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ABSTRACT: This work presents the preparation of nanomaterials thanks to the assembly of a triblock
copolymer P(Stys3;9-co-ANy62)-b-PEO795-b-P(Stys319-c0-AN,¢,). The 3D construction is directed by the
assembly of block copolymer micelles prepared in situ during the spin-coating of the block copolymer
solution. With a solvent system DMF/toluene 50/50, spherical micelles are formed and assembled into a
nanoparticle film. The micelle size in the dry state is 50 nm. With a solvent system DMF/toluene 25/75, worm-
like micelles (50 nm in diameter) are formed in situ together with “Y-cylinders” and lead to what we called
“spider web” films. Micelles are strongly interacting through a dynamic association process between “bridge”
and “loop” conformations of the ABA triblock copolymer. When micelles come into contact, some bridges
are formed with the two A blocks localized in the heart of two different micelles. The resulting materials show
good mechanical properties and enable the preparation of self-standing polymer films.

Introduction

Superdssemblles of nanobuilding blocks have found
many promlslng applications in photonics,”® electronics’
and sensing'®~'* due to a control of the material architecture
at a nanometric level.

The success of nanomaterial design is solely related to the
information contained in the heart of the building block. Macro-
physical properties like, for example, mechanical strength,
macrostructure, surface functionality, or porosity will be directed
by the chemical structure, the morphology, and the surface
properties of the building block. The construction of such
materials requires several steps including the collection of build-
ing blocks, their organization and their binding into a permanent
material.' Several routes have been explored to collect the
building blocks, using simple (sedimentation, evaporation, ...)
or more complex techniques (biospecific, external force field, ...).
The main idea is to bring together the nanobuilding blocks close
enough to enable an organization step to occur. The building
block collecting is usually concomitant with the organization
stage. This second step is eventually completed by a further post-
treatment (annealing by solvent vapors, heating, ...) in order to
ensure long-range ordering through dynamic optimization. The
last step is related to the binding between the building units in
order to maintain the global structure and to ensure the best
mechanical strength. Again, these organization and binding steps
are concomitant as long-range ordering can be reached only when
dynamic association and dissociation of the building blocks are
controlled.

Amphiphilic block copolymers (BCs) have been extensively used
in the past as functional polymers able to control material inter-
faces. Illustrated in the pioneering work of Fink et al.'” in photonic
crystals, BCs could also served as starting component for nano-
material preparation. Diblock and triblock'®~*” copolymers have
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been assembled in bulk giving rise to a large variety of different
morphologies. These nanomaterials have a dense internal and
superficial structure unless a selective degradation of one block is
applied. On the other side, BCs in selective solvent lead to the
preparation of core—shell micelles with a dense insoluble core and a
diffuse shell partially swollen by the solvent.?! BC micelles have
been used as building blocks in order to prepare one- and two-
dimensional polymer nanomaterials.>>~>* However, BC micelles
like any other micelles are characterized by dynamic intermicellar
chain exchanges which can destabilized the nanomaterials in certain
conditions of temperature, concentration or pH.?' Different stra-
tegies have been developed to stabilize the micelle structure like for
example cross-linking, chemical reactions, H-bonding, or simply
playing with the thermodynamic parameters.

Building three-dimensional polymer nanomaterials is more
complex as the final mechanical properties become of primordial
importance. With amphiphilic BCs, the micellar stability is
ensured by steric repulsion preventing the interpenetration of
micelles in sort that the 3D association appears to be unnatural.
However, multilayers of block copolymer micelles have been
prepared to modify the surface properties of polymer materials in
terms of chemical functionality and hierarchical structure.®® To
counteract the repulsion effect, a layer-by-layer assembly bet-
ween two components has been exglored by using hydrogen-
bonding®® or electrostatic attraction.

Herein, we report the preparation of stable nanostructured
superassemblies in one step from homogeneous solutions of ABA
triblock copolymers. The success of this strategy is essentially due
to the design of very stable micelles prepared and self-assembled
in situ in few seconds by solvent evaporation.

