS-b-PMMA thin films, prepared by spin coating toluene
solutions of 1 wt% BCP onto ITO-FSM6 supports after thermal annealing at 190 °C for 24 hours,
before (A) and after (B) 60 min of UV irradiation. Height profiles extracted from the AFM
micrographs are reported in C.
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The samples after 15 and 60 min of UV treatment (Figure 1B and 1D, respectively) were
immersed for 120 min in toluene in order to probe the effective occurrence of crosslinking reactions
of PS domains (Figure 4). Polystyrene, in fact, becomes insoluble in this solvent by effect of
crosslinking [37]. It is apparent from the TEM images of Figure 4 that, after toluene immersion, the
initial morphology of the 60 min UV-treated sample (Figure 1D) is retained even after 120 min
immersion in toluene (Figure 4B), indicating that the cross-linked PS blocks stick firmly to the
support, fixing the final nanoporous morphology. Instead, in the case of the 15 min UV-treated
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sample (Figure 1B), (or non UV irradiated film, data not shown), the immersion in toluene causes

ro

almost complete destruction of the initial morphology due to partial dissolution of the film in the
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solvent (Figure 4A).

Figure 4. TEM images obtained after immersion in toluene for 120 minutes of the 15 min (A) and
60 min (B) UV-irradiated PS-b-PMMA thin films, prepared by spin coating toluene solutions of 1
wt% BCP onto FSM6-ITO supports and annealed at 190 °C for 24 hours. Staining with RuO4 was
performed before TEM observation.
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3.2 Synthesis and characterization of ZnO and CdSe NPs
Semiconductor ZnO NPs capped with n-hexadecylamine (HDA) and tert-butylphosphonic
acid (TBPA) were synthetized by using the procedure described in References 27 and 54. The wide
angle X-ray powder diffraction (WAXS) profile, TEM image and UV-Vis absorption spectra of the
obtained ZnO NPs are reported in Figure 5A, A’ and A’’, respectively. The broad diffraction peaks
present in WAXS profile of the ZnO nanoparticles suggest a wurtzite structure [54] and a value of
the mean crystallite diameter (d), evaluated by using Equation 1 (Experimental Section), equal to
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5.3 nm. The dimension of the ZnO nanoparticles was confirmed by TEM analysis from which a
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value of the average NPs diameter equal to 5.7 ± 0.9 nm was determined. The UV-Vis spectra of
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ZnO NPs (Figure 5 A’’) show a quite steep onset and a maximum absorption at 332 nm, both in
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chloroform (curve a of Figure 5 A’’) and toluene (curve b of Figure 5 A’’).
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Figure 5. Wide angle X-ray powder diffraction (WAXS) profiles (A, B), TEM images (A’, B’) and
UV-Vis absorption spectra in different solvents (A’’, B’’) of synthetized organic capped ZnO (A20

A’’) and CdSe (B-B’’) nanoparticles. The hkl Miller indices of the main reflections of ZnO wurtzite
structure and CdSe cubic zinc-blend-like structure are indicated in A and B, respectively. UV-Vis
spectra were acquired by dispersing the ZnO NPs in chloroform and toluene (curve a and b in A’’,
respectively) and by dispersing CdSe NPs in ethanol (EtOH), dimethylformamide (DMF) and water
(black, red and blue line in B’’, respectively).

CdSe nanoparticles decorated with a hydrophilic capping (3-mercaptopropionic acid, MPA)

of

were synthetized according to the method of Ref. 55. The capping molecules help controlling the
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nanometric size of CdSe crystals limiting crystal growth through Ostwald ripening phenomena and
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at the same time help achieving an efficient dispersion of the NPs in an orthogonal solvent (namely
ethanol) to the BCP PS domains. The WAXS profile of the CdSe NPs (Figure 5B) shows two broad
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humps at the positions 2θ ≈ 25.3° and ≈ 44.8° of the 111 and 220+311 reflections of the cubic zincblend-like structure of CdSe [64]. The correlation length of the crystals in the direction normal to
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(111) planes, estimated from the width at mid-height of the hump at 2θ ≈ 25.3°, by using the
Sherrer’s equation (Equation 1, Experimental Section), is equal to ≈ 3.2 nm. The TEM image of the
CdSe NPs (Figure 5B’) shows well-separated nanoparticles of average diameter equal to 3.3 ± 0.9
nm, in agreement with the results of diffraction analysis. The small size of CdSe NPs is also
confirmed by the UV absorption spectra recorded in different hydrophilic media (Figure 5B’’).
They show a strongly blue shifted absorption edge at 390 nm with respect to the CdSe bulk edge at
713 nm [65], due to a quantum confinement effect.

