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that exhibit unique physicochemical
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S ynthesis and assembly of nanoparticles

properties are critically important
for the design of new functional devices at
the macroscopic scale. Generally, bottom-
up approaches prove to be effective in fab-
ricating hierarchically nanostructured inor-
ganic materials® 2 and thin films®~'" by
controlling the nanoparticle shape, size, and
surface chemistry.>” Among the various
synthetic methods such as surfactant-
assisted routes® and advanced lithographic
techniques,'? block-copolymer micellar litho-
graphy (BCML) has been recognized as a
facile and versatile approach for generating
a wide variety of periodic nanostructures
with sub-45 nm resolution and long-range
order.”*~"® Amphiphilic diblock copolymers
(dBCPs) undergo microphase segregation in
solvents selective for one of the two blocks,
resulting in the formation of various supra-
molecular structures.” For instance, upon
transferring and organizing these structures
via evaporation-induced self-assembly (EISA),'®
ordered micellar monolayers can be used as
etching masks to structure the topography
of coated wafers'®?° and as templates for
the fabrication of inorganic nanopatterns by
using molecular precursors®' 2 or presyn-
thesized nanoparticles.>*~?° In contrast to
metals and transition metals,?>*’ the pre-
paration of crystalline transition metal oxide
nanoarrays is not well established despite
their technological relevance.?'?® There-
fore, new strategies applicable to this class
of materials are needed to further engineer
a larger variety of functional nanostructured
surfaces.
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ABSTRACT Simultaneous synthesis and assembly of nanoparticles that exhibit unique physi-
cochemical properties are critically important for designing new functional devices at the
macroscopic scale. In the present study, we report a simple version of block copolymer micellar
lithography (BCML) to synthesize gold and titanium dioxide (TiO,) nanoarrays by using benzyl
alcohol (BnOH) as a solvent. In contrast to toluene, BnOH can lead to the formation of various gold
nanopatterns via salt-induced micellization of polystyrene-block-poly(vinylpyridine) (PS-b-P2VP). In
the case of titania, the use of BCML with a nonaqueous sol—gel method, the “benzyl alcohol route”,
enables the fabrication of nanopatterns made of quasi-hexagonally organized particles or parallel
wires upon aging a (BnOH—TiCl,—PSg46-b-P2VP,;4)-containing solution for four weeks to grow Ti0,
building blocks in situ. This approach was found to depend mainly on the relative lengths of the
polymer blocks, which allows nanoparticle-induced micellization and self-assembly during solvent
evaporation. Moreover, this versatile route enables the design of uniform and quasi-ordered
gold—Ti0, binary nanoarrays with a precise particle density due to the absence of graphoepitaxy
during the deposition of Ti0, onto gold nanopatterns.

KEYWORDS: nonaqueous sol—gel process - block copolymer micellar lithography -
in situ growth of nanoparticles - directed self-assembly - binary nanoarrays

Titanium dioxide (TiO,) is a well-charac-
terized metal oxide system that exhibits in-
teresting physicochemical properties and
uses such as photocatalysis,*® gas sensing,***"
photovoltaics,>>*3 lithium ion batteries,>*
and supercapacitors.3> As crystallinity, size,
and morphology dictate the performance of
TiO, nanoparticles, it is also critical to con-
trol their organization for generating func-
tional interfaces.3> 37 Although TiO, nano-
arrays were reported by combining BCML
with sol—gel processes®®**' and chemical
vapor deposition,*? these approaches lead to
the formation of nanopatterns that are poorly
ordered orinhomogeneously distributed over
extended areas due to limited control over
template organization and titanium loading.
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Scheme 1. Schematics describing the different experimental steps necessary for the preparation of gold nanoarrays via

BnOH-assisted micellar lithography.

As a general alternative to replace the use of inor-
ganic molecular precursors and intramicellar reac-
tions, the placement of presynthesized nanopar-
ticles within dispersed micelles** or onto self-as-
sembled micellar monolayers?®***> represents an
elegant approach for synthesizing nanostructured
surfaces. However, this method does not offer a
reliable way for producing well-organized nanopat-
terns due to the difficulties in incorporating nano-
particles and their diffuse distribution in segregated
nanodomains.

