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Herein are described some rational synthetic pathways for generating complex architectures with

enhanced application in either optics, catalysis, phase separation or magnetism. The ability of
integrative chemistry to scissor condensed matter at several length scales where final objects will
be macroscopically one-dimensional (1D), two-dimensional (2D) or three-dimensional (3D) is
discussed. In this general context, the first section deals with fibers generated either through
electrospinning or extrusion processes bearing, respectively, magnetic and sensor properties. The

second part is dedicated to periodic mesostructured thin films (POMTFs) and nanotextured films
obtained, respectively via EISA and Langmuir-Blodgett techniques, where optical properties will
be an issue in both cases through respectively sensing and photo band gap properties. Finally the
third part will dedicated to pseudo 3D objects, namely membranes, and 3D mesomacrocellular
foams, promoted respectively by mesoscale-driven self organization and emulsion-based synthetic
routes where final applications will range from filtration to heterogeneous catalysis.

After briefly discussing some challenges that should be addressed in the future for “integrative
chemistry”, we conclude that it should be seen as an “interdisciplinary tool box”, being a specific space
of freedom where each chemist can express his or her own creativity through a rational approach.

Introduction

Today, in order to satisfy society’s high standard technology
specific needs, chemical sciences are required to promote and
design complex architectures bearing functionalities or infor-
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mation at divers length scales. From the associated chemical
synthetic pathways has emerged the notion of “complexity”!
in chemical science. For instance, skeleton of such architec-
tures might be exclusively inorganic, organic or hybrid orga-
nic-inorganic, biological-inorganic. Furthermore, to this
variety in nature might be coupled several textural modes
occurring at different length scales, for instance, lyotropic
mesophases, foams, extrusion process, preformed nano-build-
ing blocks, dip-coating, electrospinning and so forth. The
textural modes are only limited by chemists’ imagination
and creativity. But at that point we can sense that chemical
reactions would now operate at low temperatures in order to
preserve either the organic counterparts of the architectures or
the soft textural modes involved during the synthetic routes.
For instance, the integration between the ““sol-gel process”
and ‘‘soft matter” is a frank success as they can interact
together without disrupting their own function, i.e. generate
a solid network for the former and promote patterning effects
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for the latter. From this interface has emerged the notions of
“chemistry of shapes”? or “syntheses over all length scales”,’
where bio-inspired materials and the full set of biomimetic
approaches® still offer a wide scope of opportunities and
challenges to transpose or recreate complex and hierarchical
architectures® obtained through the so-called “integrative
synthesis”*® routes. Nevertheless, if the approaches men-
tioned above are successful from a ““shaping” point of view,
the transposition to functional materials bearing both en-
hanced functionalities and competitive applications with what
already exists in the industrial market is low. There is thus a
crucial need for a “rational design” of complex architectures
where the first parameter to bear in mind is not the “‘shaping
for the shaping” or even the competence and methodology in
use, but rather the enhanced function or real competitive
application to be reached which will then determine the overall
synthetic pathway to be applied. From this way of thinking,
and taking into account the first notion of “‘complexity” in
chemical science,! has recently emerged the concept of inte-
grative chemistry,” which can be defined as an “interdisciplin-
ary tool box” where confined reactors operate at diverse length
scales, those reactors acting either in cooperative or indepen-
dent action modes.® The chemical reactions that should still
operate at low temperature are indeed not restricted to
“sol-gel” chemistry and processing but can be extended to
coordination chemistry, supramolecular as well as polymer
chemistry. Integrative chemistry concept also encompasses the
“green chemistry” of bio-inspired materials and systems and it
should provide breakthroughs in the design of advanced
materials as many existing solutions are becoming limited
with regard to new technical, economic or ecological develop-
ments and demands.’

Herein we would like to describe non-exhaustive rational
synthetic pathways where the final architectures bear en-
hanced application either in optics, catalysis, phase separation
or magnetism. We aim to propose herein as a guideline the
abilities of integrative chemistry to scissor condensed matter
on several length scales where final objects will be macrosco-
pically one-dimensional (1D), two-dimensional (2D) or three-
dimensional (3D). In this general context, the first section will
deal with fibers generated either through electrospinning or
extrusion processes bearing respectively magnetic and sensor
properties. The second part will be dedicated to periodic
mesostructured thin films (POMTFs) and nanotextured films
obtained, respectively via evaporation induced self assembly
(EISA) and Langmuir-Blodgett techniques, where optical
properties will be an issue in both cases through respectively
sensing and photo band gap properties. Finally the third part
will dedicated to pseudo 3D objects, namely membranes, and
3D mesomacrocellular foams promoted respectively by me-
soscale-driven self organization and emulsion-based synthetic
routes where final applications will range from filtration to
heterogeneous catalysis.

Overall, the goal of this illustrated discussion is certainly not
to be exhaustive regarding mentioning all the synthetic path-
ways that permit the generation of hierarchical architectures,
but rather to show that through integrative chemistry rational
design it is possible to reach complex architectures bearing
specific, new or enhanced properties.

1-Dimensional (1D) object generation: fibers and
application in magnetism and sensors