It is known that preparing micelles from ABA triblock
copolymers with a solvent system that preferentially dissolves
the middle B block yields to a very stable flower-like morphology
composed by a large core of the A block and a thin corona of the
B block.**** Because of the chance of the A blocks to be located
into two different micelle cores, a bridged configuration can be
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Scheme 1. Synthesis of PSAN-5-PEO-b-PSAN Triblock Copolymer
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found in addition to the looped conformation. Above a given con-
centration in micelles, the looped conformation can be switched
into the bridged conformation, leading to micelle assembly.*>
In this contribution, the dynamic association properties of flower-
like micelles have been explored in order to prepare 3D nanomate-
rials, through the design of a triblock copolymer poly(styrene-co-
acrylonitrile)-b-poly(ethylene oxide)-b-poly(styrene-co-acrylonitrile)
(P(Sty3 19-CO-AN262)-b-PEO795-b-P(Sty3 19-CO-AN262)). The glassy
PSAN blocks will enable the formation of compact aggregates
constraining the micelles to be kinetically frozen at room tempera-
ture, whereas the flexible PEO block will enable the dynamic
transitions between looped and bridged chain conformations.

Experimental Part

Synthesis of the Triblock Copolymer. The synthetic procedure
of PSAN-H-PEO-H-PSAN triblock copolymer involves three
steps: the preparation of PEO—acrylate (I), the intermolecular
radical addition of MAMA-SG1 alkoxyamine onto I and the
copolymerization of styrene and acrylonitrile using macroalk-
oxyamine based PEO (II) as an initiator (Scheme 1).

1. Esterification. PEO—acrylate (I) was obtained by esterifi-
cation of a PEO with a molecular weight of 35000 g-mol ™"
(Aldrich) with an acryloyl chloride (96%, Aldrich). Typically, in
a three-neck round-bottom flask equipped with a water cooled
condenser, PEO (20 g) and triethylamine (8 mL) were mixed in
300 mL of tetrahydrofuran. The mixture was then deoxygenated
by argon bubbling for 20 min. 4.8 mL of acryloyl chloride was
added dropwise under inert atmosphere. After this addition was
complete, the solution was heated to 50 °C and the reaction
mixture was stirred for 3 h. The solution was then filtered to
remove the triethylammonium chloride. Solvent was removed
by rotary evaporation at room temperature. The solid was
dissolved with 200 mL of CH,Cl, and the solution was washed
three times with 20 mL of saturated NaHCO; solution and
three times with 20 mL of distilled water. The product was
dried over MgSO, and the solution was concentrated by rotary
evaporation. The saturated solution of PEO—diacrylate was
precipitated in cold diethyl ether. It was then filtered, washed
with ether and dried under vacuum to a constant weight. The
vinyl protons of the acrylate groups in I could be observed by
"H NMR at 0 = 6.6—5.7 ppm. The reaction yield of this first
step (95 £ 5%) was determined by comparing the integration of
these protons peaks and the methylene protons of PEO chain at
3.65 ppm.

2. Intermolecular Radical Addition. A typical procedure for
the synthesis of the difunctionnal macroinitiator is the follow-
ing. In a two-neck round-bottom flask equipped with a water
cooled condenser, PEO-diacrylate (15 g) was mixed with 73 mL
of ethanol. The alkoxyamine was then added to the solution in
excess amount with respect to the acrylate functions (10 equiv).
After complete dissolution, the mixture was deoxygenated by
nitrogen bubbling for 20 min and then the solution was heated to
reflux for 150 min. The solution was then cooled down in iced
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water and precipitated in cold diethyl ether. It was then filtered,
washed with ether, and dried under vacuum to a constant
weight. The 'H NMR spectrum of the macroalkoxyamine-
based PEO shows that the signals due to the vinyl protons of
the acrylate group (0 = 6.6—5.7 ppm) have disappeared,
indicating a 100% yield for this addition reaction.