In the present study, we report a straightforward
BCML approach applicable to gold and titanium diox-
ide. Instead of using aqueous sol—gel processes or
presynthesized nanoparticles, the use of benzyl alco-
hol with BCML provides an effective approach for
fabricating gold and TiO, nanoarrays of various mor-
phologies by using HAuCl, and in situ generated TiO,
nanoparticles as inorganic precursors. Moreover, this
versatile route enables the design of gold—TiO, binary
nanoarrays, which are heterogeneous in composition
and morphology.

RESULTS AND DISCUSSION

Benzyl Alcohol As Alternative Solvent for Diblock Copolymer
Micellar Lithography. Polystyrene-block-poly(vinylpyridine)
(PS,-b-P2VP, where x and y represent the number of
monomer units) is commonly used in BCML to synthe-
size noble and transition metal nanoarrays. Consisting
of an apolar PS block covalently linked to a polar P2VP
domain, the solubilization of PS,-b-P2VP, in toluene
leads to the spontaneous formation of monodisperse
reverse micelles, which are used as nanocarriers for
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inorganic precursors under acidic conditions. In the
case of hydrogen tetrachloroaurate(lll) trihydrate, the
uptake of hydrochloric acid into the micelles results in
the protonation of the P2VP core and the binding of
[AuCl4]™. Moreover, the incorporation of such inor-
ganic precursors makes the amphiphilic dBCP more
hydrophilic, which further promotes micelle forma-
tion. The loaded micelles can then be used as tem-
plates to structure surfaces upon EISA and plasma
treatment.?’

With a chemical structure similar to toluene, benzyl
alcohol (BnOH) is a convenient solvent due to its
amphiphilic character, low vapor pressure, and low
toxicity. The first use of BnOH to synthesize bulk
nanohybrid materials was made using dBCP lamellar
microdomains containing palladium (Pd) nanoparticles.*®
In that work, BnOH served two roles; it acted as a
solvent to induce microphase segregation in highly
concentrated dBCP solutions and as a reducing agent
to convert Pd(ll) ions to Pd(0) during solvent evapora-
tion at 140 °C. Interestingly, this approach has never
been adapted for lithographic techniques.

We set out to test the feasibility of BnOH as a
potential solvent for BCML and to compare it with
toluene. Both solvents were used to prepare gold-
loaded micellar solutions upon dissolving PS;gs¢-b-
P2VP495 and HAuCl,;. With a boiling point of 204 °C,
BnOH evaporates slowly at room temperature upon
dip-coating the substrate into the micellar solution.
EISA could be performed faster by heating the verti-
cally oriented, dip-coated glass slide at 100 °C in air
for 30 min (Scheme 1). As shown in Figure 1, the BnOH-
assisted method resulted in the formation of a
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Figure 1. SEM images displaying gold nanopatterns prepared with toluene- and BnOH-assisted micellar lithographies by
using two different dBCPs: PS(56-b-P2VP 495 and PS;s54-b-P2VPss.

quasi-hexagonally organized gold nanoarray of parti-
cles of 11 & 1 nm in diameter separated by 57 + 6 nm
(Figure 1 and S1a). In comparison, 8 &+ 1 nm dots with
an interspacing of 67 & 5 nm were obtained with
toluene. To learn more about micellization, we per-
formed dynamic light scattering (DLS) measurements
in both solvents, with and without gold salt. In the case
of toluene, the average hydrodynamic diameter of the
micelles is about 52 nm before and 69 nm after the
addition of HAuCl,. With BnOH, dBCP molecules do not
self-assemble, as a diameter of less than 10 nm is
measured. The formation of micelles with a diameter
of 57 nm can be observed only in the presence of
HAuCl,. Schanze and colleagues reported that micelli-
zation can be induced by metal salts and used to
confine and stabilize the growth of semiconductor
nanoparticles in solution.*” However, a similar
method was never adapted for BCML. Due to its
hydroxyl group, BnOH is a hydrogen bond (HB)
donor, which interacts with P2VP (HB acceptor)
and prevents dBCPs from micellizing, in contrast to
toluene (no HB). Upon adding HAuCl,, the P2VP
block gets protonated, interacts electrostatically
with [AuCl,]™, and leads to micellization. The smaller
separation distance and larger gold particle dia-
meter obtained with BnOH in comparison to toluene
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indicate that BnOH decreases the PS solubility and
increases the compact nature of the outer micellar
shell. As there is one [AuCl,]™ for two P2VP groups
(cf. Experimental Methods), the presence of BnOH in
the micellar core induces P2VP swelling and facil-
itates uptake of gold.