Example of fibers bearing magnetic properties obtained through
electrospinning

Recent interest in jet-based technologies has escalated expo-
nentially as these techniques increasingly show great promise
for handling materials on a scale ranging from the molecular
level, in both the chemical and biological sciences, to micro-
and nanosized suspensions used in materials science and
engineering. There are a number of different jet-based meth-
odologies capable of handling this diversity of materials,
namely, ink-jet printing (IJP),'%%? electrospraying,'! and elec-
trospinning.'?> These shaping techniques are particularly at-
tractive for generating 1D materials. In the past decade, more
and more attention has been drawn to the fabrication of one-
dimensional (1D) nanomaterials, including nanotubes, nano-
wires, nanofibers, and nanobelts because they show some
distinctive properties compared with bulk materials.'® Parti-
cularly, 1D magnetic nanomaterials are expected to have
interesting properties, as the geometrical dimensions of the
material become comparable to key magnetic length scales,
such as the exchange length or the domain wall width.'
Electrospinning is therefore appearing as a simple and effective
method for fabricating ultrathin nanofibers, either oriented or
laid in a random fashion."® In a typical electro-spinning setup,
high voltage is applied to a droplet of polymer solution that
rests on a sharp conducting tip. As a result of molecular
ionization and charge redistribution, a Taylor cone is formed
and a jet of the solution is extracted. The formed jet is then
accelerated by the electric field and collected on a grounded
substrate. When a volatile solvent is used, in-flight solvent
evaporation occurs, hardening the fibers composed of the
dissolved material, which are deposited on the substrate. With
this technique, fibers have been electrospun from a wide
variety of polymers.!® In addition to polymer nanofibers,
ceramic, composite, and carbon nanofibers can be fabricated
using this simple technique. For example, oxide nanofibers
such as ZnO, TiO,, NiO, and CuO have been prepared by
calcination of electrospun nanofibers containing polymer and
inorganic precursor.'>¢ Also, for fabricated assembled nano-
fibers as uniaxially aligned arrays, a modified electrospinning
setup was employed.'> It is essentially the same as the
conventional configuration except for the use of a collector
containing a gap with a width of 1 mm in its middle. Such a
collector was simply fabricated by putting two silver plates in a
side-by-side parallel arrangement (Fig. 1). Aligned arrays of
the electrospun nanofibers can be collected on the gap; the
fibers were then transferred onto a silicon wafer for further
heat treatment. Single nanofibers of Fe, Co, and Ni suspended
across the small gap can also be obtained with a short
collection time of about 10 s."”

After applying the shaping process, Fe, Co, and Ni nano-
fibers could be obtained by very carefully deoxygenizing
Fe,03, CoO, and NiO nanofibers through applying a hydro-
gen atmosphere at 400 °C for 1 h.'"” Wu er al.'” characterized
the magnetic properties of the synthesized nanofibers using a
vibrating sample magnetometer (VSM). Fig. 2 shows the
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Fig. 1 SEM image of a uniaxially aligned array of Ni nanofibers that
were prepared using two parallel electrodes as fiber collector. Inset is
the schematic illustration of the setup for electrospinning that was
used to generate uniaxially aligned nanofibers. The collector contained
two pieces of conductive silicon separated by a gap (ref. 17, copyright
2007 American Chemical Society).

room-temperature magnetization hysteresis loops of (a)
Fe,03, (b) CoO, and (c) NiO nanofibers and their correspond-
ing metallic nanofibers.

It can be observed that the hysteresis curves of Fe, Co, and
Ni nanofibers revealed typical ferromagnetic behaviors,
whereas the curves of Fe,O3, CoO, and NiO nanofibers show
nearly a flat line with low magnetization. The ferromagnetism
of Fe, Co, and Ni nanofibers is clearly demonstrated by
coercivity (H.), saturation magnetization (M), remanent mag-
netization (M,), and saturation field (H).!” The room-tem-
perature saturation magnetizations of Fe, Co, and Ni
nanofibers are 91.74, 69.22, and 24.76 emu g_l, respectively,
which are about half of the value of corresponding bulk metals
(Fe, 221.71 emu gfl; Co, 162.55 emu gfl; and Ni, 58.57 emu
g '8 A saturation magnetization lower than that for bulk
materials is normal for nanomaterials.'® Typical reasons for
this include the oxidation of the surface of magnetic nanofi-
bers, which may create a magnetically dead layer. The large
specific area and the imperfection of the crystalline structure at
the surface may also lead to a significant decrease in the
nanofiber saturation magnetization. It is important to note
that the synthesized magnetic metallic nanofibers exhibit great
enhanced coercivities, which are about 2 orders of magnitude
higher than that of bulk materials. The coercive fields obtained
in the Fe, Co, and Ni nanofibers were 427, 651, and 124 Oe;
whereas those of bulk Fe, Co, and Ni are only 1, 10, and 0.7
Oe, respectively.'®?° The enhancement of coercivity may be
attributed to the single-domain nature and anisotropic shape
of the nanowires.?! A higher coercivity is a key factor for
information storage, although real devices also require inten-
sive studies on magnetization interaction, local magnetization
reversal characterization, and other important issues. Never-
theless, such novel magnetic nanofibers are of potential inter-
est for high-density information storage application.
Additionally, because the magnetic coercivities of the nanofi-
bers are outstanding and the synthetic method is low cost and
highly efficient, bulk amounts of randomly oriented ferromag-
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Fig. 2 Magnetic properties of the electrospun nanofibers before and
after being annealed in a hydrogen atmosphere: (a) magnetic hysteresis
loops for Fe,O3 nanofibers (solid line) and Fe nanofibers (dashed); (b)
CoO (solid) and Co nanofibers (dashed); (c) NiO (solid) and Ni
nanofibers (dashed). The measurements were conducted at room
temperature, with the applied magnetic field parallel (in-plane) to
the nanofiber film surface (ref. 17,copyright 2007 American Chemical
Society).

netic metal nanofibers could also be used for manufacturing
flexible magnets after blending different loads with polymers.

Example of fibers bearing sensor properties obtained through
extrusion process

The extrusion process can be adapted to promote coaxial flow
from which one-dimensional (1D) nanotextured materials
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Fig. 3 (a) Vanadium oxide sol injection step, (b) vanadium oxide
fiber extraction from the PVA solution, (c) final fibers forming a knot
(ref. 22, copyright 2005 Wiley-VCH).

have been generated to produce a new semi-conducting
gas sensor.”> In this regard, the V,Os fibers presented in this
study appear as good candidates to assess sensing
applications. From the extrusion process described in detail
elsewhere,”” vanadium oxide macroscopic fibers can be
obtained (Fig. 3).

Upon the extrusion process in use, final vanadium oxide
fibers depict a good transversal flexibility that allows knot
formation (Fig. 1c). In order to assess the longitudinal me-
chanical properties, traction measurements have been per-
formed (not shown here), and we found out that they do not
possess plastic behavior before they break. This demonstrated
that the vanadium oxide nanoscopic ribbons, constituting the
macroscopic fiber nanobuilding blocks, are strongly packed
together thus avoiding any longitudinal displacement. Con-
sidering both transverse flexibility (Fig. 3c) and the quasi-
absence of longitudinal plasticity those fibers depict anisotro-
pic mechanical properties. In the elastic regime, at low defor-
mation, the longitudinal Young’s modulus of the fibers varies
from 12 to 17 GPa, values that correspond to those obtained
for carbon nanotube macroscopic fibers.”> These vanadium
oxide fibers also show high scale textural anisotropy as

revealed when performing cross-polarized microscopy, TEM
and SAXS experiments (Fig. 4).

