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This article presents a general overview about the designed synthesis of one-dimensional (1-D) inorganic
and organic—inorganic hybrid fibrous nanostructures templated through the use of organogelator-based
supramolecular assemblies. The growing number of structural families and derivatives of low-molecular-
weight organogelators (LMOGs) already used as templates for materials transcription are first presented,
including a detailed compilation with relevant information about the gelation properties and the
morphologies of their resulting self-assembled fibrillar networks (SAFINs). The main types of
intermolecular interactions responsible for the gel-phase formation and some of the principal variables
governing the gelation process and controlling the obtained fibrous morphologies (fibers, rods, ribbons,
helices, tubes, etc.) are also discussed. After highlighting the most important processing methodologies
that are available for materials transcription through organogel templates (coassembly, post-transcription,
or self-templating procedures), the manuscript presents an updated description of the different inorganic
(silica-based, other metal oxides, nonoxides) and organic—inorganic hybrid fibrous materials so far
templated by using these approaches. The key mechanistic aspects and different templating pathways
involved in the transcription process are also discussed, concluding with a final discussion about challenging

aspects or future prospects in this field.

1. Introduction

The design and synthesis of highly anisotropic one-
dimensional (1-D) nanostructured materials (such as fibers,
rods, tubes, helices, belts, ribbons, and so on) is becoming
a hot topic of research since these materials may exhibit
distinct or very subtle electronic, optical, catalytic, chemical,
and thermal properties, being in many cases superior to their
bulk counterparts. These improved or sometimes new
properties associated with one-dimensional nanostructured
materials allow them to become potential candidates for
application in many advanced fields such as optoelectronics,
nanoelectronics, and asymmetric catalysis.' The synthesis
and potential applications of a broad number of 1-D inorganic
(or hybrid) materials have been recently reported in general
and comprehensive review or feature articles.”™ Although
these articles report on the use of a wide plethora of physical
(top-down) or chemical (bottom-up) strategies (template- or
nontemplate-based) to prepare nanofibrous materials (such
as nanocasting with anodized alumina or mesoporous silicas,
electrodeposition, vapor phase growth, solvothermal synthe-
sis, and so on), most of them fail to include in the description
the tremendous versatility and potentiality of templating
methods based on fibrous organogels (or hydrogels).
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Low-molecular-weight organogelators (LMOGs) are mol-
ecules capable of forming thermoreversible physical (su-
pramolecular) gels at very low concentrations (ca. 10~ mol
dm ™, typically lower than 2% w/w) in a wide variety of
organic solvents. Upon gelation, the organized self-assembly
of these molecules results in the formation of highly
anisotropic 3-D structures, mostly in the shape of fibers, but
also as ribbons, platelets, tubular structures, or cylinders.
Since the first report of the Shinkai group in 1998,
supramolecular organogels (or hydrogels) have been suc-
cessfully used as templates to direct the growth of a wealth
of inorganic (commonly oxide-based, but also some metals
and semiconductor chalcogenides) and also hybrid (organi-
c—inorganic) nanofibrous materials exhibiting very different
morphologies (such as fibers, rods, ribbons, belts, helices,
and tubes).

In this review, we summarize and discuss in an organized,
comprehensive manner the most important data reported on
inorganic and hybrid organic—inorganic nanofibrous materials
prepared through organogelator-templated approaches. This
extensive list of data, with the corresponding references, is
compiled in detail in Tables 1—4. Table 1 (section 2.1)
gathers the main families of LMOG-based templates, their
gelation parameters (solvents, gelation concentrations, tem-
peratures, gelation additives, etc.) and the morphology of
their self-assembled fibrous nanostructures (SAFINs). Tables
2—4 summarize, respectively, the nanofibrous morphologies
of silica-based oxides (section 3.1.A), nonsiliceous oxide-
(section 3.1.B) and nonoxide-based materials (section 4), and
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hybrid (organic—inorganic) replica materials (section 5)
resulting from organogel templating. These latter tables
include relevant information on morphology and dimensions,
the type of organogelator and solvent, the synthesis condi-
tions and the employed femplating processing strategy (in
situ coassembly and sol-gel polycondensation, organogel
self-assembly followed by post-transcription, impregnation
or diffusion subsequent to organogelation, and self-templat-
ing).

In the text, a special emphasis is given to the different
synthesis strategies and to the description of the general
mechanisms proposed for efficient organogelator templated
transcription.

2. Nanofibrous Self-Assembled Organogels As
Materials Templates

In comparison with other cross-linked polymeric gels,
where the network is formed and maintained through
covalent interactions, most gels of LMOGs are thermor-
eversible physical gels. Thus, they are usually prepared by
heating the gelator in an organic solvent until the mixture
becomes a transparent solution, and the subsequent cooling
below the characteristic gelation temperature (TG) brings out
the transition to the gel phase. The gel consists of a three-
dimensional (3-D) fibrillar network which entraps by virtue
of supramolecular noncovalent forces a huge amount of
solvent molecules. On average, typically several hundred to
a thousand solvent molecules are trapped for one LMOG
molecule (see section 2.1). A subsequent heating restores
the original solution of nonaggregated molecules, and this
process can be reverted by repeated heating—cooling cycles.

Some excellent reviews® or monographies’ can be found
in the literature that report about the main families of
LMOGs. LMOGs have been traditionally used for many
different purposes or applications such as separation tech-
nologies, drug delivery, contact lenses, cosmetics, and in the
oil and food industries. An emerging “second generation”
of LMOGs having smart responses to external stimuli (i.e.,
photo-, thermal- or redox-responsive)™ has further expanded
their potential application as advanced functional materials
for solar or electrochemical cells, solid electrolytes, photo-
nics, light-emitting diodes, or as reactive supports for more
sophisticated materials.*™!'*!" However, one of the most
productive and fascinating research fields focused in LMOGs
is based on the use of their SAFINs as templates for the
transcription of nanofibrous materials.'?

In this section, this review reports concisely about the main
families or structural motifs of organogelator molecules
already used as templates for the transcription of 1-D
inorganic or organic—inorganic hybrid materials.'® It also
describes the morphologies obtained for the self-assembled
organogel networks in the gelled solvents. Then, some
mechanistic aspects of organogel formation will be we
presented, discussing the different types of supramolecular
interactions and aggregation modes driving the formation of
organized 3-D nanofibrous networks. The chemical, struc-
tural, and processing key factors which must be controlled
in order to design a desired specific morphology are also
highlighted. Finally, an overall picture of the general
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strategies and the key aspects that must be considered for
an efficient templated synthesis of inorganic or hybrid
(organic—inorganic) nanofibrous materials through the use
of organogels will be presented.

2.1. Description of organogelator Families and Their
Self-Assembled Fibrous Networks (SAFINs). There is a
huge and steadily growing number of gelator molecules
already synthesized and characterized in the literature,®’
and therefore we will be only concerned about the main
organogelator systems already used as templates for the
transcription of nanofibrous materials (including also
hybrid organic—inorganic gelator systems). Templating
through more universal gelator molecules, also capable
of gelating water or aqueous solutions (known therefore
as “hydrogelators”), will be only considered occasionally.
Indeed, most of hydrogelators leading to SAFINs may be
classified as “pseudo-amphiphilic gelators”, since they
form highly viscous solutions of cylindrical micellar
aggregates of pseudo-amphiphilic molecules (many of
them are not conventional surfactants), rather than real
solidlike fiber networks.'*

Organogelator molecules could be classified, for instance,
according to six main different criteria:

(i) their chemical nature or main structural scaffold (i.e.,
cholesterol-, amide-, urea-, amino acid or peptide-, ciclo-
hexane-, and sugar-based organogelators)

(ii) the level of complexitiy of their structures (LMOGs
containing one, two, three, or more heteroatoms, two-
component and hybrid organogelators, etc.)

(iii) the type of supramolecular forces (mainly H-bonding,
van der Waals, hydrophobic/solvophobic, aromatic or pi—pi
stacking, electrostatic/ionic, charge transfer coordinating
bonding, or usually a combination of some of them) leading
to their self-assembly into fibrous networks

(iv) the fibrous morphologies of their SAFINs (fibrous,
twisted or helical, ribbonlike, hollow fibers or tubular,
lamelar, vesicular, and so forth

(v) the structural element or motif enabling an efficient
transcription for template synthesis (with covalently or
noncovalently attached positive charges, H-donating groups,
coordinating or binding groups, and so on)

(vi) their properties and applications (polymerizable,
liquid-crystalline or birrefringent, luminescent or fluorescent
organogels, photoresponsive, metal-sensitive, etc.)

In the following discussion, we have used a classifica-
tion scheme based on the main chemical (or structural)
motif enabling their organogelation properties, and going
from more simple to more sophisticated LMOGs (in-
creased level of complexity of their structures), similarly
to Weiss et al.”®

The categories of LMOGS below described are therefore
(A) structurally simple gelators, (B) amide-, amino-acid-, or
peptide-based gelators, (C) cyclohexane-based gelators, (D)
sugar-based gelators, (E) cholesterol-based gelators, and (F)
miscellaneous gelators. A figure with the structures or
chemical names of the listed LMOGs are shown in Figure
1, while Table 1 summarizes some structural, textural,
morphological, and other relevant organogelation information
corresponding to the LMOGs families and derivatives used
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Table 1. Continued

fibrous morphology“ templated materials

additives or

gelation 7 °C

gelated solvents

derivative

(sections 5)

of SAFINs

cosolvents

(Conc. mM)?

(C, at room T)*

(MO4),.Cu gelates benzonitrile,

refs.
8a

(examples)

LMOGs family

1-butyro-nitrile, and THF/acetonitrile

MO4

gelates hydrocarbons, i.e., methylcyclohexane

126b
127

MO5
MO6

MO6.Zn gelates apolar organic solvents
(i.e., cyclohexane, under ca. 1 wt %)

and for MO7.Cu from 1 g/L (toluene)

only gelates 2 sovents: anisole (50 g/L)

and 1,4 dioxane (15 g/L); MO7.Zn with 0.5 equiv

of piperazine gelates benzene (3 g/L), toluene (3 g/L)
and p-xylene (2 g/L)

(diphenyl ether) to 30 g/L /THF),
to 30 g/L (THF), while MO7.Zn

MO7 and MO7.Cu gelate 11 solvents:
CGC for MO7 from 2.5 g/LL

122

MO7

gelates (at 2 wt %) low-polarity liquids, such
as hexane (Tg: 76-87) and n-octane (56-82)

MOS8 (monophosphonate ester).Fe(III):

129

MOS8

gelation properties in various mixed solvents (mixtures
of chloroform with acetone, ethanol, and other polar

and increases to 42 °C at 20 g/L); >also good
solvents)

(MO9),.Ag gelates toluene/EtOH (10:1 v/v):
CGC can reach 2 g/L (T,: 38.6 °C at CGC,

130

MO9

“ Cy: When available, the critical gelation concentration (CGC), which is the minimum concentration for gelation at room temperature (25 °C) in the indicated concentration units (wt %, wt/vol %, g/L, or mM).
? Critical gelation T (°C): highest temperature at which gelation occurs when cooling the gelator hot solution under fast or moderate cooling conditions (7, is generally higher under very slow cooling conditions). © ¢

(or @) = average diameter in the indicated units.
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as materials templates (such as gelled solvents, the minimum
gelation  concentration at room  temperature—
MGC—or the critical gelation temperature at a given
concentration, possible additives for gelation, etc.).

2.1.A. Structurally Simple Gelators. To begin with struc-
turally more simple LMOGs families (containing only one
heteroatom, such as ethers and thioethers, calixarene-based,
substituted fatty acids, etc.), 2,3-bis-n-alkoxyanthracenes
have been used as organogel (or gelator-like) templates for
materials transcription. In this family, the best gelation
efficiency is obtained with n = 10 or 11.'> Among them,
DDOA (01, bis-didecyloxyanthracene) can form fibrous
organogels (due exclusively to non-H-bonding interactions
such as w—m stacking of the aromatic units and van der
Waals interactions of the alkyl chains) in diverse solvents,
mainly in alcohols and to a lesser extent in amines and
alkanes (for instance, it is a supergelator in acetonitrile; CMC
under 0.6-0.7 mM).'® DDOA organogels exhibit generally
rodlike fibrous morphologies, with long (hundreds of mi-
crometers), flexible, and rather thin fibrils (around 30-nm-
thick) forming a 3D network of fibers or fibrous bundles
with extended interaction zones (confirming the important
effect of the cooling rate during organogelation on the
resulting fibrous morphologies). Organogels built with
DDOA have been used for the templated growth of silica
fibers'”1° (for instance, a fibrous silica with a double porous
network, at two different length scales),17 and also alumina-
based®” and organosilica fibers (functionalized with phenyl
and protonated amine moieties). ‘%'

Interestingly, the analogous phenazine derivatives (2,3-
di-n-alkoxyphenazines), whose amphiphilic character is more
pronounced, may also easily gelify polar solvents (EtOH,
MetOH, acetonitrile, DMF, and acetone) and even n-heptane
(at a low temperature, 3 °C). The organogels of the derivative
with n = 11 (2,3-bis-n-undecyloxy-phenazine, DUOP, O2)
in acetonitrile (Cg = 20 mM) consist of juxtaposed, fused,
and intertwined thin straight fibers formed by the entangle-
ment of long, thinner aggregates with a width of ca. 150
nm. Importantly, the gel-forming ability is significantly
enhanced in the presence of trace amounts of a strong acid
such as trifluoroacetic acid (TFA). Moreover, upon the
addition of an equimolecular amount of TFA, the organogel
molecules pack more efficiently, giving rise to longer
elongated fibers without nodes. Remarkably, organogels of
02 in acetonitrile have been used as templates for preparing
fibrous and ribbonlike morphologies of silica'” and organi-
cally modified organosilicas supporting accessible and
functional organic moieties (see section 5.2) such as phenyl,'?
protonated amine,' and mercapto®! and more recently also
with methacrylate, ethylendiamine, and dinitrophenylamine
functions (private communication).

Small and simple surfactant molecules such as some fetra-
n-alkylammonium salts (with chloride, bromide, iodide, and
perchlorate as anions and n < 18) may also behave as
gelator-like molecules in various alkanes, alkenes, alkanols,
or aromatic liquids. In general, gelation efficiency increases
with increasing alkyl chain length, and among them, tetra-
n-octadecylammonium salts (18,N"X ™) are the best gelators
of the series.”>**> However, attempts of using these gelators
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as templates for silica transcription have not been satisfactory.
Interestingly, the analogue phosphorous organogels (tetra-
n-alkylphosphonium salts), for instance, 18,PX (03X, with
X =C(l, Br, I, or ClO4), may also gel similar organic solvents,
although the resulting organogel fibrous networks are gener-
ally less stable than those with the ammonium cationic
center.”> However, the phosphonium salts have proven to
be in some cases much more efficient templates for silica
transcription. Indeed, different silica morphologies have been
templated through the use of O3 organogels in different
solvents and under different acidic or basic catalyzed
conditions, being analyzed the effect of key parameters on
efficient silica transcription (see section 3).**

Related to the family of ammonium salts, some cationic
gemini surfactants having chiral tartrate counterions [dimers
of cetyltrimethyl ammonium ions with X~ = L-(0O4) or
D-(05) tartrate (or L- + D- tartrate mixtures, O4 + O5)] can
assemble into twisted flat ribbons in both chlorinated and
other aromatic organic solvents through headgroup connec-
tion.>> These gelator-like molecules can be considered “two-
component gelators”, since the presence of a specific
counterion—L- or D-tartrate—is needed for organogelation
to occur. The handedness of the ribbons and their helical
pitch can be tuned (400-800 nm) by changing the ratio
between the L- and D-tartrates.”® These double-helical mor-
phologies with tunable pitch have been successfully tran-
scribed into double-stranded helical or twisted silica.”’