Both solvents were also used in testing other dBCPs
including PSsgq-b-P2VP3,3 and PSy40-b-P2VP, 43, and
quasi-hexagonally ordered nanopatterns were obtained
routinely (Figure S2). The one exception is PS;s4-b-
P2VPs5 in BNOH. In this case, one-dimensional patterns
made of particles of 3 £ 1 nm in diameter and laterally
separated by 27 4+ 5 nm were observed with BnOH. In
contrast, hexagonally organized 3 £+ 1 nm dots with a
27 + 5 nm spacing were generated with toluene
(Figures 1 and S1b). It is interesting to note that the
particle separation distance and diameter remain simi-
lar in both solvents with such a low molecular weight
polymer. Therefore, it is tempting to speculate that the
higher Nps/Npyyp ratio of PS;54-b-P2VP55 in comparison
to the other dBCPs (Table S1), together with the higher
solvation of P2VP by BnOH, might represent two favor-
able factors responsible for the expansion of the micelle
core and for loosening the corona density to form
cylindrical micelles in contrast to spherical micelles
obtained in toluene.*®
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Figure 2. SEM images, scanning force micrographs, and plots of height profiles of titanium dioxide nanopatterns prepared
with PS846-b-P2VP171 in BnOH at two different aging time points: (a, b, ) after 4 weeks and (d, e, f) after 7 weeks. Insets in (a)

and (d) correspond to the power spectra of the SEM images.

Although the applicability of BhOH as a new solvent
for BCML proved to be an interesting alternative to
generate quasi-ordered gold nanoarrays, this method
could not be extended to other systems such as
titanium dioxide. That is, replacing HAuCl, with tita-
nium tetrachloride (TiCl,) did not lead to the formation
of TiO, arrays. In contrast to sol—gel processes and
chemical vapor deposition, the binding affinity of TiCl,
or other titanium—BnOH complexes to the P2VP block
might be too weak in solution to allow micellization.
Therefore, the use of TiO, nanoparticles instead of
molecular precursors could be helpful in increasing
their affinity with P2vP.*°

Combining Diblock Copolymer Micellar Lithography with the
“Benzyl Alcohol Route” Depends on Solution Aging and the
Relative Lengths of Each Polymer Block. In the field of metal
oxide nanoparticle synthesis, aqueous sol—gel routes
present difficulties in controlling reaction param-
eters (pH, hydrolysis, condensation rates of metal
precursors) and particle crystallization at high tem-
peratures.®® A well-recognized alternative, the non-
aqueous sol—gel process is based on a simpler
approach that requires the solvent to act as a mono-
dentate ligand that tailors nanoparticle features with-
out the need for additional molecules.®® For instance,
the reaction of BnOH with different transition metal
precursors such as chlorides, alkoxides, or acetylaceto-
nates proved to be a versatile pathway to synthesize
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metal oxide nanoparticles with a large variety of
compositions and shapes.®*? In the case of TiO,, the
synthesis of anatase crystals of about 4 nm in diameter
has been achieved by reacting TiCl, with BnOH at 40 °C
in air.>® Although BnOH acts as a ligand to confine the
growth of TiO, at the nanoscale, it also desorbs over
time from the nanoparticle surface, leading to aggre-
gation via oriented attachment.>* To avoid this pro-
blem, it is possible to use ligands that bind to the
particle surface with a stronger affinity than BnOH.>
Because TiO, nanoparticles can be HB donors due to
the presence of hydroxyl groups on their surface, P2VP
could be used as a binding molecule*® and PS-b-P2VP
as an assembling agent. Since synthesis and assembly
of nanoscale metal oxide systems are generally difficult
to control simultaneously in a one-step approach,®>°~>8
we tested the combination of the “benzyl alcohol
route” with micellar nanolithography.