We can observe (Fig. 4a) that the transmitted light intensity
is optimum when the fiber main axis is placed at 45° between
the two polarizers. The birefringence depicted in Fig. 4a
demonstrates that preferential orientation has been generated
within those fibers. TEM observations reveal that nanoscale
ribbon subunits are effectively organized preferentially parallel
to the macroscopic fiber main axis (Fig. 4b). In Fig. 4b we
notice that the nanoscopic objects constituting the fibers are
made of very thin ribbons that statistically fold to themselves
along their main axis. Overall, this high scale anisotropic
configuration of the nanoscopic vanadium oxide ribbons is
certainly induced by the extrusion process where a strong
shear is imposed on the gel outflow when injected into the

Fig. 4 (a) Vanadium oxide fibers observed through cross-polarized
microscopy. The scale bar represents 55 pm (the top right schemes
depict the cross-polarizers (double white arrows) while the fiber main
axis is represented with the superimposed white bold line). (b) TEM
observations performed on vanadium oxide fibers (the white double
arrow indicates the macroscopic fiber main axis. Fiber thicknesses
have been minimized using an electron beam degradation process).
(c) Anisotropic SAXS pattern of a fiber with the main axis vertical
(ref. 22, copyright 2005 Wiley-VCH).
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PVA solution. More recently we were able to tune the shear
rate while performing the extrusion by varying the needle
position within the rotating beaker. As a direct consequence
both sensors and mechanical properties were varied and
controlled with rational design.*” In order both to assess this
preferential orientation and avoid any fiber degradation, in-
duced by the electron beam used for the TEM observation, we
performed SAXS experiments on as-synthesized fibers
(Fig. 4c). In Fig. 4c we can observe an anisotropic diffuse spot
around the beam trap. The diffuse spot is more extended along
the horizontal direction. Since the fiber axis is vertical, the
vanadium oxide ribbons, on average, have their long axis
vertically aligned, as demonstrated through TEM observa-
tions (Fig. 4b). In fact this high scale preferential orientation
should be strongly related to the following parameters: the
difference between the speed associated with the syringe
vanadium oxide outflow and the rotational speed imposed
on the beaker containing the PVA solution, and also the
difference in viscosity between the vanadium oxide sol and
the PVA solution should be taken into account. The relation
between those parameters and final large scale preferential
orientation of the nanoscopic ribbons is currently under way.
To assess the vanadium oxide fiber microstructure we per-
formed both XRD experiments using reflection geometry, >'V
MAS NMR spectroscopy and ESR measurements (not shown
here). Overall, those microstructure characterizations reveal
an amorphous character that is locally similar to the V,Os-
1.8H,O xerogel.>* Concerning the sensor applications,

Fig. 5 Conductivity cell made with a single vanadium oxide fiber
(ref. 22b, copyright 2005 Wiley-VCH).

the cells (Fig. 5) allow measurement of the distance of the
fiber between the two gold electrodes (L) while their surface
diameter has been previously measured using an optical
microscope (S). As we can check the system resistance (R)
using a multimeter, the conductivity can obviously be
calculated (¢ = L/(RS)).

We have first checked the as-synthesized sensor responses
toward different methanol vapor sources (Fig. 6a). Consider-
ing Fig. 6a—d we can observe that conductivity isotherm
responses cycle when the vanadium oxide sensing experimental
set-up is exposed to or subsequently removed from the alcohol
vapor source and the conductivity turn over occurs instanta-
neously. Secondly, we investigate the sensor selectivity
(Fig. 6e). We can observe in Fig. 6e that the increase and
decrease of conductivity are strongly related to the nature of
the alcohol, which results in specific signal shape, the shape of
the specific signals acting as a direct signature of the alcohol
nature, providing thus the selectivity criteria.

Considering Fig. 6b, the conductivity value reached for
methanol is in the same range as that obtained for ethanol,
but those values decrease drastically when propanol or penta-
nol is used as the vapor source. A conductivity mechanism has
been hypothesized elsewhere® in terms of surface charge
electron-depletion strongly associated with the O-H bond
ionic character. Considering the alcohols used in this study,
the donor induction effect over the oxygen is diluted when
going from methanol to pentanol, minimizing thus both the
O-H bond ionic character (or essentially the acidity) and thus
the associated conductivity. Beyond cycling signals and their
associated selectivity of shape, it is important to appreciate the
sensitivity of the vanadium oxide fiber sensors. Also we
noticed that a single vanadium oxide fiber can detect down
to 0.1 ppm within 16 seconds, a detection time that decreases
to 7 seconds for 100 ppm.>* This experiment demonstrates the
very high sensitivity of the vanadium oxide sensing fibers
obtained in this study. Also, these vanadium oxide fiber
sensing-cells are still active after several weeks of work.
Furthermore, it is important to mention that the present
working-temperature is 40 °C which is far lower than those
reported in other studies, where sensing effects over ethanol
gas sources were conducted between 150 and 400 °C.>*

2-Dimensional (2D) object generation: films and
application as sensors and photonic band gap device

Example of mesoporous thin films bearing sensing properties
obtained through EISA process

Periodically organized mesoporous thin films (POMTFs)’ are
net shaped and present advantages in both facilitating the
integration of matter and in the miniaturization of materials
and devices. The first POMTFs were processed, respectively,
by Anderson es al.*® Ogawa,”” Ozin et al.,”® and Brinker
et al.”*® and consist of mesoporous layers of amorphous silica
or organosilicas. The field of nonsilicate, transition metal
oxide, rare earth, and multimetallic oxide based POMTFs
has exploded very recently.’* Among the methods in use to
generate such structured films, the chemical solution deposi-
tion methods are the most employed.?® In this approach, the
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Fig. 6 Typical isotherm response curves on cycling, using different alcohol vapor sources at 40 °C. (a) Methanol, (b) ethanol, (¢) propanol, (d)
pentanol (the straight black arrows indicate when the sensing cell is exposed to alcohol vapor source), * time response (the curved black arrows
indicate when the sensing cell is removed from the alcohol vapor source), (e) specific signal shapes with different alcohol vapor sources: @ ethanol
source, Bl methanol source, A propanol source, ¥ pentanol source. The grey part at the bottom of each graph indicates that the multimeter in use
is overloaded for high resistivity (from ref. 22a, copyright 2005 Wiley-VCH Verlag GmbH & Co. KGaA).