2.1.B. Amide-, Amino-Acid-, or Peptide-Based Organo-
gelators. Many of the LMOG systems are constituted by
molecules with two different types of heteroatoms (mainly
O and N, as in gelator compound O2), and to this class
belong many primary and secondary amides and related
compounds such as amino acids, peptides, ureas, carbamates,
and thioureas. The LMOGs containing these H-donating and
-accepting moieties are ideal gelator molecules to produce
highly oriented fibrillar networks due to their ability to self-
aggregate through H-bond interactions that may be comple-
mented by w— stacking and van der Waals interactions
provided by the presence of long alkyl chains or aromatic
units. Consequently, as described as follows, many of them
(i.e., gelators O6 to 020) have been used as templates for
materials transcription.

For instance, several bisamides can gelate a wide variety
of liquids due to enhanced directional H-bonding as well as
van der Waals interactions. In these compounds, intermo-
lecular H-bonding of linear o,w-bisamides can be parallel
or antiparallel depending on the number of separating
methylene units. In particular, the gelation efficiency depends
more on whether the number of methylene units is even or
odd than on the length of the R group.?® Interestingly, the
L-glutamic-acid-based bolaamphiphile (tetracarboxylic bisa-
mide) 06, (N,N-eicosanedioyl-di-L-glutamic acid, referred
to as EDGA) can gel water/ethanol mixtures forming helical
nanotubes, which has enabled the template transcription of
double- and multiple-wall Ag nanotubes.” In addition,
aqueous solutions of the related bolaamphiphilic dicarboxylic
(tetraamide) oligopeptide O6y, (bis(N-o-amido-glycylglycine)-
1,7-heptane dicarboxylate) may also self-assemble into pH-
sensitive 1-D morphologies (microtubules or helical rib-
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bons),30 which have been metal-coated with Cu and Ni,
leading to Ni and Cu metal nanowires that might be
interesting for nanoelectric circuits. However, both gelator
systems should be considered as micellar rodlike aggregates
rather than real solidlike hydrogels.*!

Special research interest has been focused on the organ-
ogelation properties of some amino acid derivatives,* in
which the nitrogen atom is part of an amide moiety. To this
group belong the L-amino acid gelators studied by the
Hanabusa’s group based on L-valine and L-isoleucine,*® as
well as on L-lysine®* amphiphiles. These are ambidextrous
gelators and thus can form both hydrogels in aqueous

solutions and organogels in organic solvents.

Examples of L-isoleucine-containing LMOGs used as
templating agents are organogelators O7 (N-benzyloxycar-
bonyl-1-isoleucyl-octadecylamide, referred to as Z-r-lle-
NHC)sH;7),>*® which has been used in the preparation of
TiO, fibers,* and two pyridine derivatives of L-isoleucyl-
aminooctadecane, O8 and Q9 (referred to as L-4PyCl and
L-6PyCl in the literature, respectively), used in the transcrip-
tion of helical silica nanostructures (twisted ribbons, fibers,
and tubes).>°

07 is an excellent gelator which can harden a wide variety
of organic fluids, from highly polar solvents to nonpolar
aprotic ones, including also some alcohols. On the other
hand, the structurally related amphiphilic compounds O8 and
09 may be chosen to exemplify the subtle frontier between
cationic surfactants and amphiphilic gelators: O8 can form
an emulsion of vesicle-like aggregates in pure water (thus
behaving as a cationic surfactant), but the emulsion changes
into a 3-D network of huge fibrous aggregates (thus behaving
as a gelator) upon the addition of a small amount of EtOH
(or in situ generated from Si(OEt), hydrolysis). O9, however,
is able to form hydrogels in water and organogels in different
organic solvents. Therefore, compounds O8 and 09 would
belong to a novel type of templating agents in the frontier
between surfactants and gelators, combining the superior
properties of both types of organized molecular systems
(surfactants and LMOGs).>°

The L-lysine-based organogelator O10 may form nanofi-
brous organogels at considerably high gelator concentrations
and has been used as an efficient template for the synthesis
of TiO, nanotubes with controllable size depending on the
solvent.*”

Finally, L-valine-based gelator derivatives O11, (dodeca-
methylene-1,12-bis(N-(6-pyridiniumhexyl)-L-valine)dibro-
mide, 011, (CpsH3uNeO4, N,N'-bis-[N-nicotinoyl-L-valyl]-
propylene diamine), O11, (valylaminoctadecane derivatives),
and 012, (Z-(L-Val),-OMe or -OH (n = 2-4)) have been
also satisfactorily used as templates (O11,_, contain pyridine
moieties, while Q12, are benzoylated derivatives). Gelator
011, (or its homologue with PF¢ as a counterion) functions
as a “super-hydrogelator” (high gelation efficiency) in pure
water, saline, and aqueous solutions containing various
inorganic salts;**° it could also presumably form organogels
in low-polarity organic solvents (as is the case with O11),
although their organogelation properties have still not been
reported. Thus, only hydrogels of this compound have been
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used as a template, leading to the transcription of inner helical
mesoporous silica fibrous bundles.*®*

The pyridine-containing amino acid derivative O11p,*° and
their benzoylated (amidocarbamates) analogues**“°* may
form pH-responsive hydrogels and organogels. The benzoy-
lated derivatives and mixtures of them** are more flexible
gelators, forming organogels in a wide variety of organic
solvents, while the pyridine derivative O11;, remains soluble
in conventional polar organic solvents, forming organogels
in less polar ones. The latter have been found to be more
appropriate templates for materials transcription. Indeed,
acetonitrile organogels of O11, have been efficiently used
to template the growth of silica nanofibrous structures with
different morphologies depending on pH/catalyst condi-
tions.*! Similarly, Hanabusa et al. have employed organogel
templates of related L-valine pyridinium salts (X~ Py
(CHQ),I-L-V(JZ-NHC18H37, Ollc (}’l = 3, X = Cl), Olld (}’l =
5, X = PFg), and O11, (n = 10, X = PFy)) to transcribe
SiO, nanohelices (O1 lc)38b and also metal oxide (Ti0238b’C
and Ta20538°) nanotubes (with both O114 and O11,.). On the
other hand, the benzoylated L-valine-based oligopeptides
012, (Z-(L-Val),-OMe or -OH; n = 2-4) have been recently
found to form stable organogels in a variety of solvents [the
methyl esther form (-OMe) is a more efficient gelator thant
the acid form (-OH)].*°® These peptides form micrometer-
long helical fibers with a f3-sheet structure, and fibrous
organogels (in butanol) of the methyl ester tripeptide (0123:
Z-(L-Val);-OMe) have been efficiently used as templates for
the transcription of TiO, nanostructures (spheres at low
gelator concentrations, and 1-D shapes like fibers or hollow
tubes at higher concentrations).**®

Recently, Hanabusa’s group has developed a series of
amino acid based cationic cyclo(dipeptide) gelators contain-
ing L-phenylalanine moieties (013,—, structurally very
similar to the ambidextrous 09 gelator) and used them for
the transcription of silica fibrous materials. Compound 013,
(L-10mpyBr) contains a protonated methylpyridinium (mpy)
group, which is substituted in O13;, by a trialkylammonium
(am) moiety; gelators O13;, (L-11pyClO,) and O13¢ (L-
10pyBr) contain protonated pyridinium moieties (py), while
the gelator derivatives 0134 (L-10mimClO,4) and O13, (L-
11mimClOy) are N-methylimidazolium salts (mim).

In a first report, the fibrous hydrogels of gelators 013,
and O13, enabled the preparation of cottonlike silica
composed of right-handed helical bundles.** Later, the
sol-gel transcription of the related compounds O13._
resulted in all cases in silica having simultaneously three
different morphologies (see section 3).** More recently,
helical fibrous hydrogels of the related derivative O13¢
(10PyBr) were used to template the growth of helical
mesoporous silica and also of hybrid organosilica nanofibers
(see section 5).**

Other structurally different compounds such as 014, O15,
and 016 can be mentioned, also belonging to the group of
gelators containing amine or amide functions (but without
cyclohexane moieties). Gelator O14 containing two ami-
nophenyl moieties (bis-(4-stearoylaminophenyl)methane, re-
ferred to as BSAPM) can form organogels in many solvents
at very low concentrations (as low as 0.1 wt %). Organogels
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of O14 in n-butanol were first used as templates to produce
silica nanowires with a nonentangled, straight rodlike
morphology.** More recently, different silica morphologies
have been also transcribed with the same gelator template
(also adding a small quantity of CTAB cationic surfactant)
depending on the employed solvent (tubular in 1-butanol,
rolledlike in DMSO, spherical in xylene, and rodlike in
DMF).*" On the other hand, the racemic organogelator O15
(2-acryloylamide-dodecane-1-sulfonic acid, referred to as
ADSA), containing three different heteroatoms (N, O, and
S), has been successfully transcribed into both right- and
left-handed silver nanohelices.*® Finally, gelator 016 is a
highly efficient gelator of aqueous acids at remarkably low
concentrations (0.30 mM),47 and in some cases, their gelation
efficiency can be improved by adding small amounts
(8—10% v/v) of an organic cosolvent (such as acetone,
ethanol, methanol, or DMSO). What is noteworthy is that
fibrous hydrogels and organogels of 016 in CH;COOH
(aqueous or aqueous-alcoholic) mixtures have been used to
prepare nanotubes of silica, and a number of metal oxides
(TiO,, ZrO,, ZnO, and WO;) and sulfates (BaSO4 and
ZnS0,).*

2.1.C. Cyclohexane-Based Organogelators. As another
particular class of LMOGs (of special relevance for the
transcription of tubular or helical inorganic nanostructures),
we must highlight the family of cyclohexane chiral deriva-
tives containing amide (0O17 and O18) or urea moieties
(019). Similarly to other gelator molecules, the presence of
charges in these gelators has a deleterious effect on the
gelation ability. Thus, the neutral cyclohexanediamide
(0O17-R or 017-S) and cyclohexane-bisurea (019-R or O19-
S) derivatives are versatile gelators of a broad variety of
organic solvents,* while the cationic diamide derivative
(O18R and O18S) presents a more reduced gelation ability.*
Interestingly, organogels of mixtures of neutral and charged
diaminocyclohexane derivatives (017 + O18) in acetonitrile,
or also of neutral urea- and cationic amide-based gelators
(019 + 018) in ethanol, exhibit left-handed or right-handed
helical morphologies, and these fibrous organogels have been
used as templates in the transcription of hollow, helical silica
fibers, for which chirality reflects the one present in the
original organogel fibers.’" Also related to this family of
gelators are the cyclohexanediamide derivatives 020 con-
taining pyridinium hexafluorophospate (020-R) or perchlo-
rate (020-R and 020-S) as the charged species.>> Gelator
020-R with PF¢  as the counterion [trans-(1R,2R)-1,2-
cyclohexanedi(11-aminocarbonyl-undecylpyridinium) hexaflu-
orophosphate] is able to form a rodlike fibrous organogel in
n-butanol (MGC equal to 20 g/L), and it can also afford
highly viscous fluids with sol-gel mixtures of titanium
alkoxides and alcohols but without chiral fibrous morphol-
ogies. This has enabled the transcription of hollow achiral
tubular TiO, nanofibers.> In contrast, gelator 020 (R and
S) with ClO4 as the counterion presents a better gelation
ability for polar solvents and forms organogels consisting
of chiral left-handed (020-R) or right-handed (020-S) helical
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fibrous bundles, which have been efficiently transcribed into
a variety of inorganic materials as titanium-, tantalum-, and
vanadium-based metallic oxides.”*"

2.1.D. Sugar-Based Organogelators. Also noteworthy for
templating applications are the families of sugar-based
organogelators. As a first example, the fibrous (tubular) or
spherical organogels of four monosaccaride versatile gelators
(021—024)> have been efficiently transcribed into silica
with different novel morphologies such as hollow tubes or
“lotuslike” or spherical shapes.>**>*>3 These gelators consist
of a central sugar (021, o-glucose; 022, f-glucose; 023,
o-galactose; and 024, a-mannose) functionalized on op-
posite ends with two aromatic rings. One of them is a
p-aminophenyl group, which contributes to an additional
H-bonding effect to reinforce the gelation ability and also
improves the transcription into silica. These organogels are
stabilized through intermolecular H-bonding interactions, and
noteworthy in the case of gelator 021, the gelation ability
can be markedly improved via metal coordination, through
a bridging effect between gelators and metal ions [particularly
to Co(II), Cd(II), and Ag(I)].”>**

On the other hand, the sugar-appended azonaphtol deriva-
tive 025 can gelate water/ethanol mixtures,’® and interest-
ingly, the fibrous hydrogels of this compound were success-
fully used as templates in the transcription of hollow, tubular
silica.’”

A typical example of the use of a “binary gel system”
for materials transcription is provided by the mixture of 5-D-
glucopyranoside derivatives 026 (p-dodecanoyl-aminophe-
nyl-B-p-glucopyranoside, which is a versatile organogelator
and even a supergelator of water)’® and 027 (p-aminophenyl-
B-D-glucopyranoside, without organogelation properties).
Mixtures of both gelators have enabled the formation of
double-helical fibrous silica.>® On the other hand, it has been
recently found that a newly optimized glycolipid [028,
N-(11-cis-octadecenoyl)-f3-D-glucopyranosylamine, incorpo-
rating a cis double bond into the lipophilic part] self-
assembles in water, leading to hollow nanotubular structures,
which then allowed the confined organization of Au nano-
crystals into their hollow cavities.®® Similarly, the excellent
hydrogelator 029 (another 3-D-glucopyranoside) has been
satisfactorily used as a template to fabricate netlike CdS
nanofibers.®! On the other hand, the structurally related o-D-
glucopyranoside derivative O30 (methyl 4,6-O-(p-nitroben-
zylidene)-ai-D-glucopyranoside)®” has directed the growth of
hollow, tubular silica owing to the cooperative gelator-
catalyst (benzylamine) interactions, which resulted in being
indispensable for an efficient transcription.®?

More recently, a hydrogel based on a glucose-appended
nucleobase (Schiff base) derivative (compound O31) has
been employed as the template to synthesize CdS and NiS
nanostructures with different morphologies.®*

As a striking example of transcription through endogenous
templating (see mechanistic aspects in section 3.2), the
naturally occurring -1,3-glucan polysaccharide (Schizo-
phyllan commune, herein 032), self-assembles into helical
aggregates and has been used as a template to form novel
organosilica nanofibers.
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Also belonging to the family of sugar-based gelators, a
variety of sugar-appended porphyrines, with four monosac-
charide groups at their periphery (compounds 033, O34, and
035), have been found to gel DMF—alcohol mixed solvents
at relatively low concentrations.®®¢” Interestingly, the orga-
nogels of 033 and O34 in DMF/BzOH mixtures exhibit 1-D
fibrous morphologies with left-handed (033) and right-
handed (O34) helices reflecting the chirality of the specific
molecular structure of gelator compounds. On the contrary,
the organogels of O35 produce a different pattern (both a
left-handed helical structure and a flat sheetlike structure).
7 Remarkably, 033 has been transcribed into silica with
different helical or nonhelical morphologies, depending on
the polycondensation kinetics of silica (section 3.2).°%% In
the case of organogels obtained from molecules O34 and
035, the helical fibrous bundles were also satisfactorily
transcribed into micrometer-scale silica helical bundles.®®

Finally, the sugar-based crown ether derivative 036 has
proven to be a versatile gelator of various polar and nonpolar
organic solvents, and also of water.®” The right-handed
helical fibrous hydrogel formed by 036 in the presence of
AgNO; acted as an efficient template in the formation of
metal-coated nanotubular silica structures by sol-gel polym-
erization of TEOS.