In these experiments, TiCl, was first dissolved in
BnOH under nitrogen and then heated at 70 °C for
5 min, which gave rise to a transparent solution stable
for months. In contrast to BnOH, TiCl, was instantly
solubilized in toluene but started precipitating after a
few days, making this solvent unusable. PS;gs¢-b-
P2VP,95 was then added to the BnOH solution, and
the final mixture stirred for one day prior to coating. As
mentioned previously, no nanostructures were ob-
served upon dip-coating. To induce TiO, nanoparticle
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formation, the solution was heated at 70 °C for five
days. This protocol, however, did not lead to the
formation of a TiO, nanoarray. Instead, stirring the final
mixture for four additional weeks at room temperature
enabled a compact layer of nanoparticles to form,
probably resulting from a parallel lamellar phase, in
which a less dense area made of nanowires could be
observed (Figure S3). To study the influence of the
dBCP composition on the final nanostructures, PS,4¢-b-
P2VP,43, PSsp1-b-P2VP353, and PS,p74-b-P2VPs5, were
tested while keeping the loading parameter equal to
0.5, as detailed in the Experimental Section. Interest-
ingly, dBCPs with higher molecular weight and Nps/
Npovp ratio generated nanostructures that were less
dense and more elongated (Figure S3). Although the
preparation of ordered nanoarrays was not achieved
with this set of dBCPs, the presence of nanoparticles
was always observed despite the dilute experimental
conditions, i.e., using 30 times less titanium precursor
in comparison to the protocol of Niederberger et al.>
Ultimately, the use of polymers with a Nps/Np,yp ratio
larger than 5 resulted in the formation of either hexa-
gonally organized nanoparticles or parallel nanowires.
Quasi-hexagonally ordered dots of 12 + 1 nm in dia-
meter displaying an average separation distance of
44 4+ 4 nm were obtained with PSg,3-b-P2VPgs (Figure
S4c,d), whereas wires with a width of 15 & 1 nm and a
lateral spacing of 50 &+ 4 nm were first observed with
PSg4s-b-P2VP,5; (Figures 2a and S5a). Surprisingly, a
morphological evolution of the nanostructures oc-
curred upon stirring the PSgss-b-P2VP,5;-containing
solution for three more weeks, leading to the formation
of a quasi-hexagonal array of 13 4= 2 nm particles with a
spacing of 43 £ 4 nm (Figures 2d and S5b). To
qualitatively characterize the lateral ordering of the
different nanopatterns, power spectra of the SEM images
were generated. As shown by the multiplication of the
concentric rings and hexagonally distributed dots (insets,
Figure 2a and d), both types of nanostructures exhibit a
regular spacing and a good lateral ordering. A similar
structural change was also obtained using a polymer
like PS;776-b-P2VP304 with a molecular weight 5 times
larger and a Nps/Pyp ratio of 5.8 (cf. Figure S4ef).
However, this morphological evolution did not occur
with a one-year-old bottle of anhydrous benzyl alcohol
or with regular benzyl alcohol, suggesting that the
water content in this system is critical to control the
shape transition from cylindrical to spherical. It might
be that humidity conditions within the vial may change
over time by simply opening it for dip-coating. As
water interacts with P2VP via HB, the subsequent lower
amount of BnOH in the vicinity of P2VP might be
responsible in forming more stable spherical micelles
with a smaller core, which self-assemble into a hex-
agonal array instead of aggregating into parallel nano-
wires (Figure 2). This effect is further supported by PSg;5-
b-P2VPgs, which did not undergo any morphological
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evolution due to its smaller core in comparison to
PSgas-b-P2VP, 5, (Figure S4c,d). Despite the low boiling
point of water in comparison to BnOH, the formation of
quasi-hexagonally ordered TiO, nanoarrays was possi-
ble by performing EISA at 100 °C and room tempera-
ture with the difference that particles were more
laterally separated in the latter case (Figure S4a,b). As
other groups observed the opposite morphological
transition by increasing the concentration of titanium
precursor,*®*° we prepared a solution containing three
times more TiCl;, which led us to observe arrays of
parallel TiO, nanowires even after 10 weeks of aging
(Figure S6).