3.3 Fabrication of the BCP-based nanoporous nanocomposites.
Nanoporous nanocomposites were prepared by selective inclusion of the semiconductor
ZnO NPs, capped with a mixture of TBPA/HDA in the PS nanodomains and successive PMMA
removal by UV-C irradiation (nanocomposite first/nanopores after), and by infiltering CdSe NPs,
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capped with hydrophilic MPA, in the nanochannels of the nanoporous BCP films (nanocomposite
first/ nanopores after).
3.3.1 ZnO-based nanoporous nanocomposites (nanocomposite first/nanopores after).
ZnO NPs were included in the PS lamellar domains of the BCP by dispersing the NPs and
BCP in a common solvent (toluene), successive preparation of the thin films and subsequent
thermal and UV treatments. The best results were obtained adopting 60 min irradiation time with
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the UV-C lamp, in agreement with the protocol identified for the neat BCP (Figure 1D). The TEM
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images of the nanocomposite containing ZnO NPs, before and after the PMMA removal, are
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reported in Figure 6 A, A’ and B, respectively. The images of the PS-b-PMMA/ZnO NPs
nanocomposite (Figure 6A, A’) indicate the selective inclusion of the NPs in the lamellar RuO4-
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stainded PS nanodomains. The nanoparticles filling the PS blocks are clearly visible in the high
magnification inset of the nanocomposite reported in Figure 6A’. Interestingly, the UV treatment of
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the PS-b-PMMA/ZnO NPs nanocomposite does not alter neither the morphology nor the
localization of the ZnO NPs (Figure 6B), allowing the obtainment of nanoporous thin films
consisting of PS lamellar nanodomains filled with ZnO NPs alternating to nanochannels left after
PMMA removal by UV treatment. It is worth to note that in this case, due to the absence of PMMA
blocks, a good contrast in the TEM image is obtained without resorting to any staining procedure
(Figure 6B).
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Figure 6. Bright-field TEM images of thin films prepared by spin-coating toluene solutions
containing PS-b-PMMA BCP and ZnO NPs onto FSM6-ITO supports, and annealed at 190 °C for
24 hours, before (A, A’) and after (B) UV treatment. The image A and A’ were acquired after RuO4
staining; no staining procedure, instead, was performed onto the UV-treated sample (B).

3.3.2 CdSe-based nanoporous nanocomposite (nanopores first/nanocomposite after)
Selective inclusion of CdSe nanoparticles in the nanochannels of the BCP-based porous
template was achieved by dipping the nanoporous BCP thin films (Figure 1D) into an ethanol
dispersion of CdSe NPs and successive withdrawing of the films in the direction normal to the
dispersion surface, using the procedure described in the experimental section. Representative TEM
23

images of the nanocomposites obtained by performing six immersion/reemergence cycles and by
using a sample/NPs dispersion contact time for each cycle equal to 150 s are shown in Figure 7,
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before (Figure 7A) and after (Figure 7B, B’) RuO4 staining procedure.

Figure 7. TEM images of nanoporous/nanocomposite thin films obtained by dipping the BCPbased nanoporous thin film in the CdSe NPs ethanol dispersion before (A) and after (B, B’) RuO4
staining of the PS domain. Six immersion/reemergence cycles and a sample/NPs dispersion contact
time for each cycle equal to 150 s were used.

The presence of CdSe NPs and nanochannels allows the detection of the lamellar
morphology without any staining procedure in Figure 7A. Upon RuO4 staining (Figure 7B, B’), a
clear contrast difference between the PS lamellae of the BCP and the nanochannels is evidenced.
The images show that CdSe NPs are mainly localized at the interface between the nanochannels and
the PS lamellar domains. Due to the small dimensions of the CdSe NPs (≈ 3 nm), the nanoparticles
24

appear as dark continuos rows in the high magnification inset of the TEM image of the
nanocomposite (Figure 7B’). The sequestration of the NPs is due to the capillary forces acting on
the dispersion upon normal withdrawal of the porous template. We found that a number of
immersion/reemergence cycles of about 6 was enough to obtain a good nanoporous morphology
characterized by selective inclusion of the nanoparticles in the channels. A too high number of
cycles resulted, however, detrimental for the BCP nanoporous morphology (data not shown), due to
the intrinsic tendency of NPs to aggregates.
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The comparison between the TEM images of the nanoporous nanocomposites thin films
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acquired without resorting to any staining procedure (Figure 6B and 7A) clearly confirms the
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different location of the ZnO and CdSe NPs in the nanoporous template. PS lamellar nanodomains,
in fact, appear dark in the TEM image of Figure 6B because they are filled with ZnO NPs. On the

the CdSe NPs (Figure 7A).