3. Preparation of Triblock Copolymer. Styrene (22 g), acrylo-
nitrile (6 g), macroalkoxyamine-based PEO (II) (95%, M,, = 35
870 g mol™') (6.38 g), and N,N-dimethylformamide (DMF,
28 g) were mixed to generate a solution that contained 55 wt
% of monomers and initiator. Targeted molecular weight of
PSAN part was 200 000 g mol ™~ '. This solution was added to a
pressure stainless steel reactor (Parr Instrument Co.) equipped
with a mechanical stirrer. The mixture was degassed by bubbling
argon through the gas inlet valve for 25 min at room tempera-
ture. After that, argon gas was charged into the reactor at three
bars and the reactor was heated to 120 °C. The copolymerization
was stopped by quenching the reactor in an ice bath. Block
copolymer was purified by precipitation in a large excess of
ether/methanol mixture (4/1, v/v), filtered to remove the vola-
tiles and dried under high vacuum at room temperature to a
constant weight. Monomer conversion was calculated by gravi-
metry after elimination of the residual monomers and solvent
under reduced pressure and taking into account the amount of
macroalkoxyamine-based PEO (II) initially introduced. Mono-
mer conversion was 41% at the end of 3 h of polymerization at
120 °C. The '"H NMR compositional analysis of the final
copolymer allows a deduction of the molecular weight of the
PSAN block as well as its composition. On the basis of the
integration of aromatic protons (at & = 7— 6.2 ppm) of PS block
to the integration of ethylenic protons (0 = 3.4 ppm) of PEO, we
have calculated the experimental degree polymerization of PS
part. The degree of polymerization of PAN was calculated
according to the integration of the signal at 3—0.5 ppm com-
pared to that of ethylenic protons (6 = 3.4 ppm) of PEO. In fact,
the peaks in this region correspond at the same time to CH, and
CH protons of PAN and PS sequences as well as the protons of
SG1 moieties. The polymerization degree of PAN sequence is
thus calculated by the equation DP,(PAN) = [Int. (signal at
3—0.5 ppm) — Int. (signal at 7—6.2 ppm) x 3/5 — Int. due to the
protons of SG1 moieties]/3, where Int. (signal at 3—0.5 ppm) is
the integration of the signal at 3—0.5 ppm and Int. (signal at
7—6.2 ppm) is the integration of aromatic protons at 7—6.2 ppm
of PS sequence. According to this estimation, the obtained
triblock copolymer has the following composition: P(Stys;o-
C()-AN262)-b-PEO795-b-P(StY319-C0-AN262), the subscripts indi-
cate the degree of polymerization of each polymer part in the
triblock copolymer.

Preparation of the Polymer Films. The solutions have been
prepared under dry atmospheric conditions by dissolving the
triblock copolymer in a DMF/toluene mixture at a concentra-
tion of 100 mg-mL~". To prevent any external contaminations,
solvents have been added through a syringe fitted with a PTFE
filter with a pore diameter of 0.45 um. The polymer solution is
then homogenized under magnetic stirring for 5 days. The
silicon wafers were used as small pieces of 1 cm?. In order to
ensure a clean surface, wafers are dipped in a 2 wt % of cleaning
surfactant solution (RBS35, Chemical products) under ultra-
sounds. The wafers are then rinsed with ultrapure water and
dipped into heptane flask under ultrasounds. After a second
rinse in ultrapure water, the silicon wafers are finally dried
under vacuum. The spin coater is first purged under argon at a
pressure of 3 bar for 10 min in order to minimize the presence of
water. Several droplets of the polymer solution were passed
through a PTFE filter with a pore diameter of 5 um and
deposited onto the silicon wafer maintained by vacuum into
the spin coater. The spin coater is then turned on at 2000 rpm
for 60 s with a speed ramp of 50 rpm-s~2. Polymer films were
then kept under vacuum for 1 day in order to complete the
drying process.
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Results and Discussion

Synthesis of the Triblock Copolymer Precursor. The syn-
thetic route of PSAN-h-PEO-b-PSAN triblock copolymer
involves three steps: the preparation of PEO—diacrylate (I),
the intermolecular radical addition of MAMA-SGI1 alkox-
yamine onto I and the copolymerization of styrene and
acrylonitrile using macroalkoxyamine-based PEO (II) as
an initiator (Scheme 1).