Topographic information from surfaces decorated
with parallel nanowires and quasi-hexagonally ordered
nanodots was obtained by atomic force microscopy
(AFM, Figure 2.b,c and ef). We observed periodic
patterns across both types of nanostructures similar
to the SEM images. The structures exhibit some flatten-
ing with a width-to-height ratio equal to 1.5 for the
dots and 3.5 for the wires. However, despite the uni-
form nanowire width observed by SEM, the AFM scan
shows continuous strings of connected nanoparticles
along several micrometers (Figure 2b). These necklace
structures exhibit periodic variations in topography
every 10 nm along the wire, a height ranging from 3
to 5 nm, and a width between 12 and 15 nm (Figure 2¢).
These results suggest that the anisotropic flattening
and aggregation of spherical micelles are necessary to
form a cylindrical phase. Moreover, structural defects
made of single dots of 9 nm in height can be found
isolated or connected to some of the nanowire extre-
mities. Because the average z value of the quasi-hexa-
gonal nanoarrays is also about 9 nm (Figure 2f), these
defects suggest the coexistence of both phases on the
same substrate. Similar observations have also been
described by Horvat et al.°

To further characterize the micelle features, we
performed DLS measurements on the (BnOH—TiCl,—
PSg46-b-P2VP,54) solution at each step of the prepara-
tion procedure. Interestingly, only entities smaller than
10 nm in diameter could be detected, suggesting that
both micellization and EISA occur simultaneously dur-
ing BnOH evaporation (Figure S7b). Ozin and co-work-
ers reported a similar mechanism in the case of TiO,
mesoporous films synthesized in the presence of Plu-
ronic P123.5%2 Moreover, the growth of TiO, appeared
to be more controlled in the presence of polymers than
without, as we failed to detect large aggregates after
one month of aging (Figure S7). Therefore, one can
assign the dBCP role to be that of both a ligand and an
assembling agent during the aging step and the
evaporation of BnOH, respectively.

To verify the chemical composition of these sur-
faces, we performed X-ray photoelectron spectroscopy
(XPS). Figure 3a shows the Ti2p regions of the X-ray
photoelectron spectra of a micellar monolayer before
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Figure 3. Structural characterization of titanium oxide nanostructures prepared with a solution of BhnOH—TiCl,—PS846-b-

P2VP171 after oxygen plasma treatment. (a) Ti2p XPS spectrum of a TiO, nanopattern deposited onto a silicon wafer before
and after plasma treatment. (b) STEM dark-field micrograph and (c) SAED pattern of TiO, nanostructures upon drying a 2 uL
drop of the same solution at 100 °C onto a copper EM grid covered with a SiO, membrane. (d) TEM bright-field, (e) TEM dark-
field, and (f) high-resolution TEM micrographs of TiO, nanostructures obtained with a 4-month-old BhnOH—TiCl,—PS846-b-

P2VP171 solution.

and after exposure to oxygen plasma. The spectrum
clearly reveals that plasma treatment leads to the char-
acteristic doublet Ti2ps,»—Ti2py,, at 456.2 and 462.0 eV,
respectively,*' with a binding energy difference, AE, =
En(Ti2p1/2) — En(Ti2psy0), of about 5.8 eV, which is in
good agreement with the valence state of Ti*" in
Ti0,.5% This doublet could also be observed with a
weaker intensity before plasma exposure, suggesting
the embedding of preformed TiO, nanoparticles in the
micellar monolayer. It is important to note that some
Ti*" species might also be formed due to the presence
of structural defects on the nanoparticle surface.*'