meso-ordering occurs through the evaporation induced self-
assembly (EISA) mechanism. Other less developed processes
have been also used as for instance, film growth by electro-
chemical techniques®'or at air-solution or substrate-solution
interfaces (ASI or SSI, respectively).?*3? Indeed, these 2D
compounds have already found applications in a wide range of
domains (e.g., separation techniques, sensors, catalysis, mod-
ified nanoelectrodes, nanopatterning of composites, fuel cells,
batteries, photovoltaic cells, micro-optics and photonic de-
vices, microelectronics (low k), nanoionics, cells, functional,
protective coatings, and so forth).” Films and membranes of
versatile chemical compositions bearing hierarchical porosity
from nanometres to microns can also be processed via multiple
templating or by coupling nanobuilding block and breath
figure approaches. To expand the range of accessible proper-

ties, various organic functional groups have been covalently
incorporated onto the pore surfaces of mesoporous materials.
However, these modifications have provided mainly “passive”
functionality, such as controlled wetting properties, reduced
dielectric constants, or enhanced adsorption of metal ions. By
comparison, materials with “active” functionality would en-
able properties to be dynamically controlled by external
stimuli, such as pH*® temperature,* or light.>* In particular,
the Brinker group®* reported the synthesis of nanocomposite
POMTFs functionalized with photoresponsive azobenzene-
containing organosilanes. Azobenzene derivatives were se-
lected because their trans to cis isomerization is UV sensitive.
UV irradiation of the trans isomer causes transformation to
the cis isomer. Removal of the UV radiation, heating, or
irradiation with a longer wavelength switches the system back
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Fig. 7 Photoresponsive nanocomposites prepared by EISA. (ref. 34b, copyright 2003 Wiley-VCH).

to the trans form. This isomerization changes the molecular
dimensions of the organic molecule (the molecular length of
the cis isomer is shorter than that of the trans isomer, Fig. 7).

To demonstrate optical control of mass transport, chrono-
amperometry experiments were performed using an electro-
chemical cell working electrode modified with an azobenzene-
functionalized nanocomposite membrane (Fig. 8a).3*

The chronoamperometry experiment used ferrocene di-
methanol (FDM) and ferrocene dimethanol diethylene glycol

(FDMDG) as electrochemical probes and provided measure-
ment of mass transport properties through the nanocomposite
hybrid membrane (Fig. 8c). During electrolysis at constant
potential, the effective pore size limits the diffusion rate of
probing molecules to the electrode surface. Under dark con-
ditions, the azobenzene moieties are predominantly in their
extended trans form. Upon UV irradiation (4 = 360 nm),
azobenzene moieties isomerize to the more compact cis form
which increases the diffusion rate and, correspondingly, the
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Fig. 8 (a) Schematic drawing of the electrochemical cell (top) and mass transport of probing molecules through the photoresponsive
nanocomposite membrane integrated on an ITO electrode (bottom). (A) Diffusion through smaller pores with azobenzene ligands in their trans
configuration; (B) diffusion through larger pores with azobenzene ligands in their cis configuration. Legend: Big ovals represent both neutral and
cationic FDM and FDMG species. Small ovals represent azobenzene in cis form, while small elongated ones represent azobenzene in frans form.
(b) Current-time, /-7, behavior of a photoresponsive nanocomposite film under alternate exposure to UV (360 nm) and visible light (435 nm). (Last
cycle uses room light, 400-700 nm.) Inset is the absorbance at 356 nm (n—7* transition of the trans isomer) of the same film immersed in the buffer
solution containing 1 mM FDM. (c) Electrochemical probes: ferrocene dimethanol (FDM) and ferrocene dimethanol diethylene glycol (FDMDG)

(ref. 34a, copyright 2004 American Chemical Society).
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oxidative current (Fig. 8b). Likewise, exposure to visible light
(435 nm) triggers the reverse cis—trans isomerization of the
azobenzene moieties, which decreases the current to the pre-
UV exposure level. Moreover, it was observed that increasing
the volume of the diffusing analyte decreased the overall mass
transport, leading to some selectivity for this nanocomposite.

Examples of nanostructured films bearing photonic bandgap
properties obtained through the Langmuir—Blodgett technique

Photonic bandgap (PBG) crystals are spatially periodic struc-
tures constructed from alternating regions of dielectric materi-
als with different refractive indices.>® Because of its periodic
modulation in dielectric constant, a PBG crystal is capable of
controlling the propagation of photons in much the same way
as a semiconductor does for electrons: that is, there exists a
forbidden gap in the photonic band structure that can exclude
the existence of optical modes (within a specific range of
frequencies) inside the periodic lattice. Consequently, periodi-
city can generate optical operations such as mirror or filters.
The basic idea of the extension of the periodicity towards a
periodicity greater than 1 is to provide omnidirectional reflec-
tors or filters or even more to create very sharp efficient
waveguides, new types of highly efficient couplers, efc. In
summary, it would permit to access to a new generation of
optical components. Different technological methods have
been tested to fabricate PCs. The top-down fabrication ap-
proach generally uses photolithography, etching methods,
holographic techniques to design periodic structures in mono-
liths. 2D PCs are quite easily obtained. However, 3D photonic
structures benefit from a less mature technology. In fact, at the
current stage of development, there still remains a great
challenge in applying the conventional patterning techniques
to the generation of pre-designed, 3D periodic lattices that will
meet all the criteria required for creating photonic bandgaps,
especially as these move towards the visible or ultraviolet
regions.*® In these regions, one will need to pattern the di-
electric materials into microstructures of 100-300 nm in size
along all three dimensions, and to accomplish registration
among these structures in different layers with an accuracy
of better than tens of nanometres. Among all the alternative
methods for 3D patterning, a promising solution consists in
using a bottom-up approach in which pre-designed monodis-
perse building blocks (e.g., colloidal objects) are organized
into a relatively stable (often long-range ordered) structure
through non-covalent interactions.’” The final structure is
usually determined by the characteristics (topologies, shapes,
and/or surface functionality) of the building blocks.