2.1.E. Cholesterol-Based Organogelators. Among the dif-
ferent steroids, cholesterol has proven to be the more versatile
in order to design functional LMOGs,” and cholesteric-based
LMOGs (compounds O37 to OS55 in Figure 1) must be
considered among the most flexible templates for materials
transcription. Indeed, the first class of LMOGs successfully
used as a template for the formation of silica-based nanofi-
brous materials contained an azobenzene-appended choles-
teric moiety as the main structural motif (compound O38 or
mixtures of 037 with 038). It was first discovered that the
azobenzene-appended cholesteric gelator O37 and other
related gelators could gel a number of organic solvents as
well as liquid silanol derivatives.”' But, it was not possible
to transcribe their fibrillar morphology into silica analogues.
However, acetic acid solvated organogels made with the less
versatile gelator 038 resulted in the successful transcription
of tubular silica,’ becoming a crucial finding for the
development of materials transcription through organogel
templates. Moreover, the shape of the transcribed silica could
be tuned by adding EtOH or using as templates mixtures of
the neutral gelator O37 with the charged gelator O38 (section
3).72

After this first example, many different families of
monomeric (ALS compounds 039—042, 045,, 047, and
050—052) or dimeric (A(LS), compounds 043, 044, 046,,
048, 049, and O53—055) cholesterol-based LMGs (with
A = aromatic group, L = functional linker, and S = steroid,
cholesteric group) have been employed as templates for
materials transcription, resulting in the formation of a variety
of nanostructures.a—c Similarly to gelator derivatives O37
and O38, compounds 039—047 are all based in the
azobenzene—cholesterol scaffold, while gelators 048—054
do not possess any azobenzene-appended moiety.

Versatile cholesteric gelators for materials transcription
have been designed through the combination of the
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azobenzene—-cholesterol scaffold with a crown or aza-crown
ether moiety [located at the periphery (039—042) or near
the center of the molecule (043 and 044)]. In these gelators,
the crown ether groups prevent the formation of a crystalline
precipitate (thus enhancing the gelation ability) and can also
act as guest binding sites of a variety of metal ions, amines,
and so forth, thus allowing control of the gelation properties
through host-guest interactions.'*” Therefore, the gelation
ability and the morphologies of the resulting organogels may
be controlled through the addition of different metal salts
(KClO4, CsClO4, AgNO3, PA(NO3),, etc.), and at the same
time, the cationic charges incorporated to the crown ethers
have proven to be crucial for the transcription into inorganic
materials. In this respect, Ono et al. have been able to prepare
silica with diverse morphologies (curved lamellar, hollow
fibers, tubular, and “rolled paperlike”) or even metal—silica
hybrid composite materials (i.e., with M = Ag or Cs) through
the use of the monomeric derivatives 039—042 and 044,,
as templates.”>~”” More recently, fibrous organogels of 040
(in 1-butanol) have also enabled the synthesis of luminescent
organosilica nanotubes loaded with functional dyes useful
for optical sensors and luminescence diodes.”®

In comparison to these “mono”-type cholesterols, the
dimeric azobenzene-appended cholesterols 043 and 044
have proven to be even more efficient organogelators. The
gelator derivative 043 self-assembles in acetic acid to give
multilayered vesicles with two different sizes, whose tran-
scription into silica results in multiwalled silica spheres.”’
Interestingly, the dimeric cholesterol derivative Q443, with
a larger (central) 30-crown-10-ether moiety, presents an even
greater gelation ability. Indeed, the organogel of 0443 in
acetic acid consists mainly of a mixture of linear and right-
handed helical ribbons, and also of tubular structures,
suggesting that the structure of this organogel involves
several metastable intermediate processes (linear ribbon —
helical ribbon — tubule).”® Transcription of an acetic acid
organogel of 0443 into silica results in both helical ribbons
and double-layered tubular structures.”*® Similar structures
were also transcribed into TiO, from acetic acid organogels
of 0445.8° In contrast, nonhelical silica morphologies were
obtained using as templates organogels of the related
monocholesteric compounds O44,,, and dicholesteric O44,4
in propionic acid. In both cases, similar silica structures
having roll-paper-like walls were observed.””®

On the other hand, the transcription of fibrous organogels
of other azobenzene—cholesterol gelators, without appended
crown ether moieties but containing a pendant (045, and
047) or central (046;) neutral diamine moiety, has afforded
the formation of silica nanofibers, helical Ni-SiO, and Pd-
Si0; hybrid nanocomposites, and also double-walled transi-
tion-metal oxide nanotubes (047). In the case of 1-BuOH
organogels of the pendant diamine compound O45,, with
various chain lengths (7) between the amine group and the
gelator scaffold, an interesting odd—even relationship occurs
in the aggregation modes of these “gemini”-type cholesterol-
based gelators (which is governed by the packing of the
terminal groups).®' Consequently, these “minor” changes in
the molecular gelator structure were shown to have drastic
effects on the overall morphology of the templated inorganic
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materials (see section 3). On the other hand, the homologous
dimeric azobenzene-appended cholesterol 046, may form
helical fibrous organogels consisting of thinner helices arising
from the 1-D molecular stacking due to interdigitated van
der Waals interaction between cholesterol moieties. Conse-
quently, its transcription into silica resulted in silica helical
nanotubes with well-defined and monodisperse inner hol-
lows.®?

The azobenzene-appended cholesterol gelator Q047 [con-
taining the azobenzene and cholesterol skeletons as solvo-
phobic aggregate-forming groups, and a 1, 13-diamino-4,7,10-
trioxatridecanyl unit as a solvophilic pendant (head) group]
is another example of formation of self-assembled tubular
organogels (similarly to 040, 041, and 044 compounds).®?
Interestingly, the sol—gel transcription of the tubular mor-
phologies of 047 in acetonitrile resulted in the formation of
double-walled transition-metal single (ZrO,, TiO,, and Ta;Os)
and binary (ZrO,/TiO,) oxides.

In contrast to the above compounds (037-047), some
other cholesterol-based gelators that do not contain azoben-
zene moieties (gelators O48—054) have been used as
templates for materials transcription. For instance, the dimeric
cholesterol-based gelator derivatives O48 and 049 contain
a bis-aryl-phenantroline moiety connecting the two choles-
terol units, which may be useful for the introduction of a
variety of metal ions. Compound O48 is an efficient gelator
of acetic acid® and many other organic solvents.®¥5
Moreover, the fluorescent properties of the organogel phase
(in 1-propanol) are sensitive to protonation (proton-sensitive
fluorescent organogel) of the phenantroline N atoms.®
Interestingly, the transcription of Q48 in acetic acid allowed
the formation of highly stable mesoporous hollow silica
tubules because protonated amines can also function as
efficient transcription directors. Hybrid gelator-silica fluo-
rescent composite materials were also obtained in other
solvents.®® In the case of compound 049, the protonation
of the phenantroline moiety (O49H™) appears to be indis-
pensable for gelation, enabling at the same time an efficient
transcription of well-defined SiO, hollow nanofibers with the
size of its inner cavity corresponding to a unimolecular 1-D
stacking of 049 molecules.® Thicker fibrouslike aggregates
of TiO, (ca. 100-nm-thick) were also transcribed using an
049/acetic acid organogel as the template (the thicker fibers
with some granular titania arising from the faster sol—gel
condensation of the titania alkoxide). Remarkably, in both
cases, the organic—inorganic composites obtained before
calcination conserve the fluorescent properties of the original
xerogel templates (048 and 049) and therefore could find
applications as optoelectronic devices. ®°

On the other hand, the versatile monocholestheric ben-
zylamine gelator O50 or mixtures of the related benzylam-
monium salt O51 with the pyridinic derivative Q52 have
also afforded the transcription of silica fibrous structures.®’
Very interestingly, a benzylamine moiety covalently linked
to the gelator scaffold of compound OS50 enabled for the
first time efficient transcription into fibrous silica in the
absence of an externally added solution catalyst. Despite the
fact that benzylammonium derivative O51 has no organo-
gelling properties, an equimolecular mixture of O51 with
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the pyridine-containing derivative Q52 can also form fibrous
organogels. However, transcription into silica of a mixed O51
+ 052 organogel in 1-BuOH was only possible in the
presence of an added catalyst (benzylamine or hydrazine),
resulting in the formation of hollow, fibrous silica.¥” Lastly,
Shinkai and co-workers have further investigated the gelling
properties of pyridine-containing cholesteric gelators such
as 052 and related derivatives. Indeed, O52 emerged as a
versatile supergelator of many organic solvents. It has even
been used to give whiskerlike morphologies when applied
to a sublimable solid solvent such as naphthalene.®® As a
striking example of the potentiality of postmodification of
preformed fibrous organogels, they have postfunctionalized
the gel fibers obtained from supergelator O52 with fluores-
cent molecules like tetraphenyl porphyrine Zn(II), resulting
in a hybrid organogel material with potential applications in
photochemical and electrochemical devices.®®

Finally, Wang’s group has recently designed three dimeric
cholesteric gelators (053 and O54/055) and have used them
as efficient templates for materials transcription. First, a
fibrous xerogel of the cholesterol-based viologen gelator O53
in 1-butanol with unimolecular stacking of fibers has been
transcribed into fibrous silica with a very thin and mono-
dispersed diameter.®® On the other hand, through the use of
fibrous xerogels of the more complex dicholesteric gelator
054 (3-oxopentane derivative), it has been possible to
transcribe novel “pearl-necklace”, porous, hollow CdS nanofi-
bers.”® Similarly, two different organogel systems of the
similar 3-oxopentane derivative O55 have enabled the
transcription of CuS nanofibers. Remarkably, the helical pitch
can be tuned by controlling the binding sites, which depends
on the solvation effects because the two different gelled
solvents lead different interaction sites between Cu”* ions
and the binding sites of the gel fibers.”'

2.1.F. Miscellaneous Gelators. Apart from the above-
described families of LMGs, some other interesting gelator
molecules have also been used as templates for material
transcription, but they contain structural features difficult to
classify in any of the previous groups. This is the case, for
instance, of miscellaneous gelators 056-058, which we
describe below. The special class of hybrid organic—inorganic
(self-assembling) gelators, in which the inorganic species is
already incorporated in the self-assembling scaffolds through
covalent or coordinative bonds (such as sylilated gelators
and metallogelators) will be considered separately in section
5.3.

As a first example of these miscellaneous gelators, some
diacetylenic phospholipids have been extensively used as
templates for metallic coatings; for example, the polymer-
izable diacetylenic phospholipid molecule OS56 (/,2-bis(10,12-
tricosadiyonyl)-sn-glycero-3-phosphatidylcholine, referred to
as DCsoPC) has the ability to self-assemble, in aqueous
solutions, into hollow tubule-shaped microstructures (diam-
eters of 400—-1000 nm, wall thicknesses of 10-50 nm, and
lengths of 50-100 um). These tubules and helical ribbons
(formed in water/ethanol mixtures) have been used to
template the patterning of thin coatings of metals (Ni and
Cu),”? silica,” and alumina® through a post-transcription
methodology (coating on preformed DCsoPC tubules), and
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also for the in situ deposition of spatially organized gold
nanoparticles on phospholipid tubules.”® Similarly, the in situ
coassembly at the mesoscopical level of O56 gels with Si
precursors has enabled the formation of silica—lipid hybrids
having mesoscopical helical and tubular shapes and multi-
lamellar polymerizable walls. Moreover, the silica—lipid
tubules can be preserved after polymerization, but the helical
surface patterning is lost.”®

The so-called “dendron rodcoil” (DRC) compound O57
(with a triblock architecture) is able to self-assemble into
fibrous nanoribbons via H bonding, causing the gelation of
various organic solvents. Although the resulting ribbonlike
aggregates are flat in dichloromethane,”” in some organic
solvents (i.e., in ethyl methacrylate, EMA, or 2-ethylexyl
methacrylate, EHMA), they adopt very thin helical mor-
phologies (twisted helices). The in situ coassembly of a
helical EMA organogel of O57 with Cd(NOs),, and subse-
quent exposure to H,S (g), led to the formation of coiled
nanohelices consisting of a polycrystalline CdS semiconduc-
tor which may be suitable for photovoltaic applications.”®

An impressive example of the potential use of LMOGs
as efficient templates for the transcription of more “sophis-
ticated” inorganic materials is provided by the complex
amphiphilic derivative O58, which consists of five distinct
structural parts (A—-E) and self-assembles into cylindrical
micelles (pH-sensitive birefringent hydrogels in water at pH
< 4). Taking advantage of the strong interactions between
Ca ions and the phosphorylated serine part (D), it was
possible to transcribe a xerogel of Q58 into hydroxyapatite
(HA, Caio(POs)s(OH),).”

2.2. The Organogelation Process: Supramolecular
Interactions and Morphology Control. As previously
mentioned, the process of organogel formation with LMOGs
takes place typically upon cooling (below the critical gelation
temperature) the corresponding hot solution of the organo-
gelator molecules in an appropriate solvent, at relatively low
concentrations (typically <1-2% w/w). Organogelation is
therefore the result of very subtle and balanced (cooperative/
competitive) interactions among the gelator and solvent
molecules. Upon organogelation, the solvent molecules are
immobilized, and strongly anisotropic structures are formed,
mostly in the shape of fibers, but also as ribbons, platelets
(sheetlike structures), tubules or cylinders, and so forth (see
Table 1). The critical TG depends on many different variables
such as the molecular structure of the gelator, which
determines the type of supramolecular forces and aggregation
modes responsible for organogelation; the gelator concentra-
tion, because TG rises exponentially with increasing con-
centration; the type of solvent through organogelator—solvent
molecules interactions; the cooling protocol followed during
organogelation; and the presence of additives or exogenous
guests (metal salts, cosolvent, cogelator, etc.). LMOGs are
said to have a higher gelation efficiency the higher their
gelation temperatures, and/or the lower their concentration
(minimum gelation concentration, MGC).

In the previous section, we have already described the
main structural families of LMOGs and the rich variety of
morphologies that may exhibit their self-assembled structures.
Although a more detailed understanding of the mode of
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aggregation of gelators and their structures is still needed,
the self-assembly of the organogel fibrous networks is mainly
governed by different supramolecular forces operating among
gelator and solvent molecules. These forces may be London
dispersion or other van der Waals interactions, hydrogen-
bonding, aromatic or 77— interactions, ionic or coordinating
bonding, or usually a combination of them.

For instance, in the simple alkane gelators, the organoge-
lation may be induced exclusively through London dispersion
forces. In gelators containing amide, amino acide, urea, or
peptide moieties, the aggregation is mainly due to H-bonding
interactions (along with van der Waals interactions of
aliphatic chains). H-bonding interactions are also the main
interactions responsible for gelation in cyclohexane diamides
or bisureas and in sugar-based gelators (combined with the
van der Waals, stacking interactions of their ring units),
whereas in the case of LMOGS bearing aromatic units (i.e.,
benzene, phenazine, anthracene, porphyrin, phenantroline,
and cholesteric derivatives), the aggregation is mainly driven
by m—z or aromatic stacking (and/or solvophobic) effects.
In the latter, the shape and size of the aromatic group
becomes also a key structural factor toward gelation.
Moreover, the introduction of moieties with chelating or
binding sites (such as crown-ethers, or porphyrin moieties)
allows modulation of the organogelation properties through
host—guest interactions (adding exogenous guests such as
metal ions, amines, nucleobases, etc.).

Therefore, it is possible to control the organogelation
properties, functionality, and morphology of the resulting
organogels (including chirality control) through an accurate
design of the molecular structure of gelator molecules (even
with very simple or subtle structural modifications), an
appropriate choice of the solvent, and the introduction (when
needed) of exogenous guests (metal salts, cosolvent, co-
gelator, etc.). Remarkably, the protocol followed during the
organogelation process (mechanistic and/or kinetics aspects)
is of paramount importance and will be commented upon
later (vide infra). Solvent—gelator interactions'® are also
crucial, the organogelation properties of gelator molecules
being very dependent on the polar/nonpolar or protic/aprotic
character of the solvent. This crucial role may be illustrated
for instance in the case of gelator 023 (the «-galactose
derivative), which forms in EtOH fibrous structures but in
water gives rise to spherical aggregates.”> Many other
examples of gelators forming organogels with different
morphologies (or dimensions) depending on the gelated
solvent may be found in Table 1 (i.e., gelators 010, O14,
030, 031, 042, 043, and 048).