To gain more insight into the formation mechanism
of these TiO,-based nanopatterns, we prepared a spec-
imen for transmission electronic microscopy (TEM) upon
drop-casting 2 uL of BnOH—TiCl,—PSgss-b-P2VP;;; solu-
tion onto a copper grid covered with a SiO, membrane.
Figure 3b displays elongated nanostructures of 15 nm
in width composed of individual grains of about 3—4 nm
in diameter. These grains exhibit a more compact nature
as compared to other reports describing the prepara-
tion of nanopatterns via the assembly of nano-objects
directed by templating molecules?* 264374559 ge.
lected area electron diffraction (SAED) indicates
the polycrystalline nature of the nanostructures ran-
domly oriented on the SiO, membrane (Figure 3c). The
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Debye—Scherrer inner ring shows a lattice plane spa-
cing of around 3.5 A, which corresponds to the lattice
spacing for the (101) plane of anatase, thus excluding
the presence of the rutile phase. Since pure anatase was
always identified by reacting TiCl, with BnOH,>3>>%*
we assume that brookite could not be synthesized with
the present route. By using the “benzyl alcohol route”
these 3—4 nm building blocks are obviously confined
within the micelle core during micellization and rarely
localized in between the nanopattern. Interestingly, by
using the same solution after four months of stirring at
room temperature, elongated structures made of lar-
ger grains of about 5 nm were obtained, suggesting
that TiO, continues growing slowly after the 5-day
heating step. Upon aging the solution for several
weeks, the nanoparticles may reach the necessary size,
concentration, or surface composition that enables them
to induce micellization prior to their self-assembly during
solvent evaporation. In addition, the larger grains of
this specimen appear with bright contrast at different
dark-field conditions due to their random crystal or-
ientation (Figure 3e). In the high-resolution TEM micro-
graph, grains with suitable orientation show anatase
(101) lattice fringes of ca. 3.5 A (Figure 3f). The random
nanocrystal orientation indicates that each grain was
possibly surrounded by vinylpyridine groups before
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plasma treatment, which did not allow the formation of
monocrystalline nanostructures via oriented attach-
ment.>* The experimental procedures and the forma-
tion mechanism of this approach are summarized in
Scheme 2.

Simple Fabrication of Gold—Titanium Dioxide Binary Nano-
arrays. From an application standpoint, nanopatterned
substrates represent not only a potentially important plat-
form for a number of different technological fields'*'* but
also a starting material for the construction of more
sophisticated nanostructures.®*~®” The preparation of
surfaces made of two different ordered nanopatterns is
interesting for tailoring the physicochemical properties
of such interfaces. Only a few groups have reported
straightforward synthetic strategies. These include the
design of Au-yFe,0s3 via micellar nanolithography and
postdeposition of alkyl-coated gold colloids,®® Au-PtO/
PtO, via lithography using a mixture of loaded-micellar
solutions,®® CdSe@ZnS-yFe,05 via the deposition of
dispersed nanoparticles onto thin polymer films re-
constructed by chemical epitaxy,*® and CdS-TiO, with
the help of dispersed micelles made of a TiO, core and
a shell decorated with quantum dots.®® However, the
organization of such monolayered materials over a
large scale remains a difficult task due to the imprecise
positioning of the second nanoarray that often exhibits
an uncontrolled particle distribution and density.

In contrast to the previous approaches, for these
experiments we employed a simple two-step dip-coat-

. stiing [ TiO, nanoparticles | dip-coating
BOH + TiCly + PSpasb-P2VP171 5y55oe 24 mm/min

2)25d @ RT
wet film solvent micellar :
oluble Ps. -b-p2vp._ | evaporation 0, plasma [nanoparticle
€ PSqy6-0 | monolayer _
TiO, particles 100°CorRT | micellization & eisa | 0150 mfar array

Scheme 2. Schematics depicting the experimental proce-
dure and the formation mechanism of TiO, nanoarrays via
BnOH-assisted micellar lithography.

ing procedure by processing the same substrate twice.
Figure 4 displays the final nanostructures resulting
from the deposition of various TiO, nanoarrays on pre-
formed gold nanopatterns. Surprisingly, the nanowire
separation distance and the quasi-hexagonal organi-
zation of the nanoparticles were not disturbed by the
presence of the gold patterns (Figures 4a and b, S8, and
S9). Despite their different periodicities, i.e.,, 49 nm for
TiO, and 65 nm for gold, the placement of quasi-hexa-
gonally organized TiO, nanodots occurred between
and in close contact to gold particles, but rarely on top
of them (Figure S9a,b). Moreover, the same observa-
tion was done on a nanopattern with a commensurate
configuration, i.e.,, 49 nm separation distance for TiO,
and 96 nm for gold (Figure 4b). For clarity, hexagonal
overlays were drawn on the SEM images in order to
distinguish the position of both quasi-ordered struc-
tures (Figure S9). Because TiO, is arranged indepen-
dently from the gold nanoarray, the even distribution
of both materials allows the control of their density in a
precise way. In contrast to 8 nm gold dots, particles of
25 nm in diameter could disturb the order of TiO,
where local organization was sometimes induced, as
hexagonal rings around enlarged gold dots could be
observed (Figure 4c). In comparison to the structures
reported by Bita et al. (Figure 4c, inset),”® the lack of TiO,
order induced by graphoepitaxy might come from the
presence of defects in the gold nanoarrays, which are
difficult to avoid with a spacing larger than 100 nm and
upon gold enlargement. It is important to mention that
top-down approaches, like electron-beam lithography,
were always utilized in reports dealing with grapho- and
chemical epitaxy because of their excellent accuracy in
designing 2D periodic patterned templates.”%”