Several techniques have been used so far to get 3D PCs
starting from colloidal—mostly spherical—particles such as
sedimentation,®® vertical deposition,* or spin-coating.*® Even
if 3D photonic structures with a good crystalline quality, also
called colloidal crystals, can be obtained, a perfect control of
their global thickness is hard to achieve by using these
methods. We have demonstrated that the Langmuir—Blodgett
(LB) technique*' is a promising tool in order to elaborate
colloidal crystals of silica particles with a well-defined thick-
ness over large dimensions.*>* Here we would like to demon-
strate that this technique allows inserting one or two

monolayers of spheres of different size, which behave as planar
defects, inside colloidal crystals. Such defects enable the
existence of localized states for photons within the band gap.
Fig. 9a shows the SEM side view of a “‘sandwich” structure
made of one monolayer of 510 nm silica particles, which was
embedded thanks to the LB technique between a bottom and
an upper stack of five and six layers of 360 nm polystyrene
(PS) particles, respectively.

Both the defect layer and the good crystalline quality of the
heterostructure can be seen on the SEM image. To probe the
existence of a defect mode, the sandwich structure was studied
using NIR spectroscopy, the results of which are shown in
Fig. 9b. It can be seen that even if the refractive index of silica
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Fig. 9 (a) SEM side view of one monolayer of 510 nm silica particles
embedded between a bottom and an upper crystal made of 5 and 6
layers of 360 nm PS particles, respectively. (b) NIR transmission
spectra of 10 layers of 360 nm PS particles (dashed line) and of the
sandwich structure shown in Fig. la (continuous line).
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Fig. 10 (a) SEM side view of an A(BA), colloidal photonic crystal.
(b) NIR transmission spectra of 20 layers of 390 nm silica particles,
A(BA); and A(BA), heterostructures (from bottom to top). The curves
have been vertically shifted for clarity. The inset shows an enlargement
of the pseudo-gap region of the spectrum of the A(BA), heterostruc-
ture and a stick spectrum which represents the Fourier transform of
the lowest-order approximation to the spatially varying dielectric
function, as described in the text.

(nsitica = 1.43(12)) is lower than that of PS (nps = 1.58(13)),
the insertion of a layer of large silica spheres between two
opals of smaller PS gives rise to a donor mode, which appears
closer to the low-wavelength edge of the gap (i.e. around 835
nm). Our capability to build 3D colloidal crystals in a con-
trolled manner was further exploited to fabricate materials
presenting two periodically distributed planar defects. Fig. 10a
shows a SEM side view of an A(BA), heterostructure.

Each A substructure consists of five layers of 390 nm silica
particles and presents a highly ordered organization. The
overall thickness of the material is uniform despite the pre-

sence of defect layers B of larger (590 nm) silica particles which
periodically separate the A substructures. The periodic alter-
nation between A and B substructures gives rise to a super-
lattice, whose periodic parameter corresponds to the sum of
the thicknesses of stacks A and B. Fig. 10b shows the NIR
transmission spectra of the A(BA); and A(BA), heterostruc-
tures and of a crystal made of 20 layers of 390 nm silica
particles. In the case of the ABA heterostructure, a pro-
nounced dip appears inside the original stop-band of the
defect-free opal, as it has been already shown.** As the ratio
of the diameters of guest and host silica particles is close to 1.5,
the defect mode is located at the middle of the pseudo-gap.*
The stop bandwidth is larger than in the case of the defect-free
opal. Similar behaviour was previously reported in the litera-
ture for donor impurity cases.*® In order to model the optical
behavior of the heterostructures, we have considered that the
spectral positions of the reflectivity peaks of such materials can
be found from the lowest-order Fourier component of the
spatially varying dielectric function. We assumed that the
lowest-order approximation to the dielectric function &(x)
can be written as g cos(2mx/da) within the A substructures
and ¢y cos(2nx/dg) within the B substructures, where ¢ is the
average dielectric constant of the crystals and da, dg are the
(111) lattice spacings for the A and B substructures, respec-
tively.*” As shown in the inset of Fig. 10b, a good agreement
between theoretical and experimental spectra is obtained.
Moreover, the average spacing between the peaks present at
nearly the same wavelength in the curves of the A(BA); and
A(BA)> heterostructures (indicated by arrows in Fig. 10b) is
proportional to the repeat distance of the superlattice I,
according to: Av = ¢/2noI",*** where ¢ is the speed of light
and ny is the average refractive index of the crystal. From the
Fourier transform of the A(BA), structure, we thus can
calculate a value of I" equal to 2.53 um, which is found to be
close to the theoretical one calculated by assuming that it is the
sum of the thickness of one A substructure and of one B
substructure, ca. I' = 390(4/2/3 + 1) 4+ 590,/2/3 = 2.15 um.
This result shows that the superlattice periodicity modifies the
original photonic band structure by opening up the news gaps
pointed by the arrows.

3-Dimesional (3D) objects generation: hierarchical
porous monoliths bearing selective filtration and
heterogeneous catalysis properties

Example of hybrid membrane hierarchically organized obtained
through mesoscale-driven self organization

Membranes are semipermeable barriers that allow selective
diffusion between two phases. This selective diffusion can arise
only from steric retention, which explains why the transport
properties of membranes depend first on the membrane micro-
structure, including pore size, shape, morphology as well as
tortuosity.® For tubular inorganic membranes dedicated to
tangential liquid filtration, the basic retention mechanism is
based on the steric exclusion brought about by the effective
separation layer. This latter must be as thin as possible to
prevent a decrease in the diffusion flow below unacceptable
values. Therefore this separation layer is always deposited
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Fig. 11 Principle of the interfacial reaction involved for the synthesis of a mesoporous silica membrane from a solution of hybrid micelles. Insets:
SEM micrographs of the tubular membrane; (a) cross section of the support: the silica membrane is synthesized onto the internal surface of the
alumina support; (b) closer view of the support with three alumina layers that exhibit a decreasing pore size (10 um, 2.0 pm. and 0.2 pm,
respectively) from the external surface toward the internal one; (c) cross section of the membrane synthesized on the 0.2 um porous alumina
sublayer; (d) surface of the membrane; (e) close-up view of the interface between the silica membrane and the 0.2 pm porous alumina sublayer; (f)
TEM micrograph of a cross-section of this membrane and (g) close-up view of the surface where parallel silica columns can be clearly identified.