Moreover, in some gelator derivatives, pH conditions also
become a crucial factor to determine the solubility, organ-
ogelation, and morphology properties. This is the case of
gelators containing amino acid groups or any other moiety
that can be protonated in the presence of acids, becoming
therefore “pH-responsive” organogels. In some cases, as with
the pyridinic L-valine derivative O11y, the protonation of N
atoms of the pyridine in acidic media enhances its solubility
and prevents the organogelation, while at higher pH values
(>ca. 3), the enhanced H-bonding interactions trigger the
formation of a fibrous organogel (or hydrogel).*® In contrast,
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in other cases, the protonation has an opposite effect, as
occurs with gelator 049, in which the protonation of the
phenantroline moiety (O49H™) is necessary for gelation.®>

Also remarkably, the design of two-component gelator
systems is becoming a topic of intense research, since they
can result in highly tunable self-assembling systems and give
rise to advanced functional materials.'”" For instance, in a
dual-component gelator consisting of two glucopyranoside
derivatives (the p-nitrobenzylidene derivative O30 and its
p-aminobenzylidene homologue), the organogelation process
can be ascribed to charge-transfer interactions between
electron-donor groups and results in the formation of a novel
helical, fibrous-bundle structure while the single component
gels consist of nonhelical fibrous networks.'%?

Apart from the above discussion, it must be highlighted
that the ultimate morphology of the different organogel
systems cannot be explained under only a purely chemical
or structural analysis, centered on the effect of the molecular
structure of the gelator and the type of solvent and on the
different supramolecular forces operating among them.
Effectively, an “additional” engineering of the supramolecu-
lar fibrous morphologies can be attained by careful control
of the thermodynamic or mechanistic aspects involved in
the organogelation protocol (the procedure followed during
the evolution from the sol to the gel state). Through the use
of different characterization techniques, organogel formation
has been explained attending to three different mechanisms:
(i) a phase separation process in the sol state, followed by
fibril growth,'® (ii) a generic heterogeneous nucleation
model via the so-called “crystallographic mismatch branch-
ing”,' and (iii) a precipitation process via the classical
nucleation-growth mechanism.'?>'° In light of these pro-
posed mechanisms, the degree of alignment or branching of
the fibrous organogels may be tailor-controlled by adjusting
thermodynamic aspects such as the initial supersaturation
conditions and the cooling rate, as it was shown for instance
for gelators O1'% or O3 (18,P7X).**** Generally, more
intrincate (intertwinned) networks result from faster cooling
rates. This alignment effect can be very important for
templating inorganic or hybrid replicas with potential ap-
plication in fields where highly anisotropic materials are
needed, such as in nanoelectronics or photonics. This
alignment has already been attained through different ways.
For instance, in the case of gelator O1 (DDOA), a long-
range alignment (orientation) of the fibrils of the organogel
(in DMF) has been accomplished by simply applying
mechanical shear stress during cooling of the isotropic hot
sol.'%7 Also interestingly, in the case of the gelator O11A,
by performing gelation under vigorous stirring, the shear flow
was observed to induce a considerable alignment of hydro-
gel nanofibers, which can also be duplicated in templated
silica nanofibers.®

Closely related to the organogelation protocol is the
process of solvent removal. In this respect, the transition from
the wet gel to the corresponding dried xerogel (or aerogel)
may also be accompanied by important textural and mor-
phological rearrangements, depending on the time at which
the entrapped solvent is extracted and on the employed
methodology (free or controlled evaporation, use of vacuo



796 Chem. Mater., Vol. 20, No. 3, 2008

or supercritical conditions, etc.). For instance, in the case of
052, It was confirmed that the obtained fibrous morphologies
strongly depend on the process of solvent removal, and their
stability may be enhanced by using metal-ligand interactions
(adding metal ions like Ag").®® Similarly, Tan et al. have
recently analyzed the nucleation and growth characteristics
of a binary gel system of bis(2-ethylhexyl) sodium sulfos-
uccinate and 4-chlorophenol. They have found that, by
reducing the evaporation of the pregel solution, it is possible
to initiate gelation at the air—solution interface and to induce
the alignment of multiple fibers with extremely long persis-
tence lengths.'*

In all of the above-mentioned discussion, organogelation
is induced upon cooling the initial hot solution of the gelator.
However, organogelation can also be realized isothermally
at room temperature.'® Moreover, for the emerging second
generation of LMOGs, the gelation transition can be induced
as a response to redox- or photostimuli, isothermally, or even
by heating. This heating-induced organogelation is a very
special case that has been recently reported (see section 5.3).

2.3. Main Strategies for Materials Templating with
LMOGs. Herein, we highlight in general terms the different
synthesis strategies (pathways), methodologies, or processes
that can be used for the template synthesis of inorganic or
hybrid (organic—inorganic) materials through the organo-
gelator approach.

The three main synthesis pathways to form organogels and
the resulting inorganic or hybrid nanofibrous replicas (types
of materials A, B, C, and D) are schematically presented in
Figure 2. LMOGs can be used as templates through either
(a) an in situ coassembly (IC) process (route 1), (b) a rwo-
step simple post-transcription (PT) (routes 2 and 3), or (c)
a self-assembly (SA) process (route 4). For PT, organogel
self-assembly (2) is associated with subsequent post-
transcription (3), which occurs via impregnation or by the
diffusion of mineral or hybrid precursors. The SA process
(4) describes the case of hybrid (organic-inorganic) organo-
gelators, in which the precursors of the inorganic species
are already bonded to the organogelator molecules through
covalent or coordinative bonds. Some examples and applica-
tions of this particular case of hybrid organogels will be
treated with more detail as a special case of hybrid material
(section 5.2).

Most of the nanofibrous inorganic or hybrid materials so
far templated with organogelators have been prepared
through the in situ coassembly (IC) process. However, there
are also some synthesis examples where the organogelation
was performed in the absence of inorganic or inorganic—or-
ganic sol-gel precursors (PT approach), though the authors
fail in most cases to stress the crucial importance of using
one or another templating procedure. In this case, the
preformed organic xerogel is subsequently impregnated with,
or subjected to, the postdiffusion of a solution of precursor
salts (or also gas species; i.e., H,S) with any other ingredient
for sol—gel condensation (solvent, water, catalyst, etc.). The
main differences between the in situ (IC) or two-step post-
transcription (PT) methodologies will be commented upon
later, along with other mechanistic aspects (section 3.2).

Reviews

In the first two strategies (IC and PT), nanofibrous hybrid
composite materials (B) can be obtained, which consist of
organogelator fibrils coated with partially condensed inorganic/
hybrid species. These latter ones can locate onto the external
(exotemplating) and sometimes also internal (endotemplating)
surfaces of the organogel nanofibrils (see section 3.2).

Because they can smartly combine different functionalities,
these hybrid nanofibrous materials can be very interesting
for many applications.'”>''" For instance, as previouly
mentioned, the coassembly of the diacetylenic phospholipid
056 with silica has enabled the formation of silica—lipid
tubules that can be preserved after polymerization.”® Simi-
larly, the formation of hybrid nanocomposite materials
consisting of metal (gold) nanoparticles stabilized by the
supramolecular gel networks (in toluene) of two different
dendritic-like gelators has been recently reported.''" A hybrid
gelator—silica material with fluorescent properties (interesting
for optoelectronic applications) is shown in Figure 2.5¢

However, in most cases, the organogel template is
subsequently removed (step 5) to obtain an organogelator-
extracted, purely inorganic or hybrid (organic—inorganic)
nanofibrous replica (material C, which may or may not have
an internal hollow). We show a template-extracted tubular
organosilica in Figure 2.”® The removal of the organogel
nanofibrous scaffold is conventionally carried out through
washing (with alcohol, water, or other appropriate solvents)
or thermal procedures (the employment of UV-irradiation
is another alternative).

In the third strategy (pathway 4), which is a real
supramolecular self-assembly approach (SA), the inorganic
species is already bonded to the self-assembling (organic)
species, and they can either be passive moieties or play an
active (and essential) role in the self-aggregation of the
fibrous organogel through polymerization reactions or co-
ordinating interactions (see selected examples and references
in section 5.2). The resulting material (D) is therefore a
hybrid organogel containing the inorganic species in its own
organogel nanofibrous scaffold (self-templating), and these
systems are also being thoroughly investigated due to their
many potential applications as functional advanced nano-
materiales (in Figure 2, we show as an example a sylilated
porphyrine-based organogel which becomes reinforced by
sol-gel polymerization).'?

In any case, moreover, all of the resulting materials (A—D)
could be eventually postmodified (pathway 6) through any
postfunctionalization reaction (reaction with chloroalkoxy-
silanes, polymerization, or any other derivatization reaction)
leading to improved multifunctional nanofibrous materials
(E).'"%""° Two examples are shown in Figure 6: a cholesterol-
based gelator postmodified with porphyrine—Zn moieties®®
and a fibrous mercapto-silica which was subsequently grafted
with gold nanoparticles.?!

In the following sections, the different kinds of nanofibrous
materials that have already been prepared through the
organogel-template approach will be briefly reported on.
They can be split into three different categories: (i) oxide-
based materials (section 3), (i) nonoxide-based materials
(section 4), and finally (iii) hybrid (organic—inorganic)
materials (section 5).
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Figure 2. General pathways for the synthesis of nanofibrous (inorganic or hybrid) materials through the use of organogel templates, involving different
(one-step or multistep) templating strategies (in situ coassembly, self-asembly + post-transcription, and self-templating). Postmodification of any material
is possible (step 6). The selected materials (A—E) are the following: (A) dual-component sugar-based organogel O30 + p-aminobenzylidene derivative with
charge-transfer phenomena, ref 102; (B) hybrid gelator-silica material templated with fluorescent phenantroline gelator O49/TFA/acetone, ref 86; (C) hybrid
hollow tubes of fluorescent coumarin-dye organosilica after removal of O40 template, ref 78; (D) reinforced porphyrine-sylilated organogel SOS5.Cu, ref
122b; (E) cholesteric organogel of O50 postmodified with porphyrine-Zn moieties (left, ref 88) useful for photo and/or electrochemical devices and hybrid
mercapto-silica templated through gelator O2 (right, ref 21) before and after postgrafting with gold nanoparticles. Adapted with permission from refs 102,
78, and 122b (Copyright 2002, 2005, and 2005 American Chemical Society), ref 88 (Copyright 2007 Elsevier), and ref 21 (Copyright 2005 Wiley-VCH

Verlag GmbH & Co. KgaA).

3. Oxide-Based Nanofibrous Materials

In this section, we summarize first (section 3.1) the
different morphologies of both siliceous (A) and nonsili-
ceous (B) oxide-based nanofibrous materials that have
been so far templated with organogelators and how these
morphologies can be tailor-controlled through different
synthesis parameters or preparation conditions. We then
conclude (section 3.2) with a brief discussion about the
key aspects for an efficient transcription and some
proposed templating mechanisms.

3.1. Templated Morphologies and Preparation Method-
ology. 3.1.A. Silica and Metal—Silica Fibrous Materials. The
different silica-based nanofibrous materials (silica or
metal—silica composites) templated through the organogel
approach (including some relevant information about prepa-
ration conditions) are summarized in Table 2. For each
morphology, the available corresponding dimensions, the
synthesis conditions (type of organogelator, solvent, acid or
basic conditions, catalyst, other additives or cosolvents, etc.),

and the strategies for the templating process (in situ coas-
sembly or post-transcription strategies) or for organogel
removal are presented. Some selected SEM or TEM images
are also shown in Figure 3. Herein, we discuss some general
and important points related with the templating of silica-
based nanofibrous materials.

Analyzing the reported templated synthesis, in most
cases, the transcription of silica-based material has been
carried out through the coassembly route (IC), which
involves the in situ formation (upon cooling) of an
organogel in the appropriate organic solvent and in the
presence of the silicate oligomers (and controlled amounts
of water and catalysts when necessary), which upon
condensation give rise to an inorganic siloxane-based gel
(strategy IC(G) in Table 2). Some cases of in situ
templating through hydrogels in aqueous media are also
included in Table 2, due to the relevance of the silica
morphologies that have been obtained. Sometimes (i.e.,
with O13; or 056), the fast progress of the silica sol-gel
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Figure 3. SEM or TEM images of selected silica nanofibrous morphologies templated through organogels. Single and double-stranded helical fibers: (a)
left- and right-handed single helices with inner helical hollow (017 + O18, ref 51a), (b) rope-like, double-helical (right-handed) fibers with tunable pitch
(04 + 05, ref 27). Straight nanotubes (single hollow) of different aspect ratios: elongated nanotubes prepared by post-transcription (¢) or in situ coassembly
(e) routes (O11p, ref 41) and (d) shorter and thicker nanotubes being the first transcription example (038, ref 72b). Multihollow “lotus-shape” fibers: (f)
prepared with 022, ref 54; similar with O53, ref 89. Morphology control through solvent/pH/catalyst conditions: (g) gelator-silica xerogels with thin fibrils
(left), flat ribbons (center), and thicker ribbonlike bundles (right) prepared with O11p, under strong acid, soft acid, or basic conditions (ref 41) and (i)
left-hand double helices (left), single-stranded loosely coiled helices (center), and double-twisted ribbons (right) obtained with O8 at different alcohol/water
ratios and NH3 wt % (ref 36b). Rolled-paper-like (multiwalled) tubules: obtained with (h) 040 without metals (ref 74), (j) O40 with Ag (ref 75), and (1) O41
with K (ref 74). Helical ribbons and double-layered tubes: (k) obtained with Q44 (ref 79a). Adapted with permission from refs 51a, 74, and 79a (Copyright
2000 and 2001 American Chemical Society) and refs 27, 41, 54, 72b, 36b, and 75 (Copyright 1999, 2000, 2001, 2002, and 2006 The Royal Society of
Chemistry).

condensation reactions prevents the formation of the
organogel and results in the formation of a precipitate
(strategy IC(P) in Table 2). In these cases, the templating
(if effective) takes place in the solution phase rather than
through formation of a true organogel.

Alternatively, the transcription may be accomplished in a
two-step post-transcription route (strategy PT in Table 2),
in which the addition (diffusion, impregnation, etc.) of silicate

species (catalysts, water, etc.) is performed after formation
of the organogel fibers. For instance, in the case of the valine
derivative O11, the addition of TEOS must be subsequent
to the formation of organogel nanofibers in order to transcribe
well-aligned silica nanofibers, whereas the in situ procedure
(IC) leads only to nontemplated silica particles.”* Similarly,
the use of either an in situ or a post-transcription strategy
with the homologue gelator O11, was also decisive in
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controlling the formation of silica nanotubes (Figures 3c and
e) with different outer and inner diameters (see templating
strategies in section 3.2).*!

As it may be appreciated in Table 2 and in the selected
images of Figure 3, a wide variety of silica fibrous nano-
structures with high aspect ratios have been templated
through organogel assemblies (with diameters ranging from
the nano- to the microscale). In some cases, such as with
013,_.* or with 0443 (see Figure 3k), different morphol-
ogies form simultaneously (helical bundles, nanoribbons, and
nanotubes), since the transcription may involve the formation
of different intermediate metastable phases. Generally, as the
result of an efficient transcription of fibrous organogels, the
silica replicas present predominantly hollow or tubular
morphologies (exogenous templating); see for instance
Figure 3c—f,h,j-1.