To qualitatively characterize the lateral ordering of
the binary nanoarrays, power spectra of the SEM images
were generated. As displayed in Figure S10, the six
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Figure 4. SEM images of Au-TiO, binary nanoarrays resulting from the deposition of various titanium dioxide nanostructures
onto different quasi-hexagonal gold nanopatterns. (a) TiO, aligned nanowires with a spacing of 55 nm deposited onto a gold
nanopattern with a separation distance of 71 nm. (b) TiO, array with a 49 nm spacing deposited onto a gold nanopattern with
a 96 nm separation distance. Due to their differences in size and electrical conductivity, gold usually appears brighter. For
clarity, a hexagonal overlay is drawn on the gold nanoarray. (c) The same Au-TiO, binary array as in (b), with the difference that
gold dots were enlarged from 8 nm to 25 nm in diameter upon electroless deposition before coating the substrate with TiO,.
Hexagonal overlays display a few examples of locally organized TiO, induced by the gold nanoarray. Inset shows a perfectly
organized binary nanoarray, as reported by Bita et al.
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spots in the central part of the power spectrum sur-
rounded by a second hexagonal ring made of broader
spots are characteristic for the quasi-organization of
gold and titania nanoarrays when prepared individu-
ally. Interestingly, the power spectrum of Au-TiO,
binary nanoarrays exhibits features of both materials,
which further suggests the ordering conservation of
both structures. However, we found that switching the
dip-coating sequence influences the final structure of
the binary nanoarrays (Figure S10). We observed that
more than 70% of gold nanodots position in contact
with TiO, particles when gold nanopatterns are depos-
ited onto TiO, nanoarrays. This effect slightly disturbs
the organization of gold, as shown by the power
spectrum (Figure S10). In the opposite case, as TiO,
dots position independently on the gold nanoarray,
only 35% of particles are in contact with each other.
Although the PS outer shell of the micelles, upon inter-
facing either gold or titania nanoarrays during the
second dip-coating step, is obviously more attracted
by single TiO, nanodots, this observation could not be
fully understood.

CONCLUSION

In the present study, we report a straightforward
version of block copolymer micellar lithography applic-
able to gold and titanium dioxide by using BnOH as a
solvent. In comparison to toluene, BnOH leads to the
formation of various gold nanopatterns via salt-induced
micellization with PS-b-P2VP. In the case of titania, the
data validate the concept of integrating the “benzyl
alcohol route” with micellar nanolithography, which

EXPERIMENTAL METHODS

In a typical synthesis, polystyrene(x)-block-poly(2-vinylpyri-
dine)(y) (PS,-b-P2VP,, where x and y represent the number of
monomer units) from Polymer Source Inc. was dissolved at
room temperature in anhydrous toluene (Sigma-Aldrich) or
anhydrous benzyl alcohol (BnOH, Sigma-Aldrich) and stirred
for 1 day. The quantity of inorganic precursor was calculated
relative to the number of P2VP units (Np,yp) and defined as the
loading parameter (L). L was kept constant in all experiments,
equal to 0.5, i.e,, 1 molecule of HAuCl, or TiCl, for 2 P2VP mono-
mers. Hydrogen tetrachloroaurate(lll) trihydrate (HAuCl, - 3H,0,
Sigma-Aldrich) was added to the dBCP solution and stirred for
1 day in a sealed glass vessel. For the preparation of titanium
dioxide solutions, 2.2 uL of titanium tetrachloride (TiCl,, Sigma-
Aldrich) was dissolved under nitrogen in 5 mL of BnOH. The
solution was heated for 5 min at 70 °C in an oil bath for better
dissolution. Upon stirring at room temperature for 3 h, 25 mg of
PS,-b-P2VP, was added to the solution and stirred 15 h at room
temperature. In order to induce TiO, particle formation, the
solution was stirred at 70 °C for 5 days. After aging the solution
for several weeks at room temperature, a yellow solution was
obtained. Glass coverslips (Carl Roth) were cleaned in a piranha
solution for at least 5 h and were extensively rinsed with
Milli-Q water and dried under a stream of nitrogen. Micellar
monolayers were prepared by dip-coating a glass coverslip into