onto one or several stacked macroporous layers that provide
the mechanical strength required for easy handling. When the
membrane exhibits very small pores (below 50 nm), an addi-
tional mechanism based on the superficial charge of the
membrane itself will help or prevent charged species such as
ions from diffusing through the membrane. This charge de-
pends both on the nature of the filtration layer and on the pH
of the filtered solution.’! Separation properties of porous
membranes are therefore governed by two main mechanisms:
(1) membrane structure (pore size, morphology, tortuosity)
and (ii) surface properties (charge, specific interactions), the
latter becoming paramount as the pore size decreases. It
appears from this description that an accurate control of the
hierarchical structure of an actual membrane could enhance
specific properties resulting from the topology of its porous
network as well as from the surface properties that it could
exhibit. We illustrated this concept by making a 2.5 nm pore
diameter membrane from mesostructured silica. This silica is
obtained by a self-assembly mechanism between hybrid mi-
celles made of nonionic PEO-based surfactants and silicon
alkoxides hydrolyzed at mild pH.>> This synthesis is a two-step
process that involves first the formation of hybrid micelles

where a diffuse layer of silica (I molecule for 30 molecules of
water) surrounds the initial spherical micelle built with an
inner hydrophobic core and an outer hydrophilic palisade of
ethylene oxide chains (see inset in Fig. 11). These objects are
stable and silica condensation will occur only if a catalyst like
a fluoride ion is added, which constitutes the second step of
this synthesis. This implies that a control can be exerted on the
silica condensation, not only as a function of time (when is F~
ion added?) but also as a function of space (where is it added?).
If a membrane is seen as a hierarchical object, these hybrid
micelles constitute the basic bricks of it. We used a commercial
tubular porous ceramic membrane as support. It is shown at
different scales in Fig. 11 (a)—(e). A solution of stable hybrid
micelles is circulating in the window of the membrane whereas
an aqueous solution of sodium fluoride is allowed to diffuse
from the outer of the ceramic support.>® By this method, the
formation of silica will occur only at the interface that
corresponds to the inner surface of the ceramic support
(see main scheme in Fig. 11 and photos (c) to (¢)).

A continuous film of mesoporous silica is obtained. This
continuity is very important because the fluid to filter must
diffuse through the internal—structural—porosity in silica,
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which requires the absence of any external—textural-—poros-
ity that would exist if the membrane were made of particles.
Moreover, a close observation by TEM (Fig. 11, insets (f) and
(g)) reveals that this interfacial reaction led to a global growth of
mesoporous columns perpendicular to the porous substrate. It is
noteworthy that lines observed in these pictures do not corre-
spond to the actual porosity but to silica columns with a parallel
alignment of pores. The rejection efficiency of the membrane
was tested in filtration of polyethylene oxide polymers (PEO) in
water as a function of pH (Fig. 12) (filtration pressure AP = 4
bar, with PEO 600, 1000, 1500, 4000 and 10000). It appears
obviously that the retention rate is highly dependent on the pH,
whatever the molecular weight of the PEO polymer. Indeed, an
effective rejection is observed above pH 2 but it remains limited
to 80% even with the biggest polymer. On the other side, a sharp
drop of the rejection capacity appears below pH 2 (dotted
vertical line), even for PEO 10 000 that presents a mean diameter
of 6.8 nm, by far bigger than the 2.5 main pore diameter of the
silica membrane.>* This specific behavior (rejection rate limited
to 80% and drop to zero for pH < 2) can be explained by the
specific shape (non-connecting straight pores) and surface prop-
erties (pH-dependent charge of the silica surface) provided by
the initial self-assembly of the hybrid micelles and their prefer-
ential growth perpendicular to the substrate support. The rejec-
tion threshold limited at 80%, whatever the polymer size
can be understood by de Gennes’ works on self-diffusion of
non-adsorbing flexible, linear and branched polymers in
nanopores.>

Taking into account some preliminary statements, two
parameters were identified, which were (i) the potential self-
diffusion of a polymer without flow in a straight pore and (ii)

the determination of the critical flow that could make all
polymers go through the pore. PEO polymer chains in water
behave like statistical spherical coils swelled with water where
their shape is the result of equilibrium between the natural
stretching and entropic spring effects that leads to an average
spherical shape. If this equilibrium is modified by an external
parameter such as an adsorption strength or confinement, the
PEO polymer ball will be subjected to strain and will adopt a
new configuration. Fig. 12(a) displays a schematic of the
interaction of a polymer coming into contact with a pore
(1). Even without any flow, the polymer chain can theoreti-
cally move in and out of the pore (2). At this point, the
polymer chain is better described as a series of spherical
objects called “‘blobs” that contain a certain amount of
monomers (here, -CH,~CH,-O-) and whose size is equal to
the pore diameter (d) (see (A)(3) in Fig. 12). The number of
monomers per blob can be calculated from the Flory law,
based on the relationship [gD = (D/a)>?] where D is the pore
diameter (D =~ 2.5 nm in our study), g is the number of
monomers per sphere and « the length of a CH,-CH,O
monomer (¢ &~ 0.37 nm).>® For example, PEO 600 is small
enough to enter the pore entirely as a single undistorted blob
whereas PEO 10 000 must be described as a short chain of four
spherical blobs, once entered into the pore. When the polymer
enters partially into the pore, it is subjected to a confinement
that creates a force tending to pull the chain out of or through
the pore. This force will allow the polymer to “crawl” inside
the pore and non-zero permeation coefficients are calculated,
which depend on the polymer size (the permeation coefficient
is 4 times bigger for PEO 600 than for PEO 10000).>* This
phenomenon is perfectly illustrated by our membrane which
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Fig. 12 Evolution of the rejection rate of the silica mesoporous membrane as a function of the pH of the solution, for different PEO polymers.
Whereas above pH 2 one finds the expected behavior of inorganic membranes, below pH 2 one observes a drastic decrease of the rejection rate,
whatever the size of the polymer. (A): Scheme of polymer diffusion inside a nanopore: (1) polymer at the entrance of the pore, (2) diffusion inside
the pore, (3) description of the polymer as a chain of globular “blobs”. Inset: length of a ((CH,~CH,~O)— monomer. (B): Differences in the
diffusion of polymer inside (a) a classical inorganic membrane obtained by the controlled stacking of colloidal particles, which leads to a highly
connected porous framework and (b) the silica mesoporous membrane exhibiting tubular pores.
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constitutes a direct example of the theoretical works of de
Gennes et al. Diffusion of all polymers under flow into a
straight pore with no specific interactions will occur above a
critical flow.”” The required values of flow are too high
compared with our experiment, which explains why the mem-
brane has an effective retention power towards polymers and
that only self-diffusion through straight pores is the limiting
factor that prevents the retention rate from reaching a 100%
value even with PEO 10000. This self-diffusion can be ob-
served only if there are straight non-connecting pores. Indeed,
normal membranes are made by particles stacking (see
Fig. 11b), giving a tortuous porous network that blocks the
diffusion of polymers through it.>® A comparison is displayed
in Fig. 12(b). However, self-diffusion of polymers cannot
explain the sharp decrease of retention beyond pH 2, even
for the biggest polymers. Interactions between PEO chains and
silica have long been known and depend on interactions
between the oxygen atoms of the PEO chains and the silica
surface. Therefore an additional parameter regarding the
adsorption of PEO polymers onto the silica surface must be
taken into account in this case. The oxygen atoms of the PEO
chains bear a negative partial charge at pH 7 (§ = —0.44).%
The silica charge itself is highly dependent on the acidity of the
solution: below pH 2, the silica exhibits a positive charge, with
Si-OH, ™ groups on its surface, whereas above pH 2, silica