However, nonhollow (but often mesoporous) structures
may also be obtained, such as fibers or fibrous bundles (i.e.,
with O1, 02, 08, or 013y), helical bundles (i.e., 033—035),
ribbons (i.e., with 02, 08, 09, or 044), or rodlike wires
(i.e., with O14), and in some cases curved-lamellar or
sheetlike morphologies are also formed. Noteworthy is that,
when the employed organogel template is built with tubular
(or also curved-lamellar) structures, silica transcription can
take place on both the internal and external surfaces
(endogenous and exogenous templating), giving rise to
“rolled-paper-like”, double- or multilayered tubular mor-
phologies (i.e., with 040, 041, 044, 045, and 056; sce,
i.e., Figure 3h,j—1), or even to “lotus-shaped” tubular silica
(022 or O53; Figure 3f). Recently, organosilica nanofibers
have also been templated exclusively in the internal (helical)
cavities (endogenous templating) of a naturally occurring
polysaccharide gelator (032, see section 5.1).%°

Highly remarkable is that the chiral morphologies
exhibited by most of the organogel templates (helical or
twisted fibers, ribbons, etc.; see Table 1) may be efficiently
transcribed into silica’? (i.e., with O4 + 05, 08, 011, 013,
017, 018, 019, 026 + 027, 033, 037 + 038, 0443,
and 046, derivatives) allowing the tailor synthesis of left-
or right-handed (Figure 3a,b), single- (Figure 3a), double-
(3b, 3i-left), or multistranded helical (twisted, or even
coiled—Figure 3i, left) silica nano-objects (fibers, ribbons,
tubes, or tapes), and even of silica with inner helicity82 (011,
011,;, 013, 017-019, 046;; see, for example, inner helices
in Figure 3a,e). Noteworthy is that the transcription of
chirality is not always attained by a simple or direct (one-
step) replication process, but it often takes place through a
more complex (multistep) hierarchical coassembly process,
involving the in situ formation of different transient mor-
phologies (associated with the condensing silica oligomers)
with gradually increased complexity at different length scales.
This is the case, for instance, of helical silicas obtained with
gelators O8 (single-strand fibers associate into double-helical
or loosely coiled nanofibers; Figure 31),%°® 013, (helical
nanobundles are constructed from gathered nanotubes; see
diagram in Figure 5, later in section 3.2),** 013; (helical
single strands—a few nanometers thick—self-assemble into
multiple-strand fibers—>50-nm-thick—which in turn associate
into helical bundles—300-nm-thick—to finally give thicker
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helical nanofibers).** In some cases, chirality can be lost
in any of the intermediate coassembly steps. When using
the valine derivative O11, as a template, for instance, single
helical fibers associate into nanotubes during silica sol-gel
polymerization, and the gathering of these nanotubes (with
inner helicity) results in nanofibers which further aggregate
into nonhelical fibrous bundles.***

As may also be noticed in Table 2, an accurate design of
reaction conditions (type of solvent, acid or basic conditions,
type of catalyst, use of cosolvent and other additives, sol-gel
heating and aging conditions, and so on) becomes of
paramount importance, since many different morphologies
can be obtained with the same gelator template by adjusting
any of these synthesis variables. The simple modification of
the gelator concentration can be used in most cases to
control the morphology or textural features. For instance,
when using gelator 025 as a template, the diameter size of
the transcribed silica nanotubes was tuned by varying the
gelator concentration (inner diameter of 20-25 nm and
450-600 nm for gelator concentrations of 0.1 and 3 wt %,
respectively). In other cases, many different variables must
be considered simultaneously. For instance, silica having
different helical (fibrous, ribbonlike, or tubular) morphologies
are formed through the use of the L-isoleucine derivative
08 by selecting the appropriate solvents and the amount of
basic catalyst (see series in Figure 3i).>°**® As another
illustrative example, different silica morphologies (platelike,
fibrous, or tubular) were templated through the use of O3
organogels (tetra-alkyl phosphonium salts) in different
solvents [EtOH, benzene, tetrahydrofuran (THF), and di-
methyl sulfoxide (DMSO)] using acid (HCI or acetic acid)
or base (NH,OH or benzylamine) catalysis, and under
hydrolytic or nonhydrolytic conditions.>* The transcription
of fibrous tubular morphologies was more effective in an
aprotic solvent of relatively low polarity such as benzene
than in the protic and polar EtOH. Moreover, the silica fibers
were slightly thinner under acid-catalyzed (acetic acid) than
under basic-catalyzed (benzylamine) conditions. The impor-
tance of solvent—gelator interactions may also be illustrated
with gelator 023, leading to the transcription of tubular silica
in EtOH and to hollow spheres of silica in water, or more
recently with gelator Q14 (tubular, rodlike, spherical, or
rolledlike silicas).*®

In the case of gelators bearing moieties that are sensitive
to pH conditions, the adjustment of acid or basic conditions
enables also a tuning of the resulting morphologies. The
pyridine derivative O11,, for instance (see series in Figure
3g), yields very thin nanofibrils (20—40-nm-thick) at more
acidic pH values (ca. 3 and 4), while thicker flatlike fibers
(100-250 nm), ribbonlike bundles (250-1000 gm), and
finally thicker fibrous (ribbon-like) bundles are gradually
formed when increasing the apparent pH (from 5 to 8).*' In
this respect, the choice of the catalyst also becomes crucial
in most cases. In the case of gelator 030, for instance, the
addition of a catalyst (benzylamine) with the ability to
interact with gelator molecules decisively results in the
transcription of silica nanotubes (instead of granular silica).
In other cases, as occurs with gelator OS50, the catalytic
moiety (also benzylamine) is already covalently linked to
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the gelator scaffold, and this enabled for the first time
efficient transcription into fibrous silica in the absence of an
externally added solution catalyst.

Finally, in some gelators bearing organic moieties with
the ability to act as metal-binding sites (i.e., crown ether-
appended cholesterols, or other gelators containing N or O
donor sites), the introduction of cationic charges through
the addition of metal salts (such as KCIO4, CdCIlO4, AgNOj3,
or PANO3)™*"" becomes decisive in order to have an efficient
transcription into silica (see next section) and also to control
the resulting templated morphologies. In some cases, more-
over, this approach can afford the transcription of
metal—SiO, nanocomposite materials (with metal nanopar-
ticles—Ni, Pd, Cs, Pd, and Ag—embedded onto the internal
or external surfaces of silica nanofibers and nanotubes). For
instance, the benzo-18-crown-6-containing cholesterol gelator
039 (capable of binding K* cations) could be transcribed
into hollow silica fibers only in the presence of a high
concentration of K ions (from KCIQy,), while the addition
of other cations (Li+, Nat, Rb™, and Cs+) led only to
granular silica.”? Similarly, the organogels of the mono-aza-
18-crown-6-functionalized gelator O40 and of the di-aza
analogue O41 were transcribed in the presence of metal (K*
or Cs™) ions leading to the formation of “rolled-paper-like”
silica, although in both cases the transcription was also
efficient in the absence of added metal salts.”* In all of these
cases, the presence of the metal species was not evidenced
after calcination (see O41-K ™ in Figure 31). In contrast, the
sol—gel transcription of a butanol organogel of a previously
formed 040+Ag complex (with AgNOs in THF) resulted in
the first example (Figure 3j) of formation of metal—silica
(Ag-SiO;) nanofibrous composites [multilayered tubular
silica containing Ag metal nanoparticles (1-5 nm) into the
interlayer space].”” Similarly, in the case of the gelator
derivative 042, the addition of metal salts (such as AgNO;
and CsClO,4) was indispensable in order to have an efficient
transcription into silica, enabling the formation of novel
(hybrid) metal—silica right-handed spirals (with some ad-
ditional lamellar silica in the case of CsClOy).”® The chelating
properties of crown-ether moieties have also been recently
exploited to transcribe Ag-SiO, hybrid nanotubes using the
sugar-appended crown-ether gelator 036 as a template.®”
Similarly, the incorporation of metal species into the orga-
nogel phase may also be accomplished through coordinating
interactions with gelators containing amide moieties (as
metal-binding sites), as is the case of gelator 045, which
contains a neutral diamine moiety. Helical Ni-SiO, and Pd-
SiO, nanocomposite materials have been transcribed with
this gelator.®’

More recently, 1-D aggregates of a simple ammonium
tartrate (long crystals formed through intermolecular H
bonding) in an EtOH/H,0 mixture (at pH = 11 by exposure
to ammonia vapors) have also been used as templates to
direct the growth of facetted hollow silica tubes, and metal
(Ag and Au) nanoparticles (NP) were anchored in one step
(in situ coassembly) to produce hybrid (Au/Ag) NP-SiO,
nanocomposites.' '

3.1.B. Nonsiliceous Metal Oxide Fibrous Materials. On
the other hand, nonsilica-based metal oxide nanofibrous

Chem. Mater., Vol. 20, No. 3, 2008 803

materials have also been templated through the use of
organogels. Relevant information about the morphologies,
textures, and synthesis conditions are shown in Table 3,
which summarizes the different nonsiliceous oxide- and
nonoxide-based nanofibrous morphologies templated with
organogels (also with some hydrogels), including relevant
information about morphology and dimensions, the employed
organogelator and solvent, synthesis conditions, and tem-
plating strategy. Some SEM or TEM images of a selection
of these materials (Al, Ti, V, Ta, and Ti—Zr oxide-based)
are shown in Figure 4.

As may be appreciated, the use of different organogel
templates (01, 010, O114,, 016, 020, 0443,, 047, and
049-H" compounds) has enabled the successful transcrip-
tion of a wide variety of metal oxide materials (Al,Os,
Ti0O,, ZrO,, Zn0, Ta,0Os, WO;, and V oxo-based) exhibit-
ing different fibrous morphologies, such as fibers or
(mesoporous) fibrous bundles (A1?° and Ti*>® oxides),
hollow tubes (Ti,37-38b:c:400.48.52a ) 38¢ 7, 48 7 48 o 4 W48
oxides), left-handed or right-handed tubes (Ti, Ta, and V
oxides),’*" hollow helical ribbons (Ti),*" and double-
layered (or double-walled) tubular structures (Ti,%*% Zr,33
and Ta®? oxides). Although the polymerization reactions
(or precipitation) with these metals progress more rapidly
and are less easy to control than in the case of silica
species, in most cases, the transcription has been carried
out through the use of an in situ coassembly process
(IC(G) or IC(P)), in the presence of the appropriate
solvent, a basic (amine or NH4OH) or acidic (HCI or
HOACc) catalyst, and the corresponding inorganic salts
(chlorides, oxychlorides, or acetates) or metal—organic
(alkoxide) precursors. In the case of titania transcription,
the in situ procedure resulted, in some cases (020),°* in
the formation of a precipitate (IC(P)) instead of an
organogel (IC(G)). Differently, the transcription of Ti, Zr,
and Ta oxides with gelator 047 was performed, rather,
through a post-transcription strategy (PT), since the
metal—organic precursors (alkoxides) were added onto a
preassembled (previously cooled) organogel phase, and
without the addition of any external catalyst.®® Very
interestingly, the same post-transcription procedure was
applied with a mixture of Zr and Ti precursors, enabling
the template growth of hollow microtubules (400-450-
nm-thick; inner hollow of ca. 300 nm) of binary transi-
tion metal (Ti + Zr) mixed oxides.®*

Alternatively, in the transcription of Ti, Zr, and Zn single
oxides using the gelator compound 016 (tripodal bile acid
derivative), an inorganic gel consisting of partially condensed
species (catalyzed with acetic acid or with KOH) was formed
as a previous step and was then subsequently mixed with
the organogel hot solution, following the formation of the
“physical” organogel (IC(G)* strategy in Table 3).*%

The extension of this approach to the design of any other
(multicationic) oxide-based system would draw tremendous
interest due to the improved and diverse optical, electrical, or
magnetic properties associated with transition metal mixed
oxides.

3.2. Templating Mechanisms. Different templating mech-
anisms or pathways have been proposed to explain the
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(d) V-oxo-based

(e) Ta-oxo-based
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S0nm
—-

460nm

(f) TiO,-Zr0,

Figure 4. Selected SEM or TEM images of different organogelator-templated nonsiliceous oxide-based nanofibrous morphologies (all after calcination,
except the V-oxo-based material): (a) alumina-based fibrous network templated with O1 (ref 20), (b) hollow tube of TiO; templated with O20R/PFs "~ (ref
52a), (¢) double-walled tube of TiO, templated with O47 (ref 83), (d and e) V- and Ta-oxo-based right-handed helical nanotubes, respectively, templated
with O20S/C104™ (ref 52b), and (f) double-walled tube of mixed TiO,—ZrO, (EDAX analysis in the inset) templated with O47 (ref 83). Adapted with
permission from refs 20, 52a, and 52b (Copyright 2000 and 2002 American Chemical Society) and from ref 83 (Copyright 2005 The Royal Society of

Chemistry).

efficient transcription of the nanofibrous morphologies from
the organogels to the inorganic replicas (see a general scheme
in Figure 5).

The relevant parameters involved in the transcription
through organogel templates have been most extensively
studied in the case of silica-based nanofibers, and different
mechanisms have been proposed in the literature,'** after
the first evidence of the important role played by cationic
charges in the transcription process emerged.’ Material
transcription through organogel templates must be understood
as the result of a balanced equilibrium among different
competitive and cooperative events, which depend on dif-
ferent and interrelated variables.

3.2.A. Silica Templating. In an overall analysis (see general
scheme in Figure 5), the relevant aspects that should be taken
into account for an efficient transcription and tailored design
of silica-based replicas could be categorized at four different
levels:

(I) Selection of the Templating Strategy. Control of the
morphology by performing either an in situ coassembly or a
post-transcription procedure, and also through the selection
of a gelator system (gelator, solvent, and additives) that
enables endogenous or exogenous templating (or both of
them)

(IT) Control of Supramolecular Interactions and Synthesis
Conditions. Morphology control through a careful design of
the key interactions among gelator and inorganic (or hybrid)
species enabling an efficient transcription, and also by
selecting the appropriate sol-gel synthesis conditions, which
are interdependent

(IIT) Control of the Mechanistic and/or Transcription
Pathways. Control the relative predominance and temporal
sequence of silica condensation through a surface propaga-
tion or a solution (or bulk) propagation pathway, and also
through the associated possible occurrence of hierarchical
(multistep) coassembly processes

(IV) Control of Post-Templating Variables. Final mor-
phology control by adjusting important variables after the
templating or coassembly process, such as the aging condi-
tions and the protocol followed for the drying and removal
of the organogel template.

All of these variables must be considered all at once, and
herein we comment upon some important aspects and provide
some examples for each level.

First Level (I). As an important preliminary consideration,
the transcribed morphologies may be very different by using
either an “in situ coassembly” (IC) or a “post-transcription”
(PT) or post-diffusion methodology.*" In the first case (IC),
the transcription takes place through a synergistic (coopera-
tive) coassembly process (the in situ forming organogel fibrils
direct the growth of nanofibrous silica, and vice versa, the
condensing silicate species affects the way the gelator
molecules and the organogel fibrils self-assemble). In the
second case (PT), however, the fibrous organogel is previ-
ously self-assembled (and therefore its morphology can be
separately engineered prior to the addition of the inorganic
(or hybrid) precursors, being rather a more simple or direct
transcription). This post-diffusion route may be useful for
complex systems (i.e. multimetallic) in which the use of the
“in situ” procedure can be difficult (insolubility of precursors,
incompatibility between pH/catalyst conditions and the
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Figure 5. General scheme including the main strategies, mechanisms (transcription pathways), and processes for the template synthesis of oxide-based
nanofibrous materials. Transcription can be controlled at four different levels (I — IV). The molecular structure shown in Level II (left) and the diagram
shown in Level III (right) have been adapted with permission from refs 41 and 43. Copyright 2006 The Royal Society of Chemistry and 2005 The Chemical

Society of Japan.

organogelation process, etc.). Also in this level, by selecting
the appropriate gelator/solvent system, the morphology (and
surfaces’ philicity) of the self-assembled organogel (SAFIN)
may enable the confinement of transcription regions on either
the outer (exogenous templating) or inner surfaces (endog-

enous templating), or on both of them. Examples of the
three possibilities have been described in previous sections
(and a simplified diagram is shown in Figure 5 top-right).