Following a strategy well-described in the literature,>”*! the
addition of the MAMA—SG1 alkoxyamine to the PEO diacry-
late (I) is carried out via a thermal homolysis of the NO—C bond
leading to the formation of the two corresponding radicals and
followed by their addition onto the acrylate double bonds. The
Puriﬁed product was obtained with high yield (~85%), and its

H NMR characterization agreed well with the expected difunc-
tional macroalkoxyamine PEO—(MAMA—SGI), structure
(Supporting Information, Figure S1). In a second reaction, this
PEO-macroinitiator was used to initiate the copolymerization
of styrene and acrylonitrile in N, N-dimethylformamide (DMF)
at 110 °C under a pressure of 3 bar. The reaction mixture
became progressively more viscous and remained homogeneous
in appearance throughout the polymerization.

The linearity of the relationship of In([M,]/[M]) versus
reaction time for the copolymerization of styrene and acry-
lonitrile initiated by difunctional PEO macroalkoxyamine
(I) (Figure 1A) indicates that the number of propagating
species remained constant throughout the polymerization.
Control over the growth of poly(styrene-co-acrylonitrile)
chains is furthermore evidenced by the linear evolution of
the experimental M, of PSAN determined by '"H NMR with
conversion and a good agreement between experimental M,
and the theoretical values based on conversion (Figure 1B).
A clear shift of the SEC traces (Supporting Information,
Figure S2) toward higher molecular weights is observed in
the course of the polymerization which confirms high initia-
tion efficiency.

We observed an enlargement of SEC chromatograms
when monomers conversion reached 40%.This enlargement
is due to a small shoulder and to some tailing apparition at
the high molecular weight side and the low molecular weight
side of the SEC chromatogram, respectively. We attributed
the small shoulder to some coupling reactions that were
occurring in a very viscous medium or at high monomer
conversion, while the tailing was probably coming from the
occurrence of some transfer reactions.

According to the "H NMR spectrum recorded in CDCls
(not presented here) of the purified product, the obtained
PSAN-H-PEO-H-PSAN triblock copolymer had the follow-
ing characteristics: PEO sequence (M, = 35000 g-mol !,
27.1 wt %), PS sequence (M, = 66400 g-mol ™", 51.4 wt %)
and PAN sequence (M, = 27800 g-mol ', 21.5 wt %). In the
rest of the article, the appellation P(Styz;9-co-ANyg»)-b-
PEO795-b-P(Sty319-co-AN,g,) will be used; the subscripts
indicate the degree of polymerization of each polymer part
in the triblock copolymer.

Preparation of Particle Nanomaterial. This superstructure
was prepared from a homogeneous solution of PSAN-»-PEO-
b-PSAN in DMF/toluene (50/50 v/v) at a concentration of
100 mg/mL. No micelle could be detected in the solution by
Photon Cross Correlation Spectroscopy, even after increasing
the concentration up to 200 mg/mL, which seems to indicate a
high critical micellar concentration (cmc) in this solvent sys-
tem. Beyond this concentration, the polymer solution was too
viscous to be analyzed. The homogeneous solution of the BCin
DMF/Toluene was then spin-coated onto a silicon wafer in
order to let the solvent to evaporate.
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Figure 1. Copolymerization of styrene and acrylonitrile at 110 °Cin N,
N-dimethylformamide (DMF) using the difunctional macroalkoxy-
amine PEO-(MAMA-SG1), (II) as initiator. (A) Evolution of mono-
mers conversion and In([M],/[M]) versus time data. (B) Evolution of
M, an M,/M, with conversion. M,,nmr: M, estimated from the 'H
NMR spectra of samples collected from reaction mixture. M,,sgc: M,
estimated from SEC chromatograms by using calibration curve estab-
lished with polystyrene standards.