al
P

contrary, the unfilled PS nanodomains appear bright in the case of the nanocomposites containing
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The developed two-step strategy paves the way to the fabrication of more complex,
multicomponent systems in which the positioning of two different nanoparticles can be
simultaneously controlled at nanometer scale. In addition, the use of a self-assembled BCP as
template for the NPs inclusion allows obtaining a high interface between the two included NPs,
beneficial for a plethora of nanotechnological application. In particular, in Ref. 27, it has been
already demonstrated that hybrid nanocomposites characterized by the selective inclusion of ZnO
NPs in the PS lamellar domains of PS-b-PMMA BCP thin films, show good electrical conductive
properties before PMMA removal, provided that the ZnO NPs content is above a threshold
concentration [27, 34]. Such good electrical conductive properties are expected also for the
nanoporous BCP thin films obtained after selective removal of PMMA blocks. Furthermore,
possible applications suitable for exploitation of the simultaneous inclusion of NPs with opposite
charge carrier ability in adjacent domains may be also envisaged in the fabrication of electro-optical
devices, the performances of which are critically dependent on the charge transfer efficiency at the
25

interfaces, coupled with carrier ability of the opposite charges along well-separated paths, in order
to reduce to a minimum charge recombination.

4. Conclusions
A robust experimental procedure to fabricate nanoporous nanocomposite thin films, based
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on PS-b-PMMA BCP, onto conductive and transparent ITO supports was set up. Thin films,
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characterized by a perpendicular orientation of PS and PMMA lamellar nanodomains, were
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obtained by using ITO supports functionalized with a random PS-r-PMMA copolymer coupled with
thermal annealing at 190 °C for 24. Appropriate UV-C irradiation of the so obtained thin films
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selectively removes the PMMA blocks, allowing the formation of nanochannels on the block
copolymer surface. The preservation of the pristine morphology of the porous material was
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achieved by selecting the UV-irradiation conditions able to induce the simultaneous PMMA
degradation and cross-linking of PS domains. In this case, nanochannels having the same width (≈ 8
± 1 nm) of the PMMA lamellar nanodomains initially present in the untreated sample form on the
thin film surface. ZnO nanoparticles, capped with a mixture of n-hexadecylamine and tertbutylphosphonic acid, having an average diameter equal to ≈ 5.5 nm, were selectively included in
the PS lamellar nanodomains of the PS-b-PMMA copolymer by dispersing the NPs and BCP in a
common solvent (toluene) before thin films preparation. The successive UV-irradiation of the
resultant nanocomposites, allowed an efficient PMMA removal and preservation of the initial
morphology, adopting the same irradiation protocol identified for the neat BCP (nanocomposite
first/nanopores after). CdSe nanoparticles, decorated with 3-mercaptopropionic acid, with a
diameter of ≈ 3 nm were instead successfully included at the interface between the nanochannels
and the PS lamellar domains by using dipping procedures, simple exploiting the capillary force
(nanopores first/nanocomposite after).
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The results of the present study confirm the high versatility of block-copolymers for the
preparation of nanoporous templates with controlled morphology at nanoscale that can be used, for
example, to organize nanoparticles onto solid supports. The dimensions, the morphology and the
chemical characteristics of pores can be easily tuned by changing the blocks constituting the BCP,
their molecular masses and the volume fraction. This possibility opens the opportunity to fabricate
BCP-based nanoporous templates with tailored properties for the inclusion a wide range of different
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nanoparticles depending on the final application of the nanocomposites.
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(B) and 60 (C) minutes of UV irradiation.

Figure S2. AFM height images of PS-b-PMMA thin films, prepared by spin coating toluene
solutions of 1 wt% BCP onto ITO-FSM6 supports after thermal annealing at 190 °C for 24 hours,
after (A) 15 and (B) 45 min of UV irradiation.
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