Second Level (II). Once the templating strategy has been
selected, the efficient transcription depends mainly of the
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existence of “favorable” supramolecular interactions among
the gelator molecules and the condensing inorganic species
(silica oligomers). These interactions may be essentially
electrostatic (among negatively charged silicate species—above
the isoelectronic point of silica, at a pH of ca. 2—and
positively charged gelators) or hydrogen-bonding interactions
(between H-donating amine moieties and negatively charged
silicate species). Therefore, the existence of favorable
supramolecular (gelator—silicate) interactions can be engi-
neered at the molecular level through the selection of an
organogelator with the appropriate structural features (or
moieties) to enable these electrostatic or H-bonding interac-
tions. However, a careful design of the sol-gel synthesis
conditions is also needed, since these sol-gel conditions not
only affect the kinetics of the polymerization reactions
(decisive on the third level) but also influence the supramo-
lecular interactions among gelator and silicate species, and
the competitive gelator/solvent and silicate/solvent interactions.

Considering first the structural features of gelators enabling
transcription,'** the efficient templating of nanofibrous
silica has been accomplished using organogelators containing
either cationic charges or H-donating groups, or both of
them. The importance of the cationic charges in silica
transcription was confirmed with the first successful tran-
scription (by Shinkai et al.)’ through the use of mixtures of
the neutral gelator O37 with the cationic gelator 038.”* In
this case, the cationic charge is covalently attached to the
gelator scaffold through the quaternary ammonium moiety
(Org—NR,H " +++~0—Si=). Transcription through covalent-
ly attached cationic charged moieties was also attained when
using mixtures (with the appropriate ratios) of cationic and
neutral cyclohexane diamide or bis-urea derivatives (018
+ 017 and O18 + 019),51 and also in the transcription of
titania nanotubes with the cationic bisurea derivatives 020
(R or S).5%® A further confirmation of the importance of
cationic charges was obtained (by Ono and co-workers) when
using benzo- or aza-crown-ether cholesteric gelators
(039-043).>77 In these cases, as discussed in the previous
section, externally added cationic charges may be incorpo-
rated in a noncovalent manner to the gelator scaffold
through complexation by the crown moieties, and therefore
these gelators enabled the transcription into silica in the
presence of some metal salts (Org-M ™ +++~0—Si=). More-
over, in some cases (gelators 041—043), the transcription
was also possible in the absence of added metal species, since
the protonated N atoms were also found to be efficient
transcription directors. The existence of protonable amine
moieties may behave therefore as “latent” covalently bonded
cationic centers, enabling the transcription of silica under
appropriate acidic conditions, as was also observed with the
gelator O44.

On the other hand, transcription through H-bonding
interactions was first observed with the cholesteric
diamine gelator 045,.%" This result could explain why
some of the aza-crown gelators (such as O41 or 044)
could also be efficiently transcribed into silica in the
absence of metal species and under stronger basic condi-
tions (using Et;NOH as a catalyst). Under these conditions,
the amine centers are not protonated, and therefore
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H-bonding interactions are the single mechanism enabling
transcription (Org—NRH-++~O—Si=). Therefore, in the
different amine-containing gelator derivatives (i.e., in
gelators O6—016, the cholesterol derivatives previously
mentioned, and also in the sugar-based derivatives
021—024 or the azo form of 025), the transcription is
enabled mainly through H-bonding interactions, and also
through electrostatic interactions when the N atoms are
protonated.

Regarding the importance of sol-gel conditions (solvent,
catalyst, acid or basic conditions, counterions, additives or
exogenous guests, etc.), we comment herein upon only a few
examples. Other aspects will be commented upon later in
the level III section. As previously mentioned, the acid- or
base-catalyzed conditions strongly determine the type of
supramolecular interactions which are operative. Under very
acidic conditions (pH < ca. 2), the silica is protonated, and
therefore, the electrostatic interactions with cationic gelators
are impeded, unless the mediation or bridging effect of
anionic counterions is provided (see the particular effect of
templating aminopropyl-silica under strong acidic conditions
with gelator O2 in section 5.1). Under moderate acidic
conditions, the silica will be negatively charged while the
amine moieties can be partially protonated, enabling tran-
scription mainly via electrostatic forces, but also (depending
on pH and the pK, of the amine moiety) through H-bonding
interactions. Under more basic conditions, the amine moieties
are no longer protonated, and therefore the transcription is
operative only through the H-bonding mechanism.

The selection of the appropriate solvent also becomes
crucial in order to modulate the gelator—silica interactions,
since these interactions may be affected by competitive
silica—solvent and gelator—solvent interactions. An illustra-
tive example can be found in the recent study of Weiss et
al. about the transcription of nanofibrous silica through the
use of gelator O3 (phosphonium salts) as a template.>* In a
protic solvent such as EtOH, its ability to form H bonds with
silicate species attenuates the silicate—template electrostatic
interactions, thus resulting in a less efficient templating of
silica (platelike silica is obtained). In contrast, in an aprotic
solvent of relatively low polarity such as benzene, the
templating was more efficient, leading to fibrous silica. In
the same study, the importance of the counterions was also
proven (using benzene organogels): a higher amount of
untemplated (granular) silica was obtained with the harder
F~ and ClO4  anions (since the phosphonium cations of the
gelator molecules are hard Lewis acids, their interactions with
the harder F~ and CIO,  anions are more favored than with
the softer C1 ', Br , or I anions, and thus the interaction of
silicates with the P™ centers is more attenuated).

Third Level (11I). Upon selection of the gelator and the
sol—gel conditions for silica transcription, the supramolecular
interactions among gelator, silica, and solvent molecules
become established, as do the kinetics of the silica condensa-
tion reactions. At this level, there exists a competition
between the condensation of silica species in the bulk liquid
(solution mechanism) and that onto the surface of organogel
fibers (surface mechanism), which ultimately determines the
efficiency of the templating process. In order to attain an
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(c¢) Ni coating
(d) CdS

Figure 6. SEM or TEM images of a selection of non-oxide-based nanofibrous morphologies templated through organogels (or hydrogels). Metals: (a)
double- and multiwalled nanotubes of Ag prepared with the bolaamphiphile O6a (EDGA) after different exposure times (17 and 30 h), respectively (see
magnification images right, ref 29), (b) confined Au nanoparticles into nanotubes of gelator 028 (ref 60), and (¢) Ni thin coating onto nanotubes of gelator
06y, (ref 31). Semiconductor chalcogenides: (d) coiled helix of CdS prepared with O57/EHMA (ref 98) and (e) NiS nanotubes (top; ref 64) and CuS
bending helical hollow nanofibers (bottom; ref 91) templated with O31 and OS5 gelator templates, respectively. Reproduced (or adapted) with permission
from refs 29, 31, and 91 (Copyright 2000, 2004, and 2006 American Chemical Society), ref 60 (Copyright 2004 The Royal Society of Chemistry), ref 98
(Copyright 2002 Wiley-VCH Verlag GmbH & Co. KgaA), and ref 64 (Copyright 2006 American Scientific Publishers, http://www.aspbs.com).

efficient transcription of silica, the surface mechanism must
occur preferentially with respect to the solution mechanism,
and this depends simultaneously on the strength of gelator—silica
supramolecular interactions, on the kinetics of silica sol—gel
condensation, and on the silica—solvent interactions (solvent
effects). In the following, the interdependence of these factors
will be illustrated with some selected examples.

First, the relative predominance of both (surface and
solution) mechanisms is highly dependent on the catalyst
conditions. For instance, the combination of gelator O30 with
benzylamine (a conventional basic catalyst for silica con-
densation) provides a good example of how the
gelator—catalyst interactions may provide an efficient
transcription-enabling mechanism.®® In effect, the highly
probable interactions between benzylamine and the p-
nitrobenzylidene moieties of O30 molecules (through 7—m
stacking and additional hydrophobic interactions) resulted
in the predominant condensation of silica on the surface of
gelator fibers (due to the H-bonding interactions of silicates
with the incorporated benzylamine moieties), resulting in the
formation of tubular silica. However, with O30, conventional
granular silica was obtained with other structurally incompat-
ible catalysts (such as hydrazine).

The important role during silica transcription played by
the competition between these two pathways was first
reported by van Bommel and Shinkai when using the
cholesteric gelator 050, as a template.®” In this study, the

benzylamine moiety covalently linked to the gelator scaffold
of compound OS50 enabled for the first time efficient
transcription into fibrous silica in the absence of an externally
added solution catalyst. This was the confirmation of the
existence of the so-called surface mechanism or surface
transcription pathway, which enables the growth of silica
exclusively on the fiber surface, mimicking the silica
biomineralization processes occurring for instance in the
silicification of marine sponges.'** Transcription with mix-
tures of the related O51 and O52 was only possible in the
presence of benzylamine as an external catalyst. In those
cases where the surface pathway predominates with respect
to the solution mechanism, thinner nano-objects may be
obtained, since silica transcription can be initiated onto
nonaggregated single fibrils. For instance, when using the
cholesterol gelator 046, as a template,82 the size of the inner
(helical) hollows suggests that the helical packing structure
of cholesterol gelator 046, is directly reflected in the silica
structure (very efficient transcription), and thus, the incipient
organogel fibers are encapsulated in these silica tubes.
Very recently, Weiss and Huang further described the
importance of both templating mechanisms in a study about
the transcription of fibrous organogels of /-12-hydroxystearic
acid (HAS) and its sodium salt (HAS-S) into inorganic oxides
(mainly silica, but also Fe,Os-based nano-objects).''® They
found that, when the sol-gel polymerization reactions of
silica are preferentially initiated (and held) near the surfaces
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of the gelator template fibrils (in the case of organogels of
HAS/benzene, without catalyst, and of HAS-S/THF, non-
catalyzed or with a weak basic catalyst such as benzylamine),
silica can grow onto single strands of the template, resulting
in the formation of nanofibrous objects with thinner (tens of
nanometers) cross-sections. However, if the condensation of
silicate species is initiated to a higher extent in the liquid
bulk (HAS-S organogels in ethanol—without added catalyst—or
in THF with a stronger basic catalyst, such as NH;OH), these
preformed nontemplated species are too large to differentiate
individual fibrils, and thus they further condense onto fibrous
bundles (rather than onto single fibrils) giving rise to
considerably thicker fiberlike objects (with ‘“necklace”
features).

The importance of the Kinetics of sol-gel condensation
reactions may also be confirmed by the different morphol-
ogies that result by simply varying the temperature conditions
during the in situ sol-gel condensation or during the
organogelation process (slow or fast cooling). In the case of
transcription with gelator O33, for instance, the transcription
yielded nonhelical fibers or left-handed helical silica by
performing the sol-gel coassembly process under heating (80
°C) or room temperature conditions, respectively. Similarly,
different silica structures were obtained by adjusting the
temperature during the sol—gel polycondensation of silica in
the presence of 0443, as a template:b in the absence of
heating, only double-layered tubular silica formed, whereas
if the sol-gel condensation was performed with prolonged
(2 days) heating, the resulting silica had a vesicular structure.
In the case of 048, to obtain these thin tubules (with an
inner diameter of 4-5 nm corresponding to the molecular
length of O48) and avoid aggregation into larger bundles,
the sol-gel transcription was performed under moderate
heating conditions.®> Also, interestingly, when using the
gelator 053,*° the inner diameters of the hollow silica could
be controlled (5-15, 15, or 1545 nm) by adjusting the rate
of sol-gel condensation (heating or cooling conditions) after
catalyst addition.

To conclude with this level, as also shown in Figure 5,
the balance between these two competing pathways (the
relative predominance and temporal sequence of surface and
solution mechanisms) may also in some cases determine
(along with other kinetic or supramolecular factors) the
possible occurrence of multistep hierarchical coassembly
processes (with formation of different metastable coas-
sembled phases at different lengthscales). The importance
of these hierarchical processes was already illustrated (section
3.1) in the case of transcription of different chiral morphol-
ogies through the use of the amino acid derivatives O8,
013,_,, and O13;, and an illustrative diagram** is shown in
Figure 5—bottom, right—as an example).

Fourth Level (IV). Finally, transcribed morphologies can
also become ultimately affected due to other important post-
transcription variables after the templating or coassembly
process, such as the aging conditions and the protocol
followed for the drying and removal of the organogel
template. In the same study by Weiss et al. previously
mentioned (with phosphonium salts, 03),24 for instance, it
was found that the shape, size, and yield of the silica objects
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are strongly affected by the periods of gel aging. Thus, the
templated silica fibers are considerable thicker, and more
straight and flat with longer periods (aging) for the sol—gel
polymerization (aging during 5-30 days) before the drying
and removal of the organogelator.

3.2.B. Templating of Nonsiliceous Metal Oxide Fibrous
Materials. In the case of nonsiliceous oxides, the transcrip-
tion of fibrous morphologies through the use of organogel
or hydrogel templates presents greater difficulty due to the
much faster condensation speed of the more electropositive
metal species, which results in the rapid formation of
precipitates. The mechanisms for transcription of these
nonsiliceous oxides have not been studied in as much detail
as in the case of silica nano-objects. However, in most of
the reported synthesis, the transcription mechanisms are
assumed to take place through similar interactions as those
found in silica (electrostatic or H-bonding). For instance,
Hanabusa et al. proposed an electrostatic templating mech-
anism for the transcription of titania using the L-lysine
derivative 010.*” The anionic titania oligomers formed in
the sol-gel condensation were attracted to the charged
nanofibers arising from the reaction of the carboxy groups
of the gelator with the propylamine used as a basic catalyst.
In the case of using the cationic gelators Ollc,d38C and 020
(R or S),52 the transcription of Ti, Ta, and V oxides under
basic conditions is also assumed to take place mainly through
electrostatic interactions (among anionic oligomers and the
cationic quaternary ammonium salts).>*

The transcription mechanism in the templated growth
of alumina-based nanofibers through the use of the
anthracenic gelator O1 could have proceeded also through
electrostatic interactions, although the possibility that the
fibrous structure originated from replication of the phase-
separated solvent cannot be discarded.”® On the other
hand, Shinkai et al. have assigned the efficient transcrip-
tion of Ti, Ta, and Zr oxides through the use of the
diamine-containing cholesterol 047 to the intermolecular
hydrogen-bonding interaction between the OH group of
the hydrolyzed alkoxides and the amino group of 047.%°
In the hydrogel-template approach reported by Rao and
co-workers for the transcription of Ti, Zr, W, and Zn
oxides (through the use of 016 hydrogels),*® other metal
precursors different from alkoxides were used. The
organogel formation was performed in this case after the
partial condensation of inorganic species, and an efficient
transcription of metal oxide nanotubes was observed,
although the templating mechanism was not discussed.