Atomic force microscopy (AFM) and scanning electron
microscopy (SEM) have been carried out in order to char-
acterize the top surface and the cross-section of the nano-
material (Figure 2). Observation by AFM shows that the film
obtained by evaporation from 50/50 v/v DMF/toluene co-
polymer solution, is composed of nanoparticles with a
diameter of about 50 nm and a narrow size distribution as
illustrated in Figure 2A. In addition, the film surface is very
flat as seen in 3D AFM image (see Supporting Information,
Figure S3) with a Z value of about 20 nm—which corres-
ponds approximately to half value of the particle diameter—
indicating a dense packing of nanoparticles.

These observations suggest us to propose the following
formation mechanism of the nanoparticle film as illustrated
in Figure 3.

During the solvent evaporation, the cmc is probably
reached (but not observed) and flower-like micelles are
formed in situ. Indeed, the evaporation step being very fast
(i.e., 2 min) and the solution viscous, this intermediate state
could not be characterized. We propose that after the appea-
rance of micelles, the solvent evaporation leads to a progres-
sive decrease of the micelle-to-micelle distance. When BC
micelles are close enough to interact, dynamic association
could take place through bridged conformations of the ABA
polymer chains as stated in the literature.>>=° The in situ
preparation of the micelles seems to enable an optimization
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Figure 2. Self-standing nanoparticle superlattice film prepared from a
DMF/toluene (50/50, v/v) copolymer solution. (A) AFM top view of
the superstructure and size distribution of particle diameter determined
by a picture analysis over 100 particles. (B) SEM top, bottom, and cross-
sectional view of a stretched nanoparticle film. (C) Crack free stretched
nanoparticle film. (D) Enlargement of the cross-section showing a
homogeneous nanoparticle morphology.

Nanoparticle superiallice

Figure 3. Schematic depiction of the self-assembly of PSAN-h-PEO-
b-PSAN into nanoparticle film.

of the particle packing by delaying the micelle formation at
higher polymer concentrations. In order to explore an alter-
native strategy, we have first solubilized the copolymer in
DMF (100 mg-mL™") followed by a slow addition of water.
The addition was stopped at a concentration of 90% of water
and the resulting solution was dialyzed against water in order
to remove the DMF. In this case, micelles were detected
in PCCS in high concentration with a hydrodynamic dia-
meter of 110 nm, which confirms the ability of the BC to
be assembled into micellar morphology. This water-based
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Figure 4. Top surface AFM pictures of nanoparticle films. (A) Micelles
produced in DMF/water and then spin coated onto a Si wafer. (B)
Micelles produced in situ from DMF/toluene solution during the spin-
coating onto a Si wafer.

dispersion of micelles was then spin-coated onto a Si wafer in
order to prepare a polymer film. The AFM picture of the film
surface (Figure 4A) shows a loose packing with many holes
in comparison with the dense packing morphology obtained
from the previous in situ strategy (Figure 4B). In conclusion,
this alternative strategy seems to be less efficient in terms of
particle organization. We propose that during the spin-
coating of the water-based dispersion, micelles come into
contact with the surface and stay probably at around this
place without any efficient dynamic adjustment.

SEM enables us to evidence the apparent good mechanical
properties of the superstructure, probably due to the pre-
sence of bridged BC conformations. Parts Band C of Figure 2
show that stretching the film can take place without forming
cracks. Figure 2D is an enlargement of the cross-section
showing a homogeneous particulate structure across the film.
Some particles are missing on this picture as the cross section
was carried out by breaking the film in liquid nitrogen in such
a way that part of the particles located on the same layer
remained on the other piece of the film. The film thickness is
about 1.3 um, which corresponds theoretically to 35 layers of
particles in case of a perfect hexagonal ordering. Furthermore,
the film thickness can be modulated down to 50 nm—which
corresponds to a monolayer—Dby lowering the concentration of
the initial polymer solution from 10 to 0.25 wt %.

The water contact angle (WCA) of the nanoparticle film
was measured to be 35°, which confirms the presence of
hydrophilic PEO on the particle film surface.** The hydro-
phobic PSAN core (WCA = 110° on flat PSAN surface) is
“shielded” by the PEO corona in such a way that the surface
properties of the material is only related to the thin PEO
layer.