POLLEUX ET AL.

was found to depend mainly on the aging of the
BNnOH—TiCl,—PSgss-b-P2VP,,; solution to form TiO,
building blocks of 3—4 nm in diameter and the relative
lengths of the polymer blocks, i.e., Nps/Np,yp ratio. The
in situ growth of TiO, in BnOH and its subsequent
assembly during EISA proved to be effective in the
preparation of 2D-organized isotropic and anisotropic
nanostructures. Despite the long aging step required
to grow TiO, particles sufficiently, this method remains
direct, without the need of other polluting solvents and
without additional steps such as solvent annealing,
postincorporation of metallic precursors, or prefunc-
tionalization of presynthesized nanoparticles. The pre-
pared solutions can be used for several months under
ambient conditions when stored at 4 °C to stop the
particle growth. In addition, this versatile route enables
the design of uniform Au-TiO, binary nanoarrays of
various morphologies with a precise particle density.

The reported approach could be generalized to
many other hybrid and inorganic systems, which are
already available via the BnOH route. Moreover, since it
is possible to tailor a variety of properties characteristic
of nanomaterials, the directed assembly of binary or
ternary systems would make them ideal candidates to
design the next generations of multifunctional inter-
faces. Potential opportunities include etching masks to
structure substrates with different depths and mor-
phologies, catalysts to grow several types of anisotro-
pic nanostructures, and scaffolds for immobilizing two
different types of molecules by taking advantage of the
distinct chemistries for surface modification of metals
and metal oxides.

the previously prepared solutions with a constant velocity equal
to 24 mm-min~.In the case of BnOH, the samples were dried in
an oven at 100 °C for 30 min. Finally, to remove the organic
template and to form inorganic nanoparticles, the dip-coated
glass slides were exposed to oxygen plasma (150 W, 0.15 mbar,
45 min, PVA TEPLA 100 Plasma System). For the preparation of
binary nanopatterns, gold nanoarrays with the desired spacing
were simply dip-coated into a BhnOH—TiCl,—PS,-b-P2VP, solution.
The enlargement of gold nanodots was perform according to the
procedure reported by Lohmueller et al.”?

Scanning electron measurements were performed with a
Dual Beam (FIB/SEM) instrument (Quanta 3D FEG, FEI, Hillsboro).
Power spectra, the square of the Fourier transform of a SEM
image, were performed with Scion Image software. Atomic
force microscopy was performed with a “Nano Wizard I” AFM
(JPK Instruments AG) mounted on an optical microscope (Zeiss
Axiovert 200). Atomic force micrographs were obtained in air
using intermittent contact mode with a single-crystal diamond
cantilever with a radius of curvature of 7 nm and antiflattening
properties («Masch, SCD18). X-ray photoelectron spectroscopy
was performed with a Leybold MAX 200 photoelectron spectro-
meter equipped with an Al Ka radiation source (1486.6 eV)
operated at 200 W. Emitted photoelectrons were detected by a
multichannel detector at a pass energy of 96 eV for the survey
spectra and of 48 eV for narrow-scanned spectra, respectively,
and a takeoff angle of 90° relative to the surface. A Precision
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Detector DD2000 DLSP*Y* laser scattering system equipped
with a PDDLS/CoolBatch901 was used to perform dynamic light
scattering experiments. The hydrodynamic radius of the mi-
celles was measured with the Precision Deconvolve software.
Transmission electron microscopy was done at 200 kV on a
JEOL-2010F field-emission instrument with an ultra-high-
resolution pole piece. The microscope was used for selected area
electron diffraction and in different contrast modes: scanning
transmission electron microscope (STEM) high-angle annular
dark-field (HAADF), TEM bright-field, TEM dark-field, and phase
contrast (i.e., high-resolution TEM (HRTEM)).
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