4. Nonoxide-Based Nanofibrous Materials

The versatility of the organogelator-template approach is
confirmed by its successful application to also prepare many
other nonoxide-based inorganic materials, such as elemental
metals (Ag, Au, Ni, and Cu), semiconductor calchogenides
(CdS, CuS, and NiS), metal sulfates (ZnSO,4 and BaSQO,),
and other more complex inorganic phases (such as hy-
droxyapatite). The different prepared materials, morpholo-
gies, and preparation conditions are also summarized in Table
3, and the morphologies of some selected materials (SEM/
TEM images) may be seen in Figure 6.
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In the case of metals, a post-transcription strategy has been
mostly employed. Accordingly, the precursor metal salts (i.e.,
AgNO; and HAuCly,) are first mixed with dispersions of
preassembled organogels or hydrogels, and then the adsorbed
metal species are in situ reduced by adding reducing agents
(i.e., NaBH,) or by UV photoirradiation. In the case of Ag, the
use as a template of a preassembled fibrous xerogel of O15
(containing hydrophilic sulfonic and amide moieties) enabled
the growth of both right- and left-handed Ag nanohelices.*® Also
through post-transcription procedures, formation of Au nano-
particles was confined in the hollow cavities (endotemplating)
of the sugar-based gelator 028 (see Figure 6b)*° or served to
coat the surface (exotemplating) of preassembled helical tubes
of 056.%° In this latter case, the regular helical pattern of gold
nanoparticles was not attained when using an in situ coassembly
process. Similarly, thin metal coatings of Ni and Cu were also
formed onto preassembled tubules of the same gelator (056).7>
Also noteworthy is that the preassembled micelar rodlike
aggregates of bisamides O6a and O6b have enabled the post-
transcription of double- and multiple-wall Ag nanotubes (see
Figure 6a)*° or the formation of Ni and Cu metal nanowires
(interesting for nanoelectronics),’! respectively (see Figure
6c).

In the case of semiconducting chalcogenides, different
nanofibrous objects of CdS (pearl-necklace nanofibers,
tubular morphologies, or coiled helices), CuS (bending
helical or straight nanofibers), and NiS (well-formed, thin
nanotubes) have been templated with gelator compounds
029,” 031,°* 054,°° 055,°! and 057.”% The transcription
strategy is based on the in situ coassembly of the organogel
(or hydrogel) phases in the presence of the Cd, Cu, or Ni
salts (IC (G)), followed by the postdiffusion (PT) of H,S
(g). In the case of 029,% for instance, CdS particles are
precipitated by penetrating with H,S (gas), and the preformed
CdS nanoparticles act then as a growing point for the
continuous growth of CdS nanoparticles along the hydro-
philic head of the fiber. Interestingly, if Cu®>" or Ag™ salts
were added to the organogel solution, then a precipitate
would form instead of gelation occurring, because of the
stronger coordination between Cu** or Ag™ and the N atom
of Schiff base units and S atom of thiourea of 029 molecules,
with respect to Cd>". In the case of gelator 054, pearl-
necklace tubular nanofibers of CdS were obtained,” whereas
the transcription of the gelator compound O57 enabled the
formation of coiled helices of CdS (see Figure 6d), with a
different helical pitch depending on the gelled solvent.”®

Similarly, the application of the same transcription meth-
odology (IC(G) + PT) with the gelator compound 031
(glucose nucleobase) enabled the formation of CdS “nanon-
ecklaces” and NiS with well-defined and thin tubular
structures (i.e., see NiS in Figure 66).64 In this case, the
transcription into different morphologies was explained by
the different adsorption affinities between Cd** and Ni*"
ions and the hydrophilic Schiff base carried by glucose
groups. Finally, through the use of organogel templates of
the 3-oxopentane derivative OS5 (having two different
binding sites for Cu** ions, it has been possible to transcribe
CuS nanofibers (see detail in Figure 6e) from two different
S sources: H,S (two-step IC(G) + PT methodology) and
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thioacetamide (in situ IC(G) methodology). Remarkably, the
helical pitch can be tuned by controlling the binding sites,
which depends on the solvent effects (the two different
gelated solvents lead to different interaction sites between
Cu®" ions and the binding sites of the gel fibers).”!

On the other hand, nanotubes of Zn and Ba sulfates have
also been transcribed from acidic hydrogels of the gelator
compound 016.*® In the former, the hydrogel was in situ
coassembled (IC(G) procedure) in the presence of a basic
solution (ammonia) of ZnSO,. In the latter, the organogel
was formed in the presence of BaCl,, and a solution of
ammonium sulfate was subsequently added to precipitate the
BaSO; onto the hydrogel fibers.

Finally, the tremendous potential of this approach to
prepare any other complex inorganic phase is illustrated by
the use of the cylindrical micelar-like self-assemblies of the
complex amphiphilic derivative O58 as a template to
transcribe hydroxyapatite (HA; Cayo(PO4)s(OH),).”° The
efficient transcription is obtained through the strong interac-
tions between Ca ions and the phosphorylated serine part of
058.

5. Hybrid Nanofibrous Materials Templated with
LMOGs

Herein we review some important classes of hybrid,
organic—inorganic nanofibrous materials (mainly—but not
only—silica-based) that have been so far prepared through
the use of the “organogelator-template approach”. We have
so far described the transcription of purely inorganic materi-
als through the use of organogel templates and by means of
either an in situ coassembly (IC, pathway 1) or a post-
transcription (PT, pathways 2 + 3) synthesis methodology
(see Figure 2). The subsequent extraction of the organo-
gelator template (washing and/or calcination procedures;
pathway 5) leads to the formation of the corresponding
fibrous (tubular etc.) purely inorganic replica (material C).
In both cases, however, before the process of organogelator
removal, a hybrid gelator—mineral nanocomposite is
formed (material B), which can exhibit by itself many
interesting properties, as discussed in section 2.3.

In this respect, we have shown how the organogelation
properties of many gelator compounds can be modified and
controlled with added metal salts, and in some cases, their
in situ self-assembly (in the presence of a variety of metal
ions, IC route) has led to the formation of many
metal—gelator hybrid systems, with potential applications in
multiple fields. For instance, hybrid fibrous xerogels of
021 (in EtOH) with a homogeneous dispersion of the metal
salt (i.e., CoCly) into the gel fibers (containing amino groups
as binding sites) have been obtained. Alternatively, the metals
can also be postloaded into a preformed, self-assembled
organogel (diffusion, impregnation, etc.) through electrostatic,
hydrophilic, or coordinating interactions (post-transcription
strategy, or PT route), leading to the same type of nanofibrous
gelator—mineral nanocomposite. Some examples are the
Au-gelator composite materials prepared with 028 and O56
gelators (previously discussed)®®*>''* or the Pd-loaded
hybrid gels obtained with the para derivative of O11y
(catalytic gels).*® Similarly, hybrid nanofibrous materials
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Figure 7. Selected SEM or TEM images of different organogelator-templated hybrid nanofibrous materials. In situ coassembled organosilicas with pendant
organic functions: (a) anthracene dye-organosilica (040, ref 78), (b and ¢) SEM and TEM or phenyl-organosilica (02, ref 19), (d) methacrylate-organosilica
(02, private communication), and (e) aminopropyl-organosilica (02, ref 19). In situ coassembled organosilicas with intraframework organic functions: (f)
phenylene-organosilica (helical bundles and ultrafine mesoporous nanofibers; O13f, ref 44). Self-assembled sylilated organogels: (g) SO1 cyclohexane diureido-
based (ref 116) and (h) SO4 bisamidoureido-based (at low concentration; ref 119). Self-assembled metallo-organogel: (i) MO7.Cu (porphyrine-based + Cu;
ref 122b). Reproduced with permission from refs 44, 78, 119, and 122b (Copyright 2004, 2005, and 2006 American Chemical Society), ref 19 (Copyright
2003 The Royal Society of Chemistry), and ref 116 (Copyright 2003 Wiley-VCH Verlag GmbH & Co. KgaA).

could also be easily prepared through “simple” postfunc-
tionalization with organic moieties of inorganic nanofibrous
materials previously templated with organogels.

In the following lines, we only report on the synthesis of
two important classes of hybrid (organic—inorganic) func-
tional nanofibrous materials (see selected SEM or TEM
images in Figure 7) through the use of organic or hybrid
organogelators as templates: (i) hybrid organosilicas formed
through in situ coassembly and sol-gel polycondensation of
hybrid (sylilated) precursors and (ii) hybrid organogels in
situ self-assembled (when using hybrid, organic—inorganic
“self-templating” gelators). A selection of the latter (self-
templating gelator systems) is shown in Figure 8. We
include also a brief discussion of some mechanistic
aspects (particular to the templating of hybrid organosilicas).
Table 4 summarizes the different hybrid (organic—inorganic)
nanofibrous (1-D) materials templated with organogelators
(also self-assembled hybrid gelators), including relevant
information about morphology and dimensions, the type of
organogelator (and/or main organic moiety) and solvent,
synthesis and strategy conditions, and their corresponding
references.

5.1. Nanofibrous Organosilicas Templated through
Organogel Templates. The growth of hybrid organosilicas
supporting different functional moieties has been successfully
directed through the use of templating strategies with organogel
assemblies. By in situ performing the sol-gel condensation
reactions of organo-trialkoxysilanes or organosilsesquioxanes
during the assembly of the organogel phase (in situ coassembly
procedure, IC), it has been possible to prepare nanofibrous
organosilica replicas having pendant (5.1.A) or intraframework
(5.1.B) organic functions (see Table 4, and selected images in
Figure 7a—e.f, respectively).

5.1.A. Nanofibrous Organosilicas with Pendant Organic
Functionalities. As the first precedent, organogels of O1 and
02 were used as templates for preparing fibrous and
ribbonlike morphologies of organically modified silicas
supporting accessible and functional organic moieties such
as phenyl and protonated amine (O1 and 02),"®'” mercap-
topropyl (02),>' and more recently also methacrylate,
ethylendiamine, and dinitrophenylamine functions (only with
02, private communication). In the case of using the more
amphiphilic phenazine derivative (02) as a template, the
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Figure 8. Some selected hybrid (organic-inorganic) organogelator systems leading to self-assembled nanofibrous networks: sylilated gelators (SO1—SOS5)
and metallogelators (MO1—MOS8). Adapted with permission from ref 10 (Copyright 2005 The Royal Society of Chemistry) and from refs 122, 126b, 127b,
and 129 (Copyright 1992, 2003, 2005, and 2006 American Chemical Society).

hybrid organosilicas (supporting the phenyl, amino, mer-
capto, methacrylate, diamino, and dinitrophenylamino moi-
eties) were synthesized by templating the cocondensation
between tetraethyl orthosilicate (TEOS) and the correspond-
ing organotrialkoxysilanes (PTES, APTES, MPTMS, MAPT-
MS, enPTMS, and DNPAPTES, respectively), mainly under
acid-catalyzed conditions.

The templating of fibrous morphologies was successful
in all cases, irrespective of the different hydrophobic or
hydrophilic character of the employed organotrialkoxysilanes,
and the morphologies were preserved after removal of the
organogel template. Noteworthy is that the templated hybrid
organosilica-containing phenyl moieties (the most hydro-
phobic) consisted of highly intertwined fibrous bundles (see
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Figures 7b—c), ca. 5-20-um-thick, resulting from the ag-
gregation of much thinner fibrils, whereas the protonated
amine sample (highly hydrophilic) was formed (see Figure
7e) by a mesh of straighter and elongated fibrous ribbons
(ca. 5-10-um-thick) also arising from the aggregation of
much thinner, and this time perfectly coaligned, fibrils. In
the case of mercapto and methacrylate samples (with
intermediate hydrophobic or hydrophilic character), both
types of morphologies (intertwined fibrous bundles and
entangled ribbons) were observed, with a predominance of
ribbonlike regions (the methacrylate-functionalized silica is
shown in Figure 7d).

Nanofibrous organosilicas with higher organic loadings
were also obtained in the case of functionalization with
ethylenediamine and the fluorescent dinitrophenyl-amino-
propyl (80 mol % per Si) moieties (private communication).
In the former (although an external catalyst was not added),
the faster silica condensation reactions resulted in the
formation of thicker and more elongated nanofibers, surface-
coated with silica spheres. Some granular silica was also
formed in the case of the organic-dye functionalized silica.

Also interestingly, the accessibility of the organic moieties
and functionality of the final materials was also confirmed
by performing different postfunctionalization reactions (imine
formation, grafting of gold nanoparticles—example of mate-
rial E in Figure 2—methacrylate polymerization, and Cu
adsorption experiments) or measurements (surface-plasmon
resonance associated to gold nanoparticles and preserved
fluorescence properties in the organic-dye functionalized
organosilica).

From a mechanistic point of view, the efficient transcrip-
tion of the different organosilicas may arise from different
supramolecular forces, such as H bonding (between silanols,
carboxylate or amine groups present in organosilanes, and
hydrophilic N and O positions of organogelator molecules),
and propably also through electrostatic coupling (charge-
mediated process between protonated silanols (I") and
protonated amine groups of organosilanes (IN™), counterions
(X7), and protonated organogelator fibrils (ON™):
I'—X —N"0 and IN" =X~ —N"*0O mechanisms). The ag-
gregation into thicker fibrous bundles may also arise from
organosilica—organosilica or silica—solvent interactions that
result in the condensation of silica in the spaces left (solution
condensation pathway) among the fibrils.

Similarly, luminescent organosilica nanotubes loaded with
functional dyes (coumarin and anthracene) have been recently
prepared using fibrous organogels of 040 (in 1-butanol) as
templates (anthracene—silica is shown in Figure 7a, and
coumarin—silica is the selected material C shown in Figure
2). These materials could find application as optical sensors
and luminescence diodes.”®

On the other hand, through the use of an endogenous
templating strategy with compound O32 (SPG), it has been
possible to template the growth of organosilica nanofibers
confined to the inner one-dimensional cavity of 032 nano-
helices (though a true organogel template is not formed).®>
Indeed, SPG adopts a triple helix (t-SPG) in nature that can
be dissociated into a single chain (s-SPG) by dissolving it
in DMSO and reverted again to the original triple helix by
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exchanging DMSO for water. Therefore, when performing
the renaturing process (from s-SPG to t-SPG), adding an
aqueous solution of trimethoxypropylsilane (TMPS) to a
solution of s-SPG in DMSO, the in situ sol-gel polycon-
densation was confined to the inner one-dimensional cavity
of SPG to afford either a one-dimensional array of organo-
silica nanoparticles or well-formed hybrid organosilica
nanofibers at prolonged condensation times. However, this
transcription process implies first solubilization in water and
then precipitation of the organosilica during the dialysis
treatment, without formation of a true hydrogel template.

5.1.B. Nanofibrous Organosilicas with Intraframework
Organic Moieties. Recently, the sol-gel condensation reac-
tions (acid catalyzed) of different organosilesquioxanes have
been in situ templated through the coassembly of fibrous
(helical) hydrogels of the L-phenylalanine derivative 013
(10PyBr).** Differently from the previous approach, the use
of organosilsesquioxanes as Si precursors instead of organo-
trialkoxysilanes enables the incorporation of the organic
functions within the walls of the organosiloxane network
(intraframework). The template transcription enabled the
synthesis of hybrid silica nanofibers (functionalized with
methylene, ethane, ethene, octane, phenylene, and 1,3-
phenylene moieties). Interestingly, the helicity was preserved
in the case of functionalization with phenylene (see SEM/
TEM details in Figure 7f), 1,3-phenylene, and ethene
moieties (right-handed—twisted—helical bundles were
formed), while nonhelical straight fibrous bundles formed
with methylene and ethane moieties, and huge ball-like
aggregates of nanofibers, were obtained in the case of octane.