It must be mentioned that nanoparticle films can also be
observed from BC solutions in pure DMF. However, the
reproducibility was poor. We assume that small unwanted
changes in the process parameters might switch the organi-
zation from nanoparticle to short worm-like superstructure
(see Supporting Information, Figure S4). By adding some
toluene, the window to target the spherical or the worm-like
structure is enlarged and the reproducibility is ensured. On
the other hand, disconnected worm-like micelle film with
diameter of about 50 nm is observed by AFM when pure
toluene was used as solvent (see Supporting Information,
Figure S5). Processing is the key step in this strategy and can
alter the quality of the material. As an example, by increasing
the speed rate of the spin coater, micelles do not have enough
time to self-organize through a dynamic process and so
rough surface with some failures can be observed (see
Supporting Information, Figure S6).

Preparation of “Spider Web” Nanomaterial. As diffusiti-
vity of block copolymers in solution is too small to respond
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Figure 5. Self-standing “spider web” superlattice film obtained from a
DMF/toluene (25/75, v/v) copolymer solution. (A) AFM image of the
top surface of the interconnected worm-like micelle network. (B)
Schematic depiction of the self-assembly of PSAN-b-PEO-h-PSAN
into a “spider web” superstructure.
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Figure 6. SEM cross-sectional view of the “spider-web” nanomaterial.

to the fast change of solvent concentration and composition
during the evaporation stage, the equilibrium micelle mor-
phology is never reached. This lack of overall equilibrium has
been previously used to modify the micelle morphology by a
change of solvents without changing the block copolymer
structure.*® In our work, by increasing the toluene content
from 50 to 75 vol %, a “spider web” superstructure with a
highly connected network of worm-like micelles is observed
instead of a nanoparticle film (Figure 5A). The worm-like
micelles have a diameter of 50 nm and their connections
make pores with an average size of 90 nm and a broad pore
size distribution.

It has been demonstrated in the past the possibility to
prepare “Y-junctions” in a bicomponent system (solvent and
surfactant), leading to three-dimensional network of con-
nected worm-like micelles through a macrophase separa-
tion mechanism.** The change of solvent composition seems
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to have enabled the formation in situ of a percentage of
“Y-junctions” high enough to build a 3D network. The SEM
picture in Figure 6 represents a cross-sectional view of the
spider-web film. The expected 3D porous network seems not
to be isotropic, with an organization close to a multilayer
system with a preferential 2D construction.

Because of the nanoporous structure, layers are more
interpenetrated compared to the nanoparticle film giving
rise to a rougher surface with a Z value of about 100 nm. 3D
AFM images and large scale image of the “spider web” filmis
shown in Supporting Information, Figure S7. Figure 5B
depicts the proposed formation mechanism of the “spider
web” structure. By increasing the toluene content, the shape
of the micelles changes from sphere to cylinder probably
mixed with “Y-cylinders”. During the evaporation stage,
micelle concentration increases and some interconnections
take place between micelles thanks to the dynamic formation
of bridged conformation of the ABA triblock copolymer.

Conclusions

In summary, we demonstrate that the assembly of triblock
copolymer (ABA) micelles offers a great potential to prepare
nanomaterials. This strategy is based on the dynamic interactions
between flower-like micelles, leading to a transition between
“loop” and “bridge” conformations of the ABA chain. This
bridge conformation enables the formation of self-standing crack
free nanostructured film. Initially solubilized in a mixture of
DMEF and toluene, the triblock copolymer is assembled into
micelles during the spin-coating of the solution onto a Si wafer.
The evaporation of the solvent enables the micelles to come into
contact, followed by the formation of bridge conformations
which leads to permanent nanomaterials. By playing with the
solvent system, spherical or worm-like micelles are formed in situ
and assembled into two different nanomaterials, the nanoparticle
and the “spider web” films. This approach opens perspectives to
prepare highly engineered nanoporous materials with pore size
controlled by the interspaces between particles or by the super-
position of “spider web” layers. Their use in membrane techno-
logy is currently under progress.
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