adopts a neutral, then increasing negative surface charge with
Si—O~ surface groups. Above pH 2, the polymers can be seen
as ‘“‘non-adsorbing” and the mechanism described by de
Gennes applies. On the contrary, below pH 2, interactions
can occur between the oxygen of the PEO chains and the silica
surface. This electrostatic interaction, which must be wea-
kened by the solvent effect, is certainly not strong enough to
allow a high strain on the polymer but it should help to
conform the polymer in a way that helps hydrogen bonding
between the —Si—-OH," surface sites of the silica and the
polymer oxygen atoms. Its main consequence is the induction
of a switch in polymer conformation between freely moving
polymer balls (above pH 2) and trains of adsorbed polymers in
a semi-diluted regime (below pH 2).®° This drastic change in
the diffusion regime explains the steep drop in the retention
rate since polymers can distort thanks to this interaction, enter
the pore and then diffuse through it with the 4 Pa applied
pressure as the driving force without being blocked since the
self-assembly process led to straight non-connecting pores.

Example of meso-macrocellular foams obtained through
emulsification process

Ordered macro-mesoporous materials are of interest for multi-
ple applications in heterogeneous catalysis, separation
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Fig. 14 (a) Photograph of one of the as-synthesized organo-Si(HIPE) monoliths obtained (pyrrole-Si(HIPE)). SEM micrographs: (b) pyrrole-
Si(HIPE), (c) methyl-Si(HIPE), (d) dinitro-Si(HIPE), (e) benzyl-Si(HIPE), and (f) mercapto-Si(HIPE) (ref. 63, reproduced by permission of the

Royal Society of Chemistry).

techniques, absorbers, sensors, optics efc. One way of gener-
ating such architectures is to use either direct concentrated
non-aqueous®’ or aqueous emulsions.®?> With this aim, our
research group has developed a new process to obtain macro-
cellular silica monoliths with a high control over the final
macroscopic cells (size and morphology) by adjusting the oil
volume fraction of concentrated direct emulsions. This new
series of silica porous networks were labelled Si(HIPE)®® in
reference to the first generation of porous organic polymers
obtained through the use of concentrated reverse emulsions,
porous polymers named polyHIPE, “high internal polymeric
emulsion” phases.®* More recently we developed for the first
time a one-step method to prepare hybrid organic-inorganic
porous silica-based monoliths bearing a bimodal porous
structure where a hierarchical architecture is triggered by the
combination of a direct water/oil concentrated emulsion on
the macroscopic scale and a supramolecular surfactant orga-
nization on the mesoscopic scale.®® Functionalization that
makes the use of a co-condensation (‘“‘one-pot”) process where
the entity (R-Si(OEt);) is incorporated in the reaction medium
and participates in the whole synthesis has been investigated
for providing optimized properties and new functionalities to
these multi-scale organized structures (Fig. 13). In order to
incorporate functionalities into the final materials we added
different organically-modified silanes as well as tetraethox-
yorthosilane (TEOS). A 20% and 80% weight ratio of these
molecular species were, respectively introduced in the starting
emulsion.

On the macroscopic length scale, pattern takes advantage of
the concentrated direct emulsion, i.e. dispersion of oil in water,
where the continuous phase will be the hydrophilic medium
containing the hydrolyzed precursors. When condensation is
advanced and the monoliths are dried, a further thermal
treatment at 180 °C is applied in order to both “remove” the

organic solvents and consolidate the inorganic walls. It is
important to obtain monolith-type materials (Fig. 14a) since
it usually indicates interconnected macroporosity (Fig. 14b-f).
The first observation emerging from Fig. 14b—f is that the
macroscopic void spaces are not monodisperse in size but
rather polydisperse, ranging from 5 pum up to 30 pm.