5.2. Self-Assembled Hybrid (Organic-Inorganic)
Organogels with Nanofibrous Networks. In this approach,
the inorganic species becomes incorporated into gelator-like
structures, either covalently attached (case of sylilated hybrid
organogels SO1—SO05) or through covalent dative (coordi-
native metal-ligand) interactions (metallic organogelators or
metallogelators, i.e., MO1—MQ9). Therefore, this approach
is rather based on a self-assembly process (the sol—gel
polymerization of covalently attached sylilated species or the
metal—gelator ligand exchange interactions become indis-
pensable for the 1-D stacking of gelator molecules) and does
not involve a true templating.'*

Sylilated hybrid gelators (see examples in Figure 8) were
first reported by Moreau et al., who obtained chiral organo-
silicas directly through sol-gel polymerization, without
formation of a true organogel. They were prepared using
sylilated enantiomers [(R,R) or (S,S)] of the trans-1,2-
diaminocyclohane (diureido) derivative SO1.''> When the
polymerization was conducted in ethanol/water mixtures, a
better defined tubular organosilica was obtained (see Figure
7g),"'® as a result of the H-bonding interactions between urea
moieties, combined with aromatic w—sm or hydrophobic
interactions. Similarly, although the sylilated alkylidene
diureido derivatives SOQ2, (with n = 9-12) can gelate
toluene, their polymerization in nongellated water (acid-
catalyzed with HCI) only resulted in the formation of lamellar
silica (plates about 50—100-nm-thick), instead of fibrous 1-D
morphologies (amorphous when catalyzed by fluorides).'"”
Interestingly, Moreau et al. also conducted the condensation
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of another sylilated derivative (diaminostilbene diureido
derivative SO3, with fluorescent properties) previously self-
assembled (in toluene or THF) by the postdiffusion of HCIl
and water vapors (referred to as the organogel (OG)-hybrid
gel (HG) process; SA (PC) strategy in Table 4), obtaining
ribbonlike monolithic silica.''® The prefomed ribbonlike
morphologies become organized (stacked) into compact
sheets or lamellae after the gel-vapor condensation.

Interestingly, by exploiting the same concept, Hanabusa
et al. prepared first straight or twisted helical (left- and right-
handed) fibrous nanobundles of hybrid organosilica by
postcondensation of a preformed hybrid xerogel (in a
dioxane/water mixture) of the bis-amido-ureido derivative
S04 (L- and p-valine derivatives),!'® in which the silses-
quioxane contains an alkylene segment with 12 carbons (n
= 12). The helicity was unexpectedly transcribed into the
hybrid organosilica by an increase of the gelator concentra-
tion (only straight nanofibers formed at low concentrations;
see Figure 7h). More recently,'?” this templating approach
has been extended to include other related L- and p-valine
derivatives (SO4,) containing odd (n = 7 and 9) or even (n
=6, 8, and 10) alkylene segments, resulting in the formation
of left- and right-handed helices (the helicity showing an
odd-even effect depending on the number of C units).

Also noteworthy is that Hanabusa’s group has recently
analyzed the gelation properties and the resulting 2-D or 1-D
fibrous morphologies of a series of porphyrin-based gelators.
Interestingly, the introduction of triethoxysilyl moieties in
the phorphirin-based derivative MO7 (see later in the
discussion of metallogelators) results in the formation of the
hybrid sylilated porphyrin SOS, which presents an im-
proved gelation ability when complexed with Cu, SO5+Cu
(SOS5 only gelates benzene). In contrast to MO7 and SOS,
which both give rise to 2D sheetlike xerogels,'*' the self-
assembly of their Cu complexes MO7+Cu (see later) and
SO5-Cu (in anisole solvent) results in the formation of 1-D
fibrous morphologies, which are maintained (in the second
case) after the subsequent sol-gel polycondensation of the
covalently attached silicate species.'?* In order to obtain the
fibrous superstructure, it is indispensable to self-assemble
(preorganize) the xerogel before conducting the sol-gel
condensation reactions [SA (PC) strategy], which in turn
results in the immobilization and mechanical reinforcement
(14-fold increased elasticity) of the hybrid organosilica and
also in an improved thermostability (the critical gelation
temperature of SOS5-Cu after polymerization is enhanced
up to 160 °C).

More recently, alkylsylilated nucleoside-based (gua-
nosine) hybrid gelators have also shown excellent gelation
ability in alkane (nonpolar) solvents, but their self-assembly
(involving the formation of guanosine—guanosine base pair
complementary interactions) results in the formation of two-
dimensional supramolecular structures instead of fibrous
morphologies.'*

On the other hand, hybrid self-assembled organogels with
interesting properties have been prepared through the use of
gelators containing metal-coordinated atoms (hereafter, met-
allogelators). There are different families or metallogelators,
depending on the main gelator scaffold possessing the
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coordinating sites (N, O, or S). Some of these metallogelators
may be considered as a second generation of LMOGs, since
through molecular design they may be sensitive to external
stimuli leading to stimuli-responsive hybrid organogelator
systems (the aggregation modes and sol—gel transition can
be controlled for instance as a response to photo or redox
stimuli,® or by changing the coordination state of the metal
species), resulting in advanced functional nanostructured
materials (thermochromic, fluorescent, conductive, and so
on).

Some of these smart functional gels have been recently
reviewed (i.e., gelators MO1 to MO4).'® For instace, the
2,6-bis(benzimidazolyl)-4-hydroxypyridine (BIP-OH) deriva-
tive of pentaethylene glycol (MO1) is able to gelate CHCls/
CH;CN mixtures in the presence of lanthanoid and transition
metal ions. Indeed, their supramolecular hybrid organogels
prepared in the presence of a combination of metal ions such
as Co/La, Co/Eu, Zn/La, and Zn/Eu exhibit thermo-, chemo-,
and mechanoresponses, as well as light-emitting properties
(especially, the gel containing Zn/Eu was photoluminiscent),
although their morphologies were not characterized.'** Very
interestingly, the lipophilic cobalt(II) complexes of 4-alkyl-
ated 1,2,4-triazoles (MO2 and MO3) are two rare examples
of organogelation induced by heating (heat-set organogels),
and their supramolecular gels in chloroform exhibit an
interesting thermochromic behavior (the bluish color of the
gel-like assembly at room temperature becomes a liquid upon
cooling and eventually turns into a pink solution at 0 °C,
the color change being induced by a change in the coordina-
tion state of the Co complex from octahedral to tetraedral
upon gelation).'*> A similar reversible chromatic change and
sol-gel phase transition is also observed upon cooling
(thermochromic phase transition) the Cu(I) complex
[(MO4),.Cu] of metallogelator MO4 (a 2,2'-bipyridine
derivative bearing two cholesteryl moieties). This thermocro-
mic sol—gel transition has been attributed to some distortion
in the tetrahedral coordination mode of Cu(I) during the
molecular packing in the gel fibrils. Also noteworthy is that
the gelation ability and thermochromic properties of this
complex depend on the oxidation state of copper (I or II)
and therefore can be tuned by a redox process, becoming a
hybrid organogel responsive to oxidative/reductive stimuli.®*

In addition, mononuclear and binuclear complexes of
alkoxyphenylenes and alkanoates may gelate hydrocarbon
solvents.'?¢ For instance, the binuclear Cu(II) tetracarboxylate
MOS5 (Cu,(0,C-R)4, with R = 2-ethylhexanoate) is able to
form viscous blue jellies in methylcyclohexane, and the
transient elastic 3-D network consists of molecular
threads. '2%®

Of special relevance is the family of porphyrine-based
hybrid metallogelators (MO6 and MO7). First, it was found
that the Zn(II) complex of a long-chain triester of meso-
tetrakis[p-carboxyl]phenyl porphyrine, herein metallogelator
MO6 (MO6-+Zn: zinc(ll) 5-(p-carboxyphenyl)-10,15,20-
tris[((p-hexadecyloxy) carbonyl)phenyl] porphinate), was
capable of forming rodlike fibrous aggregates in some apolar
organic solvents (hydrocarbons), such as cyclohexane.'?’ The
fibrous aggregates arise from the 1-D self-aggregation of
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gelator molecules into tetrameric rodlike assemblies,'?”"

resulting in highly tixotropic organogels.'*”

Similarly, Shinkai et al. recently reported on the gelation
properties and resulting self-assembled hybrid structures of
the Cu(I) and Zn(II) complexes of another porphyrine-based
gelator bearing four peripheral urea groups, MO7 (5,10,15,20-
tetrakis-[4-[3-(3-N-dodecylureido)propoxy]phenyl]-por-
phine Zn(Il) or Cu(II))."**'*® Without complexed metals,
gelator MO7 is an efficient organogelator of organic solvents
and self-assembles into 2D sheetlike structures.'?! Interest-
ingly, its Cu(II) complex (MO7-Cu) is also a very efficient
gelator and gives rise to 1-D fibrous morphologies (see Figure
7i),'2 whereas its Zn(II) complex (MO7+Zn) is only capable
of gelating (at higher concentrations) two of the studied
sovents (anisole and 1,4 dioxane),122 although its gelation
efficiency may be significantly improved by the addition of
some amines as piperazine.'”® Also remarkably, the self-
assembly of the MO7+Zn complex in the presence of 0.5
equiv of piperazine leads to the formation of thixotropic
organogels, and the morphology and aggregation modes (J-
or H-like) of the resulting xerogels (i.e., in benzene) may
also be controlled by varying the ratio of piperazine versus
MO7+Zn (spherical at 0 equiv, 1-D fibrous at 0.5 equiv,
and 2-D sheetlike at 1.0 equiv).'*®

Very interestingly, solutions of several organic molecules
may also aggregate into elongated objects ressembling
inverted giant wormlike micelles that become gels when
complexed with AI(IIT) or Fe(II) and other metals.'* For
instance, complexation of the phosphonate moieties of some
phosphorus-containing amphiphilies (phosphonic acid mo-
noester, phosphonic acid, or phosphoric acid monoester) and
the Fe(III) ions of added ferric salts is accompanied by their
in situ isothermal polymerization leading to the formation
of self-assembled hybrid (isothermal) hydrogels consisting
of fibrillar networks (i.e., the monophosphonate ester
MO8).'?° Thus, these are examples of two-component
“latent” gelators, where the in situ molecular interactions
between the phosphorus-containing “latent” gelator and
Fe(III) ions lead to linear aggregation in the form of giant
inverted micelar rods (diameter of ca. 1.5 nm; see, e.g., the
diagramatic representation of Fe(IIl) complexed n-alkyl
monophosphonate ester, herein MO8, in Figure 8). '*

More recently, a silver-coordinated supramolecular orga-
nogel (MO9-Ag, not shown in Figure 8) based on a pyridyl-
containing amide-based gelator (MO9: 3,4,5-tris(hexadecyl-
oxy)-N-(pyridin-4-yl) benzamide) has been designed, which
exhibits an interesting multiresponsive behavior (a rapid
chemical response to some anions, gases, and also pH
changes);'** only the binary coordinated metal ion
[Ag+(MO9)2] leads to the formation of a 3-D gel structure,
consisting of a network of beltlike fibers (composed of
ordered lamellar arrangements of the coordinated complex).

The formation of a novel luminiscent form of gold(I)
phenylthiolate via self-assembly (in alkylnitrile/alcohol mix-
tures) and decomposition of isonitrile gold(I) phenylthiolate
complexes has been also reported, although the self-as-
sembled aggregates are precipitated instead of forming a true
organogel.'*!
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Finally, as another recently exploited smart (and striking)
alternative, the self-assembly of an exclusively organic
naphtalenic dipeptide derivative, [not shown: (S)-2-((S)-2-
(2-(naphtalen-6-yl)acetamido)-3-phenyl-propanamido)-3-
phenylpropanoic acid] has been in situ reinforced by surface-
modified metal oxide magnetic nanoparticles (magnetite).'*>
The self-assembly process results therefore in the formation
of a supramolecular hybrid nanofibrous hydrogel contain-
ing magnetic nanoparticles and exhibiting magneto-rheo-
logical properties (gel—sol transition upon application of
an external magnetic field). This gelator compound is able
to self-assemble, forming fibrous hydrogels (3-D network
of fibrous bundles, with nanofiber diameters around 18-45
nm and lengths longer than micrometers). '** Thus, the “in
situ” addition of Fe;O4 nanoparticles surface-modified (L-
Fe;0,4 conjugate) with a dipeptide compound (L-phenylala-
nine derivative) to an aqueous solution of this gelator induces
the formation of a hybrid nanofibrous hydrogel (nanofiber
diameters around 20-30 nm), homogeneously coated with
Fe;0, nanoparticles. As described by the authors, the
L-phenylalanine dipeptide has the ability to bind the mag-
netite nanoparticles and also to interact with organogelator
molecules through noncovalent (H-bonding) interactions.
Therefore, the self-asembly of gelator molecules affords the
primary chains, and the noncovalent interactions allow the
incorporation of L-Fe;O4 into the chains to give the second-
ary, hybrid nanofibers. This hierarchical arrangement allows
the localization of the magnetic nanoparticles in a small
volume fraction, resulting in the magneto-responsive properties.

6. Concluding Remarks

Hierarchical constructions on a scale ranging from na-
nometers, to micrometers, to millimeters are characteristic
of biological structures and serve to address the physical and
chemical demands occurring at these different length
scales.'**137 Indeed, natural materials are highly elaborated
systems assimilating high-level miniaturization, integrated
inorganic and organic components, and hierarchical control.
The design of functional materials having hierarchical
structures with controlled anisotropic morphologies will
allow the development of innovative advanced materials with
promising applications in many fields (among them, bioma-
terials and implants, therapeutic multifunctional biocarriers,
nanophotonic and nanobiophotonic materials, magnetic
devices, catalysts, photovoltaic and fuell cells, smart textiles
and membranes, etc.) Hierarchical structures can be obtained
by recently developed micromolding methods in which
macrotemplates are coupled directly with the sol-gel-micellar
reaction media.'**'** The most commonly used submicronic
or micronic templates are latex beads or silica nanoparticles,
large polymers, microemulsion droplets, and bacterial threads.
Many developments which follow integrative chemistry
routes combining soft matter and soft chemistry'**'4° are
of paramount importance because they will permit control
shape, porosity, and selective functionalization.

In the past few years, new strategies to construct hierarchi-
cal structures with controlled anisotropic morphologies by
associating organogels as templates and sol-gel chemistry
have appeared. The type of gelators and solvent used, the
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size and morphology of the fibrous organogel replicas, and
the main synthesis conditions and experimental methodolo-
gies employed are directly controlling the structure, texture,
and functionality of the resulting fibrous materials. The three
main synthesis pathways to form organogels and the resulting
inorganic or hybrid nanofibrous replicas are based on in situ
coassembly, post-transcription, and direct self-assembly
(when using inorganically functionalized organogelators).
The key aspects that should be taken into account for an
efficient transcription and to control the morphologies of the
transcribed inorganic replicas can be categorized at three
different but interdependent levels: the type of organo-
gelator—solvent interactions, the kinetics of the sol-gel
polymerization reaction, and the quality of the hybrid
interface between the sol-gel-derived polymers and the
organogel blueprint. The main postulated mechanisms that
are used to describe the mode of action or interaction of the
template with the inorganic species during the coassembly
or transcription process are mainly electrostatic—charge-
matching or charge-transfer processes—and H-bonding
interactions.

Following these strategies, it is feasible today to prepare
different fibrous or tubular inorganic materials (mainly metal-
oxide-based systems, but also some metals, semiconductor
chalcogenides, and other simple or more complex inorganic
salts) through the use of organogelator templates.

We should emphasize the possible extension of these
approaches to other interesting single oxide (i.e., magnetic
iron or cobalt oxides) or hybrid systems and also to the
preparation of nanofibers and nanotubes or more complex
multimetallic oxide-based systems (such as transition metal
mixed oxides, perovskites, spinelles, etc.), thus opening a
land of opportunities to design nanofibers and nanotubes of
any inorganic or hybrid phase. The combination of organo-
gelator templates and electrospinning processes'*! will likely
allow the production of fibrous materials with hierarchical
structures in shorter processing times. In the future, applica-
tions in the field of filters, textiles, catalysts, coating
reinforcement, and other medical applications such as tissue
engineering and wound healing might be expected.

However, this field of research is in its infancy because
the understanding of the physical chemistry of its complex
background is still far below the knowledge already ac-
complished with surfactant-based micellar assemblies and
lyotropic liquid crystals. Consequently, among some impor-
tant challenging issues we should first highlight the crucial
need to gain a more complete knowledge of the various and
complex interaction processes taking place simultaneously
and governing the transcription processes. This achievement
could help us have better control and enable the tailored
design of sizes and morphologies of the obtained nanofibrous
replicas.
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