The macroscopic textures of the monoliths resemble to an
“hollow spheres” aggregation, except for the material dinitro-
Si(HIPE). As previously used to generate Si(HIPE)0.035, the
high acidic concentration yields the silica far from its iso-
electric point and therefore the native object will depict a
strong Euclidean character. When using amino groups as is the
case for the (2,4-dinitrophenylamino)propyltriethoxysilane en-
tities with the same HCI concentration, the pH will increase
closer to the silica isoelectric point and the final walls will be
associated with a more fractal character, where the continuous
aqueous medium will be fully mineralized. Beyond SEM
observation, mercury porosimetry has been performed on
these supports (not shown here). The first piece of information
that is of importance for further applications is the fact that
these as-synthesized materials possess mechanical strength
high enough to support mercury impregnation. As previously
observed for the inorganic Si(HIPE) series, we obtain two sets
of windows. First we have the windows that intrinsically
connect two adjacent macropores, previously called “internal
junctions™.%® Also, considering the aggregated “hollow
spheres” textural aspect of the macropores, we have to con-
sider windows emerging from aggregation between several
hollow spheres; this is what we have previously called “ex-
ternal junctions”. On the other hand, the macropore distribu-
tion becomes narrower when considering the material dinitro-
Si(HIPE), as the continuous aqueous phase is more completely
mineralized and the aggregated “hollow sphere” character is
practically lost (Fig. 14d), for the reason explained above, i.e.
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Fig. 15 (a) SEM npicture of a conventional polyHIPE, (b) TEM
picture of ED-P2 at high magnification, (c) Suzuki-Miyaura coupling
reaction, (d) catalytic conversion versus time for the Suzuki coupling
of iodobenzene and phenylboronic acid using different catalyst: &
ED-P4; A Pd(PPh;s), (homogeneous catalysis); O Pd/C; OO ED; A
PA-P4; ® PA-P2; B PA; ® ED-P2; ¥ PA-P2 (powder). Three kind
of functions have been grafted onto the polymeric supports, namely:
an ethylenediamine ~-NHCH,CH,NH,, (labelled ED), a primary
amine —-NH, (labelled as PA). P2 and P4 indicate that the molar ratios
triphenylphosphine (PPhs)/Pd are, respectively, 2/1 and 4/1. In this
study, we chose to work with PPhj as co-stabilizing agent because this
molecule is known to strongly bind to palladium and to form stable
complexes (ref. 66b, copyright 2005 Wiley-VCH).

the walls have enhanced fractal character. At the mesoscopic
length scale these hybrid organic—inorganic porous monoliths
possess a secondary porosity. This mesoporosity can be first
observed using TEM investigations, qualitatively studied
using SAXS experiments and quantified with nitrogen physi-
sorption measurements that reveal porosity ranging from 50 to
400 m*> g~ '.% Microscopic FTIR spectroscopy demonstrates
that the organosilane moieties remain intact through the
synthesis while >’Si-NMR shows that the average degree of
condensation for these hybrid networks ranges between 86 and
90% yielding shaped monoliths with both good integrity and
sufficient mechanical properties to be usable as functional
catalytic or chromatographic supports.

Previously to this one step ‘“‘co-condensation process’” we
synthesized a series of Pd@polyHIPE®® and Au@polyHIPE®’

compounds where the support matrices are made of macro-
porous polystyrene/divinylbenzene. In particular, the Pd@po-
IlyHIPE materials were obtained using a three-step synthetic
route: (i) synthesis of the organic macroporous matrix, (ii)
functionalization of the support surface by various organic
groups (ethylene diamine, primary amine) and (iil) in situ
generation of palladium nanoparticles. The activities of the
obtained catalysts Pd@polyHIPE toward a Suzuki-Miyaura
coupling reaction have revealed good potential when com-
pared to classical catalytic supports such as Pd/C when used in
conjunction with PPhj (triphenylphosphine) as soluble addi-
tive.%®? In particular, the supports obtained by grafting ethy-
lene diamine present good activity towards a wide variety of
substrates, even those known to be poorly reactive such as aryl
chloride (Fig. 15).

Remarkably, considering the Fig. 15, the catalyst PA-P2
presents a better activity than Pd/C commercial available
catalysts, while still employed under a monolith form. When
this support is crushed with a mortar, the reaction kinetics are
largely improved and present an activity comparable to that of
the homogeneous Pd(PPhs)4. On the other hand, the polymer
supports suffer from both high temperature reaction and the
hexane solvent employed during the catalysis reaction, thereby
not achieving high cycling catalytic performance. This is the
reason why current efforts are made to extend this work to
silica-based hierarchical hybrid networks using the same sta-
bilizing agent, leading to the new series of Pd@organo-
Si(HIPE) compounds.®® The catalytic properties of these
hybrid materials, limiting the Pd content for the Mizoro-
ki-Heck reaction,® are reaching turnover numbers (TON)
and turnover frequencies (TOF), respectively, equal to 2961
and 141 h='.%® The values obtained, if similar with the ones
reported’® on heterogeneous catalysis of Mizoroki-Heck reac-
tion performed with powdered compounds, are certainly
among the highest ever reached for porous monolith-type
matrices.”’

Conclusion and perspectives

Herein through the generation of one-dimensional (1D), bi-
dimensional (2D) or tri-dimensional (3D) complex architec-
tures, we demonstrate the ability of Integrative chemistry to
scissor condensed matter on several length scales, in view of
reaching final enhanced applications. In this general context,
beyond bio-inspired materials, Integrative chemistry appears
as an interdisciplinary new concept for the design and con-
struction of complex architectures. Its main principle is to
offer us a full set of tools where integration between inorganic,
organic and supramolecular chemistry and the physical chem-
istry of complex fluids allows both specifying and enhancing
final material functionalities according to what induced
morphologies are desired, and not vice versa.
Considering the materials presented here and elsewhere,
we note that they bear a double hierarchy, hierarchy in their
final textures and also a hierarchy regarding their mode of
construction. First they are structurally hierarchically orga-
nized, but considering the shaping modes used, they are also
subject to a hierarchy considering the strength addressed
through their shaping process. For instance cohesion at the

4.,6,7
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microscopic length scale is promoted through strong interac-
tion (covalent or iono-covalent bonds), whereas cohesion at
the interface between the microscopic network and the meso-
scopic one, or even within the mesoscopic template, will be
weaker, (electrostatic or ionic interactions), while the organi-
zation on the macroscopic length scale is even weaker and is
generally induced through the appliance of external stimuli
(shear rate, mechanical dip-coat, electric field and so forth).

Integrative chemistry indeed offers the possibility for che-
mical science and physics to construct complex architectures
with a strong “rational design”, where the actual synthetic
pathways employ construction modes (or reactors) that will
act with cooperative modes of action (or a continuous mode of
action) over all length scales. These strategies will better
feature the construction modes that nature likely uses to build
complex architectures. Indeed, natural materials and biologi-
cal organisms are constituted of complex and hierarchical
skeletons, but the shaping modes and the cohesion strengths
are not hierarchically digressive, they are both continuous and
certainly cooperative from the micro- to the macroscopic
length scale.

The second challenge of integrative chemistry will be cer-
tainly to create complex architectures while saving energy,

atoms and cost, thus achieving a certain pragmatism and

reaching the idea of “green chemistry”.’

Overall, we believe that optimism and creativity certainly
remain the first factors to bear in mind when considering the
new trend of integrative chemistry as an “‘interdisciplinary
tool box”.
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